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A B S T R A C T

Fatigue behaviour of fibre-reinforced polymers (FRPs) in laboratory is typically evaluated under continuous 
loading. However, real-life loading scenarios of structures, e.g. bridges or wind turbine blades, often involve 
complex histories. These include fatigue loading interruptions, creep, combined creep-fatigue, or peak loads. 
While such variations may be negligible for elastic carbon and glass fibres, the viscoelastic nature of flax fibres 
makes them sensitive to complex loading patterns, potentially affecting the fatigue performance. Moreover, some 
flax preforms are made of twisted yarns, adding one more level of complexity to the hierarchical microstructure 
of flax FRP laminates. However, the effects of auxiliary loading sequences and the microstructure at the yarn/ 
fibre levels, on the fatigue behaviour of flax FRPs remain largely unexplored. Therefore, this paper pioneers 
investigation of these effects, giving insights on how to exploit microstructural re-arrangements, preloading, and 
load interruptions to tailor fatigue response of flax FRPs in comparison to glass FRPs. The findings reveal that the 
yarn un-twisting significantly influences fatigue behaviour, leading to a doubling of strain accumulation, and 
dynamic stiffness increment, compared to flax FRPs with straight fibres.

Additionally, the pre-creeping and fatigue interruptions were found to substantially impact fatigue life, 
particularly in laminates with yarn twist, leading to a 1.7-fold increase due to interruptions and a threefold 
increase following pre-creeping. The latter also yielding a near-elimination of strain accumulation. Therefore, 
pre-creeping is proposed as an effective strategy to reduce in-service strain accumulation and extend fatigue life 
in predominantly UD flax FRPs with twisted yarns.

1. Introduction

The reliance on synthetic composites such as glass fibre-reinforced 
polymer composites (glass FRPs) in high-performance structural appli
cations such as bridges and wind turbine blades has raised significant 
concerns due to the depletion of fossil resources and the environmental 
impacts associated with their production and disposal. As an alternative, 
natural lignocellulosic fibres such as flax and hemp have gained interest 
due to their renewable nature, biodegradability, low environmental 
footprint, low embodied energy, clean manufacturing, and high specific 
stiffness potentially making them suitable for structural applications 
particularly where stiffness is the primary design criterion. However, 
with the adoption of natural fibres such as flax as potential replacement 
for glass fibres in FRP structures, a comprehensive knowledge of their 
long-term behaviour under complex loads and environmental conditions 

is crucial.
Real world FRP structures such as wind turbine blades and bridges 

often undergo complex irregular loading scenarios. These include creep, 
fatigue, and interrupted fatigue loads, which can occur sequentially 
and/or simultaneously. These complex loading scenarios induce time- 
dependent mechanical responses of FRP materials mainly due to the 
viscoelastic nature of polymeric matrices. Due to the viscoelasticity of 
the matrix, creep phenomenon can occur during cycling loading of 
angle-ply laminates, affecting damage patterns and their evolution and 
ultimately fatigue response [1–4]. Creep is also known to affect the fa
tigue response of those materials when applied as a preloading that can 
result in an increase of fatigue life and fatigue failure strain [5]. A 
practical illustration of this approach is found in the flax FRP bridge in 
Ritsumasyl, the Netherlands, where a pre-creeping stage was imple
mented as a form of preloading prior to installation [6]. In this specific 
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example, this strategy aimed to reduce subsequent in-service creep 
deformation due to the viscoelasticity of the flax fibres.

Furthermore, viscoelasticity affects fatigue response in case of fa
tigue interruptions with stiffness recovery during the interruptions 
delaying damage propagation and stress relaxations, leading to potential 
increase of fatigue life [7]. For flax FRPs, the viscoelastic response can be 
more significant compared to synthetic glass and carbon FRPs. In 
contrast with elastic carbon and glass fibres, flax fibres possess a 
viscoelastic nature themselves [8,9]. Consequently, in structures made 
of flax FRPs, both fibre and matrix could contribute to viscoelastic 
response of the composite.

Viscoelastic behaviour in flax fibre composites stems from flax fibre 
polymeric constituents (such as hemicellulose, lignin, and amorphous 
cellulose [3,4,8,10]) and the complex hierarchical microstructure of flax 
FRP laminates across multiple length scales (macro, meso, and micro) as 
shown in Fig. 1 illustrating a UD flax FRP laminate containing flax 
twisted yarns. At the microscale, the technical fibres are bundles of 
elementary fibres held together by pectin-rich middle lamella layers 
[1,2]. The elementary fibres comprise of concentric primary and sec
ondary cell walls with a hollow central channel (lumen). The secondary 
cell wall consists of three sub-layers: S1, S2, S3 [1]. The S2 layer, the 
thickest and most critical for mechanical properties of the fibres, con
tains highly crystalline cellulose microfibrils embedded in a matrix of 
lignin and hemicellulose, which are helically arranged at a tilt angle of 
approximately 5 to 10◦ to the fibre axis, imparting high tensile strength 
and stiffness [11–14].

The secondary cell wall consists of three sub-layers: S1, S2, S3 [15]. 
The S2 layer, the thickest and most critical for mechanical properties of 
the fibres, contains highly crystalline cellulose microfibrils embedded in 
a matrix of lignin and hemicellulose, which are helically arranged at a 
tilt angle of approximately 10◦ to the fibre axis, imparting high tensile 
strength and stiffness [12,14,16–18].

At the meso-scale, flax fibre preforms utilised for composite 
manufacturing are often made of yarns in which a degree of twist is 
applied on the fibre bundles to improve the yarn strength [19,20]. This 
twist angle of the fibre bundles with respect to the yarn axis which 
typically coincides with one of the main loading axes of the composite, 
may lead to re-alignment mechanisms upon loading due to unravelling 
of the twist, affecting the fatigue response. Such re-alignment mecha
nisms are typically absent in glass and carbon composites, as the con
tinuity of these synthetic fibres eliminates the need for twisting to 
maintain preform integrity. In this context, the application of preloading 
as a form of pre-straining (short-term loading) was investigated in both 
glass FRP composites with straight fibres and flax FRPs with twisted flax 
yarns [21]. An enhancement in dynamic stiffness and a reduction in 
strain accumulation were observed in the flax FRP, but not in the glass 
FRP. This improvement was partially attributed to the fibre alignment 
mechanisms enabled by the twisted structure of the flax yarns.

While the fatigue behaviour of flax FRPs is known to be influenced by 
their inherent microstructural heterogeneity and viscoelastic properties, 
comprehensive investigations into these aspects remain limited. In 
particular, the combined effects of yarn twist and pre-loading or loading 
interruptions on fatigue performance, specifically in terms of strain 

accumulation, dynamic stiffness degradation, and overall fatigue life, 
have not yet been systematically explored in the existing literature. 
Developing an understanding of these phenomena is essential for the 
reliable structural integration of flax FRPs.

Given the limited understanding of how auxiliary loading sequences 
and microstructural characteristics influence the fatigue performance of 
natural fibre composites, this study addresses the fatigue behaviour of 
flax FRPs in comparison to conventional glass FRPs. Particular attention 
is given to the effects of preloading and load interruptions, as well as 
fibre architecture. In this context, the distinction between aligned fibres 
and twisted yarns is considered in relation to their influence on stiffness, 
strain accumulation, and fatigue life. It is hypothesised that both the 
occurrence of preloading or loading interruption events and the micro
structural arrangement of the reinforcement, especially at the yarn scale, 
play a decisive role in governing the fatigue response. To test this, [0/ 
90/0]S flax/epoxy laminates reinforced with either aligned fibres pre
forms (FlaxTape) or twisted yarns preforms (Amplitex) were subjected 
to three distinct types of loading: (a) pre-straining with quasi-static 
loading followed by fatigue, (b) pre-creeping with long-term loading 
followed by fatigue, and (c) fatigue with intermittent interruptions, 
simulating operational variability. Strain accumulation, stiffness 
degradation, and fatigue life were monitored and compared against a 
[0/90/0] glass/epoxy laminate, used as a reference material with elastic 
reinforcement. To further elucidate the role of fibre architecture, mi
croscopy analysis was conducted on the flax laminates post-fatigue to 
examine damage patterns and mechanisms associated with fibre/yarn 
re-orientation.

2. Materials and methods

2.1. Composite laminates

2.1.1. Architecture
Two types of flax fabrics were chosen to have straight fibres and 

twisted fibres reinforcement to study the effect of different fibre 
arrangement. The flax FRP laminates with straight fibres were manu
factured using unidirectional (UD) FlaxTape 200 preforms obtained 
from Ecotechnilin (France) with an areal weight of 200 g/m2. The flax 
FRP laminates containing twisted fibres were manufactured using quasi- 
UD Amplitex 280 preform with an areal weight of 280 g/m2, sourced 
from BComp (Switzerland). A quasi-UD glass preform with an areal 
weight of 1260 g/m2 manufactured by Kush Synthetics (containing 
straight fibres) was chosen as benchmark for assessing the flax FRP 
composites fatigue performance. The same epoxy resin matrix system, 
SWANCOR 2511-1AL/BL, was chosen for all the laminates.

The laminate configuration selected are listed in Table 1. The first 
three lay-ups were selected to investigate the mechanical behaviour of 
predominantly UD flax fibres in which the behaviour is mainly fibre 
dominated. Although a fully unidirectional lay-up was initially consid
ered, preliminary testing revealed a tendency for fatigue-induced split
ting in such configurations. Consequently, 90◦ layers were incorporated 
to mitigate this splitting phenomenon. Additionally, a quasi-isotropic 
[0/+45/-45/90]S and an angle-ply laminate [+45/-45]2S were 

Fig. 1. Schematic 3D model of 3 levels of hierarchy in UD flax FRP laminates with yarn twist across different length scales at macro, meso, and micro levels.
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manufactured and tested to examine the evolution of laminate stiffness 
in cases where the mechanical response is not predominantly influenced 
by 0◦ plies (fibre dominated) but also matrix and interface dominated.

2.1.2. Manufacturing
Flax and glass FRP plates were fabricated using a vacuum-assisted 

resin infusion (VARI) process with the Swancor 2511–1 two compo
nent epoxy resin system. The fibres were infused under laboratory 
conditions (20 ◦C–22 ◦C and 30 %–50 % RH) without prior drying, as 
drying was observed to reduce the mechanical performance of flax FRP 
composites [22]. Following infusion, an 18-hour post-cure was con
ducted in an autoclave at 70 ◦C and 7 bars of pressure. To confirm 
complete resin curing, differential scanning calorimetry (DSC) analysis 
was performed post-manufacture with three heating/cooling cycles be
tween 0 ◦C and 150 ◦C to ensure the glass transition temperature (Tg) 
differed by no more than 3 ◦C cycle to cycle. Optical microscopy was 
employed to qualitatively assess the microstructure of pristine speci
mens, verifying the absence of major cracks or manufacturing defects/ 
voids and serving as a reference for microscopy post fatigue testing.

Coupon specimens used for mechanical testing were cut from the 
FRP plates using a waterjet cutter, with particular care taken to prevent 
moisture ingress. Throughout the cutting process, the specimens were 
maintained above the water level, thereby avoiding direct immersion. 
The cutting process lasted less than 20 min, and any water droplets 
deposited on the specimen surfaces were promptly wiped off upon 
completion. To assess whether the specimens remained near moisture 
equilibrium after cutting, a subset was placed in a climate chamber at 
50 ◦C and 50 % relative humidity. This temperature was chosen to 
accelerate moisture diffusion while minimally affecting the equilibrium 
content. The observed weight change after 10 days ranged from + 0.18 
% to − 0.12 %, indicating that the specimens were close to equilibrium 
with the testing humidity condition of 50 % RH.

Except for the rectangular geometry of the [+45/-45]2S specimens, 
the coupons were designed with a narrow central cross-section and 
wider cross-sections near the grips according to the plan in Fig. 2. This 
geometry was adopted to prevent failure at the clamp edges during fa
tigue testing, a problem observed in preliminary trials with rectangular 
coupons with or without end-tabs. Prior to testing, the coupon speci
mens were sanded in the tab region and high-density paper tabs were 
glued to increase friction in the clamps. The laminates tested are listed in 
Table 1.

2.2. Mechanical testing

2.2.1. Quasi-static tensile tests
To establish a reference for fatigue testing and to determine the ul

timate tensile strength (UTS), five quasi-static tensile tests were con
ducted for each laminate. These tests were performed using an Instron 
1251 hydraulic tensile testing machine, equipped with a Weisstechnik 
climate chamber maintained at a controlled temperature of 20 ◦C and a 
relative humidity (RH) of 50 %. The specimens were fitted with an 
extensometer to ensure accurate strain measurement and subjected to 
displacement-controlled tensile loading at a rate of 2 mm/min until 
failure.

To monitor and verify thermal conditions, two thermocouples were 
installed: one positioned on the surface of the specimen to confirm that 
the specimen reached the desired temperature, and the other placed in 
close proximity to the specimen to measure the air temperature within 
the chamber.

2.2.2. Fatigue tests without auxiliary loading sequences
To establish a reference for conventional fatigue testing, ten

sion–tension fatigue tests were conducted on pristine specimens under a 
load ratio of R = 0.1, a frequency of f = 5 Hz, and a peak stress corre
sponding to 60 % of UTS determined from the quasi-static tensile tests. 
The specimens were equipped with an extensometer for precise strain 
measurement. Data were recorded for a complete loading–unloading 
cycle at a sampling rate of 250 Hz every 1′000 cycles to track the evo
lution of stiffness and the accumulation of deformation.

Due to laboratory constraints, two different machines were used for 
fatigue testing. Therefore, reference fatigue testing was first conducted 
on an Instron 1251 100 kN testing machine. This machine was equipped 
with a Weisstechnik climate chamber, as also used for the quasi-static 
tensile tests. Then the reference fatigue testing was repeated on a 
separate MTS 60 kN testing machine, which did not include a climate 
chamber, to account for any variability introduced by these different 
setups. In both setups, thermal probes were utilised to monitor the 
surface temperature of the specimens as well as the ambient air tem
perature in proximity to the specimen surface. The largest temperature 
elevation measured during fatigue on the surface of the specimens in the 
setup with climate chamber was 5 ◦C and 13 ◦C in the setup without the 
climate chamber, but in general the temperature elevation remained 
below 10 ◦C.

Table 1 
List of laminates used in the experimental campaign. The fibre volume fraction was calculated based on the specimen’s geometry, weight, measured matrix density, 
and the average areal weight of the preform provided by the manufacturers.

Lay-up Fibre 
type

Fibre 
orientation

Fabric model Matrix Thickness 
[mm]

Fibre volume fraction 
[%]

[0/90/0] Glass Straight Kush SyntheticsHigh stiffness 
1260

Epoxy resin system SWANCOR2511- 
1AL/BL

2.55 ± 0.02 58.3 ± 1.2

[0/90/0]S Flax Straight EcotechnilinFlaxtape 200 2.68 ± 0.10 32.1 ± 1.5
[0/90/0]S Flax Twisted yarns BcompAmplitex 280 2.87 ± 0.04 40.9 ± 1.1

[0/+45/-45/ 
90]S

Flax Twisted yarns BcompAmplitex 280 3.81 ± 0.03 42.4 ± 0.7

[+45/-45]2S Flax Twisted yarns BcompAmplitex 280 3.78 ± 0.09 43.4 ± 2.2

Fig. 2. Coupons specimens dogbone geometry. Chosen based on trials to minimize curvature while preventing tab failure.
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2.2.3. Fatigue tests with pre-straining and pre-creeping
To examine the effects of preloading scenarios that might occur 

before structures enter into service, as exemplified by pre-creeping in 
the Ritsumasyl Bridge [6], two distinct preloading protocols were 
evaluated.

Pre-straining Protocol: Specimens were subjected to quasi-static 
loading at a displacement rate of 2 mm/min until reaching 80 % of 
the laminate ultimate tensile strength (UTS). At this load level, the 
specimens were immediately unloaded to zero load at the same 
displacement rate (2 mm/min). Subsequently, a conventional fatigue 
test was conducted, applying 60 % UTS with a stress ratio R = 0.1 and 
frequency f = 5 Hz. The details of this protocol are illustrated in Fig. 3 on 
the left.

Pre-creeping Protocol: Specimens were first subjected to a quasi-static 
displacement rate of 2 mm/min until 60 % of the laminate UTS was 
reached. This load level was maintained until a strain of 1.6 % was 
achieved for laminates with twisted flax fibres and 1.1 % for straight flax 
fibres. These strain levels were selected based on preliminary trial ex
periments to obtain equivalent creep durations of about 5 h across the 
two laminate configurations, thus providing a consistent basis for 
comparative analysis. specimens were then unloaded to zero load using 
the same displacement rate. Following this, a conventional fatigue test 
identical to the one described for the pre-straining protocol (60 % UTS, 
R = 0.1, f = 5 Hz) was performed. This protocol is illustrated in Fig. 3 on 
the right.

These testing protocols were conducted on the MTS 60 kN machine 
without climate control. As in previous tests, temperature was recorded 
using thermal probes and the strain was measured with an extensom
eter. During the pre-straining and pre-creeping phases, data was 
collected at a sampling rate of 2 Hz. For the fatigue phase, consistent 
with reference fatigue tests, data was recorded every 1′000 cycles for a 
complete loading–unloading cycle, with a sampling rate of 250 Hz.

2.2.4. Fatigue tests with loading interruptions
To investigate the effects of fatigue interruptions, a loading profile 

consisting of successive fatigue blocks of 10,000 cycles followed by 3- 
hour loading interruptions was applied to the laminates, as shown in 
Fig. 4. Due to technical constraints, the load level during interruptions 
was maintained between 3 % and 4 % of the UTS, rather than being 
completely unloaded. During the fatigue phase, data were recorded 
every 100 cycles for a complete loading–unloading cycle, using a sam
pling rate of 250 Hz. Additionally, continuous data recording at 1 Hz 
was conducted throughout the test to monitor strain during the loading 
interruptions.

The interrupted fatigue tests were performed using the Instron 1251 
testing machine (100 kN capacity), with the climate chamber set to 
20 ◦C and 50 % RH.

2.2.5. Characterisation of stiffness and strain
To characterise stiffness properties from quasi-static tests, the 

tangent modulus Etan,1 was evaluated between the origin and 0.2 % 
strain as illustrated in Fig. 5 on the left. Because the tested flax FRP 
laminates exhibit a bilinear behaviour, a secondary tangent modulus, 
Etan,2, was evaluated between 1 % and 1.5 % strain for those laminates.

In fatigue tests, the stiffness was defined as the secant modulus Esec
n 

according to illustration in Fig. 5 on the right with the bottom index n 
corresponding to the cycle number. To quantify the stiffness evolution in 
fatigue the ratio of the secant modulus was taken as expressed by 
equation (1): 

nE = Esec
n /Esec

1 (1) 

In fatigue, the strain was characterised at the bottom and top of the 
hysteresis as ∊valley,n and ∊peaks,n respectively. The strain accumulation 
was defined by equation (2): 

∊acc
n = ∊peak

n − ∊peak
1 (2) 

The ultimate strain in fatigue is expressed as ∊peak,Nf where Nf is the last 
loading cycle recorded before failure.

2.3. Microstructural visualisation

2.3.1. Micro-computed X-ray tomography
Micro-CT observations were performed on pristine specimens rein

forced with straight and twisted fibres to qualitatively describe the 
difference in fibre arrangement. The measurements were performed on a 
TESCAN UniTOM HR. The scans were performed at 60 kV and 1.5 W 
with a voxel size of 1.5 µm without binning. Over the 360◦ rotation of 
the sample, 3500 projections were acquired, each with an exposure time 
of 380 ms and an averaging over 7 frames to reduce random noise. The 
total acquisition time was 226 min. The visualization images were ob
tained with the Avizo software.

2.3.2. Optical microscopy
To observe the damage morphologies within the microstructure of 

flax FRP laminates, samples with dimensions of 15 mm (length) × 15 
mm (width) were cut post-mortem from specimens subjected to fatigue 
loading using a wood bandsaw. Samples were also extracted from post- 

Fig. 3. Loading profile of pre-straining (left) and pre-creeping (right) followed by continuous fatigue.
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mortem glass FRP laminates with a diamond saw. The samples were then 
embedded in Struers EpoFix resin. The embedded specimens were 
grinded and polished using a Struers Tegramin-20 polishing machine, 
adhering to the “Epoxy – Soft and ductile” protocol provided by Struers 
for the flax FRP specimens. The glass FRP specimens were polished 
following the Struers “Fibers – Fragile fibers” protocol. Microstructural 
imaging was then conducted on the polished samples using a Keyence 
VK-X1000 confocal scanning microscope.

3. Results and discussion

3.1. Variability in material and in quasi-static performance

Quasi-static tensile tests were performed to determine the ultimate 
tensile strength (UTS) of the laminates and to define the corresponding 
stress levels for subsequent fatigue testing. These tests were conducted 
on straight glass fibre laminates [0/90/0] straight flax fibre laminates 
[0/90/0]S and twisted flax yarn laminates [0/90/0]S, as summarised in 
Table 2. The results revealed a notably higher standard deviation in UTS 

Fig. 4. Loading profile of interrupted fatigue.

Fig. 5. Definition of the tangent modulus from quasi-static tests (left), and the secant modulus from fatigue tests as well as peak and valley strains (right).
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for the straight flax fibre laminates (18 MPa) compared to the twisted 
flax yarn laminates (4 MPa). The greater variability is attributed to the 
pronounced inhomogeneity in the straight flax fibre preform, which 
leads to a higher degree of fibre volume fraction variability across the 
manufactured plate and hence between specimens. This is visually 
apparent under transmitted light inspection, as illustrated in Fig. 6. 
Furthermore, straight flax fibre preform is fragile and difficult to handle 
without inducing fibre misalignment or damage, limiting repeatability 
and precision.

This hypothesis is supported by a correlation between UTS and 
tensile modulus within the straight flax fibre laminates: higher UTS 
values were associated with higher stiffness, which can be explained by 
higher fibre volume fraction. However, for the straight glass fibre 
laminate and twisted flax yarn laminates, the UTS and tensile modulus 
are not correlated, suggesting that their scatter is not directly related to 
variations in fibre volume fraction.

The standard deviation in the UTS of the glass fibre laminates, 83 
MPa, was found larger than in the twisted flax yarn laminates, 4 MPa, 
even when normalised by the average UTS. This can be attributed to the 
brittle failure mode of the glass fibre laminate (see Fig. 7), which limits 
stress redistribution upon local failure. As a result, the mechanical 

Table 2 
Strength and modulus results obtained from quasi-static tensile tests demonstrating the specimen-to-specimen variability in mechanical properties. The means and 
standard deviations are indicated in bold.

UTS [MPa]

Sample
mean ± stdv1 2 3 4 5

Straight glass fibres 526 615 627 711 735 643 ± 83 ​ ​ ​ ​ ​ ​ ​
Straight flax fibres 174 185 199 208 217 197 ± 18 ​ ​ ​ ​ ​ ​ ​
Twisted flax yarns 222 223 223 228 229 225 ± 4 ​ ​ ​ ​ ​ ​ ​
​ ​ ​ ​ ​ ​ ​ ​ ​
​ Etan,1 [GPa] ​ Etan,2 [GPa]

​ Sample mean ± stdv ​ Sample mean ± stdv
​ 1 2 3 4 5 ​ 1 2 3 4 5

Straight glass fibres 39.7 38.5 38.8 39.8 38.1 39.0 ± 0.7 ​ − − − − − −

Straight flax fibres 14.7 16.3 17.2 17.4 17.6 16.6 ± 1.2 ​ 10.2 11.0 12.2 12.5 12.8 11.7 ± 1.1
Twisted flax yarns 17.4 17.1 16.3 16.2 17.9 17.0 ± 0.7 ​ 8.8 9.4 8.6 8.7 9.4 9.0 ± 0.4

Fig. 6. Illustration of fibre inhomogeneity in laminate with straight fibres (left) compared to fibre homogeneity in laminate with twisted yarn (right) by shining light 
through the plate. Both laminates were manufactured with the same resin and following the same manufacturing protocol.

Fig. 7. Comparison of quasi-static tensile failure showing localised failure in 
flax FRP laminates and brittle failure over the entire specimen surface in the 
glass FRP laminate.
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performance of the glass laminates is more sensitive to local imperfec
tions than in laminates reinforced by flax fibres introducing plasticity.

To provide a 3-dimensionnal visualisation of the difference in fibre 
architecture between a straight flax fibres laminate and twisted flax 
yarns laminate, micro-CT scans of corresponding unidirectional lami
nates are shown in Fig. 8.

3.2. Influence of preloading and load interruptions on fatigue 
performance

Strain accumulation, stiffness evolution, and fatigue life were 
investigated under various load sequences, including pre-straining, pre- 
creeping, and fatigue interruptions. The influence on fatigue perfor
mance was assessed in relation to both the intrinsic properties of the 
fibres by comparing the straight glass fibres laminate with the straight 
flax fibres laminate, and their fibre/yarn microstructural arrangements 
by comparing the straight flax fibre laminate with the twisted flax yarns 
laminate.

3.2.1. Stiffness evolution and strain accumulation in continuous fatigue
To serve as a baseline for fatigue under standard testing conditions 

on pristine specimens subjected to continuous fatigue, Figs. 9 and 11
show fatigue results for straight glass fibres and straight flax fibres/ 
twisted flax yarns, respectively. In those graphs, the evolution of Esec

n /

Esec
1 and strain accumulation ∊peak

n − ∊peak
1 , (according to the definition in 

Fig. 5), are plotted against the normalised fatigue life n/Nf . Additionally, 
optical microscopy images illustrating the post-fatigue cracking patterns 
within the 90◦ plies for each laminate configuration are presented in 
Figs. 10, 12, and 13.

In the straight glass fibres laminate, the evolution of En/E1 was 
observed to follow the typically expected stiffness degradation consist
ing of an initial quick reduction in stiffness, followed by a slower and 
more stable decrease of the modulus for the larger part of the fatigue 
cycles, with finally a sharp modulus decrease leading to failure [23–25]. 
Since the test depicted in Fig. 9 was a tension–tension fatigue test 
exhibiting brittle failure following a brief reduction in modulus, the 
decline in modulus immediately preceding failure was not recorded. 
This was due to the limitation of hysteresis data acquisition, which was 
conducted at intervals of every 1,000 loading cycles. The observed 
stiffness degradation can be correlated to the development of cracks 
illustrated in Fig. 10. These cracks follow the surface of fibres in fibre- 
rich region and continue in the matrix-rich regions. They often span 
the full or nearly full thickness of the 90◦ plies and terminate at the 
interface with the 0◦ plies. As these transverse cracks grow under fatigue 
loading, they are expected to reduce the effective cross-sectional area of 

the laminate, leading to a progressive reduction in its effective stiffness.
In the straight flax fibre laminate, the modulus was observed to in

crease sharply at the beginning of fatigue life, with a maximal stiffness 
increase of approximately 10 % reached at 20 % of the fatigue life. While 
an increase in stiffness during fatigue is peculiar for synthetic FRP 
composites, it is a known phenomenon for flax FRP composites intrinsic 
to flax fibres as cyclic tests on both flax composites and single flax fibres 
have demonstrated an increase in modulus under tension–tension fa
tigue loading [26–29]. Yet, as seen in Fig. 11 on the left, Esec

n /Esec
1 is 

decreasing after 20 % of fatigue life suggesting that competing mecha
nisms are at play in the laminate. The fibre stiffening is progressively 
outweighed by the accumulation of damage within the composite. This 
damage is visible in Fig. 12, where cracking patterns similar to those 
observed in glass fibre laminates are identified. These cracks follow the 
fibre surface and propagate through matrix-rich regions, and in some 
areas, traverse entirely across the 90◦ plies. As with glass FRP laminates, 
such cracking is expected to reduce the effective load-bearing cross- 
section, thereby contributing to stiffness degradation during fatigue.

In the twisted flax yarn laminate, no stiffness degradation was 
observed during fatigue (Fig. 11 on the right). This absence of stiffness 
degradation can be partially attributed to the distinct cracking pattern 
associated with twisted yarns, illustrated in Fig. 13. In contrast to lam
inates reinforced with straight fibres, twisted flax yarns exhibit a 
cracking pattern where cracks are predominantly confined within the 

Fig. 8. Micro-CT scans of flax FRP specimen comparing fibre arrangement with straight fibres (left) and twisted yarns (right).

Fig. 9. Evolution of strain accumulation and modulus decrease in fatigue of 
glass FRP. The three repetitions for each test are distinguished with different 
marker sizes.
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yarns, while matrix-rich regions largely remain uncracked. Although the 
presence of cracks within the yarns is expected to reduce the effective 
cross-sectional area of the 90◦ plies and thus contribute to stiffness 
degradation, the extent of this reduction appears to be less severe than in 
laminates with straight fibres. Furthermore, the measured Esec

n /Esec
1 

increase is approximately twice larger with twisted flax yarns than with 
straight flax fibres, suggesting that the helical structure introduced by 
the yarns plays a crucial role on the modulus evolution in fatigue. It is 
hypothesised that re-arrangement of flax fibres within the helical 
structure of the yarn induces contributes to this larger stiffening. This 

Fig. 10. Optical microscopy of glass FRP laminates reinforced with straight glass fibres. Crack at the fibre–matrix interface and through the matrix after fatigue 
testing are indicated with arrows. This fatigue test was stopped before final failure to maintain the structure of the specimen for microscopy.

Fig. 11. Evolution of strain accumulation and modulus increase in flax FRP reinforced with straight fibres (left). Proportional evolution of strain accumulation and 
modulus increase in flax FRP reinforced with twisted fibres (right). The strain is approximated with a logarithmic trend.

Fig. 12. Optical microscopy of FRP laminates reinforced with straight flax fibres after fatigue testing. Cracks at the fibre–matrix interface and through matrix cracks 
are indicated with arrows.
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effect of yarn untwisting on the stiffness increase will be further scru
tinised in section 3.2.2.

Regarding strain accumulation in fatigue, laminates with straight 
fibres experienced a strain accumulation of approximately 0.2 % over 
their entire fatigue life while twisted flax yarns laminate accumulated 
0.4 % strain. This doubling in strain accumulation suggests that re- 
arrangement occurs not only at the micro-scale with microfibrils align
ment [18,30,31] but also at the meso-scale with a reduction of the yarn 
twist angle.

The above observation of stiffening effect during fatigue was made 
for a fibre-dominated laminate lay-up configuration, [0/90/0]S, where 
the load is aligned with fibre or yarn axis. To evaluate the effect of lay-up 
on the stiffening mechanism, an angle-ply [+45/-45]2S and a quasi- 
isotropic [0/+45/-45/90]S laminate manufactured with the twisted 
yarn preform were tested and compared with their [0/90/0]S counter
part. Fig. 14 shows that the lay-up configuration plays a key role in the 
evolution of stiffness in fatigue. The angle-ply laminate exhibits a stiff
ness decrease over the entire fatigue life in contrast with the fibre- 
dominated laminates. This demonstrates that the stiffening mecha
nisms are majorly absent in the angle ply laminates due to the off-fibre 
axis loading while numerous interface cracks or matrix might occur. 
Coincidentally, Esec

n /Esec
1 remained constant during fatigue suggesting a 

balance between stiffening mechanism in the 0◦ plies and crack initia
tion and propagation in the 45◦ and 90◦ reducing the effective stress 
transfer, thus reducing stiffness.

3.2.2. Pre-straining and pre-creeping effects enhancing fatigue performance
The increase in modulus observed under continuous fatigue was 

observed to correlate with strain accumulation for flax FRP laminates 
particularly remarkable in the case of twisted flax yarns reinforcement 
(Fig. 11 on the right). Therefore, pre-straining (short term loading) and 
pre-creeping, (long-term loading) were applied to specimens prior to 
fatigue loading to induce micro-structural re-arrangement beneficial for 
fatigue performance. Fig. 15, Fig. 16, and Fig. 17, each for a different 
laminate compare the fatigue modulus, Esec

n , and strain accumulation, 
∊peak

n − ∊peak
1 of pristine, pre-strained, and pre-creeped specimens.

The average modulus in straight glass fibre laminates shown in 
Fig. 15 increased with pre-creeping by 4 % relative to the average 
modulus of pristine specimens. Further alignment of polymeric chains of 
the matrix or glass fibres during creep could contribute to this modulus 
increase. No reduction of strain accumulation in fatigue was observed 
after pre-straining nor after pre-creeping for this laminate.

The results of the straight flax fibre laminate presented in Fig. 16
exhibit a large scatter related to the inhomogeneity of the preform 

Fig. 13. Optical microscopy of FRP laminates reinforced with twisted flax fibres after fatigue testing showing intra-yarn cracks indicated with arrows and no through 
matrix cracks.

Fig. 14. Stiffness evolution in fatigue for twisted flax FRP laminates with different lay-ups. The three repetitions for each test are distinguished with different 
marker sizes.
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Fig. 15. Evolution of modulus (left) and strain accumulation (right) for glass FRPs with straight fibres during fatigue loading with different types of preloading. The 
three repetitions for each test are distinguished with different marker sizes.

Fig. 16. Evolution of modulus (left) and strain accumulation (right) of flax FRPs with straight fibre during fatigue loading with different types of preloading. The 
three repetitions for each case are distinguished with different marker sizes.

Fig. 17. Evolution of modulus (left) and strain accumulation (right) of flax FRPs with twisted fibres during fatigue with different types of preloading. The three runs 
for each case are distinguished with different marker sizes.

V. Perruchoud et al.                                                                                                                                                                                                                            Composites Part A 199 (2025) 109180 

10 



illustrated in Fig. 6. Yet, clear effects of pre-straining and pre-creeping 
can be observed with an increase in modulus and reduction of strain 
accumulation. Interestingly, during fatigue of pre-creeped specimens, En 
is only decreasing but starts on average 12 % higher than in pristine 
specimens. This suggests that the re-arrangement normally occurring in 
fatigue already took place during pre-creeping. Furthermore, re- 
arrangement during pre-creeping in place of during fatigue is sup
ported by the reduction of strain accumulation ∊peak

n − ∊peak
1 .

The laminates reinforced with twisted flax yarns exhibited trends 
similar to those observed in straight flax fibre laminates, albeit with 
reduced data scatter and increased effect magnitudes (Fig. 17). With 
twisted flax yarns, the average secant modulus on the first fatigue 
loading cycle, Esec

1 , was measured 32 % higher on pre-creeped specimens 
than on pristine specimen. Additionally, pre-creeped specimens 
exhibited negligible strain accumulation relative to the strain accumu
lation of pristine specimens. In comparison, pre-creeping specimens 
with straight flax fibre resulted in a 12 % larger Esec

1 than in pristine 
specimens and halved the strain accumulation. Given the substantial 
benefits of pre-creeping yet recognising the viscoelastic nature of flax 
fibres and the potential reversibility of such effects over time, an addi
tional recovery test was implemented. This involved a two-week rest 
period between pre-creeping and fatigue testing, during which the 
specimen was removed from the tensile testing setup. The results indi
cated that the improvements in stiffness and reduction in strain accu
mulation due to pre-creeping were partially reversed following 
recovery, aligning more closely with the effects observed from pre- 
straining.

The effects of pre-straining and pre-creeping on fatigue life are 
detailed in Table 3 with indication of the average and standard devia
tion. For straight glass fibres laminates and straight flax fibre laminates, 
the standard deviation is too large relative to the average to conclude a 
statistically significant effect. However, the twisted flax yarn laminate 
exhibited a small scatter allowing for the identification of a statistically 
significant effect on fatigue life with a 1.4-fold increase with pre- 
straining and 3-fold increase after pre-creeping. With pre-creeping and 
recovery, a significant increase in fatigue life is also observed relative to 
pristine specimens with a 2-fold increase. The remarkably consistent 
fatigue life obtained with the twisted flax yarns laminate is in accor
dance with the consistency observed in the UTS obtained in the quasi- 
static tests (Table 2).

The ultimate strain measured in fatigue, ∊peak
Nf 

as defined in Fig. 5, was 
observed to be negligibly influenced by pre-creeping across the three 
tested flax FRP laminates (Table 3). In contrast, pre-straining led to a 
slight increase in ultimate strain, particularly evident in the laminate 
containing twisted yarns. This increase suggests that the pre-straining 
load of 0.8 UTS, which is higher than the 0.6 UTS used during pre- 
creeping, induces a degree of permanent deformation not observed 
under the lower loading condition, even in the presence of time- 

dependent effects such as creep.
Regarding the efficacy of preloading specimens for increasing fatigue 

performance it was found that pre-creeping is particularly effective with 
a 3-fold increase in fatigue life. This can be explained by the increase in 
stiffness reducing the strain amplitude every cycle, thereby slowing the 
rate of damage growth. Yet, it remains to be explained how the modulus 
of the twisted flax laminate can be increased by a surprising 32 % while 
the increase of 12 % in the straight flax laminate should already capture 
the effects related to the intrinsic properties of flax fibres such as MFA 
alignment [18] and crystallisation [32]. For this we turn to the helical 
structure introduced with the yarn twist.

The yarn twist angle θ was estimated based on optical microscopy of 
the flax yarns (Fig. 19 on the left). This angle was determined to be a 
mean of 16.2◦ over 18 measures with a standard deviation of 1.6◦ which 
is in the range found in literature of 5◦ to 25◦ [20,33,34]. Calculations 
were done with θ = 16◦. Based on the assumption of θ on a cylinder with 
a constant volume and a longitudinal strain accumulation of 0.7 % as 
measured after pre-creeping, the calculation yields a new yarn twist 
angle of 15.84◦. To estimate the contribution of this 0.16◦ fibre align
ment (untwisting) on the composite we used the simplest model relating 
stiffness and the fibre angle [35]: 

Eeff = Ecos2θ (3) 

with E a constant corresponding to the assumed stiffness of the un
twisted yarn. Solely based on a change of fibre angle θ from 16◦ to 
15.84◦ with pre-creeping, this calculation results in a 0.16 % increase in 
Eeff , orders of magnitude below the 32 % increase measured experi
mentally. Therefore, the simple alignment of fibres cannot explain the 
modulus increase. However, considering the helical structure of the 
yarn, a small yarn twist angle reduction can lead to a significant 
modulus increase considering resistance to volume change in the helix. 
Hearle [35] listed equations showing contribution to modulus in 
deformation of helical structures including the equation for volume 
change: 

Eeff = K(1 − 2cot2θ)2 (4) 

with K being material properties. Computing again the effective 
modulus variation with a θ angle change from 16◦ to 15.84◦, assuming K 
constant, suggests a 4.5 % increase in modulus. To this, the 12 % stiff
ening measured in the straight flax fibre laminate should be added to 
account for stiffening of the elementary flax fibres at the micro-scale. 
This yields, with multiple assumptions, an estimated 16.5 % increase 
in Eeff . This value is still below the measured stiffness increase but 
demonstrates that the preform helical structure can play a significant 
role in the stiffness of the composite. The remaining discrepancy may be 
due to additional mechanisms induced by sustained loading in the 
twisted yarn composites. These may include internal stress relaxation 

Table 3 
Results of pre-straining and pre-creeping effects on fatigue life and ultimate strain.

Fatigue life [k] Ultimate strain [%]

Sample mean ± stdv Sample mean ± stdv
1 2 3 1 2 3

Straight glass fibres Pristine 48 56 192 99 ± 81 1.20 1.20 1.23 1.21 ± 0.02
Pre-strained 97 149 236 161 ± 70 1.19 1.25 1.25 1.23 ± 0.04

​ Pre-creeped 64 126 397 196 ± 177 1.28 1.23 1.16 1.22 ± 0.06

Straight flax fibres Pristine 24 62 93 60 ± 34 1.08 0.96 0.94 0.99 ± 0.08
Pre-strained 36 50 73 53 ± 18 1.15 1.05 0.96 1.05 ± 0.10

​ Pre-creeped 40 77 136 84 ± 49 1.14 1.04 0.75 0.98 ± 0.20

Twisted flax yarns Pristine 21 29 37 29 ± 8 1.46 1.44 1.56 1.49 ± 0.06
Pre-strained 41 42 42 42 ± 1 1.67 1.56 1.56 1.60 ± 0.06
Pre-creeped 77 89 97 88 ± 10 1.52 1.54 1.53 1.53 ± 0.01
Pre-creeped and recovery 61 67 49 59 ± 9 1.19 1.18 1.27 1.21 ± 0.05

Note: The ultimate strain indicated for ’Pre-creeped and recovery’ does not account for permanent strains accumulated during the pre-creeping phase and recovery.
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within the helical structure, enhanced fibre–fibre friction in the yarns 
due to compaction, and local matrix flow or rearrangement in the resin 
rich areas around the yarns. Such effects are likely negligible in straight 
fibre composites, which lack the structural complexity of twisted yarns.

As the reduction of the yarn twist angle, θ, was evaluated with a 
geometrical model in the calculation above based on the total specimen 
geometry, an experiment was devised to make a direct measurement of 
the change of the angle θ. A specimen was first subjected to a micro-CT 
scan, then subjected to pre-creeping, and final subjected to a micro-CT 
scan again at the same location. 2D plans were then extracted from 
the 3D scan, indicated by L1 to L4 in Fig. 18, and the angle of the fibres 
in specific locations were measured visually as shown in Fig. 19. The 
measurements of angle in L1 gives an average θ reduction of 0.1◦ with 
pre-creeping, however this measurement method is not accurate with, in 
this case, a standard deviation of 0.7◦. Nevertheless, these measure
ments confirm that the variation in yarn twist angle due to pre-creeping 
is minimal, remaining below 1◦.

The stiffening induced by the yarn twist angle reduction at the meso- 
scale is analogous, albeit at a larger scale, to the alignment of microfi
brils within elementary flax fibres, which has been directly observed 
using synchrotron X-ray diffraction [18,31]. Several researchers have 
cited this microfibrillar angle alignment to explain the stiffening 
observed in fatigue of flax FRP composites [28,29,36–40]. However, to 
the authors’ knowledge, the yarn twist angle alignment presented in this 
paper has not been previously identified as a factor in explaining fatigue- 
induced stiffening, and thereby this phenomenon is elaborated here.

The results presented above demonstrate that pre-creeping is an 
effective strategy for enhancing the fatigue performance of flax fibre- 
reinforced polymer composites. This effect is most evident in lami
nates reinforced with twisted flax yarns, where pre-creeping led to a 
substantial 32 % increase in initial modulus and a three-fold extension of 
fatigue life, accompanied by near elimination of strain accumulation. 
These improvements are attributed to a combination of microstructural 
re-arrangements occurring at multiple scales: alignment of microfibrils 
within the elementary flax fibres at the micro-scale, and reconfiguration 
of the helical yarn architecture at the meso-scale. In contrast, the more 
modest enhancements observed following pre-straining are likely 
limited to microfibrillar alignment, as the absence of a helical structure 
in straight fibre configurations does not allow for significant meso-scale 

re-arrangement effects. Similar improvements in stiffness and fatigue 
performance following pre-straining or pre-creeping have been previ
ously observed in natural fibre composites [21,41] but without inves
tigation of the underlying multi-scale mechanisms. Furthermore, the 
observed reduction in strain accumulation with pre-creeping supports 
its applicability in structural contexts, as demonstrated in the Ritsu
masyl Bridge, where pre-loading of flax FRP components was employed 
to reduce long-term deformations[6].

3.2.3. Effect of loading interruptions on fatigue response
In realistic structural applications, fatigue loading is often subjected 

to interruptions. To assess the relevance of such effects, interrupted fa
tigue tests were conducted on predominantly UD flax and glass FRP 
laminates. For the laminate reinforced with glass fibres, which exhibit 
predominantly elastic behaviour, interruptions were hypothesised to 
have negligible impact on fatigue performance. By contrast the lami
nates reinforced with viscoelastic flax fibres were expected to show a 
measurable response to loading interruptions. This was verified exper
imentally, and results are subsequently demonstrated in Fig. 20 and 
Table 4. Fig. 20 shows the evolution of dynamic stiffness during inter
rupted fatigue which highlights a clear difference between laminates 
reinforced with glass fibres, and laminates reinforced with flax fibres. 
The [0/90/0] straight glass fibres laminate, representing the elastic 
case, showed a nearly identical reduction in stiffness during interrupted 
fatigue compared to continuous fatigue, despite the implementation of 
3-hour interruptions every 10′000 cycles. This consistent stiffness 
degradation pattern suggests that the stiffness loss is primarily governed 
by damage accumulation, which appears unaffected by the imposed 
unloading and subsequent recovery periods. In contrast, both visco
elastic flax FRP laminates exhibited stiffness increases during blocks of 
fatigue loading, as observed in continuous fatigue. However, a stiffness 
drop of up to 6.8 % was observed between the final loading cycle prior to 
interruption and the first cycle following resumption.

With reference to the strain accumulation illustrated in Fig. 20, the 
straight glass fibre laminate exhibits negligible sensitivity to fatigue 
interruptions. The observed strain recovery during the 3-hour loading 
pause is limited to approximately 0.01 %, and this minor recovery is 
immediately reversed upon resumption of fatigue loading. In contrast, 
the straight flax fibre laminate and the twisted flax yarn laminate display 
more pronounced strain recovery, each reaching approximately 0.05 % 
during the same interruption period. Following the recommencement of 
cyclic loading, strain continues to accumulate progressively, accompa
nied by an increase in stiffness. This observed correlation between strain 
and modulus evolution aligns with the behaviour identified under un
interrupted fatigue loading, as depicted in Fig. 11.

For the three laminates tested in continuous and interrupted fatigue, 
comparison of the fatigue life and ultimate strain are presented in 
Table 4. For the straight glass fibre and straight flax fibres, results sug
gest that fatigue interruptions do not have a significant impact on fa
tigue life nor on ultimate strain. However, results of the twisted flax 
yarns laminate show a statistically significant difference, indicating an 
increase of fatigue life with loading interruptions and an increase of 
ultimate strain.

The observed extension in fatigue life for the laminates reinforced 
with twisted flax yarns under interrupted loading conditions is 
hypothesised to be linked to the strain recovery. The measured strain 
recovery during interruptions (driven by the viscoelasticity of twisted 
flax yarns and the matrix) is hypothesized to partially close cracks 
(particularly intra-yarn cracks as shown in Fig. 13) induced during fa
tigue blocks. During cyclic loading, cracks progressively open as damage 
accumulates. However, it is hypothesised that upon interruption of 
loading, strain recovery, driven by the viscoelastic response and the 
unloading itself, may induce partial crack closure. When fatigue loading 
is resumed, these cracks re-open, but for a limited number of cycles, 
highlighted by the pink lines in Fig. 20, it is hypothesised that no further 
propagation occurs. Instead, the laminate may undergo re-opening of 

Fig. 18. 3D view of the flax FRP laminate with twisted yarn using Micro-CT 
scan with the indication of 4 cutting planes L1 to L4 in the 0◦ plies.
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Fig. 19. Measurement of yarn twist angle on optical microscopy image of flax yarn extracted from Bcomp Amplitex 280 preform (left) and fibre angle measurement 
on micro-CT scan of pristine flax FRP specimen (middle). The bar plot (right) compares the fibres angle for the same specimen in the pristine state, after pre-straining, 
and after pre-creeping based on micro-CT scan after each step.

Fig. 20. Typical modulus evolution (left) and strain accumulation (right) during continuous and interrupted fatigue testing. Each colour pair (dashed and solid) 
represents one of the three distinct laminate configurations investigated, selected based on similar fatigue life.

Table 4 
Results of continuous fatigue vs interrupted fatigue. Mean and standard deviation in bold.

Fatigue life [k] Ultimate strain [%]

Sample mean ± stdv Sample mean ± stdv
1 2 3 1 2 3

Straight glass fibres Continuous 48 57 192 99 ± 81 1.20 1.20 1.23 1.21 ± 0.02
​ Interrupted 54 75 150 93 ± 50 1.26 1.21 1.26 1.24 ± 0.03

Straight flax fibres Continuous 36 57 168 87 ± 71 1.08 1.02 0.93 1.01 ± 0.08
​ Interrupted 24 73 136 78 ± 56 1.19 1.05 0.96 1.07 ± 0.12

Twisted flax yarns Continuous 47 55 82 61 ± 18 1.30 1.29 1.35 1.31 ± 0.03
Interrupted 77 118 122 105 ± 25 1.55 1.45 1.49 1.50 ± 0.05
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pre-existing cracks without significant additional crack growth until flax 
fibres accumulate strain equivalent to their pre-interruption level, 
thereby extending fatigue life. This extension of fatigue life, based on the 
assumption of crack retardation, is computed for the samples shown in 
Fig. 20 (pink lines) and two other samples from the same laminate tested 
with the same conditions. Table 5 shows the number of cycles during 
which the accumulated strain remained below the pre-interruption level 
for each loading block and the sum for the entire life. This sum over the 3 
specimens tested suggests that strain recovery contributes to an average 
extension of fatigue life by approximately 30′000 cycles, which aligns 
well with the experimentally observed increase reported in Table 4. 
Specifically, the average fatigue life is observed to increase from 61′000 
to 105′000 cycles. Furthermore, an increase in the ultimate strain from 
1.31 % to 1.50 % (as shown in Table 4) is also noted. This increase in 
ultimate strain may facilitate additional damage accumulation and 
propagation prior to failure, thereby further contributing to the exten
sion of fatigue life.

In summary, the effects of loading interruptions on the fatigue 
response of flax FRP composites are strongly influenced by the visco
elastic nature of the fibre and preform microstructure. While the pre
dominantly UD elastic glass fibre laminate remains largely unaffected by 
loading interruptions, both flax-based laminates exhibit pronounced 
sensitivity, characterised by stiffness reductions and partial strain re
covery during unloading periods. The twisted flax yarn laminate, in 
particular, demonstrates a notable enhancement in fatigue life and ul
timate strain, which is hypothesised to be attributed to a viscoelastic 
strain recovery and potential intra-yarn crack closure phenomena. These 
mechanisms appear to mitigate damage progression during in
terruptions, effectively reducing the number of damaging cycles and 
promoting delayed failure.

4. Conclusion

The effects of pre-straining, pre-creeping, and fatigue interruptions 
(auxiliary loading sequences) on the fatigue performance of flax FRPs 
[0/90/0]S laminates were investigated. Performance was assessed 
through stiffness evolution, strain accumulation, fatigue life, and 
benchmarked against [0/90/0] glass FRP laminates. The effects of 
microstructural re-arrangement at fibre/yarn levels were scrutinised by 
investigating fatigue performance of [0/90/0]S flax FRP/epoxy lami
nates reinforced with both straight fibres (UD flax tape), and twisted 
yarns (Amplitex). The effect of microstructure of the laminate on fatigue 
performance was further investigated by damage patterns analysis 
employing optical microscopy and X-ray tomography. The following 
conclusions can be drawn:

Influence of pre-loading and load interruptions: 

• The fatigue performance of glass FRP laminates was minimally 
influenced by auxiliary loading sequences (preloading and load in
terruptions), whereas flax FRP laminates exhibited significant 
sensitivity. This disparity was attributed to the intrinsic complex 
microstructure and viscoplasticity of flax fibres.

• Pre-creeping markedly enhanced the fatigue performance of [0/90/ 
0]S flax FRPs, especially those with twisted yarns, yielding a near 
elimination of strain accumulation, a 32 % increase in secant 
modulus, and a 3-fold increase in fatigue life. Pre-straining was also 

found to improve fatigue performance but was less effective than 
pre-creeping.

• Intermittent fatigue loading improved the fatigue life by 70 % in 
twisted-yarn laminates and was linked to strain recovery, suggesting 
that continuous fatigue testing may yield conservative estimates for 
realistic intermittent loading scenarios. No trend exceeding the 
inherent scatter in fatigue life data was observed in straight flax fibre 
and straight glass fibre laminates.

Influence of microstructure: 

• The quasi-static and fatigue test results of laminates reinforced with 
straight fibres (UD FlaxTape) exhibited greater scatter compared to 
those with twisted yarn preform (Amplitex). This larger scatter is 
attributed to the inhomogeneous areal density of the UD FlaxTape, 
leading to possible variation in fibre volume fraction between spec
imens, hence a larger variation in mechanical properties.

• Laminates reinforced with twisted yarns exhibited approximately 
double the fatigue-induced stiffening and strain accumulation 
compared to straight-fibre laminates.

• Stiffness degradation in [0/90/0]S laminates with straight flax fibres 
was associated with transverse matrix cracks in the 90◦ plies. In 
contrast, the absence of stiffness degradation in laminates with 
twisted yarns was attributed to crack confinement within the yarns.

• The greater stiffening effect observed in laminates with twisted flax 
yarns compared to straight flax fibre laminates (32 % vs. 12 %) was 
partly attributed to the helical yarn architecture, which resists 
volumetric deformation and thereby enhances stiffness beyond the 
sole contribution of fibre angle alignment.
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Table 5 
Estimated contribution of strain recovery to the extension of fatigue life in twisted flax yarn reinforced laminates under interrupted loading.

Fatigue cycles to retrieve pre-interruption strain accumulation
Block number 2 3 4 5 6 7 8 9 10 11 12 13 Total

Sample 1 200 283 707 1′500 2′500 4′400 1′800 − − − − − 11 k

Sample 2 0 4′900 5′800 4′000 5′700 1′700 1′400 4′800 6′400 4′800 2′800 − 42 k

Sample 3 2′200 2′000 3′700 3′700 2′400 3′300 2′700 3′000 4′300 4′000 4′000 1′300 37 k
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