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ARTICLE INFO ABSTRACT

Keywords: Thick-walled thermoset fibre-reinforced polymer (FRP) composites present unique challenges across their
Thick-walled composites manufacturing, simulation, modelling, and testing processes. This paper provides a comprehensive overview
Modelling of the current challenges and research needs associated with thick-walled FRP, particularly in light of their

Process simulation
Manufacturing

Testing
Non-destructive testing

growing relevance in demanding application domains, such as wind energy. It is important to emphasise that
the designation of a laminate as thick-walled is determined not solely by its nominal thickness, but also by the
direction of the applied load. In particular, laminates subjected to compressive loading are typically considered
thick-walled from a wall thickness of 4 mm or greater. While conventional manufacturing techniques remain
applicable to thick-walled FRPs, process adaptations, such as adjusted curing cycles or alternative curing
methods, are necessary to mitigate manufacturing defects, e.g. residual stresses induced by inhomogeneous
curing due to local temperature overshoot. Modelling of the curing process and accurate prediction of residual
stress development remain key areas of ongoing research with significant gaps in understanding. The influence
of the wall thickness can also be seen in quasi-static and impact tests. Self-heating must be taken into account
in fatigue tests and must be incorporated into future guidelines for the design of thick-walled FRP structures.
While well-established non-destructive testing (NDT) techniques are generally applicable, their effectiveness
is reduced with increasing laminate thickness due to limitations in resolution. The findings underscore the
need for continued interdisciplinary efforts to refine processing and evaluation methods for thick-walled FRP

composites.
1. Introduction manufacturing is to ensure production quality at the level of thin-
walled laminates, the effort in the construction and design of thick-
Thick-walled fibre reinforced polymer composites (FRP) are re- walled FRP is to account for possible reductions in mechanical prop-

quired to transfer extreme mechanical loads in structural compo-
nents [1]. As Fig. 1 shows, they have already been established for years
for load-bearing structural components in aircraft construction [2,3],
rotor blades for wind turbines [4-7], pressure vessels [8,9], cryogen
tanks [10-12], marine structures [13-15], leaf springs for light duty

erties such as compression strength [22,23], and tension and bending
strength [24]. Until now, this influence has not been taken into account
in many manufacturing guidelines and test standards and therefore
must be included in the form of safety factors. This reduces the po-

commercial vehicles [16], civil infrastructure [17,18] and tubes for tential for lightweight construction. In addition, the minimum wall
offshore applications [19-21]. In particular, efforts to install wind thickness above which FRP laminates are labelled as thick-walled is
turbines with a higher-rated output are leading to turbines with longer not always consistent in the literature and seems to depend on the
composite blades. In order to guarantee their load-bearing capacity, the perspective, whether its from a geometric, structural mechanics, ma-

wall thicknesses of the rotor blades must also be increased.
As laminate thickness increases, so do the challenges of manufac-
turing, non-destructive and destructive testing. While the difficulty in

terial testing, or manufacturing point of view. For example, Balvers
et al. defines in [25] thick-walled structures from 10 mm upwards,
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Fig. 1. Selected examples of thick-walled FRP components, (a) liftable FRP-footbridge [18], (b) wind turbine blade of recycled glass fibre [7], (c) side wall of a
marine composite structure [15], (d) cryotank [10], (e) hydraulic bladder accumulator, and (f) aircraft main landing gear attachment [2].

whereas Nsengiyumva et al. in [26] from 15 mm upwards. From
a structural mechanics point of view Kim et al. defines a box sec-
tion beam with a wall-thickness ¢ to profile height ratio >0.1 as
thick-walled [27]. Laminates under quasi-static compressive load are
characterised as thick-walled from a wall thickness of 4 mm [22,28]
and under tensile load from a wall thickness of 10 mm [29,30]. Re-
garding manufacturing-related effects, a necessary deviation from the
manufacturer recommended cure cycle, which usually applies to thin
laminates [25], seems a simple option, as exothermic reaction affects
laminate quality in several ways. The cure cycle parameters provided
in the datasheets of polymeric composite laminates are optimised for
thin laminates, with + <5 mm [31,32]. Furthermore, experts also cate-
gorise so-called ultra-thick laminates, whereby the laminate thickness
required for this is specified differently. According to Esposito [33], this
classification is already met at a wall thickness of 30 mm, whereas Nie
et al. refers to 60 mm [34], Gao et al. 70 mm [23] and Rivard et al.
describes laminates exceeding 100 mm as ultra-thick [35], e.g. in the
root area of a wind turbine blades. A universally accepted threshold
for defining thick-walled laminates is not established in the literature.
Bogetti et al. suggests a modified Damkohler number to define an
analytical solution for a critical thickness, below which the exothermic
temperature rise during curing remains limited and controllable under
symmetric thermal boundary conditions imposed by isothermal tool-
ing [36]. This critical Damkohler number depends on the temperature
boundary conditions and cure kinetics only and provides manufacturers
with a first threshold thickness. This is a first step taking manufacturing
boundary conditions into account for a more precise classification,
additionally the loading conditions should be considered. This article
therefore provides a comprehensive overview of the special aspects
and challenges involved in the manufacture and characterisation of
thick-walled FRP laminates.

2. Manufacture, process simulation and quality control of thick-
walled FRP

Thick-walled FRP laminates present significant challenges in both
production and quality control. These challenges can give rise to so-
called thickness effects, which are generally categorised into statistical
and technological size effects. The statistical size effect is attributed to
the increased probability of defects occurring within a larger stressed
volume, which leads to a reduction in observed strength compared
to smaller volumes. The technological size effect arises from process-
related differences between the manufacturing of thick-walled and

thin-walled FRP laminates [37]. In thick-walled thermoset matrix lam-
inates, thickness-related effects can emerge during fibre placement,
impregnation, and curing. These effects may manifest as fibre misalign-
ments (both in-plane and out-of-plane), wrinkling, and resin-rich areas
within or between filament bundles (rovings) [38,39], often resulting
from insufficient compaction. Additionally, residual stresses and spring-
back effects caused by uneven curing are more pronounced in thicker
laminates, with all these phenomena strongly dependent on laminate
thickness [37,40]. In thick FRP laminates, these manufacturing defects
can develop locally but also globally and lead to varying mechanical
properties [22]. Whether the effects are considered manufacturing
defects depends on the number, location and size of the local stiffness
and strength reserves of the component, as well as the application
sector [40]. In the aerospace industry, the permissible limits are very
narrow, while in the automotive industry a compromise must be found
between manufacturing effects and process stability in favour of short
cycle times.

2.1. Manufacturing process

Based on fibre placement and impregnation with a thermoset ma-
trix, the established FRP manufacturing processes can be divided into
the following three groups, particularly for the production of thick-
walled laminates:

+ The first group includes processes in which the fibres are de-
posited dry with subsequent fibre impregnation using liquid com-
posite moulding processes. Curing takes place after complete fibre
impregnation (Fig. 2a,c).

+ The second group includes processes in which pre-impregnated or
wet fibres are laid down on a mould. Curing takes place after the
fibre lay-up has been completed (Fig. 2b).

» The third group includes processes in which the sequence or
process steps of fibre placement and fibre impregnation cannot
be clearly seperated, as in pultrusion (Fig. 2d).

The final step in all processes is curing. Regardless of the manu-
facturing process, the curing of thick-walled laminates is problematic
because of the exotherm-generated heating during the chemical reac-
tion. Subjecting thick laminates to the curing cycle recommended by
the manufacturer, that is usually designed for thin-walled laminates,
can lead to manufacturing defects [41,42]. Due to the large laminate
thickness and low thermal conductivity of the composite, the heat of
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Fig. 2. Selected manufacturing processes for thick-walled composites: processes with flexible tooling (a) VARI, VAP and Light-RTM [52], (b) autoclave
process [53], (c) process with rigid tooling (RTM) [54], (d) pultrusion process [55].

the reaction can be poorly dissipated, leading to laminate overheating
and sometimes thermal damage when the degradation temperature is
exceeded. To prevent this, the curing temperature must be lowered;
otherwise the component can only be produced in layers step by
step [34]. Both measures increase the production time. In order to
prevent laminate damage due to exothermic temperature peaks and re-
duced heat dissipation, the temperature can be increased in stages until
the maximum curing temperature is reached [43,44]. Another approach
is the numerical optimisation of the curing cycles; see Section 2.2.
Other approaches to prevent temperature overshoot in thick composites
are layerwise curing [45], the use of different accelerator concentra-
tions in the outer and inner sections of ultra thick laminates [46]
and controlled layered self-resistance electric heating [47]. Microwave
curing is proposed by Thostenson et al. in [48], as it provides instanta-
neous and controllable heat generation (compared to conventional oven
curing) from the inside to the outside. The elimination of the thermal
lag results in better control over the spatial solidification within the
composite laminate, resulting in only minor matrix cracks in the end
product due to residual stresses [49]. Nsengiyumva et al. gives a brief
overview of material processing flaws and composite manufacturing
defects that also apply to thick composite, stating that uneven tempera-
ture across the laminate thickness results in temperature gradients [26].
In prepreg-autoclave processing, these temperature gradients lead to
uneven compaction, because the temperature dependant viscosity does
not change homogeneously across the part in pre-impregnated lami-
nates. Void formation [43] and differences in fibre volume fraction
across the laminate thickness [41] are a consequence of inhomogeneous
compaction. Furthermore, a temperature gradient results in uneven
cure leading to residual stressses [50,51] or warpage [37]. In the worst
case, residual stresses lead to delamination [29]. Residual stresses can
also occur during cooling to room temperature at the end of the curing
cycle due to anisotropic coefficients of thermal expansion [41].

The main challenges in manufacturing thick composites are thus re-
lated to fibre compaction, resin flow and curing and can be summarised
as follows:

» Nesting effects during fibre bed compaction, including geo-
metrical distortions, inter-tow gaps, and variations in internal
structure, lead to locally varying permeability and fibre volume
content [56-58].

» Locally varying permeability results in inhomogeneous flow
fronts, increasing the risk of dry spot and void formation [59].

Delayed heating at the laminate core in thick prepreg parts,
caused by the low thermal conductivity of composites, postpones
viscosity reduction and hinders adequate fibre compaction; this
promotes an outside-in curing progression [60,61].
Temperature overshoots due to the resin’s exothermic reac-
tion and low thermal conductivity lead to internal heat buildup,
which can cause excessive temperatures and potential matrix
degradation [49,62-64].

Non-uniform temperature and degree-of-cure profiles across
the laminate thickness arise from poor thermal conductivity [63].
Cure gradients through the thickness result in incomplete fibre
compaction, which leads to void formation, residual stresses, and
matrix cracking; part warpage occurs as a consequence of these
residual stresses [61,64].

2.1.1. Deposition of dry fibres in combination with liquid composite mould-
ing processes

When processing dry fibres, the reinforcing material to be inserted
into the cavity prior to infiltration is usually produced in an upstream
preforming process. For components, woven or non-woven fabrics are
cut to size, formed into a preform and the shape fixed using pow-
der binder technology. Fibre deformations from the forming of semi-
finished textile products are discussed in [65,66]. For hollow structures,
such as drive shafts, braiding technology, or dry winding are often used
as efficient direct preforming processes, Fig. 3.

Using braiding technology, reinforcing fibres such as carbon fi-
bres and glass fibres can be dry laid onto the mandrel at very high
speed [67]. The fibre orientation in braided structures can be tailored
along the component axis to align with local stress distributions [68].
However, fibre waviness in the thickness direction poses a problem
during dry fibre deposition [69]. In conventional braiding, two main
effects are observed: first, the interlacing of rovings, leading to laminate
densification. This mitigates resin-rich zones at crossover points, but
increases out-of-plane undulations that are similar to those in woven
fabrics and which degrade the mechanical properties. Second, fibre
nesting, defined as the local interpenetration or shifting of adjacent
layers, alters permeability, compaction, and resin flow. Nesting typi-
cally results in a total preform thickness smaller than the sum of the
individual layers, thereby influencing the local permeability, e.g. in
edge and corner areas. A braiding process is described by Gardiner et al.
in which a uniaxial braid of reinforcing rovings and support yarns (like
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Fig. 3. Thick-walled braided and RTM-infiltrated drive shaft (left) and drive shaft with integrated cardan joint fork (right).

a unidirectional fabric) is laid on the core and undulation is almost
completely avoided [70]. With the latter process, nesting can hardly
occur. The preform is then placed with the core in the infiltration
mould, impregnated, and consolidated. After or during demoulding
the part, the core is removed. The liquid composite moulding (LCM)
processes for impregnating dry preforms can be categorised into the
following subprocesses established for the production of thick-walled
laminates:

» Processes with a solid one-sided mould in combination with a
flexible membrane,
* Processes with two closed rigid mould halves.

Typical processes using a flexible second mould half, usually a vacuum
bag are VARI (vacuum assisted resin infusion) [34,71,72], the VAP
process (vacuum assisted process) [73], which uses a semi-permeable
membrane, and so called Light-RTM (resin transfer moulding) where
the second mould half is usually a lamineted shell. Mould flexural
stiffness plays a crucial role in regard to process consistency, because it
affects resin pressure, cavity thickness and process time [52]. In LCM
the driving force for resin impregnation is, according to Darcy’s law,
a pressure difference, thus the pressure in the impregnated fibres is
always higher than in the dry fibres in front of the flow-front. This
means, with flexible tooling, there is always an increase in laminate
thickness in impregnated areas. After complete impregnation the in-
let is closed and post filling thickness equilibration takes places in
combination with excess resin bleed in the VARI process. In a VAP
process, resin flow needs to be stopped after the correct amount of
resin has entered the laminate, as the VAP membrane has no bleed
port. Post filling thickness equilibration takes time in which the resin
viscosity must be sufficiently low to allow for laminate compaction and
equilibration. When curing starts during this phase thickness and thus
fibre volume content variability occur. In the context of manufacturing
components with substantial wall thickness through the VAP process,
a methodology involving infiltrations conducted in two or more stages
has been proposed by [34]. The outer section of the first laminate is pre-
cured and used as an outer tooling for the subsequent laminate sections.
In summary, the utilisation of flexible tooling leads to greater thickness
variation. Mould stiffness affects post-filling time significantly with
more rigid moulds leading to shorter cycles as well as more consistent
filling and eliminating thickness variability [52].

For processes with rigid closed moulds, a further distinction can
be made according to the dispensing process: just using vacuum for
the resin transfer, e.g. VARTM (vacuum assisted resin transfer mould-
ing) [35], low-pressure processes, e.g. RTM using a pressure pot or low-
pressure metering system [51,71] or high-pressure RTM (HP-RTM) [74,
75] using a high-pressure metering machine. In processes using stiff
moulds, fibre compaction occurs during mould closure and is therefore
decoupled from the infiltration phase, resulting in a permeability de-
pendant on the inital compaction state. This typically leads to lower
permeability, resulting in more flow resistance and higher resin in-
jection pressure. An alternative approach is offered by Compression

Resin Transfer Moulding (C-RTM) [76], in which the mould remains
partially open during the initial filling stage, allowing impregnation to
occur under lower compaction. In C-RTM, the fibre preform is placed
in the mould with a defined gap — typically between 0.5 and 2 mm
— between the mould surface and the fibre stack [77,78]. This setup
results in reduced flow resistance and higher permeability during form
filling, often assisted by a metering system. Complete impregnation
and final fibre compaction are achieved during a short, controlled
closing stroke at the end of the injection phase, enabling efficient resin
infiltration in the thickness direction.

In the low-pressure resin transfer moulding (RTM) process, impreg-
nation of the fibre preform must be completed before a significant
increase in resin viscosity occurs. This process can be operated either
under constant pressure, using pre-mixed resin in a pressure pot, or
under constant flow, using a low-pressure metering pump in combina-
tion with static mixers. To achieve full impregnation, it is generally
necessary to employ resins with slow curing kinetics. Alternatively, if
the resin exhibits a sufficiently broad range of acceptable viscosity, im-
pregnation can also be facilitated by lowering the mould temperature.
This leads to long process times, especially for thick laminates. For
these reasons, the pressure pot RTM process is only used for very small
to small batch production (lower then 10,000 units / year). For pro-
duction volumes well above this number, constant-flow, low-pressure
metering pumps are typically employed. In constant flow injection, the
injection pressure must increase in order to maintain a constant flow
rate. As the pressure within the mould cavity rises, the capacity of
these pumps to compensate for the increased pressure is limited. This
limitation alters the delivered flow rate, which may cause deviations
in the mixing ratio and result in fluctuations in the overall process
parameters. As a consequence, production repeatability is no longer
guaranteed. High-pressure resin transfer moulding (RTM), based on the
countercurrent mixing principle, addresses the limitations of constant
flow, low-pressure RTM by providing a constant flow discharge and
a substantially higher maximum flow rate, thereby reducing cycle
time and enabling large-scale production of structural components.
Both, epoxy and polyurethane resins with a very short pot life can be
processed. Fast-curing resin systems with viscosities below 100 mPa s
enable rapid infiltration of even thick-walled FRP structures with a high
number of individual layers [75]. However, stiff tooling is a critical
prerequisite for HP-RTM. When resin is injected at high discharge rates,
fibre displacement may occur during mould filling—an effect that is
more pronounced in thick-walled preforms compared to thin-walled
ones. Additional manufacturing-related effects associated with liquid
impregnation processes of thick-wlled FRP are summarised in [65].
Fully flexible moulds (Resin Infusion) are better suited for lower-cost,
lower-precision applications but require longer post-filling times [52].
According to Barcena et al. the influence of the different LCM process
variants with rigid tools on the formation of manufacturing defects can
be summarised as follows [79]:

» Low pressure RTM minimises preform washout and micro-voids
but exhibits high degree-of-cure variations.
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» C-RTM balances cure uniformity but increases washout and voids.
» HP-RTM optimises cure consistency but maximises washout and
micro-void formation.

The influence of different filling strategies for LCM processes is dis-
cussed in [52,79], statinng that convergent filling (peripheral inlet) is
faster and consitently enhances dimensional stability of the cured parts,
while divergent filling (one central inlet) leads to the greater geometric
deviations in the final part. Taddei et al. had summarised mitigation
strategies of infusion and cure-induced defects for thick composites
especially produced with LCM processes [80]. Besides developing new
thermosetting materials with low exotherm reactions, modelling pro-
cess and material variability and using numerical simulations based on
machine learning were identified as possible areas for future research.

2.1.2. Depositing pre-impregnated or wet fibres

This group includes manufacturing processes in which pre-
impregnated fibres (prepregs) or wet fibres are placed in a mould and
subsequently cured at room temperature or in an oven, possibly under
pressure. Thick-walled laminates are produced by hand lay-up [43],
wet winding [43,81-83], the prepreg autoclave process [29,44,84]
and sheet moulding compound (SMC) pressing [85]. Despite the low
achievable fibre volume content of 20% to 35%, hand lay-up and fibre
spraying are still very widespread processes, e.g. for manufacturing
of thick-walled laminates for tanks or flange connections. Here, layer
thicknesses of a maximum of 12 mm to 15 mm are produced in a single
pass. After a dwell time and the decay of the exothermic reaction peak,
the laminating process can be continued. Another effect, especially with
thick components, is the risk of sink marks due to resin shrinkage [43].

The prepreg autoclave process is a well-established production
method, associated with excellent laminate quality in terms of high
fibre volume content and low porosity [86]. Olivier et al. [41] and
Twardowski et al. [42] describes the production of laminates of 31.5
mm and 100 mm thickness using the prepreg process. However, it is
associated with high cost due to the prepreg material itself, the high
amount of energy needed for the autoclave pressure-cure cycle, the
use of inert gas, and the amount of manual labour still involved. As a
process with a one-sided rigid tool and flexible second mould half, the
temperature profiles through the thickness are not symmetric along the
centre of the laminate [87]. The temperature profiles in the laminate
are mainly determined by heat transfer phenomena and are further
affected by the bleeder materials and the convective heat transfer
coefficient between the vacuum bag and autoclave air [88,89], while
they are little influenced by the thickness of the mould assembly [87].
Furthermore, corner thickening/thinning and fibre wrinkling are typi-
cal defects on radius sections of prepreg autoclave parts [90,91]. These
effects are a consequence of prepreg mass flow and the proportion of
fibres oriented along versus across the edge and occur already in the
early stages of the lay-up. Increasing laminate thickness and reduced
corner radii worsen the effect [90]. As a process with a one-side
flexible mould, the autoclave parts exhibit thickness variability caused
by material variability of the prepreg itself [91], and inhomogeneous
fibre compaction and resin flow due to heat transfer phenomena (see
Section 2.2), which are especially critical for thick parts. Therefore, a
trend towards out-of-autoclave (OoA) processing is observed to reduce
costs [92] as well as the use of new resin systems with smaller reac-
tion enthalpy to reduce temperature overshoot [80,93]. For example,
Maguire et al. describes the use of a novel epoxy powder to infuse a
100-ply laminate in a OoA [94]. The resin can maintain a low viscoity
of 10-100 mPa s for up to 3 h at 120 °C, which is sufficient to infuse
the laminate. Maguire reports a dual scale flow for impregnation in
conjunction with a 45% decrease in thickness without a temperature
overshoot during cure (see Fig. 4).

Wet winding is commonly used to manufacture pressure vessels
with thick-walled segments, which can reach wall thicknesses of up to
74 mm [95]. The strength of the vessels is influenced by (production)

Composite Structures 373 (2025) 119678

parameters such as stacking sequence, fibre tension, production time,
resin viscosity and fibre tension gradient [82,96]. Above all, a high
fibre volume content in the hoop layers tends to result in a higher vessel
strength [82]. Ha et al. investigates delaminations that occur during
the curing of wet-winded thick-walled laminates and determines the re-
sulting residual stresses using strain gauges, applied as circumferential
segments are cut from the laminate [95].

2.1.3. Process with simultaneous fibre placement and fibre impregnation
Pultrusion is an established process for the efficient production of
thick-walled fibre composite profiles. In thick-walled laminates, tem-
perature gradients caused by the exothermic reaction are also problem-
atic here, leading to residual stresses during curing [97]. Furthermore,
Yuksel et al. shows that a non-uniform fibre volume content distri-
bution occurs in pultrusion profiles (cross-section 19.5 x 19.5 mm?),
reporting a lower fibre volume content in the core compared to the edge
layers [98]. The residual stresses for unidirectional (UD) pultrudates
can be simulated by modelling at the meso level, taking into account
the local differences in fibre volume content and reaction kinetics. Wet
pressing is a liquid impregnation process, but is listed in this category
because the fibres are simultaneously shaped and impregnated during
the pressing process. Due to the predominant impregnation in the
thickness direction, wet pressing is rather unsuitable for thick-walled
laminates due to the effect of hydrodynamic compaction of the fibres.

2.2. Process simulation

The main challenges arising in the manufacturing of thick com-
posites are related to fibre compaction, resin flow and curing (see
beginning of Section 2.1). Therefore, significant effort has been taken
to predict these phenomena in order to establish filling strategies
and process cycles to avoid trial and error. Depending on the mould
(rigid or flexible) and the fibres (dry or pre-impregnated) effects of
fibre compaction, impregnation and curing follow one after another
or simultaneously which determines how process simulation must be
approached (Fig. 5).

Dry fibres and rigid tooling (without noteworthy flexibility) repre-
sent the most straightforward case as the fibre compaction, resin flow
(permeability values required), and curing occur in succession. In the
other variants (b-d) there are interactions that must be considered in
process simulation. Aspects of these simulations specific to thick-walled
laminates are detailed below.

2.2.1. Nesting and fibre architecture

The fibre tows and layers of fabrics form a porous structure that is
compressed to achieve the desired fibre volume content. The thickness
of the compressed fibre stack is always smaller than the sum of the
individual uncompressed fabric layers [99], because the fibres are
elastically compacted and fibres interact, slightly changing their shape
and location, when subjected to transverse compression forces. The
latter effect is called ‘nesting’. The compaction behaviour is described
in literature by several authors, e.g. for dry fabrics in [58,100,101]
and for impregnated fibres in [60,102]. The effect of nesting increases
with the number of fibre layers, which tend to be numerous in thick
composites. It also varies based on the type of textile used. E.g. Chen
et al. [101] provides an analytic formula to calculate the amount
thickness reduction due to nesting dependant on the number of fabric
layers for woven fabrics.

X-ray computed tomography (XCT) is an effective method of visual-
ising fibre architecture at a mesoscale, even under varying compaction
conditions. Thus, XCT enables the in situ analysis of changes in the
geometry of the tow, inter-tow gaps and variations in the internal
structure of thick composite materials under different compaction con-
ditions [56,57]. With the help of fibre architecture modelling software,
e.g. TexGen [58,103], a meso-scale model can be created for struc-
tural simulation representing structural effects due to nesting. Results
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in combination with cure

- in combination with saturated flow
- in cominbation with air evacuation
- in combination with void formation
- in combination with ongoing cure

Fig. 5. Overview of the process phenomena and their interactions that must be taken into account in the simulation, depending on the tool and semi-finished

fibre product.

from computation intensive meso-scale models can be implemented
in functions for simulation of larger parts on macro-scale. Draping
simulation focuses on draping planar textiles into 3D-shape account-
ing for large shear deformations that are the cause of wrinkles, but
usually does not include compaction effects. Thompson et al. includes
linear through-thickness compliance into finite element analysis based
draping simulation by capturing surface interactions and by adapting
pressure over-closure relationships of penalty contacts [100]. Thus, his
model is able to predict the location, shape and magnitude of wrinkles
in a radius section during vacuum bag compression of 24 layers of car-
bon plain weave. The formation of out-of-plane and in-plane wrinkles
is described (Fig. 6a—c).

2.2.2. Resin flow

Impregnation of dry fibres in liquid-composite moulding takes place
as a non-saturated flow [103]. In order to accurately simulate the filling
process of thick-walled composites, it is imperative to consider the
permeability differences that occur across the laminate thickness [104].
These differences are a consequence of inhomogeneous compaction
of fibres and textiles. Therefore, volume elements which can repro-
duce flow in thickness direction and principal permeability values
in-plane and in through-thickness direction are required [105]. The
required permeability values can be measured either by means of
experiments or purely virtually using the aforementioned X-ray com-
puted tomography coupled with a flow simulation through porous

media [56]. Saouab et al. [56] and Ali et al. [57] highlights that thicker
reinforcements undergo significant deformation under compaction, af-
fecting their permeability. Saouab et al. [56] found that the virtual
permeability computation using voxel models offers high accuracy
compared to methods like stochastic virtual modelling or simplified
geometry approaches. However, voxel-based methods are computation-
ally demanding, and extracting representative unit cells is challenging
due to the need to address periodicity. In contrast, stochastic mod-
els can approximate the heterogeneous structure of thick laminates
with significantly lower computational cost and without the need for
image segmentation, although they do require specialised geometric
modelling and meshing tools. For the purpose of filling simulation,
commercial software such as PAM-RTM or RTM-Works [106,107] can
be used by assigning appropriate permeability values to regions with
varying levels of compaction. Fibre washout, referring to the dislo-
cation of the fabric caused by high infiltration pressures commonly
encountered in the HP-RTM process, remains beyond the predictive
capabilities of these models. Therefore, the authors of [108] developed
a one-dimensional model based on a statistically permissible stress
field within the preform material and the application of beam buckling
theory to predict fibre washout as a function of process variables such
as clamping force and injection pressure. The model indicates that fibre
washout is most pronounced at the onset of the injection process. How-
ever, a comprehensive prediction of fibre washout at the macroscale
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0.0 36

Fig. 6. Selected examples of process simulation for thick-walled laminates: draping simulation of radius section (a) with perfect contact between plies [100], (b)
with extra bulk [100], (c) experiment [100], (d) Thermal analysis temperature plot of a 30 mm carbon/epoxy laminate during a temperature overshoot event in

an oven cure process at 120 °C [80].

remains an open challenge, necessitating future investigations into
meso-scale tow movement.

2.2.3. Thickness variability

With the use of tooling with a flexible membrane, like in VARI,
VAP or the prepreg process (conventional autoclave and OoA), laminate
thickness changes during the process while the fibres are already
impregnated with resin. Thus fibre bed compaction in combination with
temperature and cure dependant viscosity changes of the matrix needs
to be considered. Therefore a thermo-kinetic modelling approach is
necessary. The authors of [52,109] describe the post-filling thickness
equilibration after dry fibre impregnation in the VARI process. Trochu
et al. presents a numerical model for fibre bed deformation enabling
the prediction of thickness variations during the VARI process at the
macroscale [59]. The approach employs three-dimensional adaptive
mesh refinement in conjunction with an extrusion algorithm to gen-
erate a locally refined 3D mesh with a reduced number of elements,
thereby enhancing computational efficiency. This methodology facili-
tates the incorporation of geometrical features such as flow channels to
account for edge effects (e.g., race tracking). The final 3D mesh with
multiple stacked layers is created by mesh extrusion, allowing for easy
setting of through thickness parameters for each layer. Bodaghi et al.
provides a comprehensive review of the above described variability of
permeability, particularly focusing on how reinforcement distortions
and dual-scale flow mechanisms influence mould filling and final part
quality in liquid composite moulding (LCM) processes [104]. It further
details state-of-the-art simulation techniques, including finite element
models, stochastic simulations, and flow behaviour modelling, that
account for variations in fibre architecture, nesting, tow waviness, and
permeability fluctuations. In thin laminates the thickness equilibration
time is usually significantly shorter than the gel time of the resin.
However, for thick laminates due to low thermal conductivity in thick
sections, heat build up could lead to pre-mature gelation before thick-
ness equilibration is reached. For liquid composite moulding processes,
the gelling ratio, defined as filling time /reaction time, can be used to
assess whether this is critical [25]. With prepreg material, the matrix is
already in a partially cured (B-stage) state and undergoes further curing
and associated viscosity changes at temperatures above —18 °C. During
the cure temperature cycle the viscosity of the resin needs to become
sufficiently low, especially in out-of-autoclave processes [110]. Thus
the out-time and exposure to room temperature before final cure are

critical, especially as the lay-up of large, thick components made from
prepreg material can extend over several weeks [111], the increase in
viscosity at room temperature must be taken into account. The tracking
of changes of B-stage glass transition temperature and total heat of
reaction by differential scanning calorimetry (DSC) and measurement
of minimum viscosity by rheometry are means to monitor the state of
the prepreg [110]. The cure of thick section composites made from
prepreg has been extensively studied in [60,61,63].

For prepreg processing, Li et al. applies the Gutowski fibre bed
compaction model within a finite element framework to simulate cou-
pled resin flow and laminate compaction during curing process [60].
The results demonstrate that resin velocity variations influence lam-
inate thickness and deformation, with predictions aligning well with
experimental data. Furthermore, the authors shows that compaction
respectively fibre volume content differences across the thickness of
a 4 mm prepreg laminate occur with values as high as 70% at the
outside and as low as 55% in the middle, highlighting the necessity for
optimised cure cycles to achieve uniform compaction and high-quality
thick laminates.

2.2.4. Curing

Modelling of curing is the most widely researched sub process of
the composite manufacturing sequence with several publications for
thick composites starting as early as in the year 1991 [36] up to
now [45,112].

The modelling approaches can be divided into 0-dimensional (solv-
ing a system of differential equations without thickness resolution) [31],
one-dimensional models (temperature profile across thickness at one
location in the laminate) using 1D finite differences [94,113], 1D finite
element models (FEM) [45,114], two-dimensional (temperatures in one
cross-section of the laminate) using finite differences [29,36], finite el-
ements [64,88,115], with commercial FEM software PAM Cure [32] or
multiphysics software Comsol [25], and using 3D FEM [80,112], with
commercial software Ansys [114]. Cure simulation for laminates up to
40 mm thickness was carried out in [31]. Esposito et al. experimentally
measured the highest temperatures at the surface and the centre of
prepreg laminates of different thicknesses during curing and predicted
the temperature over time with his model to link overheating with
interlaminar shear strength degradation [32]. For a 25 mm thick lam-
inate the measured difference of surface and centre temperature was
44 K, with local temperature variations in the centre of 87 K. Esposito’s
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model was in very good agreement with the experimental data of tem-
perature and interlaminar shear strength tests. This clearly highlights
the enormous temperature gradients present in thick laminates and the
influence on mechanical properties of the final laminate. Overheating
reduces interlaminar shear strength in thick FRP laminates [32]. Spatial
cure gradients depend on part geometry and direction-dependent heat
transfer [36], therefore, temperature gradients should be simulated
at critical cross sections. The reviewed literature shows, optimised
cure cycles reduce temperature and degree-of-cure gradients by up to
39% [112] and as a result residual stresses [25,31].

In conclusion, thermal management for curing thick composites
is crucial due to low thermal conductivity of the reinforcement and
exothermic resin curing. Thick composites require special processing
techniques to ensure uniform quality, to control heat build-up and
avoid defects and matrix degradation [63,64]. Cure cycles must be care-
fully designed to balance laminate temperature and fibre compaction.
Accounting for anisotropy arising from different fibre orientation in
the laminate architecture enhances the accuracy of temperature and
curing kinetics predictions in curing simulations [61,64]. To reduce
thermal gradients, the cure cycle must use slow heating rates and lower
dwell temperatures, resulting in longer process cycles [49]. Fibre com-
paction affects heat dissipation, because a higher fibre volume fraction
improves thermal conductivity. If laminate compaction is incomplete,
excess resin remains trapped, leading to higher exothermic heat build-
up at the centre (temperature overshoot, (Fig. 6d)). The review shows
that different modelling approaches (1D, 2D, 3D) trade computational
efficiency for accuracy. Multiphysics modelling and optimisation tech-
niques (genetic algorithms, multi-physics models) improve prediction
capabilities and thus the cure cycle efficiency.

2.3. Process monitoring and quality inspection in the production of thick-
walled FRP

In-situ process monitoring based on non-destructive testing methods
is increasingly being used to continuously monitor production and
guarantee the production quality of FRP components [116]. How-
ever, this is still largely at the research stage for the production of
thick-walled FRP and rapid manufacturing processes. One focus of
the research here is on the detection of the matrix flow front during
the infiltration process in the HP-RTM process and the detection of
misorientations of the fibres [117,118]. Some work has already been
carried out in recent years on resin flow front detection. For example,
in [119,120] the flow front was detected at various points in the
HP-RTM mould using capacitive measurement technology. It is also
possible to locate the flow front using contact ultrasound in transmis-
sion (through the entire thickness of the RTM mould) by measuring the
signal amplitude and sound velocity [121,122] . However, this method
cannot be used if only one-sided access to the mould or complex-shaped
moulds are used. One way of detecting the flow front within a complex
mould is to examine the multiple reflections of a longitudinal wave
using a line-array sensor. This involves combining a large number of
piezo elements in a phased array probe, which can be used to direct
and focus the sound field by delaying the transmission of the individual
elements [123]. The ultrasound can be focused on any area of the fibre
material by controlling the transmitting elements arranged along a line
in the probe accordingly. Due to the larger dimensions of a line probe
compared to that of a single transducer, multiple reflections can be
detected simultaneously at different points on the mould. Depending
on the degree of infiltration, a progressive flow front can be detected.
The pulse-echo method not only makes it possible to determine the
filling level in the plane, but also in the thickness direction. With
the help of single transducers, such a filling level determination has
already been realised in several works (see, for example, [124]). When
manufacturing thick-walled FRP, it should be noted that the risk of
defects occurring in the laminate increases with increasing laminate
volume [125]. This is discussed in [126] at the materials level using test
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specimens of different dimensions and in [127,128] at the component
level on FRP rotor blades of wind turbines. These production-related
defects include pores, inclusions, surface defects, fibre misorientation,
and resin-rich as well as resin-free areas [125]. In addition to the
known fibre misorientation in the laminate plane, known as fibre
waviness (Fig. 7), fibre undulations out of the laminate plane, known
as undulation, occurs with increasing number of layers in thick-walled
FRP.

Micrograph analyses, X-ray methods and the embedding of optical
fibres can be used to detect and analyse such fibre defects [131]. The
causes for the formation of undulations are manifold and can be found
in [40] among others. The author does not explicitly address thick-
walled laminates. In thick-walled multilayer composites manufactured
using the braiding process fibre misalignments occur because the inner
layers form an uneven base for the subsequent layers [132]. A process-
related inhomogeneous fibre distribution also occurs when several
layers of different orientation are laid down (nesting) [133]. Fibre
misalignments also occur when the preform is inserted into geomet-
rically complex tools. This creates local manufacturing defects such
as overlaps, fibre gaps and undulations, which result in varying fibre
orientations and fibre volume contents of the FRP [134]. Furthermore,
the individual layers are compressed differently, resulting in different
frictional behaviour between the layers [130]. In addition to the com-
posite imperfections caused by textile processing, fibre displacements
are also caused by infiltration processes [135]. The HP-RTM process, in
particular, can cause fibre displacement due to the high resin flow rates
during impregnation [136], resin-rich regions and voids in thin-walled
laminates [137].

The flow of the low-viscosity resin through the fibre structure
in the cavity can be compared to the flow of a Newtonian fluid
through a porous medium in terms of fluid mechanics [138-140].
Mathematically, the flow process can be described using Darcy’s law.
It describes the flow velocity as a function of the viscosity of the
resin mixture, the permeability of the semi-finished product and the
pressure gradient between the inlet and outlet. Permeability describes
the transmission resistance of the fibre structure to the fluid flowing
through it. It depends on the type and architecture of the textiles and
their compression in the cavity [141]. For a realistic description of the
impregnation behaviour in thick-walled FRP, the permeability in the
thickness direction is of central importance [142,143]. Another cause
of fibre misalignment is shrinkage, which is caused by the chemical
cross-linking reaction and cooling of the thermosetting matrix. Studies
show that this leads to compression and deformation of the fibres [144]
and induces residual stresses [35,145]. This effect is more pronounced
in thick-walled laminates, as the heat of reaction is dissipated rela-
tively poorly. This results in an uneven temperature distribution and
inhomogeneous curing [146]. With greater wall thicknesses and the
associated larger matrix quantities, the process-related infiltration and
curing parameters (temperature, pressure) have a significant influence
on the resulting material properties. Three-dimensional stress states
with non-negligible compressive stresses transverse to the laminate
plane occur with increasing frequency [147,148]. The state of research
on the definition of suitable curing cycles in the production of thick-
walled FRP laminates is described in [149,150]. In summary the degree
of cross-linking, respectively the glass transition temperature, and the
fibre volume fraction are identified as key performance indicators
for achieving optimal curing [151]. In addition, in contrast to thin-
walled laminates, a homogeneous temperature distribution within the
laminate is only possible to a limited extent with larger matrix quan-
tities due to the exothermic curing reaction. In the works [41,152]
these inhomogeneous temperature curves are described for prepreg
systems and were evaluated on the basis of experimental investiga-
tions of the mechanical in-plane tensile and compressive strengths.
The design of thick-walled laminates can therefore not be carried out
according to the classical laminate theory, as the “interference stresses”
in the form of normal stresses and interlaminar shear stresses in the
thickness direction make a more complex stress and strength analysis
necessary [153].
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Fig. 7. Unidirectional carbon fibre reinforced epoxy resin with fibre waviness (in the laminate plane, left) [129] and undulations (in thickness direction,

right) [130].
3. Mechanical testing of thick-walled FRP

The evaluation of the influence of thickness and manufacturing-
related imperfections is often carried out using mechanical tests under
quasi-static, dynamic, and cyclic loading and is summarised in the liter-
ature under the term “‘size effect” [24]. It is assumed that the specimen
or component size has an influence on the mechanical properties of
the material used, especially its strength, and it is questioned whether
the transfer of characteristic values from standardised (thin-walled) test
specimens to other size scales is possible without further ado [154,155].
Although detailed work on the topic of the size effect and its description
of a wide variety of brittle materials can be found in the post-World War
II period, the growing interest in fibre composite materials for load-
bearing elements has also led to an increase in research work on this
topic since the early 1990s. Based on the failure behaviour of brittle
materials, two theories have been (further) developed to explain such
an effect:

« Statistical size effect: The basis of this theory is the weakest-
link principle, which is based on a random, statistical distribu-
tion of material strengths in a body (mainly using a Weibull
model [155]).

» Fracture mechanical size effect: The scale law, which was largely
characterised by Bazant, is based on an imbalance between the
released strain energy stored in the body at the crack front and
the fracture energy required for crack propagation [156].

It should not go unmentioned at this point that a variety of factors
(or even a combination of them) can, of course, have an unfavourable
influence on the failure of thick-walled laminates. Last but not least,
the following should be mentioned in this context:

+ The influence of manufacturing (see Section 1),

+ Test conditions such as clamping and load introduction,

« Free edge effect (in the case of varying layer orientation),
» Stress gradients under bending stress and

+ Self-heating effects with cyclical load.

3.1. Quasi-static behaviour

Most of the experimental work in this field deals with behaviour
under quasi-static loading. The tensile and flexural strengths [157-163]
and the compressive strengths [164-167] decrease with increasing
sample volume. The cause of this is attributed to fibre waviness and
deviating alignment of fibre to load direction, which primarily occur in
the laminate thickness direction. A good summary of the work in the
decade between 1990 and 2000 can be found in [168], a widely cited
article on this topic. Based on this and several other comprehensive
literature summaries (e.g. [169,170]), the individual papers from this

Table 1
Overview of the testing standards and the maximum wall thicknesses specified
therein.

Load type Standard Wall thickness in mm
Tension 1SO 527-4 [179] 2-10

ISO 527-5 [180] 1-2 (UD)
Compression ISO 14126 [181] 2-10
Bending (3-/4-point) ISO 14125 [182] 2-4
Shear (45° tensile test) I1SO 14129 [183] 2

period will not be discussed further. However, it should be summarised
that the size effect occurs independently of the direction of loading
(tension, compression, and bending). The failure mode and its exis-
tence are essentially explained and described by statistical phenomena
and models, largely Weibull distributions, which describe the mate-
rial behaviour sufficiently accurately in the majority of works [171].
In particular, for compression tests [164,172], significant variations
in strength are expected, due to the well-known complex boundary
conditions in compression tests [22].

In this context, useful specimen geometries with corresponding
clamping and load application areas are discussed in various pub-
lications for thick-walled laminates mentioned below. In principle,
specimens up to 10 mm thick are defined for tensile and compression
tests in accordance with DIN EN ISO 527-4 and 14 126. An overview
of existing standards is given in Table 1. However, it is clear that these
alone will not lead to good results for thick-walled laminates [173].
In compression tests, even for thin-walled laminates [174,175] large
differences can be expected due to the test equipment and specimen
geometry. Good examples of this can be found in [176]. Similar solu-
tions are discussed in [177], where the well-known ICSTM load unit
for compression specimens (see [178]) is used to address specimen
clamping issues.

Among the much-cited works in the experimental field from the
current millennium are the studies in [22,173,184]. Here, too, it is
shown that thick-walled laminates exhibit comparatively high reduc-
tions in strength under compressive loading and that these also depend
strongly on the ply structure used. The causes cited for this include fibre
waviness and larger production-related defects. However, the degree
of fibre misalignment and its influence on mechanical properties are
currently difficult to predict quantitatively [144]. The static tensile
and compressive loads are also discussed in [185]. A thickness effect
can also be shown for certain ply structures under tensile loading,
but the maximum investigated laminate thickness is 4 mm and does
not indicate the extent of the statistical validation [186]. It is already
evident from the specimens analysed in [186] that even with optimised
specimens, many failure locations can be found close to the load
introduction elements, i.e., the clamping area. However, more recent
investigations on samples up to 20 mm thick show no significant drop
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in strength under tensile and compressive loading with comparable
fibre volume contents in UD-specimens [187]. When investigating the
size dependence of the mechanical properties of FRP, it is therefore
often unclear whether this is a true size effect of the material [186,188],
respectively, the structure [189], or whether other factors are at play,
such as a reduction in the quality of production with increasing lami-
nate thickness [168]. A large number of studies can also be found on
the quasi-static behaviour of thick-walled laminates under bending load
(e.g. in [188,190,191]). The results clearly show how differently UD,
cross-laminate, quasi-isotropic and +45° bending specimens behave
with regard to the influence of laminate thickness. No clear influence
is visible in the UD laminates, while the flexural strengths of the
three other multilayer composites are clearly degraded. In contrast,
in [188] the reason for this is seen as a probabilistic effect in the
bending test series examined. Recent studies have investigated the size
effect in the case of interlaminar failure. To this end, they compare
the behaviour of specimens of different thicknesses under Mode I and
Mode II loading [191]. Again, there is a considerable drop in fracture
energy, which can be modelled with sufficient accuracy using linear
elastic fracture mechanics.

3.2. Fatigue behaviour

Compared to the behaviour under quasi-static loading, the available
data on the fatigue behaviour of thick-walled FRP is not as exten-
sive, particularly with regard to a direct comparison of thin- and
thick-walled structures. The following section summarises the findings
of the investigations on thick-walled laminates and the comparative
investigation of laminates of varying thicknesses.

3.2.1. Fatigue tests on thick-walled laminates

In general, a wide range of literature is available on fatigue inves-
tigations of thick-walled laminates. For example, in [192], the author
summarises the status quo and describes the difficulties and influencing
factors that arise when testing these laminates [193]. It is known that
the failure phenomenology differs considerably in some cases from
that in thin-walled FRP laminates, as considerable normal and shear
loads orthogonal to the laminate plane are to be expected in thick-
walled laminates, which is why delamination is often dominant. The
poor heat transfer due to the generally poor thermal conductivity
of fibre-reinforced composites also contributes to a different failure
pattern [194]. A considerable increase in temperature in thick-walled
laminates is expected even at low load frequencies, especially under
tensile and compressive loads [195]. It has also been shown that
neither established fatigue life models nor progressive damage models
or empirical models can adequately predict the damage development
and service life of thin-walled FRP. In [196] a hybrid model with good
agreement between experimental and theoretical data under bending
load is presented on this topic. Further investigations are described
in [197] in which the author comprehensively describes the fatigue
behaviour of UD-specimens made of glass fibre reinforced polymer
(GRP) under bending swell loading. Although the influence of lam-
inate thickness is not directly described, the specimens are thicker,
with a laminate thickness of approx. 6 mm, and various very useful
statements on improving the specimen shape with regard to 3D ef-
fects (e.g. anticlastic bending) can be found. In addition, the work
contains many further suggestions for improving the understanding
of thick-walled bending specimens. Fatigue tests under bending load
can also be found in [198] on woven GRP laminates with a wall
thickness of 15 mm. This shows that the deformation and the loss of
stiffness increase steadily over a long period of time and only increase
very sharply just before failure. The stiffness normalised to the initial
stiffness decreases almost linearly with the number of load cycles.
Furthermore, the fatigue behaviour of thick-walled laminates made of
carbon fibre reinforced polymer (CFRP) with tough intermediate layers
under load in the thickness direction is also being investigated [199].
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However, there is no comparison with data from thin-walled laminates
to assess the potential influence of wall thickness on fatigue behaviour.
Fibre architecture in general has a significant influence on the fatigue
properties of FRP [200], but fibre misalignments, in particular, reduce
the service life [201].

3.2.2. Comparative tests on laminates with varying thicknesses

One of the first comparative studies can be found very early on.
As early as 1979, the first probabilistic considerations on the scaling
effects of open-hole CFRP specimens under cyclic compressive loading
were made in [202], but without presenting experimental results on
thick-walled laminates. In 1988, the first experimental investigations
in [203] established that under cyclic bending load with a stress ratio
(R) of 0.1 and a frequency (f) of 1.2 ...3 Hz there is a decrease in the
bending strength of laminates of different thicknesses (up to 20 mm).
A summary of the experimental results is shown in Fig. 8, left. This
shows a shift of the Wohler lines to the bottom left, where the authors
achieve a reasonably good prediction of the thickness influence with a
simple Weibull model. Unexpected results are described in [204] when
investigating the damage behaviour under alternating load (R = —1)
before and after low-energy impact of compression specimens with
scaled stacking ([0/45/90/-45],, with n = 2,4,6; where 7,_; = 1 mm).
Interestingly, not only the pre-damaged, thick-walled specimens, but
also the undamaged specimens show a more resilient behaviour in
the fatigue tests (cf. Fig. 8 middle). No explanation is given for this
unexpected result. The result is particularly surprising considering the
comparatively high test frequency, which was f = 10 Hz for all tests in
unison. A considerable self-heating effect is probably already present
here [205]. Furthermore, [206] examines the fatigue behaviour of
32 mm thick laminates. Major efforts are mentioned here in order
to avoid the clamping problem. The results for specimens under pure
tension-swell loading give the impression that a thickness effect is
present at higher loads, but this is apparently not found at lower load
levels. In a recently published study, the influence of the size effect at
different load ratios on UD-laminates of different lengths under 0°, 10°
and 90° loading direction (f = 5 Hz) is analysed [207]. The specimens
appear to correlate well with a Weibull distribution related to the
volume.

However, none of the works cited above consider the influence of
self-heating as an influencing factor. Various publications point out that
there are indications of strong heating of the inner layers under fatigue
loading even at the lowest loading frequencies [205,208,209]. A series
of data on the size effect with additional consideration of self-heating
can be found above all in [195,210-212] on UD-specimens under
pulsating tensile and compressive loading. In an attempt to account
for the influence of self-heating by using a lower test frequency (10,
5 and 2 Hz, respectively) and thus gain a better understanding of the
pure size effect, the failure behaviour was tested at three different wall
thicknesses (4, 10 and 20 mm). The shift of the S-N curve to a lower
stress level was found to be significantly smaller for the first increase
in wall thickness compared to the second, Fig. 8 right.

The reason for this is believed to be the reduced manufacturing
quality of the 20 mm thick laminates. Furthermore, [208] proposes an
FE model to predict self-heating. The use of this model gives reasonably
good results compared to the temperature increases recorded in the
experiment [195], which are, however, very high (well above AT =
10 °C). Although the conclusions regarding the size effect are consistent
in this sense, an influence on the failure behaviour in general can nev-
ertheless be assumed here. In this context, it is worth mentioning that
there are specific studies on the self-heating of fibre composites, includ-
ing comparative studies on the varying sample thicknesses (e.g. [205]).
However, since all of these studies consider the self-heating effect in
isolation and the fatigue behaviour is, in some cases, standardised to
the maximum number of load cycles endured, it is not possible to draw
any conclusions about the size effect. In conclusion, it can be stated that
thick-walled FRP also tend to fail prematurely under cyclic loading.
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Fig. 8. Exemplary course of the Wohler curves with varying specimen thickness according to [203] (left), [204] (middle) and [195] (right).

However, simply extracting the size effect is problematic due to the
wide range of influencing factors. The main one is self-heating, which
is added to the boundary conditions known from quasi-static testing.
The results of the existing literature show that it is hardly possible
to consider only one of these effects exclusively. Switching to such
low load frequencies that the self-heating effect has no influence is
impractical and generally does not do justice to the specific application.
Thus, the fatigue behaviour of thick-walled fibre-reinforced polymer
composites can only be described safely and reliably as a combination
of these two factors. Some attempts have been made in this respect,
although a holistic description of both effects is currently only available
to a limited extent.

3.3. Impact behaviour

Impact tests are classically divided into low-velocity, high-velocity,
and hyper-velocity impacts. According to [213], the corresponding
impact velocities are v < 10 m/s, v < 1000 m/s and v > 1000 m/s.

3.3.1. Low-velocity impact

There are a large number of studies that perform low-velocity im-
pacts (LVI) on FRP specimens of different thicknesses [214-222]. When
investigating the influence of laminate thickness on impact behaviour,
mainly two different approaches are used. Some publications [217,
218,222,223] use a constant impact energy that is independent of
the thickness of the specimen. Alternatively, an impact energy per
thickness of the test specimen is specified [214,224-226]. As intu-
itively expected, LVIs with a constant impact energy cause less damage,
delamination, fibre breaks, etc. in thick-walled laminates than in thin-
walled specimens. Furthermore, a higher number of repeated impacts
is required to cause the same damage. The studies do not establish
a more precise correlation between specimen thickness and damage
size at constant impact energy [217,218,222,223]. For better com-
parability between component thickness, impact energy and damage
pattern, impact energies per layer or per millimetre are used in many
studies. After analysing around 500 LVI tests, the authors in [227]
found that the relationship between the critical damage initiation force
P.. and the component thickness t correlates in the form of r3/2; this
relationship was confirmed by several studies [224,225,228,229]. The
higher damage tolerance with increasing specimen thickness can be
described by a change in the damage behaviour. In the case of thin-
walled specimens, which are generally less rigid, the impact causes a
globally occurring bending. This bending causes tensile stresses on the
bottom side and compressive stresses on the top side. Consequently,
the lower layers usually exhibit tensile fractures, while a compression
or shear failure develops on the upper side. In this case, the damage
grows from the bottom to the top of the specimen.

With thick-walled specimens, the impact load results in a greater
contact force due to the higher stiffness. However, only a local bending
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moment occurs in the upper layers, not a global one. The resulting
stresses cause matrix fractures, also known as shear fractures, to form
in the upper layers, which are arranged at an angle to the central
layer, and delamination. The damage then grows from top to bottom
throughout the specimen [225]. The damage growth for thick-walled
specimens is therefore the opposite of that for thin specimens. A
comparison of the different damage growth can be found in Fig. 9. In
subsequent compression-after-impact (CAI) tests, the bottom layer of
thin specimens buckles quickly due to delamination, leading to a drastic
reduction in residual strength [220,230,231]. In thicker specimens,
delamination occurs uniformly throughout the width of the material,
but is usually stopped at the interfaces of two different layer orienta-
tions [220,221,225]. Therefore, larger sub-laminates are present in a
CAI test, which can absorb the resulting forces, resulting in increased
residual strength [220,230-232]. In addition to the difference in dam-
age behaviour, inhomogeneities in the material have a significantly
greater negative effect on the impact behaviour of thin specimens than
thick specimens [219]. Furthermore, the thickness of the specimen has
a greater influence on the impact behaviour than other dimensions of
the specimen [233].

3.3.2. High-velocity impact

The relationship between specimen thickness and impact behaviour
with high or hyper velocity impacts has been little researched to
date [234]. Most studies in this area [235-240] agree that, for the
same impact energy, an increase in the thickness of the specimen
leads to higher maximum energy absorption per layer. Only in [241]
this behaviour is observed for parts of the measurement series. The
improvement in impact behaviour can be explained by a change in
damage behaviour. For specimens thicker than 10 mm, the damage be-
haviour can be divided into several steps (see Fig. 10). First, the impact
of the projectile causes the specimen to form delaminations throughout
its thickness. The projectile then penetrates the specimen without any
major deflection until a sublaminate forms on one of the delamination
surfaces. The sublaminate is then subjected to a bending load and
fails completely or partially due to tension. However, in thin-walled
specimens, delaminations occur after impact of the projectile. Due to
their low thickness, they cannot form sublaminates and subsequently
fail due to bending [235]. For hybrid set-ups [242] investigated the
thickness effect and impact damage behaviour of carbon/Kevlar fibre-
reinforced laminates, revealing a critical threshold thickness beyond
which the dominant failure mechanism changes. For thinner plates,
placing Kevlar layers at the back improves impact resistance, but once
plate thickness exceeds a certain limit, this configuration becomes
less effective. Furthermore,increasing the Kevlar fraction reduces the
threshold thickness, as shear plugging in carbon layers decreases and
larger deformation occurs in aramid layers. These findings offer impor-
tant guidelines for designing and optimising hybrid laminates in various
applications, such as aero-engine fan casing and armour protection.
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Fig. 9. Schematic representation of different impact damages (shown in red) after a low-velocity impact in thin-walled (left) and thick-walled (right) specimens

according to [216].

1)

Fig. 10. Damage mechanisms of thick-walled specimens during a high-velocity impact according to [235]: (I) Delamination, (II) Projectile penetration, (III)

Formation of sublaminates, (IV) Failure under bending load.
4. Numerical modelling of thick-walled FRP

The numerical investigation of size and thickness effects in FRPs
has gained considerable attention because of its potential to optimise
mechanical properties and structural performance. Key research areas
include finite element modelling, parametric studies of thickness ef-
fects, and size-dependent fracture mechanics. In particular [243,244]
highlight that the size effect as a crucial factor in modelling the com-
pressive failure of laminated composites, and its proper consideration in
simulations is essential for accurate structural predictions. It is shown
that micromechanical theories like Weibull-type scaling approach are
useful to describe the size effect. Furthermore, multiscale finite element
models are useful to study the impact of structure size and stress
gradients. Additionally, a longitudinal weak-link model suggests that
larger samples are more likely to contain fibre misalignments that lead
to early failure.

Advanced numerical approaches, such as three-dimensional
mesoscale simulations and cohesive zone modelling, have proven effec-
tive in capturing complex damage mechanisms under various loading
conditions. For example in [245] a hierarchic 3D finite element for
calculating the full stress tensor in composite structures is presented.
The element is based on the 3D linear elasticity theory and uses
the material law and the 3D equilibrium equations and can be used
to efficiently analyse thick-walled composite structures. In [246] it
is shown that cohesive zone modelling can reveal how size effects
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depend strongly on initial crack geometry and orientation in short
fibre-reinforced composites, extending these insights to representa-
tive volume elements (RVEs) where fibre-matrix debonding further
amplifies the overall scaling behaviour. Likewise, experiments with
single-edge-notched carbon-epoxy twill laminates [247] demonstrate
a clear reduction in nominal strength with increasing specimen size,
accurately described by Bazant’s size effect law. The authors highlight
the importance of measuring the intra-laminar fracture energy (G),
thus underscoring the role of a realistic fracture process zone for
reliable crashworthiness simulations.

In addition, other researchers have explored how variations in fibre
thickness and length influence damage evolution and overall fracture
performance. For instance, [248] have incorporated statistical size
effects into finite element models by treating material properties as
probabilistic variables. Typically, Weibull distributions represent the
local variability in the strength of the material, reflecting the increased
risk of critical flaws in larger or thicker specimens. An alternative
strategy uses Monte Carlo simulations combined with micromechanical
models, such as a 3D shear-lag framework that accounts for matrix
yielding [249]. By integrating measured fibre strength distributions
across multiple gauge lengths, these methods capture localised clusters
of fibre breakage and outperform traditional Weibull models. The
so-called Weibull-of-Weibull approach, in particular, has successfully
predicted size-dependent strength in unidirectional CFRPs, aligning
with experiments and reinforcing the consensus that composite strength
diminishes as specimen dimensions grow.
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In addition, researchers have begun to address manufacturing-
induced thickness-dependent defects in their numerical studies. For
example, [250] employed compaction simulations and micromechan-
ical analyses to examine the influence of nesting in plain-woven CFRP-
laminates with varying thicknesses. By generating multiple represen-
tative unit cells (RUCs) and applying periodic boundary conditions,
they demonstrated that accounting for nesting is crucial to accurately
predict damage evolution and stiffness degradation. Relying solely
on single-ply or simplified multi-ply configurations can overlook key
nesting effects, thus highlighting the importance of including these
manufacturing details in any comprehensive computational model.

Furthermore, recent studies have also demonstrated that nesting ef-
fects significantly impact the mechanical behaviour of textile-reinforced
composites. The interlaminar shear strength and overall failure be-
haviour of these materials are closely linked to the degree of nesting,
as increased nesting can lead to enhanced load transfer through inter-
locking of adjacent layers, but may also introduce stress concen-
trations. Experimental results indicate that out-of-plane compression
can alter failure initiation mechanisms differently, emphasising the
need for detailed multi-scale characterisation to capture these complex
interactions [251].

To gain deeper insight into these effects, researchers have utilised
advanced experimental and numerical techniques. Experimental tech-
niques to identify the nesting behaviour of textile reinforcements us-
ing advanced in-situ CT analysis. Multi-scale modelling approaches,
incorporating bi-layer RUCs generated with TexGen, have proven ef-
fective in simulating the heterogeneous damage behaviour of different
textile architectures. These methodologies have facilitated improved
fracture resistance predictions and enhanced our understanding of
the interaction between fabric undulation, nesting, and mechanical
performance [252].

Lastly, characterisations of fatigue crack growth behaviour in
textile-reinforced composites have further reinforced these findings.
Specifically, mixed-mode loading with constant compressive force has
been shown to alter crack propagation patterns. By employing finite
element analysis and digital image correlation techniques, researchers
have successfully quantified the energy release rates indicating a major
influence of the textile geometry on the crack propagation. These in-
sights underscore the necessity of considering nesting effects when eval-
uating the fatigue resistance and long-term performance of composite
structures [253].

These findings collectively indicate that purely strength-based or
linear elastic fracture mechanics approaches insufficiently capture the
quasi-brittle nature of textile composites, emphasising the need for
size-sensitive modelling strategies.

5. Non-destructive testing of thick-walled FRP

While in many areas the destructive testing of a specimen is suffi-
cient to assess the reliability of similar components, full non-destructive
testing (NDT) of all safety-relevant components is prescribed, particu-
larly in the transport sector (rail, aeronautic, naval). In order to ensure
a reliable inspection result, there are various NDT methods that must be
selected according to the defect and the materials to be tested. The pro-
cedures to be used for a specific case are largely standardised. Various
authors have already compiled a further overview of existing research
approaches in review articles on NDT [254,255] and structural health
monitoring [256]. The basic mechanism in non-destructive testing lies
in the interaction of an incident wave with the intrinsic structures of
the material. The wave can be both, acoustic and electromagnetic, and
the material structure is defined, for example, by interfaces, microstruc-
tures or material damage. Due to interaction effects such as reflection,
transmission, scattering, refraction or absorption, the incident wave
undergoes a change in amplitude or phase. This change is quantified
on the basis of the signal of the emerging wave and evaluated with the
aid of suitable signal and image processing. This allows the material
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properties to be derived, the material structure to be described and
possible defects to be detected.

The non-destructive testing of thin-walled FRP has been the focus
of numerous research questions in recent decades in order to ensure
imaging, for example in ultrasonic testing, even for a high degree
of anisotropy [257]. The increased attenuation caused by the hetero-
geneous structure of the FRP makes the testing of very thick-walled
laminates more difficult, especially with a high degree of anisotropy.
While a FRP laminate is considered thick-walled from a structural-
mechanical point of view from a wall thickness of 10 mm, such a
limit is much more difficult to set from an NDT point of view. The
first publications on NDT on thick-walled FRP appeared at the end of
the 1980s. In [258], reference is made to the investigation of glass
fibre reinforced polymers with a thickness of 50 mm. A clear limit
is not specified. A pragmatic approach is proposed in [259]. Here, a
test specimen is considered thick-walled as soon as the signal-to-noise
ratio (SNR) of a given NDT method falls below an arbitrarily chosen
value. The problem with this approach is that a test specimen can be
categorised as either thick-walled or thin-walled, depending on the test
method and the corresponding attenuation of the material. As this can
be very misleading from a structural mechanics perspective, the aim of
this review is to provide an overview of the wall thicknesses that can
be analysed using the most common NDT methods. This also reflects
the definition problem mentioned above, as the studies presented here
deal with test specimens between 3 mm and 150 mm, depending on
the test method and the defect to be detected.

In general, NDT methods are categorised into surface and volume
methods, which already allows a rough estimate of the testability of
thick-walled components [260]. For thick-walled FRP, volume meth-
ods, including ultrasonic testing and radiographic testing, are partic-
ularly suitable and are used in numerous different methodological
approaches. However, active infrared thermography should also be
mentioned here as a surface method, since an increased penetration
depth can also be achieved by adjusting the test times. Although there
are more recent but less common methods such as ground penetrating
radar [261], terahertz [262], or shearography [263], that could be used
for testing thick-walled FRP, the aim of this review is to focus on more
established NDT procedures.

5.1. Ultrasound

Due to the requirement profiles in the standardised area of quality
assurance, ultrasonic testing (UT) has become a standard NDT proce-
dure. While standards often specify the beam angle, test frequencies,
and other specifications for certain components, this is currently not
the case in the area of FRP. Existing standards and guidelines can
only be applied with caution, particularly in the case of very thick-
walled FRP laminates. The high number of interfaces in a thick-walled
FRP laminate leads to a significant loss of sound energy through
reflection and scattering. As a result, the internal attenuation increases
significantly, especially at high frequencies. For this reason, frequencies
between 0.5 MHz and 5 MHz are usually used in practice, depending on
the thickness, the layer structure and the fibre volume content of the
FRP test specimen to be tested. Various studies show that glass fibre
reinforced polymers up to a thickness of around 50 mm can be tested
with a test frequency of 0.5 MHz [264,265].

The proportion of sound energy reflected at an interface depends on
the acoustic properties of the neighbouring media. A particularly high
proportion of reflected sound energy results at an interface between a
solid material like FRP and air, which is why the UT is particularly
suitable for detecting defects with air inclusions (voids and delami-
nations) [266]. This leads to the problem that sound transmission is
more difficult with thick-walled FRP, where the pore density is higher
than with thin-walled FRP due to the manufacturing challenges [267].
In [268] this effect is utilised to investigate the degree of porosity in
11 mm thick carbon fibre reinforced polymers (CFRP) specimens. The
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Fig. 11. Diagram showing the detection limit of delaminations at different depths according to [269]. Filled-in dots represent detectable delaminations. The

diagonal line represents the detectability limit proposed by the author.

problem of high damping was also analysed in [269] and the detection
limit of delaminations of different sizes was determined at a depth of
up to approximately 110 mm (see Fig. 11).

In addition to the high attenuation, the high degree of anisotropy of
the FRP also poses corresponding challenges in ultrasonic testing. The
directional dependence of the sound velocity leads to complex evalua-
tion approaches, particularly in the case of angled scanning, in order to
determine the position of defects. However, the characterisation of this
anisotropic behaviour also offers the possibility of drawing conclusions
about the internal structure of an FRP. Thus, in [270], guided waves
are used to investigate the in-plane fibre orientation of a 10.5 mm thick
CFRP test specimen. By analysing different modes, it was also possible
to carry out a depth-resolved evaluation of the stiffness. The authors
in [271] also deal with the problem of increasing fibre waviness in
thick-walled FRP. They show a simulative approach in which guided
waves are used to perform the localisation and severity assessment of
fibre waviness in the laminate plane and undulations in the thickness
direction in a 7 mm thick CFRP sheet. Although the experimental proof
of this approach is missing here, this work shows the relevance of
the subject. Further investigations in [272] show that in thick-walled
FRP, the detection probability of defects using conventional evaluation
methods decreases due to increased fibre waviness. They found that
in a 12 mm thick CFRP with strong fibre waviness, voids with a size
of 2 mm can no longer be reliably detected using a conventional B-
scan. They developed a method with a transmission setup of two phased
array probes, which improves the defect detection significantly and also
allows depth-resolved determination of the fibre waviness.

As the signal amplitudes decrease with increasing laminate thick-
ness, reconstruction algorithms can be used to improve the signal-
to-noise ratio. For example, [273] presents an approach using the
Total Focusing Method (TFM), in which anisotropic sound velocities
of an FRP are adjusted. As a result, the signal-to-noise ratio could be
improved by around 15 dB up to a defect depth of 16 mm.

As the sound attenuation in thick-walled FRP laminates increases
with increasing test frequency [274], there are various studies on the
use of air-coupled ultrasound. This is a non-contact testing method
in which special transducers adapted to the air are used. In order to
achieve a sufficient SNR despite the non-contact application, the probes
are operated with a significantly higher energy and at frequencies
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below the usual UT range, usually in the range of 25-500 kHz. These
lower frequencies lead to reduced sound attenuation in the test spec-
imen. This is demonstrated in [264], where the testability of 50 mm
thick GFRP laminates is demonstrated at 400 kHz and 120 kHz, with
better results obtained at the lower test frequency. In [275], CFRP test
specimens with a thickness between 0.7 mm and 50.8 mm were tested
at a test frequency of 200 kHz. This paper shows that the amplitude
decreases by approximately 80%. In addition, the authors demonstrate
the possibility of using thickness resonances through a skilful choice
of test frequency, which in their case leads to an increase in signal
amplitude of around 50% for a component thickness of 24 mm.

5.2. X-ray inspection and X-ray computed tomography

X-ray testing (RT) is also one of the volume methods of non-
destructive testing. Here, an X-ray source is directed at the test spec-
imen and the intensity of the transmitting radiation is recorded using
a detector. Different attenuation effects in the test specimen, caused
by different materials and radiation lengths, create a contrast in the
X-ray image and allow conclusions to be drawn about the internal
structure, fibre orientation and the presence of defects such as cracks
or delamination. To improve the level of detail in RT, it is important to
maximise the contrast of an X-ray image. This is an important detail
when testing thick-walled FRP, as the increasing wall thickness of
a test specimen leads to an increasing deterioration in contrast. To
counteract this, it is particularly important to increase and optimise
the tube voltage and tube current for a specific test case [276]. In
addition, the use of highly absorbent contrast agents enables a further
improvement in defect detection. Two principal approaches can be dis-
tinguished: ex-situ penetrant methods for surface-breaking defects and
in-situ integrated contrast agents. Ex-situ methods utilise high-atomic-
number liquids such as zinc iodide (Znl,) to infiltrate surface-breaking
cracks, delaminations, and voids. This approach, frequently applied
in aerospace composites, substantially improves the detectability of
internal damage, including matrix cracks and delamination fronts [277,
278]. In [279] a zinc iodide solution is used to improve the contrast
of vertically orientated cracks on 4.1 mm and 6.1 mm thick CFRP
test specimens. However, Znl, can alter subsequent damage growth,
e.g. by accelerating crack propagation, restricting its use to diagnos-
tic investigations [280]. Furthermore, the penetration depth of all
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penetrants in thick-walled specimens is limited [281]. To overcome
this problem, in-situ approaches introduce contrast-enhancing agents
during composite manufacturing. Early work demonstrated that resin
additives or metallic coatings on fibre tows enhance X-ray contrast
between fibres, matrix, and voids, enabling improved microstructural
segmentation [282]. More recent studies have shown that dispersing
hafnium oxide (HfO,) nanocrystals in the epoxy matrix provides strong
volumetric contrast while maintaining processability, allowing reliable
detection of microcracks and fibre bundle architecture across the entire
laminate [283]. While the method enhances the visibility of internal
defects, the associated increase in bulk attenuation amplifies the chal-
lenges encountered when inspecting components with substantial wall
thickness. Similar to ultrasound, reconstruction approaches enable an
optimised presentation of the test results. In the case of RT, computed
tomography (CT) analysis enables a significant improvement in the
results. For this purpose, several individual images of a rotating test
specimen are taken at defined angular increments. Image reconstruc-
tion algorithms are used to reconstruct these individual images into
a 3D map consisting of volume elements (voxels). Each voxel has
a characteristic grey value, which correlates with attenuation coeffi-
cients at this point. This method was used to determine the extent
of impact damage in a 43.18 mm thick GFRP test specimen [284].
However, it must be noted that the evaluation of volumes such as
pores or delaminations depends heavily on the selected threshold value,
which determines the grey value from which a voxel is counted as
a defect. In [285] it was possible to calculate a fluctuation range of
the calculated porosity between 3.8% and 8.3% for different threshold
values in a porous CFRP laminate. A further limitation arises from
the physical size constraints of most CT systems: thick-walled FRP
components often also have large overall dimensions, making them
difficult or impossible to scan in their entirety. In such cases, specimen
extraction from the original structure may be required, which negates
the non-destructive nature of the method. In principle, CT technology
offers the possibility of resolving individual fibres in the composite
using adapted focal spot sizes and high-resolution detectors. The size
of a voxel should not be much larger than 2 pm, depending on the
fibre diameter [286,287]which also shows the limitation of such an
evaluation. In [287], taking into account the detectors commonly used
today, it is stated that the test specimen size is limited to around 6 mm
for the resolution of individual fibres. This shows that CT is not a
suitable non-destructive testing method for the detection of individual
fibres in real FRP components. In order to extend this limit, [288]
investigated the use of synchrotron radiation in laminography (SRCL)
and compared it with the 4CT method. Here, SRCL was used to test a
150 x 100 x 4.5 mm?> CFRP test plate without the destructive removal
of the region of interest required by uCT and an improvement in
resolution by a factor of 6 compared to the uCT results was found.
Another advantage of the SRCL is that the entire test specimen can be
tested. The destructive specimens segmentation required for xCT is no
longer necessary.

5.3. Thermography

The great advantage of infrared thermography testing (TT) lies in
the non-contact, non-invasive, dry, safe, and fast execution as well as
the direct imaging of the test results [260]. In active TT, an exter-
nal thermal excitation source such as pulsed halogen lamps [289] or
lasers [290] is used to heat the specimen’s surface. Thermal energy
can also be introduced mechanically by ultrasonic excitation or elec-
tromagnetically by induction [291]. The advantage is, that the heat
is generated directly at the defects, which improves the detection of
small defects. After the excitation, the time-dependent temperature
of the specimen surface is then recorded, using an infrared camera.
Defects like delamination can be localised through locally differing
heat dissipation, which can be detected as hot spots in the recorded
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temperature images. Since similar hotspots can also be caused by the ef-
fects of artifacts (e.g. reflections from the environment, air turbulence,
inhomogeneous infrared emission coefficient), the more robust phase-
sensitive modulation thermography (or lock-in thermography) is widely
used.

In theory, it should be easy to answer the question of whether
thick-walled FRP can be tested using thermography. With lock-in ther-
mography, the thermal penetration depth u can be calculated as follows
using the modulation frequency f and the thermal diffusivity a of the
material.

a

Py €9)

H=

With a decreasing test frequency and, as a result, an increasing test
period, the penetration depth of the thermal waves and, therefore, the
detectability of defects in thick FRPs increases. In reality, the depth
resolution of defects is limited by the lateral heat fluxes, that leads
to an increasing blurring up to the recognisability of the defect in
the obtained test results. As a rule of thumb for every thermography
method, a defect can only be detected if the lateral size of the damage
corresponds at least to its depth in the test specimen. In [292] the
author deals with the theoretical and experimental limit to which depth
an air-filled defect with a diameter of 10 mm can be detected in
graphite/epoxy composites up to 15 mm thick. Due to the excitation
methods used (Flash heating and Square-pulse heating), the results are
just below the aforementioned rule of thumb.

As with every NDT method, the challenges in terms of testability
of thick specimens are increasing in TT. The authors in [293] failed to
carry out successful measurements on a 30 mm thick CFRP component,
using flash thermography. They base this on the low thermal energy
used for the excitation and the inhomogeneity of the specimen. Despite
this, the authors of [294] were able to demonstrate the testability of
GFRP laminates up to 30 mm thick using the sun as the excitation
source. By extending the excitation and cooling time to at least 10 min,
they were able to visualise adhesive flaws between GFRP and the foam
core in real wind turbine blades. This method is also described in [295]
to detect various defects such as flat bottom holes and bubble wrap
inserts up to a depth of 10 mm.

However, it should also be mentioned that there is currently a great
research activity into new approaches to undercut the above-mentioned
rule of thumb for error detection and to improve the detection sensitiv-
ity of TT. One approach is the virtual wave concept, which transfers the
thermal wave propagation as a diffusive process into a kind of acoustic
wave, which allows the use of reconstruction algorithms known from
ultrasound for the post-processing of thermography results [296]. It is
shown, that with the virtual wave concept, defects that are smaller
than their depth can still be detected using conventional inspection
technology. However, since this concept requires solving the inverse
problem, which is associated with considerable computational effort,
the black-box approach using Al appears to be the more elegant so-
lution for practical applications. Again, initial results show [297] that
there is far more information in the test data than is actually exploited
by traditional readout methods. Another approach shown by [298] is
an adapted excitation, in which the excitation is not homogeneous in
space and time. Through a spatial- and temporal-structured heating,
the lateral heat flux that distort the response image can be specifically
compensated in this way. Using this approach, [299] showed that
the spatial resolution in the lock-in thermography can be significantly
increased (see Fig. 12). Although this has not yet been demonstrated
for thick-walled FRP, there are no fundamental concerns about the
transferability of the published algorithms to thick-walled components.

5.4. Acoustic emission

Compared to the other test methods presented here, acoustic emis-
sion testing (AT) is a passive test method in which elastic stress waves
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Fig. 12. Simulated frequency-depth images of a 2 mm flat bottom hole for the deviation of the diameter between the actual size and the computed result
according to [299]: Left shows the result of a lock-in thermography and right the results of the novel lock-in compensation method.

are registered in the ultrasonic range, which are generated by stress
concentrations and crack initiation or propagation caused by an ex-
ternal load. The elastic stress waves can occur in the form of volume,
Rayleigh and Lamb waves. Due to the concentric propagation of these
waves around a developing defect, it can be detected, classified and
located using multiple piezoelectric receivers and by applying recon-
struction algorithms to the received signal. The thickness of the test
specimen plays a decisive role in these algorithms, as it has a significant
influence on the amplitude and phase velocity of the Rayleigh and
Lamb modes that are generated. This is of particular importance for
the evaluation, as the different modes (symmetrical and asymmetrical)
have also a different acoustic attenuation [300]. In addition, [301]
shows a dependence of the resulting Lamb modes on the defect depth,
with a linear decrease in the amplitude ratio between asymmetric and
symmetric Lamb modes with increasing defect depth. A large area
of application for the AT is the rotor blade testing of wind turbine
blades (WTB). For this application, there are numerous publications
dealing with the application, optimisation and improved reconstruction
analysis of the AT. For example, the authors in [302] conducted an
experimental study on the monitoring of the operating condition of
WTBs and found that cracks could be localised at an early stage by
adapting evaluation algorithms. Since the complex test setup with
several sensors means that a large amount of data is collected over a
long period of time, [303] presents a statistical evaluation approach for
comparing the quadratic mean values of a measurement with the modal
parameters of the WTB. With 200 measurement points and 10 vibration
modes considered, the locations for three analysed defect positions
could be determined. Similar to conventional ultrasonic testing, non-
contact testing is also possible with air-coupled ultrasonics testing.
In [304] a test setup with an array of 48 microphones is set up to detect
holes and cracks in a WTB.

6. Conclusion
Thick-walled fibre-reinforced polymer (FRP) composites present sig-

nificant challenges in both manufacturing and in the application of
destructive and non-destructive testing methods. While all established

16

manufacturing techniques are, in principle, applicable to the produc-
tion of thick-walled FRPs, the curing process requires careful adaptation
to minimise residual stresses and the associated manufacturing defects.
Future research should prioritise the detailed analysis and simulation
of curing behaviour, with particular emphasis on the development of
validated models to accurately predict residual stress formation. Real-
time process monitoring is essential to provide the data necessary
for validating process simulations and accurately modelling curing
behaviour.

The quasi-static mechanical behaviour of thick-walled FRPs has
been extensively investigated. Compared to their thin-walled counter-
parts, thick-walled composites consistently exhibit reduced strength
across all loading conditions. Fatigue testing further reveals a decrease
in service life with increasing wall thickness. Future investigations
should focus more intently on self-heating phenomena during cyclic
loading, which remain insufficiently understood. Moreover, the current
understanding of the relationship between laminate thickness and im-
pact performance — especially under high and hypervelocity impacts
— is limited and warrants further study.

The numerical analysis of size and thickness effects in FRPs has
gained increasing relevance, because of its potential to optimise me-
chanical properties and structural performance. Key research areas
include finite element modelling, parametric studies of thickness ef-
fects, and size-dependent fracture mechanics. Recent efforts have begun
to integrate manufacturing-induced, thickness-dependent defects into
numerical simulations. Initial numeric studies demonstrate that ac-
counting for nesting effects is critical for accurately predicting damage
initiation and stiffness degradation. Experimental findings suggest that
out-of-plane compressive loading can significantly alter failure mech-
anisms, thereby underlining the importance of detailed multi-scale
characterisation to capture these complex interactions. In this regard,
in-situ computed tomography (CT) has proven effective for identifying
nesting behaviour in textile reinforcements using advanced imaging
techniques. Collectively, these findings highlight the limitations of
conventional strength-based or linear elastic fracture mechanics ap-
proaches in capturing the quasi-brittle behaviour of thick-walled FRPs,
and underscore the need for size-sensitive modelling strategies.
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Given the inherent difficulties associated with the manufacturing
and mechanical testing of thick-walled laminates, non-destructive test-
ing (NDT) methods represent a valuable tool for characterising these
materials. Various NDT techniques are suitable for assessing manu-
facturing quality, localising internal defects, and evaluating mechan-
ical properties. While no universal thickness limit exists across all
NDT methods, ultrasonic and X-ray inspection have shown particular
promise in detecting damage deep within the laminate with high res-
olution. However, the applicability of computed tomography remains
constrained by the size of the component under investigation.

In conclusion, despite considerable advances over the past three
decades, the understanding of thick-walled FRP composites remains
incomplete. Future research should aim to develop models and method-
ologies that capture the complex influence of size effects, thereby con-
tributing to a more holistic understanding of the mechanical behaviour
of fibre-reinforced polymer composites.
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