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Abstract

The progression of predictive models for crack propagation in fibre-reinforced polymer composites
requires the quantification of crack development induced by both static and cyclic loading. The
challenge of precisely measuring crack propagation becomes more intensified when cracks are not
externally visible, such as in the case of delamination crack progression in thick composites. Traditional
techniques, like 3D digital image correlation (3D DIC), can be employed to detect relative changes in
strain distribution at the surface. However, these methods may prove insufficient, particularly for
composite components with thicknesses ranging from 10mm to 100mm. Distributed optical fibre
sensing emerges as a solution, enabling precise spatial measurement of strain along the fibre's length
with a remarkable resolution of 0.65mm. Embedding fibres strategically in the composite during
production allows measurements in close proximity to the crack surface. Placing fibres in the direction
of crack growth facilitates the observation of changes in strain distribution, markedly enhancing the
precision in quantifying the delaminated area compared to conventional surface monitoring methods.
This investigation offers a comprehensive overview of the design, implementation, and experimental
application in simple joint geometries. It places specific emphasis on large steel-glass fibre polymer
composite bonded joints, commonly referred to as wrapped composite joints. The technique is initially
applied to a straightforward wrapped splice joint with 1D crack propagation. The experimental results
robustly affirm the effectiveness of the proposed monitoring system and postprocessing methods
subjected to both static and cyclic loading conditions. The system and methods effectively quantify the
propagation of debonding cracks. In summary, these findings underscore the achievability of accurately
quantifying delamination crack propagation by embedding distributed optical fibres in thick composites.
This study contributes valuable insights for the development of predictive models and strongly
reinforces the practical significance of employing distributed optical fibre sensing in crack monitoring.

1. Introduction

Damage-tolerant designs in fibre-reinforced polymer structures during the service life are more
common. This highlights the need for reliable predictive models [1], [2] and, consequently, for proper
experimental data acquisition of the relevant failure mode. Challenges arise when failure modes, such
as delamination cracks in thick fibre-reinforced polymer components, are not externally visible.
Traditional techniques, like Digital Image Correlation (DIC), ultrasonics, X-rays or thermography,
among others, have the advantage of detecting damage inside the composite, either direct or indirect [3],
[4]. However, a trade-off is made in the accuracy of the monitoring technique when composite
thicknesses increase from a few (1-5) mm to a couple (2-15) cm. More direct monitoring techniques like
optical fibre sensors allow placement of the sensor near the expected damage. Optical fibres have
attracted more attention for their potential in structural health monitoring (SHM), and a number of
applications for damage detection in composites are reported [5S]—[7]. Optical fibres can be utilized for
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measuring; strain, temperature, pH, moisture, vibration and more. In this study, optical fibres are utilized
as strain sensors. Utilizing strain measurements for damage detection requires the existence of a relation
between damage and the strain field. Damage can be seen as a local change in the material properties
leading to a change in structural response. Thus, the structure's response will change when damage
initiates and propagates [4].

Several types of fibre optic sensing are available, grating-based sensors like fibre Bragg gratings (FBGs)
and distributed sensing techniques utilizing Rayleigh or Brillouin scattering [8]. For a detailed
description of the different sensor techniques, the reader is referred to an extensive review done by Di
Sante [8]. In the current work, distributed strain sensing technique utilizing Rayleigh scattering is
applied. The advantage of distributed strain sensing is that crack propagation can be monitored along
the complete length of the optic fibre. By strategically orientating the fibres, a continuous monitoring
system can be created.
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For damage monitoring in thick composites (2-15cm), optical fibre sensors can be placed near the
expected damage. Because of their limited diameter (125p), they will not compromise the structural
integrity. This study primarily focuses on investigating the feasibility of detecting delamination crack
growth in composite wrapping, which serves as an alternative method for connecting circular hollow
section (CHS) members. This innovative joining technique, known as wrapped composite joints,
involves bonding steel and glass fibre polymer composite wrapping to facilitate load transfer. The
predominant failure mode in such joints is debonding or delamination near the steel-composite interface

(31, %]

This work first presents the methodology of damage detection, explaining how strain sensing can be
used to quantify damage during static failure experiments and cyclic crack growth experiments.

2. Methodology

The failure of joints utilizing bonding between adherents often manifests as debonding or delamination,
with cracks propagating in the direction of the applied load. Throughout this failure process, the area
responsible for transferring loads diminishes, leading to a redistribution of internal strain and stresses.
A potential method for detecting this failure process involves measuring the redistribution of strain
during crack propagation. This can be achieved by either measuring surface strains, as demonstrated by
Feng & Pavlovic [3], or by employing optical fibres embedded within the composite. Surface strain
measurements, while informative, exhibit limitations as the thickness of the composite increases. In
contrast, optical fibres embedded within the composite do not face this limitation. However, strain
measurements obtained from optical fibres are confined to the fibre's path, unlike surface strain
measurements using DIC, which provide a broader view of strain distribution. In this study, the optical
fibre is embedded inbetween the 2™ and 3™ ply from the steel-composite interface.

A virtual approach was adopted to simulate strain redistribution during crack propagation in splice joints
to enhance experimental observations using finite element (FE) models. The specimen geometry is
described in section 3.2. The 3D FE model shown in Figure 1 was developed using ABAQUS software
[10], aligning with the design of tested specimens. Linear hexahedral eight-noded solid elements with
reduced integration (C3D8R) are utilized to represent the steel components, ensuring accurate modelling
of their mechanical behaviour. Conversely, linear tetrahedral elements (C3D4) are chosen for the
composite due to their enhanced ability to capture complex geometries during meshing needed for more
complex joints. Mesh sizes are aligned at the interface between the steel and composite materials. The
interface behaviour between the composite and steel bond is characterized by a four-linear traction-
separation law derived by [11]. An analysis of mesh size dependency is performed to assess its influence
on strain distribution. Optimal results in terms of failure mode and ultimate resistance were achieved
with a mesh size of 4mm on the steel and inside of the composite, and 8mm towards the outside of the
composite. These FE models enable a systematic examination of strain distribution evolution with
varying crack lengths, offering valuable insights into the behaviour of the joint under both static and
cyclic loading conditions.
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Figure 1. FE model.

2.1. Static crack growth

The static delamination process can be simulated using cohesive zone modelling (CZM), enabling
observation of the strain distribution throughout the failure process. This comprehensive approach offers
valuable insights into the evolution of delamination and its impact on strain distribution within the joint,
thereby enhancing understanding of its structural behaviour. However, various factors influence this
strain distribution, including delamination crack growth and increasing loads.

Figure 2a showcases the load-displacement curve derived from the FE model, providing insight into the
force levels at which the longitudinal strain distributions are examined. On the other hand, Figure 2b
portrays the strain associated with the onset of mode-II crack initiation, indicated with a dot, identified
at the 20 MPa traction stress at the interface [11]. Subsequently, in Figure 3a, the corresponding strain
distribution for each force level is illustrated, spanning from the initial force level of 195kN to the final
force level of 844kN, representing the fully developed slip at the initial crack tip. An observable trend
emerges in the strain distribution as the force increases. Overall strain levels rise due to crack progression
towards the wrapping end and the accompanying increase in force. To mitigate the influence of
increasing load on strain distribution, consideration can be given to the relative change in strain
distribution to eliminate the interference of elastic strain. This involves scaling the strain to a reference
force level representing a pure elastic loading stage, assuming a linear dependence between strain and
force. Figure 3b demonstrates this approach, where the initiation force serves as the reference force
level. Strains at subsequent load stages are scaled to this reference force. Without damage or crack
growth, the scaled strain remains unchanged compared to the reference force level. This ensures that
any deviation in the scaled strain is solely attributable to the progression of delamination cracks, thereby
isolating its relative change in strain distribution. It is crucial to select the reference force level carefully
to ensure it represents a state of the joint where no nonlinear behaviour has occurred. Therefore, the load
level corresponding to the initiation of the crack based on the CZM is suggested as a suitable reference
force level.

The FE technique serves to establish a relationship between the scaled strain distribution and the length
of delamination cracks. At each stage of the analysis, the crack length is precisely determined, with the
crack tip located at the point of crack initiation, as evidenced by the termination of the linear section of
the cohesive zone model (CZM) for mode-II fracture. In Figures 3a and b, vertical lines indicate the
position of the crack tip. It is noteworthy that in Figure 3a, the strain at the crack tip exhibits a slight
increase as the crack advances, potentially attributed to the increase in load level. Conversely, in Figure
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3b, a decrease in the scaled strain at the crack tip is observed, eventually stabilizing. This decrease
corresponds to the development of the full fracture process zone, with the stable scaled strain level being
attained upon the completion of this process and the subsequent progression of the crack.
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(a) (b
Figure 2. a) Force displacement curve static FE simulation. b) Microstrain and traction at the onset of
initiation
(2) | (b)

Figure 3. a) microstrain along fibre path obtained from FE model. b) microstrain alogn fibre path
obtained from FE model scaled by force ratio to 195kN.

2.2. Cyclic crack growth

During cyclic loading, the delamination crack propagates with each cycle, resulting in changes in the
strain distribution. Unlike static strain distribution, cyclic strain distribution is consistently measured at
a similar load level in force-controlled experiments. During experimental observations, the strain range
is determined between the minimum and maximum load; the strain range allows to mitigate the effects
of temperature fluctuations and creep. Similarly, the strain readings from the FE model are transformed
to the strain range. Multiple analyses are conducted with different crack lengths to provide insight into
the redistribution of longitudinal strain induced by cyclic crack propagation.
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Figure 4 presents the associated longitudinal strain range from the joint centre to the wrapping end for
multiple delamination lengths. The strain range is determined to fall between 33 and 330kN. Notably,
the strain plateau at approximately 4000 microstrain extends as the crack progresses. Similar to the
determination of the static crack tip, the 20MPa traction at the interface is utilized to quantify the crack
tip. It is evident that the fracture process zone develops at this load level, resulting in a crack length
larger than the initial debonding length in the FE model. As expected, the strain level at the crack tip
remains constant as the crack progresses. This suggests that a constant strain threshold can be employed
for fatigue crack detection by optical fibres.
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Figure 4. Microstrain along fibre path obtained from FE model for multiple initial debonding lengths.

3. Experimental tests and results

The experimental investigation comprises static and cyclic tests performed on steel-to-composite
bonded joints, referred to as "wrapped joints." These tests encompassed splice joints, which connect two
steel tubular circular hollow sections (CHS). Initially, section 3.1 offers an overview of the types of
optical fibre sensors used and their implementation. Following this, section 3.2 presents the experimental
results.

3.1 Sensor preparation

Luna ODISI 6000 [12] is employed in conjunction with Omocer-coated glass fibre from FBGS [13].
The Omocer-coated fibre is selected for its high strain at break and high reflection index. In the joint
production process, optical fibres are embedded inside the composite wrap near the interface according
to the applied pattern depicted in Figure 6a. During the wrapping process, initially, 2 plies of glass-fibre
composite are applied, followed by the placement of the optical fibres. Subsequently, the remaining
composite is wrapped, with a thickness of 15mm.
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(a) (b) (c)

Figure 5. a) Optical fibre pattern in wrapped splice joint. b) Photo of test setup. c¢) Photo of failure
surface.

3.2 Splice joint

The experimental setup involves testing simplified splice-wrapped joints that connect two tubular tubes
of 9101.6x10mm under both fatigue and static loading conditions. The testing protocol comprises two
primary steps: first, initiating and growing a fatigue delamination crack near the interface to a
predetermined length of approximately 101mm, followed by subjecting the joints to static loading until
failure to assess their static resistance post-fatigue. These tests are conducted using an Instron 8806
testing machine, see Figure 5b. For cyclic loading, a force ranging from 33kN to 330kN is applied at a
frequency of 2Hz, while static tests are performed under displacement control with a jack displacement
rate of 0.5mm/min. Optical fibre measurements are collected during both cyclic and static loading
phases, with readings taken at force levels of 30kN and 330kN during cyclic loading at an interval of
500 to 1000 cycles and at regular intervals during static loading ranging from 5 to 1 second, gradually
increasing towards the failure load. A delamination type of failure mode near the steel to composite is
observed in these experiments as depicted in Figure Sc.

Figure 6a illustrates the stiffness degradation observed during the fatigue loading of the splice joint.
Each dot in the graph represents the visualized microstrain range presented in Figure 6b. A similar trend
is observed in the experimental results as in the FE approach described earlier. Specifically, the strain
plateau extends as the crack progresses. Based on the microstrain range obtained from the FE analysis,
as shown in Figure 4, the strain range at the crack tip is approximately 1900 microstrain. By employing
this threshold, the relationship between crack length and cycles can be determined (see Figure 6a).

Figure 7 displays the load-displacement curve depicting the static resistance following fatigue testing.
Important to note here is that different from the FE results, a fatigue crack has already been developed.
The representative load levels corresponding to optical fibre strain readings, shown in Figure 8, are
marked. Analysis of Figure 8a suggests an initial increase in absolute strain at the delaminated area
during loading. However, upon scaling the strain readings to a reference force of 195kN, as illustrated
in Figure 8b, a distinct transition is observed as delamination progresses. It can be seen that crack
propagation initiates between points 3 and 4.
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(a) (b)

Figure 6. a) Stiffness degradation cyclic splice joint. b) Microstrain range from optical fibre
measurements at 1670, 22814, 42352 and 66902 cycles.

Figure 7. Load-displacement static after fatigue with indication load levels of strain reading

(a) | (b)

Figure 8. Microstrain along fibre path a) from the experiment. b) obtained from scaling by force ratio
to 195kN.

3. Conclusions

This study investigated the fracture behaviour of simple bi-material bonded joints, with a specific
emphasis on monitoring mode II delamination crack propagation. Through numerical and experimental
approaches, insight was gained into the evolution of delamination and its impact on strain distribution.
Both numerical and experimental strain readings near the delamination surface provided comprehensive
results. Finite element modelling was instrumental in establishing a correlation between strain
distributions and delamination crack lengths. A strain scaling method was proposed to exclude the linear
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relationship between strain and load. This scaled strain distribution revealed a dependency of the strain
level at the crack tip and the fracture process. During forming of the fracture process, the strain at the
crack tip reduces and stabilizes upon full development of the fracture process zone. Indicating that a
constant threshold is not representative for crack development phase.

Optical fibre measurements conducted during both static and cyclic experiments demonstrated good
agreement with numerical models. Optical fibre measurements emerged as a suitable method for
accurately measuring delamination lengths. However, the selection of a threshold strain value at the
crack tip should be carefully determined in conjunction with FE analysis.
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