
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

A novel and robust method to quantify fatigue damage in fibre composite materials
using thermal imagine analysis

Eder, Martin A.; Sarhadi, Ali; Chen, Xiao

Published in:
International Journal of Fatigue

Link to article, DOI:
10.1016/j.ijfatigue.2021.106326

Publication date:
2021

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Eder, M. A., Sarhadi, A., & Chen, X. (2021). A novel and robust method to quantify fatigue damage in fibre
composite materials using thermal imagine analysis. International Journal of Fatigue, 150, [106326].
https://doi.org/10.1016/j.ijfatigue.2021.106326

https://doi.org/10.1016/j.ijfatigue.2021.106326
https://orbit.dtu.dk/en/publications/93431a97-b41b-4cd6-8a46-fb3e4a71a4cf
https://doi.org/10.1016/j.ijfatigue.2021.106326


Journal Pre-proofs

A novel and robust method to quantify fatigue damage in fibre composite ma-
terials using thermal imagine analysis

Martin A. Eder, Ali Sarhadi, Xiao Chen

PII: S0142-1123(21)00186-9
DOI: https://doi.org/10.1016/j.ijfatigue.2021.106326
Reference: JIJF 106326

To appear in: International Journal of Fatigue

Received Date: 8 March 2021
Revised Date: 10 May 2021
Accepted Date: 16 May 2021

Please cite this article as: Eder, M.A., Sarhadi, A., Chen, X., A novel and robust method to quantify fatigue
damage in fibre composite materials using thermal imagine analysis, International Journal of Fatigue (2021),
doi: https://doi.org/10.1016/j.ijfatigue.2021.106326

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2021 The Author(s). Published by Elsevier Ltd.

https://doi.org/10.1016/j.ijfatigue.2021.106326
https://doi.org/10.1016/j.ijfatigue.2021.106326


1

A novel and robust method to quantify fatigue damage in fibre composite 
materials using thermal imagine analysis 
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Denmark

* Corresponding author: xiac@dtu.dk

Abstract:

This work proposes a novel and robust thermal imaging-based method suitable to quantify damage 
evolution stages in fibre-reinforced composite materials under fatigue loading. The method uses adiabatic 
hysteretic heating of the material to calculate the change of enthalpy by thermal imaging when the material 
undergoes fatigue damage. This work analytically corroborates the validity of using the calculated change 
of enthalpy to identify the three different fundamental fatigue damage stages of the material. The method 
is applied to two different types of notched sandwich specimens subject to constant amplitude fatigue 
loading. It is practically demonstrated that the characteristic curve progressions of the mechanically 
measured hysteretic dissipation curves are in good agreement with those of the enthalpy change computed 
by the proposed method.

Keywords: fibre composite materials, hysteretic energy dissipation, fatigue damage, thermal imaging, 
enthalpy

Nomenclature

Symbol Unit Declaration
𝜂 [ ― ] Hysteretic-energy-to-heat conversion factor (~0.9)
𝜌 [kg m3] Mass density
𝜏 [s] Time constant

∆ℎ [J] Change in enthalpy
∆𝑇 [K] Temperature change
𝑐 [ ― ] Constant for polynomial curve fitting
𝑐𝑝 [J kg K] Specific heat capacity

𝑓(𝑡) [W] Intrinsic input heat flux
ℎ [W m2K] Heat transfer coefficient for natural convection
𝒽 [W] Hysteretic energy flux (dissipated mechanical energy per time unit or per cycle)
𝑖 [ ― ] Index of pixel
𝑗 [ ― ] Image frame index
𝑘 [ ― ] Timestamp index
𝑙 [m] Length of the specimen measured between the grips

𝑚 [ ― ] Number of data points per cycle (hysteresis)
𝑛 [ ― ] Number of pixels in damaged area per frame; the number of terms in the sum
𝑡 [s] Time variable
𝑡𝑠 [m] Skin layer thickness
𝑢 [m] Crosshead displacement
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𝑤 [m] Specimen width
𝐴 [m2] The surface area of lumped capacitance model
𝐴𝑖 [m2] The surface area in Cartesian coordinates corresponding to one pixel
Bi [ ― ] Biot’s number
𝐹 [𝑁] Uniaxial force in the testing machine
𝑁 [ ― ] Number of pixels across the width; order of the polynomial
𝑇 [K] Temperature
Ta [K] Ambient specimen temperature remote from the surface
𝑇𝑖 [K] Pixel temperature inside the damaged area
𝑇0 [K] The initial temperature of the specimen
𝑉 [m3] The volume of lumped capacitance model

𝑉pix [m3] The volume corresponding to one pixel

1. Introduction 

Fatigue damage is one of the most important root causes of structural failure of composite structures such 
as aerospace structures and wind turbine blades. Structural health monitoring (SHM) is needed to provide 
necessary information about the structural integrity of such composite structures especially when they are 
in operation. It is important to develop non-contact, quantitative, non-destructive evaluation (NDE) 
methods to assess the damage state of composite structures under fatigue load. In the past half century, 
many studies have worked on SHM and NDE of composite materials and structures. Comprehensive review 
studies have been reported in an early work by Scott and Scala [1] and a more recent one by Wang et al. 
[2]. As this study only focuses on the application of thermography to the assessment of fatigue damage in 
composite materials and its underlying theoretical framework, the literature review in this work is limited 
to the studies in recent years. Toubal et al. [3] developed an analytical model based on cumulative damage 
to predict the damage evolution in woven composite laminates with holes and showed a good correlation 
between the dissipation of heat and the damage of the composites under fatigue. Montesano et al. [4] used 
infrared thermography to investigate the fatigue behavior of a carbon fibre reinforced polymer composite 
and identified a relationship between the dissipated heat, the intrinsic energy dissipation and the number of 
cycles to failure. Dattoma and Giancane [5] used a combination of digital image correlation (DIC) and 
thermography to investigate energy balance between heat sources and dissipation sources of notched 
composite laminates under fatigue loading. A noticeable work, although focusing on metals rather than 
composites, has been done by Naderi and Khonsari [6]. It presented an experimental approach to fatigue 
damage quantification based on thermodynamic entropy and showed that the cyclic energy dissipation in 
the form of thermodynamic entropy can be effectively utilized to determine the fatigue damage. 

Palumbo et al. [7] proposed a method to assess the fatigue limit and the monitoring of damage in glass fibre 
composite materials by means of thermography. Similarly, Huang et al. [8] proposed a model to predict the 
fatigue limit of composite materials by combining stabilized temperature rising and normalized stiffness 
degradation in laminates. On a larger structural scale, Chen et al. [9] demonstrated the effective application 
of thermography to detect damages of a large-scale composite structure that was subject to fatigue loading. 
Chen et al. [10] further developed an automated approach to qualify fatigue damage in large-scale 
composite structures using thermography and computer vision, showing that the damage evolution of 
composite materials quantified by thermography and computer vision agrees well with mechanically 
measured stiffness degradation and material damping. The current study explores the underlying 
thermodynamic theory of using thermography for fatigue damage assessment of composite materials. 
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As such, the contributions of this work to the current knowledge base are as follows: 

1. Provides a theoretical basis for the validity of using thermography to recover the fatigue damage 
states in fibre composite materials.

2. Provides a thorough experimental validation of the theoretical prediction.
3. Proposes a simple and robust numerical method to assess the high cycle fatigue damage stage from 

thermal videos.

This paper is organized as follows: Section 2.1 presents the experimental work of this study, where the 
composite specimens and the test set up are described in detail. Section 2.2 presents the theoretical 
framework used to describe mechanical energy, hysteretic energy dissipation and heat generation. Section 
2.3 presents the numerical implementation of the developed method for damage assessment using thermal 
imaging. Section 3 presents the results of the comparative study, followed by a discussion in Section 4. 
Concluding remarks addressing the key findings and potential application of the proposed method are 
presented in Section 5.

2. Methodology 
2.1 Experimental study

In this study, two different notched sandwich specimens were tested under uniaxial constant amplitude 
fatigue loading. The sandwich comprises two equally thick glass fibre/epoxy composite skin layers and a 
PVC foam core. The skins were made from biaxial glass fibre fabric and an epoxy resin. The material and 
manufacturing specifications are: Biaxial glass fibre fabrics from Saertex with an area weight of 980 g/m2 
and a fibre density of 2600 kg/m3. The epoxy resin from Araldite LY1568 and a hardener Aradur 3489 with 
a mix ratio of 100:28. Cross-linked PVC foam cores from AIREX C70 with closed cells with a nominal 
density of 60 kg/m3, a tensile modulus of 45 N/mm2, a tensile strength of 1.3 N/mm2 and thermal 
conductivity of . It is noted that the foam is neither grooved nor perforated. The specimens 0.031 W m K
were manufactured by vacuum infusion with a curing procedure of 19 hours at 40ºC followed by 5 hours 
at 75ºC.

The layup is [±452/Foam/±452]. The nominal outer dimensions of the specimens are 100 mm × 400 mm × 
13 mm with a skin layer thickness of 1.5mm and a PVC core thickness of 10mm. The edges of the specimens 
were notched with a CNC milling machine in two different configurations referred to as ‘symmetric edge 
cracked’ (designation HGA05A-02) and ‘asymmetric edge cracked’ (designation HGA04A-03) geometry 
c.f. Fig. 1. In order to avoid grip failure inside the clamped regions, both ends of all specimens were 
reinforced with plywood inserts with a length of 50 mm. This was done by removing PVC foam material 
in the grip area with subsequent gluing of the plywood inserts with a nominal thickness of 10 mm.
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Figure 1 Two notched sandwich specimens used in this study, size in mm. (a) specimen with a pair of symmetric 20 mm-long 
symmetric cracks; (b) specimen with 20 mm-long and 10 mm-long asymmetric cracks, both located 30 mm from the mid span of 
the specimen; (c) a side view of all specimens with reinforced clamped regions at two ends of the specimens (blue).

An Instron test machine 8801 equipped with a Dynacell 2527-111 load cell with a load capacity of +/-100 
kN was used to test the specimens under fatigue. The free length of the specimen between the grips 
measured 280mm. The test was conducted under tension-tension in force control with a peak force of 𝐹max

,  and a harmonic loading frequency of 3 Hz. The corresponding nominal stress range (i.e., = 15 kN 𝑅 = 0.1
with respect to the total cross-sectional area) was . A thermal camera Optris PI640 (480 x ∆𝜎 = 10 MPa
640 pixel) and an RGB camera Nikon D7200 (4000 x 6000 pixel) were used to take thermal images and 
visual images respectively. Both cameras were located approximately 55 cm remote from the specimen 
surface. The thermal camera is located directly in front of the specimen, perpendicular to the front face of 
the specimen, while the RGB camera was located next to the thermal camera, see Fig. 2. The test was 
continued until a complete fracture of the specimen occurred.

Specimen

Thermal camera

RGB camera

Figure 2 Experimental setup of the fatigue test; notched sandwich specimen installed in hydraulic grips and a load cell coupled to 
the upper grip; thermal camera and an RGB camera taking images at different fatigue cycle numbers according to the evolution 
stage; a vacuum extraction system was used to collect the debris and to provide air-cooling.
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Regarding key measurement data and post-processing procedure: a measure of the hysteretic energy 
dissipation is the enclosed area of the so-called hysteretic loop that forms in a cyclic load-displacement 
history plot as depicted in Fig. 3. The hysteretic energy flux  was calculated from the force  measured 𝒽 𝐹
in the load cell and the corresponding crosshead displacement  for all data points  pertaining to one 𝑢 𝑘
individual loop by using the trapezoidal rule as follows:

(1)𝒽 =
1
2 ∑𝑚

𝑘 = 1( 𝐹𝑘 + 1 + 𝐹𝑘)( 𝑢𝑘 + 1 ― 𝑢𝑘)     if   𝑘 = 𝑚     then   𝐹𝑛 + 1 = 𝐹1   and    𝑢𝑛 + 1 = 𝑢1

In the present case, Eq.1 was numerically evaluated in the clockwise direction (following consecutive 
timestamps) for a number of  data points contained in one hysteresis loop, c.f. Fig. 3.𝑚 = 250

Figure 3 The hysteretic loop formed in a load-displacement diagram and the dissipated energy constituted by the enclosed area 
hatched in blue; data points indicated as black dots used to integrate the dissipated energy in Eq.1.

2.2 Theoretical framework

The theoretical framework presented in this section rests on the following assumptions:

 The change in enthalpy over time corresponds to the change in hysteretic energy dissipation
 The Biot number in the presented problem is small which justifies the use of a lumped mass model
 Radiative- and conductive heat transfer are negligible in the presented problem

Mechanical material fatigue damage is associated with hysteretic energy dissipation. Figure 4 qualitatively 
depicts the typical features of the hysteretic energy dissipation function over time, which bear characteristic 
information on the fatigue damage evolution stage currently prevailing in the material [11]. Figure 4 shows 
that the entire fatigue life span of a fibre composite material can be subdivided into three main stages: 
Initiation (Stage-1) with negative curvature, constant growth (Stage-2) with a constant slope and fast growth 
(Stage-3) with positive curvature.  A predominant amount of external mechanical work the test machine 
induced into the specimen is transformed into heat due to frictional effects on: (i) a molecular level, (ii) a 
micro level due to friction between matrix crack surfaces and during debonding in the matrix-fibre interface 
area and (iii) a macro level between the rough surfaces of large debonded regions. These frictional effects 
can be considered as intrinsic heat sources that - owing to the low thermal conductivity - are locally heating 
up the material with a pronounced temperature gradient which is commonly referred to as hot-spot. Energy 
dissipation of mechanical work into heat is therefore a manifestation of damage accumulation in fatigue-
loaded specimens. Since heat is a fundamental physical entity that can accurately be quantified, the authors 
suggest its use to assess the location of the damage and the severity of the damage.
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In this work, the term damage is used as a hypernym. Damage in fibre composite materials passes through 
three archetypal stages each acting on different characteristic length scales spanning from molecular level 
over microcrack evolution to discrete macroscale cracks c.f. Fig. 4. The latter ultimately manifest 
themselves as debonding or delamination cracks. It is for the method proposed in this work per se ineffectual 
whether the different stages are treated within the realm of continuum damage mechanics or fracture 
mechanics. It is noteworthy to mention that Fig.4 should not be confused with the well-known Paris-
Erdogan law for discrete cracks. However, it should be emphasized that in all three stages, the cyclic loads 
induce heat through material damage entailed by the different physical processes prevailing on the different 
characteristic length scales – it is the heat induction that is of central importance for the proposed method.

While the hysteretic dissipation is rather straightforward to obtain under laboratory conditions where load 
input and the associated displacement can be accurately measured, this is hardly the case for large-scale 
composite structures serving in real-life conditions. It should however be possible, to infer the damage state 
to a sufficient degree of accuracy from the thermal response of the material inside the structure.

Figure 4 Typical development of fatigue damage in fibre composite materials under cyclic loading reflected in the hysteretic energy 
dissipation curve. The dissipated energy per cycle is the integrated area enclosed by one complete hysteretic loop (blue) depicted 
in a load-displacement (F-u) diagram. 

The determination of the portion of converted heat is a complex matter and depends on a series of different 
coupled conditions such as material, loading, frequency, etc. but can be grossly estimated in the order of 

. However, this energy can be considered as a source of internal heat increasing the enthalpy of the ~90%
specimen. The change in enthalpy  is proportional to the hysteretic energy dissipation and hence directly Δℎ
proportional to the temperature variation during damage evolution. From this chain of causality, the 
following conjecture can be postulated: ‘The fatigue damage evolution stage in a glass/epoxy composite 
material can be inferred from the enthalpy change calculated from temperature measurements.’

To corroborate the conjecture, an analytical model is used to demonstrate that the characteristic hysteretic 
energy input is qualitatively preserved in the enthalpy change obtained from thermal imaging. The damage 
induced in the specimens by mechanical cyclic loading evolves symmetrically in both skin layers where 
the PVC foam core with closed cells acts as a potent isolator. Therefore, with good approximation the heat 
transfer problem is symmetric. It is generally accepted that a lumped model [12,13] can be used in the case 
of a small Biot number  defined as follows:≪ 0.1

                                                                     (2)Bi =
ℎ
𝑘

𝑉
𝐴 =

ℎ
𝑘𝑡𝑠
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The Biot number represents the internal temperature gradient compared to temperate change at the surface 
of the body which in the present case is in the order of . If both the  ratio and the  ratio ~10 ―6 ≪ 0.1 𝑉 𝐴 ℎ 𝑘
are small, this implies that the through-thickness temperature gradient inside the material is negligible and 
hence the temperature is uniform through the thickness. Furthermore, by assuming a uniform temperature 
in the damaged area of the skin, the whole heat transfer problem can therefore be reduced from a partial 
differential equation to a linear ordinary differential equation, describing the lumped model as a function 
of time only.

It is desirable to simplify the thermal model by utilizing the fact that the radiative heat transfer is 
proportional to the fourth power of the temperature difference between the body and the environment. Due 
to the small temperature difference in the present case, the effect of radiative heat transfer becomes 
negligibly small compared to convective heat transfer. Furthermore, the thermal conductance of the body 
along the length measuring between the grips is insignificant because of the following circumstances: (i) 
the thermal conductivity of the foam core material is negligible (ii) the thermal conductivity of the skin 
material is low  and (iii) the skin layer thickness is small m. For these reasons, only ~0.4 W m K 1.5 × 10 ―3

the convective heat transfer governs the analytical thermal model. 

For the lumped capacitance model, it is assumed that an intrinsic adiabatic heat source is present inside the 
skin material indicated as a red ellipse in Fig.5, which heats the skin uniformly. The intrinsic heat source is 
caused by hysteretic dissipation of mechanical energy per unit of time  which in this model is given in 𝒽(𝑡)
the polynomial form. The incremental conservation of energy flux for the lumped system described above 
is expressed as follows:

                                    (3)𝜌𝑐𝑝𝑉
d𝑇(𝑡)

d𝑡 = ―2ℎ𝐴 (𝑇(𝑡) ― 𝑇𝑎) + 𝜂 𝒽(𝑡)

Equation 3 can be re-written into an inhomogeneous linear first-order ordinary differential equation taking 
the following form:

                                         (4)
d𝑇(𝑡)

d𝑡 +
2ℎ 

𝜌𝑐𝑝𝑡𝑠

𝜏

 (𝑇(𝑡) ― 𝑇𝑎) =
𝜂

𝜌𝑐𝑝𝑉 𝒽(𝑡)
𝑓(𝑡)

Substituting the time constant  and the input function , Eq. 4 can be cast into the τ =
2ℎ 

𝜌𝑐𝑝𝑡𝑠
𝑓(𝑡) =

𝜂
𝜌𝑐𝑝𝑉 𝒽(𝑡)

standard form, notably

                     (5)
d𝑇(𝑡)

d𝑡 +τ (𝑇(𝑡) ― 𝑇𝑎) = 𝑓(𝑡)

The complete solution for Eq. 5 can be written as the sum of the homogeneous solution  and the 𝑇hom
particular solution . The homogeneous solution of Eq. 5 can straightforwardly be obtained by direct 𝑇part
integration and is readily given by Eq. 6 [14]:

                                             (6)𝑇hom = 𝑇𝑎 + 𝛼 𝑒 ―𝜏 𝑡

The right-hand side hysteretic heat source function is stipulated as a complete nth-order polynomial:

  for      (7)𝑓(𝑡) =
𝜂

𝜌𝑐𝑝𝑉 𝒽(𝑡) = 𝑐0 + 𝑐1𝑡 + 𝑐2𝑡2 + 𝑐3𝑡3 +⋯ + 𝑐𝑛𝑡𝑛 𝑛 ∈ ℕ

The ansatz is hence, as well chosen to take the form of an nth-order polynomial. The particular solution can 
be obtained with the method of undetermined coefficients [15]; by omitting the intermediate steps for the 
sake of brevity, the particular solution is given as follows:
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    (8)𝑇part =
1
𝜏

𝑑(0)

𝑑𝑡(0)𝑓(𝑡) ―
1
𝜏2

𝑑(1)

𝑑𝑡(1)𝑓(𝑡) +
1
𝜏3

𝑑(2)

𝑑𝑡(2)𝑓(𝑡) ―
1
𝜏4

𝑑(3)

𝑑𝑡(3)𝑓(𝑡) +⋯
1
𝜏𝑛

𝑑(𝑛 ― 1)

𝑑𝑡(𝑛 ― 1)𝑓(𝑡)

The complete solution of the ordinary differential equation can eventually be obtained by adding Eq. 6 
and 8 as follows:

for     (9)𝑇(𝑡) = 𝑇𝑎 + 𝛼 𝑒 ―τ 𝑡 + ∑𝑁
𝑛 = 1( ―1)𝑛 ― 1 1

𝜏𝑛

d𝑛 ― 1

d𝑡𝑛 ― 1𝑓(𝑡) [0 ≤ 𝑡 ≤ ∞] ∈  ℝ

The integration constant  is obtained by satisfying the initial condition  which yields the 𝛼 𝑇|𝑡 = 0 = 𝑇0
following expression:

                           (10)𝛼 = 𝑇0 ― 𝑇𝑎 ― ∑𝑁
𝑛 = 1( ―1)𝑛 ― 1 1

𝜏𝑛

d𝑛 ― 1

d𝑡𝑛 ― 1𝑓(𝑡)|𝑡 = 0

Equation 9 shows that with increasing time, the first – transient – term decays away and the second term 
i.e. the particular solution prevails. Meaning, that in the long run – i.e., for  eigenperiod of the load 𝑡 ≫
cycle - the hysteretic input heat dominates the thermal response. In fact, it can be seen from Eq. 8, that  𝑓(𝑡)
in the first term dominates the particular solution and the contribution of the successive terms containing 
its derivatives become decreasingly influential with increasing order of the derivative.

Equation 9 and 10 conclude the derivation of the lumped capacitance model and we proceed with the 
presentation of the proposed thermal imaging method. Equation 9 proofs that the signature of the change 
in enthalpy is strongly associated with the signature of the hysteretic heat input produced by mechanical 
fatigue damage. This suggests measuring the change of enthalpy in the specimen defined in general as 
follows:

                                           (11)∆ℎ = 𝜌𝑐𝑝𝑉∆𝑇

According to Eq. 11, measurements of the change in temperature  are required to obtain the desired ∆𝑇
enthalpy change, which can be done using a thermal camera. The latter measures the surface temperature 

 of the specimen in each thermal image frame assuming a uniform through-thickness temperature 𝑇
distribution. Due to the adiabatic heating conditions mentioned at the beginning of this section, the 
measured temperature of the hotspot reflects the level of mechanical damage in the hotspot location (the 
damaged area). Figure 5 shows that the skin surface in real space can be discretized into a finite number of 
sufficiently small volume elements corresponding to the number of pixels in the thermal image space; the 
temperature in these small volume elements is quasi-uniform.



9

Figure 5 Skin layer of the specimen with width  and thickness  with the damaged zone indicated by the red boundary. The 𝑤 𝑡
damaged area is discretized with small volume elements each having a uniform temperature whose in-plane size is proportional to 
the pixel size. The volume can be obtained by the specimen width and the corresponding image resolution  in the same direction. 𝑁

Consequently, Eq. 11 can be re-written as an accumulation of the enthalpy change for each volume element 
at thermal image frame  expressed as follows:𝑗

                                                      (12)∆ℎ𝑗 = 𝜌𝑐𝑝𝑉pix∑𝑛
𝑖 = 1(𝑇𝑖,𝑗 ― 𝑇𝑎)

In Eq. 12 conservation of mass holds since the debris material loss due to fatigue damage is minor compared 
to the total skin material mass. Furthermore, the specific heat capacity of a solid is hardly temperature-
dependent for which reason it is assumed that . Please note that  in Eq. 12 denotes the pixel 𝑐𝑝 = cst 𝑇𝑖,𝑗

temperature  of frame  and should not be confused with a derivative in Einstein (index-) notation.𝑖 𝑗

The volume  can be obtained from the image space using the pinhole camera model [16] under the 𝑉pix
proviso that both the image plane and the specimen plane are parallel and the region of interest is close to 
the optical axis of the thermal camera. These conditions were fulfilled in the experimental setup. It can 
therefore be assumed with sufficient approximation that (i) the size of a pixel in the image space is linearly 
proportional to the length in the real space and (ii) that the proportionality is isotropic i.e. the same in the 
horizontal and vertical direction. Therefore, the volume  can be calculated by a calibration procedure 𝑉pix
using the following relationship:

                                                        (13)𝑉pix = 𝑡𝑠(𝑤
𝑁)2

2.3 Numerical framework

Equation 12 was implemented in the commercial software package MATLAB [17]. The enthalpy change is 
calculated in a loop through all image frames according to the following procedure:

1. Extracting the thermal image frames from the thermal video
2. Converting the region of interest i.e. the specimen area between the grips into greyscale. The 

greyscale values were subsequently converted into pixel temperatures by linear interpolation and 
the information of the temperature scale bar.

3. The hotspots in each frame are identified by finding the indices of the maximum temperature values 
in the matrix and adding them to a so-called evaluation set.
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4. Calculation of the enthalpy change per frame according to Eq.12 and 13 for the evaluation set by 
using the first frame as the reference temperature. The enthalpy per frame is calculated by summing 
the enthalpy contributions of each pixel over the damaged area according to Eq.12. 

Figure 6 (a) shows the greyscale image (procedure point 2) at approx. half the lifetime of the specimen. By 
choosing two reference temperatures  and  retrieving the corresponding greyscale values  and 𝑇min 𝑇max 𝐺min

 from the scale bar (not shown) it is possible to compute the pixel temperature using linear interpolation 𝐺max

with the slope  and the offset . Figure 6 (b) shows the 𝑘 = 𝑇max ― 𝑇min 𝐺max ― 𝐺min 𝑜 = 𝑇min ― 𝐺min 𝑘
evaluation set (procedure point 3) for which the enthalpy is calculated (procedure point 4).

Figure 6 (a) greyscale converted RGB image extracted from the thermal video image of specimen HGA04-03 and (b) set of hotspots 
shown as red pixel cloud designated as evaluation set under procedure point 3. 

3. Results 

Figure 7 shows two different solutions of Eq.9 with the thermal material properties for glass fibre epoxy 
composites taken from [18] and reproduced herein as  and . The 𝑐𝑝 = 903 J kg K 𝜌 = 1835 kg m3

dimensions of the body were chosen according to the specimen geometry notably 𝑙 = 2.8 × 10 ―1m
and . The coefficients of the third-order polynomial hysteretic heat , 𝑤 = 0.1 × 10 ―1m 𝑡𝑠 = 1.5 × 10 ―3m

input are , ,  and  and have 𝑐3 = 3.159 × 10 ―13 𝑐2 = ―2.275 × 10 ―9 𝑐1 = 5.896 × 10 ―6 𝑐0 = 7.778 × 10 ―3

been chosen to resemble the experimental conditions.

Figure 7 (a) and (b) show that both the enthalpy change and the hysteretic heat input follow a similar trend 
corroborating the conjecture that the mechanical fatigue damage stage and the enthalpy change are indeed 
strongly affiliated. Consequently, all three stages namely initiation growth (Stage-1), constant growth 
(Stage-2), and fast growth (Stage-3) can be determined from the enthalpy change.
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Figure 7 Analytical enthalpy change and third-order polynomial hysteretic heat input as a function of time for (a) a rather low 
convective heat transfer coefficient of  and (b) a higher convective heat transfer coefficient of . A ℎ = 2.5 𝑊 𝑚2𝐾 ℎ = 5.0 𝑊 𝑚2𝐾
higher heat transfer coefficient decreases both the enthalpy and the enthalpy gradient particularly apparent in the Stage-2 growth 
phase.

Figure 8 shows the symmetric double edge cracked sandwich specimen at the onset of Stage-2 growth and 
close to ultimate fatigue failure at the end of Stage-3 (c.f. Fig. 10 (a)). The thermal image shows the 
evolution of the damaged regions initiating at the notch root under 45° and eventually leading to ultimate 
shear failure after 29303 cycles. In Stage-3 close to failure the maximum hotspot temperature reached 
approx. 40°C. 
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Figure 8 Visible light video and co-temporal thermal image frame with temperature scale of specimen HGA05A-02 for (a,b) Stage-
2 (cycle number 5356) and (c,d) Stage-3 close to specimen failure (cycle number 28800)

Figure 9 shows the asymmetric double edge cracked sandwich specimen at the onset of Stage-2 growth and 
close to ultimate fatigue failure at the end of Stage-3 (c.f. Fig. 10 (b)). The thermal image clearly shows the 
damaged regions initiating at the notch roots under 45° with whitening in the visible light spectrum. The 
specimen failed after 14890 cycles in a global shearing mode.

(a) (b)
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Figure 9 Visible light video and co-temporal thermal image frame with temperature scale of specimen HGA04A-03 for (a,b) Stage-
2 (cycle number 7190) and (c,d) Stage-3 close to specimen failure (cycle number 14700)

Figure 10 shows that the computed enthalpy change from thermal imaging closely resembles the shape of 
the hysteretic input similarly to the theoretical response depicted in Fig. 7. Comparison of the curves shows 
that the enthalpy change reproduces the negative curvature in the damage initiation phase (Stage-1), the 
constant slope with close to zero curvature during constant growth (Stage-2) as well as the exponential 
increase with positive curvature (Stage-3). The noise seen in the enthalpy curve is most likely caused by 
the thermal camera sensor. The deviations between the slopes of the enthalpy curve (black) and the input 
function (blue) in Stage-2 are caused by the different convective cooling conditions of the specimen surface 
in the laboratory during testing.

Figure 10 Numerically obtained enthalpy change (black) versus hysteretic energy dissipation (blue) for (a) the symmetric double 
edge cracked specimen HGA05A-02 and (b) the asymmetrical double edge cracked specimen HGA04A-03. The red vertical lines 
indicate the cycle number of the Stage-2 and Stage-3 growth shown in Fig. 8 and Fig. 9 respectively.

(a) (b)
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4. Discussion 

The geometrical and material properties allowed the generation of a lumped capacitance model, which 
allows the reduction of a partial differential equation into an ordinary differential equation providing a 
convenient means to shed light on the thermal response. It is at first glance counterintuitive to compare the 
enthalpy change, which is accumulative over time with a cycle-by-cycle hysteretic energy input. However, 
the solution of the ordinary differential equation shows that the signature of the hysteretic heat input 
function is preserved in the externally measured enthalpy if the gradient of the heat input flux is moderate 
and if the time span is long enough for the transient to die out. These conditions can cautiously be termed 
as ‘steady state’ and are quite typical for large composite structures subject to cyclic loading conditions 
such as large utility wind turbine rotor blades. The enthalpy change is a strong function of the convective 
heat transfer coefficient itself highly dependent on the flow conditions in the vicinity of the surface. The 
latter depends on the Nusselt number and consequently on the Reynolds number. Therefore, the convective 
heat transfer coefficient is a function of the fluid velocity and viscosity, which is not a trivial task to 
determine. On the other hand, the exact value of the heat transfer coefficient is not required for the proposed 
method to recover the fatigue damage stages from the thermal response.

A sensitivity study on the hot-spot identification has shown that despite the magnitude, the shape of the 
enthalpy change is rather insensitive towards the pixel sampling method. Even an evaluation window 
encompassing the entire specimen has recovered the desired shape as long as all the hotspots are 
consistently contained within the pixel evaluation set. The preservation of the signature of the hysteretic 
input allows a qualitative assessment of the fatigue damage evolution stage inside the material providing a 
reliable means to judge the structural health state as part of structural health monitoring. 

In the proposed method, all the required geometrical and thermal properties of the structure can be obtained 
with high accuracy and low uncertainty. This renders the proposed method a robust, simple and reliable 
one. In addition, thermal imaging is a mature and cost-efficient technology making long-term thermal 
measurements of structures affordable. The corroborating evidence in this work facilitates a faithful real-
time fatigue damage stage assessment of composite structures from thermal image analysis. 

It is noted that the proposed method might not work as accurately in the case of thick laminates in which 
case adiabatic heating conditions do not hold. In the latter case, the temperature varies through the thickness, 
therefore using the measured surface temperature to calculate the enthalpy reduces the accuracy of the 
calculation. In this case, a 3D heat conduction problem should be solved which adds complexity but is 
theoretically possible. On the other hand, it can be argued that the method is still applicable to large-scale 
thin-walled composite structures such as aerospace structures and wind turbine blades, as the assumption 
of approximately small variation of temperature through the wall thickness can be held with reasonable 
accuracy.

Although quantitative knowledge of the heat transfer coefficient is not required for the proposed method, 
in its current formulation the convective heat transfer coefficient should be fairly constant over time. While 
this is more likely the case under indoor laboratory conditions, this requirement is hardly fulfilled under 
outdoor conditions. This means that long-term thermal measurements of large-scale composite structures 
need to be corrected for the prevailing convective heat transfer coefficient which will be a function of the 
environment such as the weather conditions e.g. wind speed and local turbulence conditions for wind 
turbine blades. One possible approach could be a calibration of the method for different airflow conditions 
as part of future research activities.
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5. Conclusions 

The following conclusions can be drawn from this work:

 Proposition for a thermal imaging method to quantitatively assess fatigue damage in fibre 
composite materials.

 Good agreement between mechanical fatigue test data and the proposed thermal imaging method.
 Fatigue damage stages can be assessed by computing the change of enthalpy in the specimen using 

a thermal camera.
 The particular solution of the thermal response prevails under ‘steady state’ conditions which are 

closely affiliated with the hysteretic heat input.
 The method is particularly useful to determine the fatigue damage stage in fibre composite 

materials and structures as part of non-contact, robust structural health monitoring techniques.
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- Theoretical basis for using thermography to recover fatigue damage states in composite materials.

- Thorough experimental validation of the theoretical prediction.

- A simple and robust method to assess the high cycle fatigue damage stage from thermal videos.
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