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A B S T R A C T

Wind turbine blade spar cap to shear web adhesively bonded connections can suffer from damage at the bond-
line which can propagate through the structure compromising blade integrity. This study investigates changes
in the stiffness and damping of a thick adhesive joint test specimen during a fatigue test. The stiffness is
calculated using an extensometer and damping is determined using vibration and thermography. Fatigue tests
showed three distinct phases of damage. Firstly, transverse cracks and delamination initiate and grow with
little change in stiffness observed while damping increases by 18.6% and 17.8% inferred from the vibration and
thermographic methods, respectively. In the second phase, the number of transverse cracks increases reaching
saturation and the stiffness reduces by 4.7%. The increase in the loss factor is 65.7% and 95.6% from the
vibration and thermographic methods, respectively. In the final phase, the crack density remains constant
whilst de-bonding of the joint begins and grows until failure. The loss factor increases by 111.4% and 116.9%
from the vibration and thermographic methods, respectively though the stiffness shows a cumulative reduction
of only 8.6%. The results show the potential for monitoring changes in damping to infer incipient damage in
an adhesively bonded composite joint structure.
1. Introduction

The adhesively-bonded connections in modern wind turbine blades,
e.g. spar caps to shear webs and the leading/trailing edges, are key
elements that contribute to their structural integrity. These parts suf-
fer from damage at the bond-line which can propagate through the
structure and compromise the structural integrity [1,2]. With the ever-
increasing size of wind turbine blades, particularly for offshore ma-
chines with lower accessibility, deploying a health monitoring system
in order to detect damage and take appropriate maintenance actions
will become essential to reduce the levelized cost of energy (LCOE) [3,
4]. Past research has suggested four methods for the health moni-
toring of a wind turbine blade [5]: vibration-based methods, strain
measurements, acoustic emission and ultrasonic wave propagation. For
the acoustic emission and the ultrasonic wave propagation methods,
sensors should be close to the damage source in order to detect dam-
age. Therefore, large number of sensors would need to be installed
in different parts of a blade in order to effectively monitor damage,
which is an expensive and impractical solution [6]. The vibration-based
techniques, are easier to implement and at the same time can provide
useful information related to the damage process.

In the case of vibration-based health monitoring, the methods pro-
posed to date rely mostly on measuring changes in the stiffness of a
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structure to identify damage [7–11]. But in a complex structure like a
wind turbine blade, which consists of several structural elements, such
as spar caps, trailing and leading edges, etc, changes in the stiffness may
not be significant unless severe damage occurs which can compromise
the operation of the wind turbine [12]. One property of a composite
structure which seems to be more effective than stiffness for early
damage detection and its evolution is the damping.

Early experimental investigations to identify damage by measuring
the damping property of a material were carried out by Modena et al.
and Zonta et al. [13,14]. They evaluated the use of modal damping
to identify manufacturing defects or structural damage in pre-cast
reinforced concrete. In a similar fashion Kawiecki, [15] showed the
feasibility of measuring modal damping by using arrays of piezoelectric
transducers in a study on two types of concrete blocks. It was found that
damping could be a useful property to detect damage in the structure.
Keye et al. [16] also verified the concept of measuring the change in
modal damping as a suitable indicator to identify damage in carbon
fibre reinforced polymer (CFRP) materials. Kyriazoglou et al. [17]
measured the specific damping capacity of woven glass fibre reinforced
polymer (GFRP) laminate before and after the introduction of damage
using quasi-static loading. The results indicated that measurement of
vailable online 11 February 2022
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damping could be a promising technique for detection of initial cracks
in a woven fabric composite.

Zhang et al. [18] studied the effect of fatigue damage on damping of
unidirectional GFRP and CFRP laminate. They also found that a change
in damping was a useful indicator to detect the formation and growth
of micro cracks in these laminates.

KiRal et al. [19] investigated the effect of impact damage on the
damping in a woven GFRP beam-type structure. The results showed
changes to the damping ratio to be a more sensitive measure of impact
damage than changes in the natural frequency. Birman et al. [20]
presented an analytical method to estimate the effect of matrix cracks
on damping in unidirectional and cross-ply ceramic matrix composites.
The results showed that damping considerably increases with growth
of the matrix cracks. Cao et al. [21] reviewed several studies using
changes to damping properties as a way to detect structural damage.
They concluded that a number of the studies did demonstrate that
changes in damping showed greater sensitivity to damage than changes
in the natural frequencies or mode shapes, but that damping-based
damage identification is still a research area ‘in progress’ and is not
yet well-established.

Kopparthi et al. [22] studied the effect of delamination on visco-
elastic properties of woven GFRP laminates. They observed that the
loss factor increases as a result of the delamination but its change
is dependent on the size and the location of the delaminated area.
Shen et al. [23] also studied the effect of delamination on the visco-
elastic properties of plant fibre-reinforced composite. They concluded
that delamination can greatly increase the loss factor of this type of
composite material.

Changes to the damping properties of adhesively-bonded composite
structures under fatigue has not had much attention to date and for this
reason is the subject of this work. The work is an extension of a previous
study involving measurements of changes to the damping properties of
an adhesively-bonded connection during a fatigue test [24]. This study
extends the work to include measurements from multiple samples, to
compare changes in both stiffness and damping properties and to con-
trast the use of vibrometry with infrared measurements for detecting
fatigue damage.

In the case of the vibration measurements, damping is estimated
using a visco-elastic model of the damping appropriate for a composite
material [25,26]. In the case of the thermography measurements, the
damping is inferred by relating the temperature increase to the heating
generated in the material.

2. Wind turbine blade structure

A wind turbine blade consists of aerodynamic shells (the pressure
side and suction side) and shear webs which are moulded separately
and then bonded together in an assembly process using a structural ad-
hesive. The load carrying parts of the shells (spar caps) are constructed
from uni-directional composite laminates such as thick GFRM (glass
fibre-reinforced materials) [27,28].

Shear webs are built from multi-axial fibre lay-ups and a core
of balsa wood or polyvinyl chloride (PVC) foam. The web body is
produced by infusion of a balsa/foam core with thin skin laminates,
whereas the web foot is primarily made of multi-axial direction glass
fibres. The spar-web adhesive joint is manufactured by bonding the web
foot onto the spar cap of the blade as shown in Fig. 1. This web adhesive
joint is a key element for the structural integrity of the blade. If the
joint suffers fatigue damage at the bond-line then this can propagate
through the spar cap and lead to de-lamination and de-bonding of the
spar cap from the webs. Early detection of such damage is important
for wind turbine maintenance, but such maintenance normally requires
visual inspection either from the ground or by climbing the turbine. As
damage may not be visible from the outside such methods may not be
reliable. Remote measurements based on vibrometry or thermography
have the potential to provide more reliable information about blade
damage and their use and analysis are thus the motivation for this
2

work. d
3. Theoretical background

3.1. Vibration method

Compared to metals, composite materials have generally a higher
damping capacity. The main reason for this is the viscous-elasticity of
the polymeric matrix [26]. In fibre-reinforced polymers, the dominant
damping mechanism is related to the visco-elastic behaviour of the
matrix and/or fibre materials [25]. For a linear visco-elastic material,
the constitutive equation for a simple one-dimensional stress–strain
relationship at time 𝑡 can be written as [29],

𝜎(𝑡) = ∫

𝑡

−∞
𝑔(𝑡 − 𝜏)𝑑𝜖(𝜏) (1)

here 𝜎(𝑡) is the time-dependent stress, 𝜖(𝑡) is the time-dependent
train, 𝜏 is the characteristic relaxation time and 𝑔(𝑡) is the relaxation
odulus associated with the material properties. The Laplace transform

f Eq. (1) can be written as,

�̄�(𝑠) = 𝑠�̄�(𝑠)𝜖(𝑠) (2)

here �̄�(𝑠), �̄�(𝑠) and 𝜖(𝑠) are the Laplace transformed components of
(𝑡), 𝑔(𝑡) and 𝜖(𝑡), respectively and 𝑠 is the complex frequency parameter
n the Laplace domain. If the strain is assumed to be harmonic with
mplitude of 𝜖0 and angular frequency of 𝜔 then,

(𝑡) = 𝜖0𝑒
𝑗𝜔𝑡. (3)

hen in the Laplace transformed domain,

̄(𝑠) = 𝜖0𝛿(𝑠 − 𝑗𝜔) (4)

here 𝛿 is the Dirac delta function. Using the inverse definition of the
aplace transform,

(𝑡) = ∫

+∞

−∞
�̄�(𝑠)𝑒𝑠𝑡𝑑𝑠. (5)

ubstituting Eq. (2) and Eq. (4) into Eq. (5) gives:

(𝑡) = ∫

+∞

−∞
𝑠�̄�(𝑠)𝜖0𝛿(𝑠 − 𝑗𝜔)𝑒𝑠𝑡𝑑𝑠 (6)

hich results in:

(𝑡) = 𝑗𝜔�̄�(𝜔)𝜖0𝑒𝑗𝜔𝑡. (7)

his equation relates the stress and strain for a harmonic excitation
here the term 𝑗𝜔�̄�(𝜔) is the dynamic modulus and is usually expressed
s:

𝜔�̄�(𝑗𝜔) = 𝐸′(𝜔) + 𝑗𝐸′′(𝜔) (8)

here 𝐸′ is the storage term and 𝐸′′ is the loss term. The loss tangent
r loss factor represents the damping of the material and is defined as:

an(𝛿(𝜔)) =
𝐸′′(𝜔)
𝐸′(𝜔)

. (9)

The time domain equation of motion of a single beam element of a
linear visco-elastic beam structure in finite element form can be written
as [30]:

𝐌e�̈�(𝑡) + 𝑔(𝑡)𝐊e𝐲(0) + ∫

𝑡

0
𝑔(𝑡 − 𝜏)𝐊e 𝑑𝐲(𝜏)

𝑑𝜏
𝑑𝜏 = 𝐟 (𝑡) (10)

where 𝐌e, 𝐊e, 𝐲(𝐭) and 𝐟 (𝑡) are the mass matrix, stiffness matrix (where
he dynamic modulus has been factored out), displacement vector and
orce vector for a single element, respectively.

For a harmonic load, 𝐟 (𝑡) = �̄�(𝜔)𝑒𝑗𝜔𝑡, the response is also harmonic,
.e. 𝐲(𝑡) = �̄�(𝜔)𝑒𝑗𝜔𝑡, and Eq. (10) becomes:

𝜔2𝐌e𝑌 (𝜔) + (𝐸′(𝜔) + 𝑗𝐸′′(𝜔))𝐊e𝑌 (𝜔) = �̄�(𝜔) (11)

here F̄(𝜔) and Ȳ(𝜔) are the amplitude of the harmonic load and the

isplacement, respectively. Eq. (11), can be applied to all elements of
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Fig. 1. Schematic illustration of a spar cap/shear web thick adhesive joint..
a beam structure and the dynamic response of a beam structure to
a harmonic force can be obtained. The form of the equation for the
dynamic response of the whole beam structure is the same as that for
a single element (Eq. (11)) except that element terms such as 𝐌e, 𝐊e

and �̄�(𝜔) should be replaced with 𝐌, 𝐊 and 𝐘 for the whole structure.
In this case, the Frequency Response Function (FRF) for the whole
structure is defined as:

𝐅𝐑𝐅 = (−𝜔2𝐌 + (𝐸′(𝜔) + 𝑗𝐸′′(𝜔))𝐊)−1 (12)

where 𝐌 and 𝐊 are now the global mass and stiffness matrices. From
Eq. (12), the analytical response of a structure in the frequency domain
can be calculated. In this paper, the GHM (Golla–Hughes–McTavish)
parametric form of the dynamic modulus has been used,[30]:

𝐸′(𝜔) + 𝑗𝐸′′(𝜔) = 𝐺0[1 + 𝛼
(𝑠2 + 2𝜁�̄�𝑠)

(𝑠2 + 2𝜁�̄�𝑠 + �̄�2)
] (13)

Where 𝑠 = 𝑗𝜔 and 𝐺0, 𝛼, 𝜁 and �̄� are model parameters which are
fitted to experimental data.
3

3.2. Thermography method

When a material is subjected to a cyclic fatigue load, energy is
dissipated inside the material in the form of heat due to structural
damping. This increases the temperature of the material which can
be measured using a thermographic camera sensitive to infrared light.
The increase in temperature can be correlated to the dissipation of
energy to estimate the damping property of the material. In visco-
elastic materials, the dissipation of energy due to damping during one
loading cycle can be written as [31]:

𝑊𝑑 = 𝜋 tan(𝛿)(𝜎
2

𝐸
) (14)

where 𝑊𝑑 and tan(𝛿) are the dissipation of energy and loss factor
respectively, 𝐸 is elastic modulus of the material and 𝜎 is the stress
amplitude defined by:

𝜎 =
𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛

2
(15)

where 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛 are the maximum and minimum stress, respec-
tively, during the fatigue tension test.
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Table 1
Mechanical properties of different components for manufacturing of test specimens where: E𝑌 = Young’s
Modulus, 𝜎𝑢 = ultimate strength and 𝜌 = volume density.

Material specification E𝑌
(GPa)

𝜎𝑢
(MPa)

𝜌
(g/cm3)

Adhesive

Resin Epoxy Epikote Resin MGS
BPR135G2

5.5 75 1.1–1.2Curing agent Epoxy Epikure Curing
Agent MGS BPH1355G

Adherent

Resin Epoxy Epikote Resin MGS
RIMR135

22.8 376

1.3–1.17

Curing agent Epoxy Epikure Curing
Agent MGS RIMH 137

0.99

UD fibre glass Fibre glass cloth UD (0), 1210 g/m2,
S14EU960

–

Fig. 2. Schematic illustration of a test specimen..
To correlate the dissipation of energy to the temperature 𝑇 of the
test specimen, the heat loss/gain within the test specimen should be
considered. Heat generated due to damping in the test specimen is
equal to the heat absorbed in the test specimen plus heat removed from
the surface of the test specimen by natural convection, so:

𝜌𝐶 𝑑𝑇
𝑑𝑡

+ 2ℎ
(𝑤 + 𝑑)
𝑤𝑑

(𝑇 − 𝑇𝑎𝑚) = 𝜋𝑓 tan(𝛿)(𝜎
2

𝐸
) (16)

where 𝑡 is time, 𝜌 is the material density, 𝐶 is the specific heat capacity,
𝑓 is the frequency of the fatigue test, 𝑤 is width and 𝑑 is thickness
of the test specimen, respectively, 𝑇𝑎𝑚 is the ambient temperature and
ℎ is the natural convection heat transfer coefficient. The heat transfer
coefficient ℎ has been calculated by using the Nusselt number, Nu:

ℎ = Nu𝑙
𝐾

(17)

where 𝑙 is the length of the test specimen and 𝐾 is the conductivity
of air. The Nusselt number is dependent on the Rayleigh and Prandtl
numbers (Ra and Pr, respectively) and for engineering applications, the
following relationship can be used based on vertical plates [31]:

Nu = (0.825 + 0.387Ra
1
6

[1 + (0.492∕ Pr)
9
16 ]

8
27

)2 (18)

where the Rayleigh number is given by:

Ra =
𝑔𝛽(𝑇𝑠 − 𝑇𝑎𝑚)𝑙3

𝜈𝛼
, 𝑇𝑠 =

𝑇𝑖 + 𝑇𝑓
2

(19)

where 𝑔 is gravitational acceleration, and 𝛽, 𝜈 and 𝛼 are the thermal
expansion coefficient, kinematic viscosity and thermal diffusivity of air,
respectively. 𝑇𝑠 is the surface temperature of the test specimen based
on an average during the fatigue test where 𝑇𝑖 and 𝑇𝑓 are the initial and
final surface temperatures, respectively. The Prandtl number is defined
4

as:

Pr = 𝜈
𝛼

(20)

Solving Eq. (16), the temperature 𝑇 is obtained:

𝑇 = 𝑏
𝑎
+ (𝑇𝑎𝑚 − 𝑏

𝑎
)𝑒−𝑎(𝑡−𝑡0), 𝑎 =

2ℎ(𝑤 + 𝑑)
𝑤𝑑𝜌𝐶

, 𝑏 =
𝜋𝑓 tan(𝛿)( 𝜎

2

𝐸
)

𝜌𝐶
+

2ℎ(𝑤 + 𝑑)𝑇𝑎𝑚
𝑤𝑑𝜌𝐶

(21)

Where 𝑡0 is the time at the start of the fatigue test. Eq. (21) can
then be used to relate the temperature 𝑇 of the test specimen to the
loss factor.

4. Experiments

In this section, firstly a description is given of the testing method-
ology and the test specimen which was used to represent a joint seen
in a blade. Then, the experimental set-up is described which was used
to analyse changes to the stiffness and damping properties of the
specimens during a fatigue test.

4.1. Testing methodology

The testing methodology was based on previous work using an
asymmetric three-point bending fatigue test of a Henkel beam, repre-
sentative of a spar to shear web assembly of a wind turbine blade [2].
This bending test indicated that damage progresses on the upper spar
face of the beam which is under tension. This test showed that damage
began with transverse cracks in the bond-line of the upper spar to shear
web of the beam and when the cracks reached the saturation state,
damage progressed to de-bonding and final failure of the beam. In the
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Fig. 3. Ultimate tensile test for the three test specimens..
ower spar face of the beam, no damage was observed until instability
ccurred in the final stage of failure. Moreover the transverse shear
tress component was about 10% of the normal tensile stress compo-
ent. This suggested that a simple fatigue tension test can provide a
ealistic assessment of incipient damage in a web adhesive joint present
n a wind turbine blade. The use of a simple small test specimen to
epresent the joint has the advantage that manufacturing flaws can be
inimised ensuring that results are consistent and accurate.

Several test specimens were manufactured for the experiment. Each
est specimen consisted of two skins of unidirectional fibre glass which
ere made by the infusion of epoxy resin into three layers of unidi-

ectional (UD(0)) fibres. These two skins were then bonded together
y a layer of adhesive. The material properties of all components for
anufacturing the test specimens are given inTable 1 and a schematic

llustration of a test specimen is shown in Fig. 2.
To apply the correct load amplitude during the fatigue tests, the

ltimate strength of several of the test specimens was identified by
eans of ultimate tensile strength tests. The results for three test

pecimens are shown in Fig. 3. The average value of the ultimate tensile
trength and Young’s modulus of the specimens was found to be 365
Pa. and 20.1 GPa, respectively.

.2. Experimental set up

Three test specimen were subjected to a tension fatigue test using
100 KN hydraulic fatigue rig under the load control condition as

llustrated in Fig. 4. Fig. 4(a) shows the real-life set-up and Fig. 4(b)
hows a schematic representation of the modal test set-up. Before the
tart of each fatigue test, a modal test was carried out on the healthy
est specimen using an automatic hammer to excite the specimen and
laser vibrometer connected to a data acquisition system to record the
ibration data. After a specified number of cycles, the fatigue test was
alted and a further vibration test was carried out. This was repeated
everal times to build up a time-line of vibration response during
rogressive fatigue damage.

The purpose of the modal tests was to determine the experimental
RF of each test specimen. In conjunction with an analytical form of
he FRF, as described in Section 3.1, it was then possible to determine
he stiffness and damping properties of the specimen.

To calculate the damping using thermography, a FLIR A655sc type
nfrared camera was used. The camera is equipped with an uncooled
anadium Oxide (VoX) microbolometer detector that produces ther-
al images of 640 x 480 pixels. The device is capable of detecting

emperature differences as small as 50𝑚𝐾. The temperature of each
est specimen is continuously measured during the fatigue life and the
5

increase in temperature is correlated to the heat generated inside the
test specimen to estimate the loss factor as described previously.

5. Results

In this section, we first present the damage propagation observed
during the fatigue tests. Then we determine the stiffness and damping
properties of the thick adhesive joint for different levels of damage.

5.1. Damage evolution in the adhesive joint

Each test specimen was subjected to a fatigue tension test with the
stress ratio, R (ratio of minimum load amplitude to maximum load
amplitude) equal to 0.1, a fatigue cycling frequency of 3 Hz and a
progressive maximum load amplitude as shown in Fig. 5. After around
1.3×104cycles, the first cracks appeared in the adhesive joints.

As cracks occurred in the adhesive, delamination appeared simul-
taneously in the vicinity of the crack point in the laminate. This can
be considered as the first damage phase (I). As the depth of the cracks
through the adhesive increased, so did the area of de-lamination. This
trend continued until the cracks reached the saturation phase where
the crack density was 66.7 m−1. During the damage saturation phase
(II), due to increase in the crack depth and de-lamination area, de-
bonding of the adhesive from the face-sheets in the vicinity of some
crack points took place. The initially limited number of de-bonded areas
increased and became widespread throughout the test specimen. In the
final phase of damage (III), these disconnected de-bonded areas became
linked together and led to the final failure of the test specimen. The
progressive phases of damage as a function of load cycle are shown in
Fig. 5. The crack density versus the number of fatigue cycles during the
three different phases of damage for the three test specimens (samples)
are shown in Fig. 6. The three specimens show relatively consistent
results with a small amount of spread.

5.2. Stiffness measurement

During the different phases of damage, the fatigue test was halted
and the stiffness was measured using an extensometer. The results are
shown in Fig. 7. Noticeably, there is more spread in the stiffness values
for the three specimens compared to the crack density. In the first
phase of damage, which corresponds to the initiation of the transverse
cracks, there was no significant change in the stiffness. During the
crack saturation phase, an average reduction of 4.7% in the stiffness
was observed. The stiffness reduced while de-bonding was initiated and
expanded and the test specimen experienced a total average reduction

of 8.6% in stiffness before final failure.
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Fig. 4. (a) Actual and (b) schematic of the experimental test set up to carry out the fatigue and modal tests.
Fig. 5. Damage progression in one of the test specimens during the tension fatigue test. N.B. On the vertical axis, 𝜎_𝑚𝑎𝑥 and 𝜎_𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 are the maximum stress amplitude of the
fatigue test and the ultimate strength of the test specimen, respectively..
5.3. Calculation of the loss factor using the vibration method

Using Eq. (13), a best fit to the experimental data close to the first
natural frequency is made of the GHM parametric form of the dynamic
modulus by adjusting the model parameters. A comparison between
the experimental FRF and theoretical FRF of one specimen is shown
in Fig. 8(a). The best fit FRF for different levels of damage is shown in
Fig. 8(b).
6

The best fit theoretical FRF is then used to calculate the loss factor
for different levels of damage as shown in Fig. 9. The loss factor varies
with the frequency with a maximum value near to the first natural
frequency. The change in the value of the loss factor close to the first
natural frequency for the three distinct phases of damage is shown in
Fig. 10. It can be seen from this figure that in Phase I, as the number of
cracks increases, the loss factor also increases. In the crack saturation
state (Phase II), although the number of cracks does not change, the
loss factor does increase due to growth in de-lamination. The average
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Fig. 6. Crack density versus fatigue load cycles during the different phases of damage throughout the fatigue test.
Fig. 7. Reduction in stiffness versus fatigue load cycles during different phases of damage.
cumulative change in the loss factor from initiation of cracks until
crack saturation is 65.7%. In the third phase of damage, due to the
increase in the depth of transverse cracks, the shear stress between
the adhesive and the laminate increases leading to de-bonding of the
adhesive from the laminate. The disconnected de-bonded areas become
linked together and lead to the final failure of the test specimen. This
mechanism seems to be the reason for the increase of the loss factor in
this third damage region. An average cumulative increase in the loss
factor of 111.4% is estimated before failure of the test specimen.
7

5.4. Infrared thermography results

Fig. 11 shows temperature maps measured using the infrared cam-
era and pictures taken in visible light of one of the test specimens at
different stages during the fatigue test.

The different stages of damage and their locations can be seen. The
temperature increases during the fatigue test and after 1.5 × 104 cycles,
the first sign of cracks can be seen by looking at local extremes of
temperature (hot spots) shown by arrows in Fig. 11. As the fatigue test
progresses, the number and temperature of the hot spots increases. This
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Fig. 8. (a) Comparison of the theoretical and experimental FRF (b) The best FRF to data in the vicinity of the first natural frequency for different levels of damage.
Fig. 9. Loss factor versus frequency for different levels of damage.
trend continues until 4.5 × 104 cycles when the number of hot spots is
almost equally distributed throughout the length of the sample. This
implies that the crack saturation phase (II) has been reached. As the
number of load cycles increases, crack lengths increase and de-bonding
of the laminate from the adhesive begins. This leads to an increase in
temperature and wider hot spots.

To better illustrate the increase in the number of cracks until
saturation occurs, the temperature profile across a line through the
8

middle of a test specimen is plotted in Fig. 12. Local extremes in
temperature indicate the locations of cracks which clearly grow in
number and severity as the test progresses and the number of cracks
reaches saturation. Again, the results presented are for one of the
specimens, but the same trend is seen for all.

To calculate the damping, firstly the reference damping correspond-
ing to the healthy test specimen is calculated. This can be done by
fitting the loss factor to the average surface temperature of the test
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Fig. 10. Change in loss factor versus fatigue load cycles during the different phases of damage.
Fig. 11. Temperature of one of the test specimens at different stages of the fatigue test. Pictures taken in visible light are shown alongside for comparison.
specimen up until 2 × 104 load cycles during which little damage has
occurred. The results of one test specimen has been shown in Fig. 13.
During the first 2×104 load cycles, the specimen reaches an approximate
steady state temperature of 28.3 ◦C where the heat generated in the
test specimen is in balance with the heat removed from surface of test
specimen by natural convection. The loss factor which gives the best
fit to this measured temperature is about 𝛿 = 0.0013.

Fig. 14 shows for the three test specimens the change in average
temperature during the fatigue test. At the beginning of the test, the
specimens rapidly heat up during the first 5000 cycles. A steady state
9

temperature is then reached at around 2 × 104 load cycles as described
above where little or no damage is seen. After this point a more
rapid increase in temperature is seen as cracks are initiated during
Phase I. The temperature rise slows during Phase II as crack saturation
is reached. Finally, during the final Phase III where de-bonding and
ultimate failure occurs the temperature profile flattens off.

Using the temperature values in Fig. 14 and the reference steady
state temperature for the healthy specimen, the loss factor during the
different phases of damage can be determined. These values are shown
in Fig. 15.
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Fig. 12. Temperature profile across the mid-line of a test specimen at different stages of the fatigue test.
Fig. 13. Experimental and theoretically fitted temperature values based on thermographic measurements for an assumed healthy test specimen where 𝛿 = 0.0013 and excitation
frequency of 𝑓 = 3 Hz.
5.5. Comparison between vibration and thermographic estimates of the loss
factor

The results of the mean loss factor from the three specimens cal-
culated using the vibration and the thermographic measurements are
compared in Fig. 16. Two standard deviations are also shown based on
the three specimens. Both methods show an increase in the change of
loss factor during the different stages of the fatigue life. Initially, the
match is good though once crack initiation accelerates during Phase
I, there is a divergence in the estimate of the increase in loss factor
inferred by the two methods. This divergence is greatest during Phase
II, however, there is degree of scatter in the results for the three
10
specimens. The results of the two methods converges close to the end
of the fatigue life of the specimens.

It is clear that both methods are capable of detecting changes in the
damping properties of the adhesively bonded joints, albeit with some
divergence in the absolute values during the middle of the fatigue life.
Additionally, the thermographic technique has the advantage of being
able to localise damage. Having two independent techniques to assess
changes in damping can give an improved measure of uncertainty,
though the difference observed requires further investigation.
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Fig. 14. Average surface temperature of the test specimen during its fatigue life.
Fig. 15. The loss factor during the fatigue tests for the three test specimens inferred from thermographic measurements.
6. Discussion and conclusion

In this study, changes in the stiffness and damping properties of a
thick adhesive joint during different phases of damage have been stud-
ied. Damping has been calculated using vibration and thermographic
techniques. The results of these techniques are consistent in detecting
trends although absolute values differ in the middle of the fatigue life.
The thermographic technique has the advantage that it can also be used
to identify the location of early cracks. In the damage initiation phase
(Phase I), the relative change in the stiffness is small (less than 2%)
but the change in the average loss factor is 18.6% and 17.8% using
the vibration and thermographic methods, respectively. In the crack
11
saturation phase (Phase II), the reduction in the stiffness is only 4.7%
but there is a considerable increase in loss factor of about 65.7% and
95.6% using the vibration and thermographic methods, respectively.
In the de-bonding phase of damage (Phase III), the stiffness reduces by
8.6% overall while the loss factor reduces substantially by 111.4% and
116.9% using the vibration and thermographic methods, respectively.
It can be concluded that changes to the material damping properties
of an adhesive joint representative of that in a wind turbine blade are
more sensitive to damage than changes in stiffness and could be used in
the condition monitoring of a blade. Further work would be required to
determine how such changes could be used in a functioning monitoring
system incorporating the use of vibration and thermographic methods.
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Fig. 16. Comparison of loss factor calculated using vibration and thermographic methods based on the three test specimens. Mean and two standard deviations are shown.
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