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Abstract. The adhesively-bonded connections in a wind turbine blade, e.g. the spar cap to shear web
joins, are key elements for the structural integrity of the blade. These joins can suffer from damage at the
bond-line which can propagate through the structure and compromise the operation of the blade. In this
paper, we determine the damping properties of a test specimen representative of that joining a spar cap and
a shear web during a period of progressive damage. In addition to the experimental damping measurement,
an analytical dynamic model based on the visco-elastic properties of the material is developed to relate the
damping to the loss factor. The experimental results show that when a crack is initiated in the test specimen,
the damping increases by around 5-7%. This value increases with the propagation of transverse cracks in the
adhesive and reaches a value of 35% when the adhesive layer experiences crack saturation and the damping
reaches 45 % before failure occurs. Although a significant change in the damping is observed, there is no
significant change in the natural frequency (<1%) and by association little change in the stiffness of the test
specimen.

1. Introduction
For the early detection of damage in a wind turbine blade, it is important to identify what property
provides the most sensitive measure of that damage. If this can be done, it can be used to establish
an effective blade monitoring system which in turn results in reduction of the levelised cost of energy
(LCOE) [1]. This is particularly important for offshore wind farms with low accessibility [2]. In the
case of vibration-based condition monitoring, the methods proposed so far rely mostly on measuring
changes in the stiffness of a structure to identify damage [3–7]. 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 stiffness may not be significant unless severe damage occurs which can compromise the
operation of the wind turbine [8]. The adhesively-bonded connections, e.g. spar caps to shear webs and
the leading/trailing edges, are key elements which contribute to the structural integrity of the blade. These
parts suffer from damage at the bond-line which can propagate through the structure and compromise the
structural integrity [9, 10]. One property of composite material which seems to be more effective than
stiffness to detect early stage of damage and its evolution is damping.
An early experimental investigation to identify damage by measuring the damping property of a
material was carried out by Modena and Zonta [11, 12]. They evaluated the use of modal damping to
identify manufacturing defects or structural damage in pre-cast reinforced concrete. In a similar fashion,
Kawiecki [13] 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 a structure. Keye [14] also verified the concept of measuring the change
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in modal damping as a suitable indicator to identify damage in carbon fibre reinforced polymer (CFRP)
materials.
In this paper, we attempt to characterise fatigue damage evolution in a representative wind turbine
blade shear web/spar cap adhesive joint based on changes in damping. The thick shear web-spar cap
adhesive joint is a key structural element of a wind turbine blade and therefore exploring the material
properties of this joint, i.e. damping, to detect the progress of damage is a step forward in developing a
reliable condition monitoring system for the blade.
2. Methodology
2.1. Damping modelling
For a linear visco-elastic material, the constitutive equation for a simple one-dimensional stress-strain
relationship at time 𝑡 can be written as [17],
∫

𝑡

𝑔(𝑡 − 𝜏)𝑑𝜖 (𝜏)

𝜎(𝑡) =

(1)

−∞

Where 𝜎(𝑡) is the stress, 𝜖 (𝑡) is the strain, 𝜏 is the characteristic relaxation time and 𝑔(𝑡) is the relaxation
modulus associated with the material properties. The Laplace form of Equation 1 can be written as:
𝜎(𝑠)
¯
= 𝑠𝐺¯ (𝑠) 𝜖¯ (𝑠)

(2)

Where 𝜎(𝑠),
¯
𝐺¯ (𝑠) and 𝜖¯ (𝑠) are the Fourier transformed components of 𝜎(𝑡), 𝑔(𝑡) and 𝜖 (𝑡) respectively.
If the strain is assumed to be harmonic with constant amplitude of 𝜖 0 and frequency of 𝜔,
𝜖 (𝑡) = 𝜖0 𝑒 𝑗 𝜔𝑡

(3)

𝜖¯ (𝑠) = 𝜖 0 𝛿(𝑠 − 𝑗𝜔)

(4)

Then in the Laplace transformed domain,

Using the inverse definition of the Laplace transform,
∫ +∞
𝑠𝑡
𝜎(𝑡) =
𝜎(𝑠)𝑒
¯
𝑑𝑠

(5)

−∞

Substituting Equation 2 and Equation 4 into Equation 5 gives:
∫ +∞
𝜎(𝑡) =
𝑠𝐺¯ (𝑠)𝜖0 𝛿(𝑠 − 𝑗𝜔)𝑒 𝑠𝑡 𝑑𝑠

(6)

−∞

Which results in:
𝜎(𝑡) = 𝑗𝜔𝐺¯ (𝜔)𝜖 0 𝑒 𝑗 𝜔𝑡

(7)

This equation relates the stress and strain for a harmonic excitation where the term 𝑗𝜔𝐺¯ (𝜔) is the dynamic
modulus and is usually expressed as:
𝑗𝜔𝐺¯ ( 𝑗𝜔) = 𝐸 0 (𝜔) + 𝑗 𝐸 00 (𝜔)

(8)

Where 𝐸 0 is the storage term and 𝐸 00 is the loss term. The loss tangent or loss factor which represents
the damping is defined as:
𝐸 00 (𝜔)
(9)
tan(𝛿(𝜔)) = 0
𝐸 (𝜔)
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In the same way, the time domain equation of motion of a linear visco-elastic material for a single element
in finite element form can be written as [16]:
∫ 𝑡
𝑑y(𝜏)
e
e
𝑑𝜏 = f(𝑡)
(10)
𝑀 y¥ (𝑡) + 𝑔(𝑡)𝐾 y(0) +
𝑔(𝑡 − 𝜏)𝐾 e
𝑑𝜏
0
where 𝑀 e , 𝐾 e , y(t) and f(𝑡) are the mass matrix, stiffness matrix, displacement vector and force vector
for a single element, respectively.
For a harmonic load, f(𝑡) = 𝐹¯ (𝜔)𝑒 𝑗 𝜔𝑡 , the response is also harmonic, i.e. y(𝑡) = 𝑌¯ (𝜔)𝑒 𝑗 𝜔𝑡 , and
Equation 10 becomes:
−𝜔2 𝑀 e𝑌¯ (𝜔) + (𝐸 0 (𝜔) + 𝑗 𝐸 00 (𝜔))𝐾 e𝑌¯ (𝜔) = 𝐹¯ (𝜔)

(11)

Where 𝐹¯ (𝜔) and 𝑌¯ (𝜔) are the amplitude of the harmonic load and the displacement, respectively.
Equation 11 can be applied to all elements of a structure and the dynamic response of a structure
to a harmonic force can be obtained. The form of the equation for the dynamic response of the whole
structure is the same as that for a single element (Equation 11) except that element terms such as 𝑀 e ,
𝐾 e and 𝑌¯ (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:
𝐹 𝑅𝐹 = (−𝜔2 𝑀 + (𝐸 0 (𝜔) + 𝑗 𝐸 00 (𝜔))𝐾) −1

(12)

where 𝑀 and 𝐾 are now the global mass and stiffness matrices.
From Equation 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, [16]:
𝐸 0 (𝜔) + 𝑗 𝐸 00 (𝜔) = 𝐺 0 [1 + 𝛼

(𝑠2 + 2𝜁 𝜔𝑠)
¯
]
2
(𝑠 + 2𝜁 𝜔𝑠
¯ + 𝜔¯ 2 )

(13)

Where 𝑠 = 𝑗𝜔 and 𝐺 0 , 𝛼, 𝜁 and 𝜔¯ are model parameters.
The damping can be estimated by using the experimental FRF as follows:
(i) Guess an initial values for the GHM parameters of the dynamic modulus of elasticity;
(ii) Calculate the analytical frequency response of the coupon using Equation 12;
(iii) Construct an objective function based on the squared error between the analytical and experimental
values of the FRF;
(iv) Change the parameters of the GHM dynamic modulus until the objection function has been
minimised;
(v) Calculate the damping from the storage and loss parts of the dynamic modulus using Equation 9.
2.2. Overview of a 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
adhesive. The load carrying parts of the shells (spar caps) are constructed from uni-directional composite
laminates such as thick GFRM (glass fibre-reinforced materials). 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 web adhesive joint is manufactured by bonding the web foot onto
the spar cap of the blade as shown in Figure 1. This web adhesive joint is a key element for the structural
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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.

Spar cap

Thick adhesive joint
assembly

Adhesive
Face sheet
Core(Foam)

Figure 1. Schematic illustration of a spa cap/shear web thick adhesive joint
2.3. Experimental set up
In this work, we used a test specimen representative of the web adhesive joint between a shear web and
spar cap subjected to fatigue tension test to study progressive damage. The testing methodology was
justified following previous work using an asymmetric three-point bending fatigue test of a Henkel beam,
representative of a spar to shear web assembly of a wind turbine blade, which indicated that damage
progresses on the upper spar face of the beam which is under tension [10]. 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
lower spar face of the beam, no damage was observed until instability occurred in the final stage of failure.
Moreover, the effect of shear stress on the fatigue performance of the beam was also relatively low. This
suggested that a simple fatigue tension test can provide a realistic assessment of incipient damage in a web
adhesive joint present in a wind turbine blade. The use of a simple small coupon to represent the joint
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had the advantage that manufacturing flaws could be minimised ensuring that results were consistent and
accurate. To represent damage in this web adhesive joint, two thick unidirectional fibre glass laminates
were bonded together by adhesive and subjected to a tension fatigue test with the stress ratio (R) equal to
0.1, amplitude 0.40𝜎𝑢 (where 𝜎𝑢 is the ultimate strength of the test specimen) and frequency 3 Hz. After
32000 cycles, the fatigue test was halted and a vibration test was carried out on the test specimen. The
test set-up is shown in Figure 2. An automated hammer was used to excite the specimen and its dynamic
response was measured using a laser vibrometer connected to a data acquisition system. The purpose
of this modal test was to determine the experimental FRF of the test specimen. In conjunction with an
analytical form of the FRF, as described in Section 2.1, it was then possible to determine the damping
properties of the coupon.

Test specimen
Laser Vibrometer
Automated
Hammer
Test specimen

Laser Vibrometer

Automatic hammer
Data management system

(a)

Data management

(b)

Figure 2. Experimental test set up to carry out the fatigue and modal test
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Table 1. Mechanical properties and dimension of test specimen where: E𝑌 =Young’s Modulus,
𝜎𝑢 =ultimate strength and 𝜌=volume density
𝜌
E𝑌
𝜎𝑢
Material specification
(GPa) (MPa) (g/cm3 )
Epoxy Epikote Resin MGS
Resin
BPR135G2
1.1-1.2
Adhesive
5.5
75
Epoxy Epikure Curing
Curing agent
Agent MGS BPH1355G
Epoxy Epikote Resin MGS
1.3-1.17
Resin
RIMR135
Adherent
22.8
376
Epoxy Epikure Curing
Curing agent
0.99
Agent MGS RIMH 137
Fibre glass cloth UD (0), 1210g/m2 ,
UD fibre glass
S14EU960
The test specimen consisted of two skins of unidirectional fibre glass which were made by the infusion
of epoxy resin into three layers of unidirectional (UD(0)) fibres. These two skins were then bonded
together by a layer of adhesive. The material properties of the test specimen are given in Table 1 and a
schematic illustration of the test specimen is shown in Figure 3.

Figure 3. Schematic illustration of the test specimen
3. Results
In this section, we first present the damage propagation observed during the fatigue test. Then we
determine the damping directly from the measurement data. Finally, this damping is related to the loss
factor for the test specimen.
3.1. Damage evolution in the adhesive joint
After the adhesive joint was subjected to 3.1×104 cycles during the tension fatigue test, the first signs of
transverse cracks in the adhesive joint appeared.
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Failure of test specimen
after 22 No of cracks and
16.33 × 10 cycles

Delamination
Delamination in
skin
Transverse crack
in adhesive

(a)

Transverse
crack

(c)

(b)

(d)

Figure 4. Damage progression in the test specimen during the tension fatigue test
As cracks occurred in the adhesive, de-lamination appeared simultaneously in the vicinity of each
crack. As the depth of the cracks through the adhesive increased, so did the area of de-lamination, see
Figure 4(a) and (b). This trend continued until the cracks reached the saturation phase (Figure 4(c)).
Further fatigue load cycles increased the crack depth and de-lamination area and eventually led to the
failure of the test specimen (Figure 4(d)).

25

Failure point

number of cracks

20

15

III
Crack saturation

II
Crack propagation

I
Crack initiation

10

5

0
0

2

4

6

8

10

12

14

16

18

Number of cycles×104

Figure 5. Increase in crack number in the test specimen during the fatigue test
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In Figure 5, the number of cracks versus fatigue cycle is shown. In the initiation phase (region I), the
rate of appearance of cracks was low but it increased after a certain number of fatigue cycles (region II).
Eventually, the number of cracks stopped increasing (region III) but the cracks grew through the adhesive
layer of the test specimen and de-lamination got progressively larger until failure occurred.
3.2. Direct measurement of damping
From the vibration test data measured using the laser vibrometer, the frequency response of the test
specimen was determined at different points during the tension fatigue test. The frequency response of
the test specimen in the vicinity of the 1𝑠𝑡 and 2𝑛𝑑 modes of vibration are shown in Figure 6. It can be
seen that the first mode of vibration showed almost no change in natural frequency as the level of damage
increased. In the case of the second mode, a change could be seen between the 8-crack and the 14-crack
damage cases, but after the latter degree of damage was observed, there was no further significant change
in this natural frequency.
The damping was determined from the resonant response amplitude factor [16],
𝜂=

1
𝐴

(14)

𝑟
Where 𝜂 is the damping factor and 𝐴 = 𝑊
𝑊𝑠 is the ratio of displacement at resonant frequency to static
displacement (displacement in the limit that the excitation frequency 𝑓 → 0). The change in damping
ratio as a function of the crack density is shown in Figure 7.

No of cracks, 0
0,005

No of cracks, 8

No of cracks, 8

No of cracks 14

No of cracks, 14

No of cracks, 22

Amplitude(N.m-1)

No of cracks, 22
0,003

0,002

Amplitude(N.m-1)

Nor of cracks 20
0,004

No of cracks, 0

0,0002

No of cracks, 20

0,00015

No of cracks, 22
No of cracks, 22

0,0001

0,00005
0,001

0

0
45

50

55

60

65

330

340

350

360

Frequency (Hz)

Frequency (Hz)

(b)

(a)

Figure 6. 1𝑠𝑡 and 2𝑛𝑑 modes of vibration for five different damage cases
It can be seen that the damping ratio increased as the crack density increased but the rate of increase
was lower in the initiation region than the propagation region. The cumulative change in the damping
ratio in the crack initiation, crack propagation and crack saturation regions was about 7%, 35% and 45%,
respectively.
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0,031

Failure point

Damping ratio

0,029

0,027

0,025

Region, III
Crack saturation

Region, II
Crack propagation

Region, I
Crack initiation

0,023

0,021

0,019
0

10

20

30

40

50

60

Crack density(No of cracks.m-1)

Figure 7. Damping ratio as a function of crack density
3.3. Damping and loss factor
To relate the damping to properties of the composite material, the loss factor was calculated using the
method as described in Section 2.1.

0,00025

Analytical model

0,006

Analytical model
Experimental measurements

Experimental measurements
0,0002

Amplitude(m.N-1)

Amplitude(m.N-1)

0,005
0,004
0,003
0,002

0,00015

0,0001

0,00005

0,001
0

0
20

40

60

Frequency(Hz)

80

315

335
355
Frequency(Hz)

375

(b)

(a)

Figure 8. Comparison of the analytical and experimental frequency response function around the (a) 1𝑠𝑡
and (b) 2𝑛𝑑 modes of vibration for the intact test test specimen.
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20
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Crack density 9.09 1/m

19,9
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0,015

0,01

Crack density 42.85 1/m

19,7
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19,6

0,005

19,5
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0

100
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400

500

0
0

100

200

300

400

500

Frequency(Hz)

Frequency(Hz)

(b)

(a)

Figure 9. Storage modulus and loss factor from crack initiation until crack saturation.
The best fit of the GHM parameters of the dynamic modulus was calculated from the analytical model
and thus the dynamic response of the test specimen was determined. A comparison between of the first
and second mode natural frequencies determined from the analytical modelling and the experimental
measurements for the intact specimen is shown in Figure 8. It can be seen that there is a reasonable match
in natural frequency for both cases though some slight differences in magnitude and width. Knowing
the parameters of the dynamic modulus, it is possible to determine the storage modulus, loss modulus
and loss factors. The storage modulus and loss factor from initiation of cracks until the saturation phase
are shown in Figures 9(a) and (b), respectively. In contrast to the changes seen in the second mode
natural frequency seen in Figure 6, it can be seen here that significant progressive changes are apparent
particularly in the loss factor during the entire test period.
4. Conclusion
It has been shown from the fatigue testing of a test specimen representative of an adhesive joint between a
spar cap and shear web, that the first and second mode natural frequencies of the specimen are relatively
insensitive to even a large degree of damage. Indeed, it was seen that the natural frequency of the second
mode of vibration in the greatest damage case before failure changed by less than 1%. As stiffness is
directly related to the natural frequency then by implication material stiffness shows little change with
damage. By contrast, it was seen from the experimental results and through the use of an analytical model
that the material damping properties of the test specimen changed substantially with increasing levels of
damage. It can be concluded that the analysis of the damping properties of a wind turbine blade structure
to characterise damage is more effective than trying to detect changes in material stiffness.
5. Future work
This experimental study links the loss factor of the dynamic modulus of an adhesive joint to varying levels
of damage. Relating changes in the loss factor to specific areas of a wind turbine blade is not possible but
connecting the loss factor to dynamic properties of the blade, e.g. the phase of a mode shape, is possible.
This could be achieved by developing an analytical damage model of the blade. This is the subject of
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ongoing work. Changes in the phase of nodal components of mode shapes in an area affected by damage
can be directly related to changes in the material damping in that area. Although the estimation of the
phase of the mode shapes of a blade structure by operational modal analysis during the operation of blade
is challenging, future developments in this field such make this a possibility.
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