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Strain and strength measurements - Leanon 1:10 wave energy system

1 Introdution

This report is made at Department of Mehanial and Manufaturing Engineer-

ing, M-teh at Aalborg University for Leanon Wave Energy. The report has

two purposes: 1) Determine strains from strain gauge measurements onduted

on Leanon wave energy system sale 1:10 loated at Nissum Breding, Den-

mark. 2) Determine the tensile strength of the omposite material of whih the

wave energy system is made from in one diretion along the arm of the wave

energy system. From the strain and the strength measurements of the degree of

utilization of the material for the investigated load senarios an be indiated

at the loation of the strain gauges.

The Leanon 1:10 wave energy system have been instrumented with 58 strain

gauges where 47 strain gauges ative in the data analysed here (Fig. 2). The

are 11 retangular rossettes of whih 6 are ative in the data analysed here.

2 Method used for the strain alulations

The strain alulations for eah strain gauge is alulated using the basi equa-

tion for a quarter bridge (Wheatstone bridge) [1℄.

ǫ =
4Vo

kVs

(1)

where Vo is the output voltage, Vs is the supply voltage, and k is the k-fator.

Temperature ompensation and transverse strain ompensation have not been

applied.

The rosettes onsists of three strain gauges where the angle between strain

gauge 1 and 3 is 90 degrees and angle between 1 and 2 is 45 degrees (Fig. 1).
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Figure 1: Retangular rosette.

The prinipal strains ǫP and ǫQ are determined as [2℄

ǫP =
ǫ1 + ǫ3

2
+

1
√
2

√

(ǫ1 − ǫ2)2 + (ǫ2 − ǫ3)2 (2)

ǫQ =
ǫ1 + ǫ3

2
−

1
√
2

√

(ǫ1 − ǫ2)2 + (ǫ2 − ǫ3)2 (3)

The orresponding prinipal diretions are given as [2℄:
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Figure 2: Plaement of strain gauges on the Leanon 1:10 wave energy system.



Strain and strength measurements - Leanon 1:10 wave energy system

φP,Q =
1

2
tan−1

(

2ǫ2 − ǫ1 − ǫ3

ǫ1 − ǫ3

)

(4)

• if ǫ1 > ǫ3, then φP = φP,Q and φQ = φP,Q + 90

• if ǫ1 < ǫ3, then φP,Q = φQ and φP = φP,Q − 90

• if ǫ1 = ǫ3 and ǫ2 < ǫ1, then φP,Q = φP = �45

◦

• if ǫ1 = ǫ3 and ǫ2 > ǫ1, then φP,Q = φP = 45

◦

• if ǫ3 =ǫ3 =ǫ3, then φP,Q is indeterminate (equal biaxial strain).

The prinipal diretion is gives the orientation of the prinipal strains by the

angle φ in the rosette oordinate system, f. Fig. 1. In order to �lter out the

prinipal diretions assoiated with small strains values the alulation of the

prinipal diretion is not done if the size of the prinipal strains are below a

threshold value of 5 µ m/m (eP < 5µm/m and eQ < 5µm/m). This is beause
the noise in the measurements in this ase makes the prinipal diretion alu-

lation meaningless.

The strain gauges are from HBM and the data sheet is shown in App. B.

The sample rate during testing was 10 Hz, the bridge fator = 1.0, the k-faktor

k = 2.09, and the supply voltage Vs= 3.3.

3 Results - strain gauge measurements

The results are presented as the strain measured at eah strain as shown in �gure

3 where the variation of the strain is plotted and the maximum and minimum

value is indiated.

For the rosettes the variation of the prinipal strains, ǫP and ǫQ, and prin-

ipal diretion φP are presented as shown in �gure 4.

The strain output for all strain gauges and the prinipal strains and prinipal

diretions for all the rosettes are shown in App. A for the dataset "Sq_151007_150205

- 12 m/s fra Øst". The maximum and minimum values is presented in the fol-

lowing.

• Minimum strain measured for a single strain gauge is -45 miro strain and

is measured at strain gauge 59.

• Maximum strain measured for a single SG: 45 miro strain and is measured

at strain gauge 16.

• Minimum prinipal strain ǫQ is -23 miro strain in the prinipal diretion

-21

◦
in rosette oordinate system for the rosette onsisting of strain gauges

38, 39, 40.
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 3: Strain gauge 1

• Maximum prinipal strain ǫP is 19 miro strain in the prinipal diretion

0.8

◦
in rosette oordinate system for the rosette onsisting of strain gauges

38, 39, 40.
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 4: Rosette 4

4 Tensile strength test setup

The tensile test was onduted using a Zwik tensile testing mahine with a

50 kN load ell and grips. During the tests the ross head displaement and

applied fore were reorded.

The speimens have been ut out of a part of the wave energy system as

shown in �gure 5 and table 1.

Speimen distane from orner edge [mm℄

2 38.9-64.4

3 66.3-91.8

6 149.0-174.0

Table 1: Loation from whih the test speimens have been ut out of the

leanon wave energy system arm.

At these loations the material is made in a glass-epoxy-foam sandwih on-

�guration. In order to test the tensile strength along the lines in �gure 5 the

inner skin layer and foam layer have been ut away leaving only the outer skin

layer. Before adding taps to the speimens the outer oating, the foam and the

resin hannels have been removed using sandpaper. The removal was stopped

6



Strain and strength measurements - Leanon 1:10 wave energy system

Figure 5: Orientation of the speimens on the arm of the 1:10 Leanon wave

energy system.

before damaging the glass-epoxy laminate whih implied that some oating and

foam were still on the speimen when the taps were attahed with an epoxy

adhesive.

Six speimens where prepared from the loations 2, 3 and 6 shown in Fig. 5.

The layup of the outer skin laminate at these loations is desribed in Tab. 2.

Speimen 2 Speimen 3 Speimen 6

Geloat Geloat Geloat

50/50 900 ELM 1250 ELM 1250

ELM 1250 ELM 1250 45

◦
/-45

◦
600

ELM 1250 45

◦
/-45

◦
600

uni�lo 225

45

◦
/-45

◦
600

Table 2: Layup table for the test speimens. ELM 1250 onsists of 1150 g/m

2

UD in 0

◦
orientation, 50 g/m

2
UD in 90

◦
orientation and 50 g/m

2
CSM. 50/50

900 onsists of a 0

◦
, 90

◦
, and CSM layer of 300 g/m

2
eah. 45

◦
/-45

◦
600

onstists of a 45

◦
and -45

◦
layer of 300 g/m

2
.

Based on the laminate plans for prodution it is thus expeted that the two

speimens made of 2, 3 and 6, respetively, are the same.

5 Results - tensile strength tests

The results of the tensile tests are shown in Fig. 6 and Tab. 3. The results for

speimen 3b and 6b have been exluded as the adhesive bond of the taps failure

before the laminate.
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Figure 6: Results from the tensile test up until failure.

Speimen F
max

[N℄ d�F
max

[mm℄ Width [mm℄

Thikness

[mm℄

failure

strain [m/m℄

2a 45144,8 10,3 25.5 3.7 0.012

2b 37075,3 9,2 25.5 3.7 0.010

3a 47159,2 10,4 25.5 2.7 0.017

3b taps failed

6a 38968,7 11,6 25.0 1.6 0.030

6b taps failed

Table 3: Maximum load F
max

during tensile loading until failure. The displae-

ment at the maximum load is denoted d�F
max

. The tests of speimen 3b and

6b were disregarded beause the adhesive bond of the taps failed before the

laminate. The thikness of the speimens is assoiated with large unertainties

as the foam ore was not possible to remove ompletely.

The strain was not reorded during the test. Thus the failure strain has not

been obtained diretly however a onservative estimate an be arried out by

assuming an upper bound for the speimen longitudinal tensile sti�ness equal

to 40 GPa and by assuming a linear behavior. This onservative estimate is

shown in the table.

It was not possible to test more speimens within the limits of the projet.

However, this would have provided information of the statistial variane and

signi�ane of the tensile strength results.

6 Conlusion

Strain gauge measurements from the test "12 m/s from east - Sq_151007_150205"

have been proessed. The strain have been determined for all strain gauges and

the prinipal strain and diretions have been determined for the rosettes. Ten-

sile strength tests have been onduted at three loations on the wave energy

8



Strain and strength measurements - Leanon 1:10 wave energy system

system arm. Two of the six speimens failed prematurely due to a failure of the

taps. The estimated failure strain levels are between 2 and 3 orders of magni-

tude (10

2
to 10

3
) above the measured strain on the wave energy system. This

indiates a potential for reduing amount of material in the areas of the strain

gauges.

Referenes

[1℄ K. Ho�mann, An introdution to measurements using strain gages.

[2℄ TN-515, Strain Gage Rosettes: Seletion, Appliation and Data Redution,

Teh. rep., Miro Measurements, www.miro-measurements.om (2014).
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Strain and strength measurements - Leanon 1:10 wave energy system

APPENDIX

A Results - strain gauge measurements

A.1 12 m/s from east - Sq_151007_150205

In the �gures 7-53 the strain measured at strain gauge 1 to 47 is presented.

0 10 20 30 40 50 60
−40

−30

−20

−10

0

10

20

30

40

Time [s]

M
ic

ro
 s

tr
ai

n 
[1

e−
6 

m
/m

]

Max value: 36.22

Min value: −39.19

SG number 1

PSfrag replaements

Figure 7: Strain gauge 1
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Figure 8: Strain gauge 2
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Figure 9: Strain gauge 3
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Figure 10: Strain gauge 4
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Figure 11: Strain gauge 5
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Figure 12: Strain gauge 6
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Figure 13: Strain gauge 7
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Figure 14: Strain gauge 8
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Figure 15: Strain gauge 9
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Figure 16: Strain gauge 10
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Figure 17: Strain gauge 11
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Figure 18: Strain gauge 12
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Figure 19: Strain gauge 13
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Figure 20: Strain gauge 14
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Figure 21: Strain gauge 15
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Figure 22: Strain gauge 16
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Figure 23: Strain gauge 17
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Figure 24: Strain gauge 18
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Figure 25: Strain gauge 19

21



Strain and strength measurements - Leanon 1:10 wave energy system

0 10 20 30 40 50 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time [s]

M
ic

ro
 s

tr
ai

n 
[1

e−
6 

m
/m

]

SG number 20

PSfrag replaements

Figure 26: Strain gauge 20
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Figure 27: Strain gauge 21
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Figure 28: Strain gauge 22
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Figure 29: Strain gauge 23
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Figure 30: Strain gauge 24
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Figure 31: Strain gauge 25
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Figure 32: Strain gauge 26
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Figure 33: Strain gauge 27
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Figure 34: Strain gauge 28
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Figure 35: Strain gauge 29
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 36: Strain gauge 30
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Figure 37: Strain gauge 31
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 38: Strain gauge 32
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 39: Strain gauge 33
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Figure 40: Strain gauge 34
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 41: Strain gauge 35
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Figure 42: Strain gauge 36
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 43: Strain gauge 37
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 44: Strain gauge 38
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Figure 45: Strain gauge 39
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 46: Strain gauge 40
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Figure 47: Strain gauge 41
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 48: Strain gauge 42
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 49: Strain gauge 43
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Figure 50: Strain gauge 44
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 51: Strain gauge 45
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Figure 52: Strain gauge 46
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 53: Strain gauge 47

In the �gures 54-59 the prinipal strain and prinipal diretion in the rosette

oordinate system are given for the rosettes 1 to 6, respetively.
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 54: Rosette 1
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Figure 55: Rosette 2
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 56: Rosette 3
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Figure 57: Rosette 4
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Strain and strength measurements - Leanon 1:10 wave energy system
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Figure 58: Rosette 5
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Figure 59: Rosette 6
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Strain and strength measurements - Leanon 1:10 wave energy system

B Strain gauge data sheet
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