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A method and device for continuous monitoring of dynamic loads 

-The invention concerns a method for continuous monitoring of dynamic 
loads, including stresses and strains in large hull structures for vessels, 
according to the introduction to claim 1. The invention also concerns a strain 

5 measurement system for implementing the method, comprising an optical 
transmitter unit, an optical ·receiver unit and a fibre optic cable network, 
wherein the transmitter unit and the receiver unit are provided in a central 
monitoring unit which is connected via an interface with a computer­
implemented control system which in tum is connected to a display and data 

10 presentation unit and possibly other measurement systems. Finally, the 
invention also concerns a temperature-compensated, polarimetric, fibre optic 
strain sensor for use in a strain measurement system. 

It is a well known fact that large hull structures, such as both .ship and 
aircraft hulls, are frequently exposed to substantial, dynamic loads. These 

15 foads can result in damage to the hull and lead to fatigue and fracture, often 
with disastrous consequences. Load damage to hull structures normally only 
becomes apparent in connection with a regular service and inspection carried 
out by the application of various non-destructive test methods. The problem is 
that load damage to a hull structure can occur when the vessel is underway 

20 and develop with disastrous consequences before it can be discovered in the 
normal inspection. 

From British patent application GP 2238112 (US-PS No. 50038618) a method 
is known for detection and monitoring of strains in large, technical structures . . 

~y means of fibre optic cables which are attached to the structure. An optical 
25 signal is transferred along the cable to an optical receiver. By analysing the 

optical signal any changes with r~gard to length and/or changes in the length 
of the cable can be shown. The change in the cable length is found by deter­
mining phase changes on one or more modulation frequencies, by means of 
interferometry or pulse time measurement. By means of this method a ship's 

30 hull or the like can be monitored in order to indicate strains, but bending or 
twisting in various beam-like structures can also be revealed. 

The method according to this patent publication substantially only provides 
the opportunity of monitoring global strains, i.e. the relative strains between 
two points which form the: respective end points of the fibre optic detection 
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cable. Even though the awareness of global strains is natUrally important in 

large, dynamically-loaded structures, a more iocalized strain monitoring is 

required in order to be able to follow the development of the progress of 

stress or strain and :Q.Ot least at those individual points in a strUcture which in 

5 all probability will be more vtilnerable to str~in ~han other points, and a local 

strain monitoring will therefore be essential in' brder to maintain safety. At 

the same time data_ from a number of local· strain sensors, possibly in 

connection with one C>r more global strain sensors and a system which -records 

the forces to which the structure in its entirety is exposed, can be employed · 

10 in order to provide a complete strain history for the structure, and this can be 
. . 

done with high resolution both in the temporal and spatial domains. 

This, however, is based on the. -assumption that the strain system fulfils (-

specific t~chnical requirements which as yet have not been easy to implement 

in known, fibre optic strain measurement systems, whether they are based on 

15 phase change, interferometry or pulse time measurement. Problems with 

regard to accuracy and resolution become particularly critical if advantageous 

data from a large number of local sensors arranged in ·a very large structure, 

such as, e.g., a·large bulk carrier or a tanker, have to be collected and 

transferred to a central monitoring unit in real time. 

20 A principal object of the present invention therefore is to provide a method 

and a technology which eliminate the disadvantages of the known strain 

measurement systems and which permit continuous monitoring of forces 

which affect, for example, a ship's hull during loading, unloading and when 

underway. Thus it is a first object of the present invention to be able to 

25 monitor movements in frames and hull. During loading, unloading and when 

underway the ship's hull structure will be exposed to differerit forces and 

stresses and these will be dependent on the effect which impacts and shocks 

during loading and unloading have· on the ship's structure, and whether a 

·uniform load 'profile is maintained during loading and unloading. This i_n turn 

30 depends on whether the individual cargo holds are loaded or unloaded 

according to a fixed'plan. Movement in frames and hull will further be 

dependent on the weather conditions· when the ship is underway and whether 

the cargo shifts. 

A second object of the present invention is to monitor vibrations which occur 

35 in the ship's hull or the like due to, e.g., engine 'vibrations, vibrations as a 
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result of impact during foading and unloading, vibrations as a result of heavy 

seas when underway and general shock effects. It will be of special interest to 

be able to determine the general vibration spectrum in order, amongst other 

reasons, to avoid resonances in the hull structure, since such resonances may 

5 well lead to permanent damage to the structure. 

A third object according to the present invention is to be able to record any 

shock effects which may, amongst other things, be due to blows from 

equipment during loading and unloading, shifting of the cargo in rough seas 
or the impact of waves on the ship's side. 

10 A fourth object of the present invention is to be able to record twisting along 

the ship's longitudinal axis during operation_. In heavy seas the ship's hull can 
experience substantial twisting, while there is little knowledge as to whether 
twisting is a problem· during loading or unloading. 

A fifth object of the present invention is to be able to monitor stresses and 

15 strains caused by temperature gradients in the hull during normal service. 

Ships' plates can be exposed to substantial tensile stresses due to temperature 
gradients and it is well known that the elasticity of steel is linked to the 
temperature. 

Finally a sixth object of the present invention is to be able to record strains 
20 which are_ due to the formation of cracks, since these can affect the hull's 

rigidity and lead to changes in the stress diagrams. Such cracks can occur 
along hatches and coamings in cargo ships, while crack formation along the 
frames has been shown to be particularly dangerous~ These in turn can lead to 

a reduction in the hull's rigidity along the side and, combined with lack of 

25 maintenance, damage incurred during loading and shifting of cargo, could 

result in parts of the ship's side being smashed in and the ship bei~g wrecked. 

Maintenance of the ship is an important factor in this connection. 

30 

The above-mentioned and other objects are achieved with a method which is 

characterized by features which are presented in claims 1-8, a strain measure­

ment system which is characterized by the features which are presented in 

claims 9-18, and a temperature-compensated, polarimetric, fibre optic strain 

sensor which is characterized by the features which are presented in claims 

18-21. 
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The invention will now be explained in more detail in connection with 

embodiments of the method, the strain measurement system and the fibre 

optic strain sensor according to the invention, with reference to the attach~d 
drawing. 

5 Fig. 1 is a schematic view of the strain measurement system according to 
the invention~ · 

Fig. 2 illustrates the strain measurement system in fig. 1 installed in a 
btilk carrier. 
Fig. 3 illustrates the strain measurement system in fig. 1 installed in a 

IO tanker. 
Fig. 4 illustra.tes the principle of the strain measurement system 

. . ' 

according to the invention. 

Fig. S illu~trates the transmitter unit in the strain measurement system 
according to the invention, with equipment for calibration provided. 

15 Fig. 6 illustrates the detailed topological layout of the fibre optic cable 
network in the s~ain µieasurement system according to the invention. 
Fig. 7 illustrates the strain measurement system according to the 

invention without the use of time multiplexing. 
Fig. 8 illustrates the strain measurement system according to the 

20 invention with the use of time multiplexing. 
Fig. 9 illustrates the strain measurement system according to the 

invention with a partially time multiplexed and a partially spatial 
multiplexed strain sensor system. 

· Fig. lOa illustrates the strain sensor viewed from above. 

25 Fig. 1 Ob illustrates the strain sensor viewed from the side. 
Fig. 11 illustrates a housing for a fibre optic strain sensor according to 

' ' 

the invention, (a) illustrating the housing viewed from above, (b) the 

housing viewed from the side and ( c) the housing viewed from one end. 

Fig. 12.a is a section through the strain sensor ho~sing in fig. I la. 
30 Fig. 12b is a section through the sensor housing in· fig. l1 b. 

Figs. 13a,b,c illustrate different methods of arranging the sensor fibres 
_and a delay loop in a strain sensor 'according to the invention. 

Fig. 1 illustrates schematically the fibre optic strain measurement system 2, 
this system ·bein·g connected to a control system 1 ·which· is implemented in a 

35 central computer. The control system is also connected to a central display 

: 
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and data presentation unit 4. In addition the control system can also be 
connected to other measurement systems or sensor systems 3. - . 

Fig. 2 illustrates how the strain measurement system 2 according to the 
invention is implemented in a large bulk carrier Sa. A number of strain 

s sensors 7a are provided at specific points in the cargo holds 6, on the decks 
or on the frames. In addition there are also provided on the ship's hull global 
longitudinal strain sensors 7b for detection of global strains in the hull's 
longitudinal axis. In addition_ there is provided in the ship's bow a triaxial 
accelerometer 8 which may well be based on the same sensor types which are 

10 employed in the other strain sensors. The accelerometer 8 in the bow detects 
in three axes the accelerations to which the ship is exposed when underway. 
All the strain sensors 7 are connected via a _fibre optic cable network 9 to a 
central monitoring unit 10 on board the ship, this central unit 10 being 
simultaneously assigned to the control system 1 implemented. on a computer · 

15 in order to record and process information concerning the· dynamic state of 
the ship's hull. 

Fig. 3 illustrates the strain measurement system 2 according to the present 
invention provided in a tanker Sb, the system being arranged in a similar 
fashion to the embodiment in fig. 2. 

20 Fig. 4 illustrates the principle of the strain measurement system 2· according 
to the invention. A light source in the form of a laser 11 in. the central unit 10 
transmits an optical signal through a fibre optic cable network 9 which 
employs a polarization-maintaining fibre. In branches 12, 13, 14 of this 
network 9 there are provided optical strain sensors 7 in the form of 

25 polarimetric sensors 16. The polarimetric sensor 16 consists of an optical 
fibre 16b which 1s mechanically decoupled from the _actual hull structure, thus 
preventing it from being influenced by vibrations, strains or stresses therein, 
and a corresponding, equally long piece of fibre 16a which is mechanically 
coupled to the structure and constitutes the strain detecting fibre .. The 

30 polarization-maintaining fibre is also employed in the sensor fibres. These 
fibre optic polarimeters 16 are temperature-compensated in that they comprise 
two spliced, double refractive, optical fibres 16a, l 6b of the same type and of 
the same length. In the splice the fibres are rotated 90°, thus causing the 
phase shift between the two polarizations formed in the first fibre 16a to be 

35 reversed in the second fibre 16b, and thereby ensuring that all perturbations 
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apart from strain are cancelled in the double refractive optical fibres. This in 
tum m~ans that phase shifts caused by temperature or hydrostatic pressure in 
tum are cancelled. Since one 16a of the two fibres 16a, 16b in the 
polarimeter 16 is connected to the structure, while the other fibre 16b is 

s decoupled from strains in the structure, the strai~ will be connected to the 
optical signal which passes through the polarimeter 16, even though the other 
perturbations are cancelled out. The strain sensor 7 will advantageously 
employ the linear part of the polarimeter's response. Without external 
compensation for temperature variations the acceptable linear response range 

10 is 30° which in the embodiment can correspond to a relative strain of 2000 
µs, i.e. 2000 ppm. The output on the polarimetric strain sensors 16 is 
connected to a through-going fibre in the fib~e optic cable network 9 and 
passed to one or more detectors 17a which ~e provided in the central unit 10. ( 

A possible design of the transmitter unit 11 for the strain measurement 
15 system 2 is illustrated in fig. 5. This transmitter unit 11 first of all comprises 

the main laser or the exciting laser 11 a as shown in fig. 4. This constitutes 
the transmitter laser 11 a which supplies the optical signal to the fibre optic 
cable network 9 in the strain measurement system and preferably employs a 
high-power, highly stable, diode-pumped Nd; YAG laser. This emits at 1319 

20 nm. The laser lla can advantageously include an optical insulator (not 
shown) in order to reduce the sensitivity to feedback light. The laser will be 
in operation all the time, apart from during any calibration which may be 
performed. 

In order to calibrate the strain measurement system, as illustrated in fig. 5, an 
25 additional laser 11 b can be included which emits on an entirely different 

wavelength from the main or transmitter laser 11 a. This reference laser 11 b 
which thus works on a substantially different wavelength from the main laser 
11 a still lies within the valid wavelength range for the optical fibre which is 
used in the strain sensors 7; 16. A suitable wavelen~ for the emission can 

30 be 1250 nm. A semi~onductor laser with distributed feedback is preferably 
used as reference laser 11 b. The reference laser 11 b is connected via an 
optical coupler (not shown) and an optical fibre to an intensity reference 18 
and to a reference polarimeter 19. During calibration, as mentioned, the main 

laser 11 a is switched off, and the reference laser 11 b can be used to calibrate 
35 the operation of the main laser 11 a, including frequency shifts or mode 

jumps. Mode jumps can l.ead to errors in the measurement results from the 

' 

i 
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fibre optic strain sensors 7; 16 and the demonstration of errors during the 
measurements can be used to allow the strain measurement system to generate 
an errcJt code which is transferred to the control system. In case a time 
multiplexed detection system is chosen, a high frequency intensity modulator 

s 20 must be included between the main laser Ila and the strain sensors 7;16. 

The fibre optic network 9 is illustrated in more detail in fig. 6. The 
transmitter unit 11 and the receiver unit 17, i.e. the main laser Ila and the 
optical detectors 17a, are naturally provided as b~fore in the central unit 10. 
A branch network 9 based either on polarization-maintaining optical fibres or 

10 single-polarization fibres runs from the transmitter unit 11. Not shown optical 
couplers distribute the light to the individual branches 12, 13, 14, 15. The 
network's topology is of greater importance the greater the number of sensors. 
If only seven sensors are used, there is little difference between a ladder 
structure or tree structure wjth respect to the available optical effect. When 

15 the strain sensors 1' are based on polarimetric sensors 16 as in the present 
embodiment, .polarization maintenance will be the most critical parameter in 
the choice of the optical cable network. The optical couplers too must be 
polarization-maintaining. If the number of sensors increases, more couplers 
will also be required, in which case it will be advantageous. to use a tree 

20 structure and not a ladder structure. 

At any rate polarization-maintaining couplers and polarization-maintaining 
optical fibres should be used in a branch network. Instead of standard 
polarization-maintaining fibres, single-polarization fibres can preferably be 
used and the same type of fibre can be used as a fibre optic polarizer at the 

25 'output on each polarimetric sensor 16. An optical standard fibre can thereby 
be used in the data acquisition network which leads from the sensors 16 to 
the receiver unit 17. If the strain measurement system according to the 
invention does not employ multiplexing in the acquisition part of the network, 
this leads to lower costs. In fig. 6 the sensors 16 are shown with the fibre 

30 optic polarizer 16a, 16b and delay loops 16c provided in the actual sensor 
which is located in a not shown housing. The optical couplers can preferably 
also be provided in the sensor housing. 

. . 

The strain measurement system 2 according to the invention can employ a 
multiplexed or non-multiplexed return network, i.e. the acquisition part of the 

35 fibre optic cable network 9, or the system can comprise a partially 
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multiplexed acquisition network. A strain measurement system 2 according to 
-. ' 

the inv~ntion without time multiplexing is illustrated in fig. 7. The difference 

with a strain measurement system according to the invention substantially lies 

in systems with time i:Jlultiplexing and systems· without time multiplexing. An 

s entirely spatial multiplexed system as in fig. 7 h~s the advantage that all the 

optical power can be exploited, even though the noise problems can be 

greater than in time· multiplexed syste~s. In addition to this many individual 

receiver channels have to be calibrated and if the number of strain sensors 16 

is large, large quantities _of optical fibre are required in the cable network, 

10 thus incurring high _costs. Fig. 8 illustrates the strain measurement system 2 

according to the invention based on time multiplexing in the return network. 

This uses considerably less fibre in the cable_ network, with the result that a 

number of different sensor systems can virtually employ one standard cable. ( 

A significant advantage with the time multiplexed solution is that all the 

15 channels use the same signal processing electronics, thus giving relatively 

little deviation in the response between the indivi4ual sensors. Due to optical 

power- loss with the use of many sensors it can be advantageous to ·divide the 

strain measurement system according to the invention betwee~ several 

separate time multiplexed acquisition networks. It inay be_ advantageous to 

20 employ a combination of time multiplexing an~ spatial multiplexing, 

especially in strain measurement systems with a large number of sensors, as 

illustrated in fig'. 9. The receiver unit 17 is based on the use of photodiodes 

l 7a, preferably of the PIN type. In the receiver 17 it is advantageous to 

employ a transimpedance amplifier as an operational amplifier l 7b. 

25 Fig. 10 illustrates schematically the design ofa polarimetric, fibre optic strain 

sensor 16 according to the invention. The strain detecting fibre l 6a is 

mechanically coupied to the structure via adjustable coupler~ 20 and on one 

end of the housing 21 by a 90° splice joined to the mechanically decoupled, 

optical· fibre 16b 'which otherwise has exactly. the. same properties as the 

30 mechanically coupled optical fibre 16a. The sensor fibres 16a, 16b are placed 

in a wat~ght housing 21 which is preferably filled with a viscous liquid so 

that the fibres' acceleration sensitivity is aslow as possible. The sensor fibre~. 

l 6a, l 6b are preferably installed and attached to support plates of metal or of 

another material which is compatible with the ship's hull material. The strain-

35 sensitive fibre is naturally prestressed through the attachment to the support 

plates. 



Th~11111u1m1nr 
9 

PCT/N095/00234 W096/18866 

Fig. 11 illustrates a pra~tical embodiment of ~ sensor housing 21 for the 

polarimetric strain sensor 16 according to the invention. The sensor housing ... 
21 with the support plates for prestressing of the strain-sensitive fibre is 
rigidly connected to attachment devices 22 which can be welded or rigidly 

5 fastened in some other way to· the ship's hull at the measuring point at which 

the sensor has to be located, thereby. ensuring that stresses and strains in the 
hull are transferred to the sensor. 

Fig. 12 shows a section through the sensor housing 21 in fig. 11, viewed 

from above and from the side respectively, with the sensor device and the 
10 attachment of the sensor fibres illustrated. 

It should be understood, ·however, that even the structural design of the sensor 

housing and the arrangement of the sensor. fibres can be implemented in a 
number of different ways within the· scope of the present irtv~ntion. 

As illustrated in figures 12a and 12b, an embodiment of the polarimetric 
15 sensor 16 according to the present invention is based on a mechanical device 

which permits a purely axial displacement of two elements which are 
connected with each other by means of strain-detecting 16a and temperature­
compensating fibres 16b respectively. The sensor consists of two cylindrical 

components which form a male main part and a female main part which are 
20 fastened via a ball joint device to two bolts 22 which in tum are connected to 

a structural element in the hull at the measuring point. The elements of the 
main part can be freely displaced axially away from each other and towards 
each other as a reaction to a change in the distance between two bolts 22 
which provide attachment to the structural element. The elements of the main 

25 part are located in a protective casing and attached to each other by means of 
the fibres as described above. The strain and temperature-compensation fibres 
16b, 16a are attached via fibre fastening blocks to the main part elements. 
Adjustment of the relative distance between the main part and thereby the 

tension in the strain fibre .16a can be achieved by means .of adjustment bolts. 
30 The sensor 16 can therefore be adjusted after having been installed, thus 

obtaining a prestressing which provides a mid-stress response in the strain 
fibre 16a. After installation and calibration the sensor can thereby measure 
the axial strain in the structural element, when this element is exposed to 
various load conditions. The strain is then measured as. the distance between 

35 the supporting bolts 22 increas~s or decreases. An increase in the supporting 
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bolt distance increases the str,in in the strain fibre, while a reduction in the 

distan<a: reduces the strain. The ·actual sensor housing 21 can be filled with a 

highly viscous fluid or a gel with good heat transfer properties, thus 

improving the heat stability of the sensor. In addition, as mentioned above, 

5 this means that the sensor becomes less sensitive. to accelerations. As 

mentioned, the actual sensor hpusing 21 is desi~ed as a watertight unit and 

can therefore be exposed to unfavourable marine environments without a 

reduction in efficiency or accuracy. In the illustrated example the actual 

sensor fibres 16 have a length of approximately half a metre, but in addition 

10 as illustrated in flgures 13a,b,c, a delay loop 16c of several metres can be 

integrated in the sensor housing between the sensor fibres l 6a, l 6b and the 

output fibre. 

Basically, the strain· measurei:nent system according to the present invention · 

could als6 have been based on other types of optical strain sensors than the 

15 polarimetric sensors here preferred. For example Bragg grating sensors could 

have been used which in principle are a narrow band reflector, where the 

centre wavelength is altered when the sensor is exposed to strain. A system 

based on Bragg grating sensors ·is excited by means of a laser, but both the 

laser and the grating appear to be most suited to ·a multiplexed system, which 

20 at present is extremely expensive to implement if a large number of sensors 

require to be used. Systems based on Bragg grating sensors, however, have 

several advantages with regard to resolution and dynamic range and can 

employ a standard optical communication fibre. In addition the sensors can be 

made very small~ 

25 A further advantageous design will be a sensor in which the sensor element is 

rigidly connected to the structural element whiCh is exposed to strains, either 

directly or indirectly. It will be an advantage if the sensor is· designed in a 

small size. 

30 

35 

The strain measurement system according to the present invention could also 

be envisaged implemented by means of fibre optiC interferometers based on 

ordinary.white light. S.trains can then be recorded by means of standard 

Doppler intei:ferometrjr. However, there is a problem when using fibre optic 

interferometers that great distances between the measuring points combined 

with the· wish f~r high resolution greatly, reduces. the signal/noise ratio. It is 

· an advantage, however, that fibre optic interferometry does not require the 

J 

' 

( 
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use of a polarization-maintaining fibre, thus enabling a standard 
communication fibre to be employed in the &brc;, optic cable network. The use 
of fibre optic irite~ferometers in the strain meas~rement system according to 
the present invention can therefore be an alternative if the requirement for 

5 resolution and dynamic range is a minor consideration and if there should be 
a wish to reduce the system costs. 

The strain measurement system according to the present invention works in 
two modes, the first operating mode recording strains during loading and 
unloading and measuring all relevant strains continuously. Via the control 

10 system average strain can be displayed simultaneously on the display unit and 
updated every minute. Should unacceptable strain levels occur during loading 
and unloading, an alarm signal can be activated. In a second operating mode 
the strain measurement system according to the invention measures all 
relevant .strains continuously when the vessel is underway. A.t the same time 

15 the display unit displays a curve for average strain which, for example, is 
updated every five minutes or according to one's choice within an interval of 
1-60 minutes. A curve is also displayed simultaneously which shows the 
strain's standard deviation, and this curve can similarly be updated every five 
minutes or according to one's choice at intervals of 1-60 minutes. Should an 

20 unacceptable level of strain arise, an alarm signal can be activated. On the 
basis of given predetermined criteria, the control system can simultaneously 
record the worst strain sequences within a period of for example 20 minutes, 
i.e. strain sequences in which the strain for example is greatest or exceeds a 
predetermined threshold. Up to a hundred of these sequences can be stored in 

25 the control system. The control system will also be capable of recording 
statistics for load sequences and make these data available when it is time for 
service and inspection. Such load sequences can for example be categorised 
within a range of SOµs (relative strain in ppm) and shown in histogram form 
in an operator-defined time interval, for example day, wee~, month or year. 

30 Thus by means of the method and strain measurement system according to 
the invention a wholly continuous monitoring is obtained of the loads to 
which the vessel hull is exposed. For example av.erage strain in the last 
elapsed minute could be recorded every minute, and st~tistical parameters as 
standard deviation, top to top in the same cycle, minimum ~d maximum top, 

35 and the number of dynamic passages through zero over for example the last 5 
minutes can be recorded every 5 minutes. 
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The strain measurement system 2 will therefore be capable of monitoring the 
absolute strain to -which -the vessel or ship 5 is exposed. A triaxial 

accelerometer 8 iri the vessel's bow is -also included in the total system, and 
as mentioned this -is preferably in the -form of a fib~e- optic sensor which is 

s included in the strain sensor system. -The strain qteasmement system 2 also 
comprises an uninterrupted power supply (UPS) ~hich enables the system to 

operate for at least 20 minutes if a power cut occurs. The strain measurement 
system according to the invention should be able to be coupled to load 

computers; parti~ularly with a view to calibration purposes. If the system is 
10 inadvertently shlit down or breaks do'Wn, it will ·start up again automatically 

and continue recording. The system should als6 be capable of recalibrating all 
the strain sensors 7- against a known load· state.-·The strain measurement 

system according to- the present invention is essentially a purely optical 

15 

system, apart from the system's central monitoring Unit. Any extra electronic 
equipme~t apart frclm the central unit or the con~ol system should comply 
with standard EX regulations and be sea water.;re-sistant. 

Between the s~ain measurement system 2 and-the_control system 1 there is 
provided an interface which permits data from each strain' sensor 7; 16 for 

example to be sampled at a frequency of I 0 Hz and converted to a digital 
20 signal. The data from all the sensors· 7; 16 are then transferred sequentially to 

the control system's computer in real time and in accordance with a 
predefined protoc~l. If the data from the strain -sensors 7; 16 are not reliable, 

a separate digitafline goes fo fow, acting as a validity check. An interface 
between the control-system•and the strain measurement systein 2 is used to 

25 signal that the system should be switched on or off or to give a command for 
calibration of the' system. 

The actual control system I handles the sampled data.and decides which 

events should be stored. The control system 1 includes a real time clock and 

an uninterrupted power supply, thus giving all the data recording a correct 

30 time indication, while at the same time any- break-down of the sy~tem is 
detected and recorded. The uninterrupted power supply must be: able to run 

the real time clock until the ordinary power supply returns. The control 

system I will also monitor all incoming data in order to detect errors in the 

individual strain sensors. 

( 
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The strain meas~ement system 2 according to.:·th¢ invention is designed for a 
resolution in eac~:::Sensor element of 5 µs or right down to 2 µs, while the 
dynamic range f~r-•each sensor element should be a minimum of 2000 µs. 

Furthermore the strain measurement system 2 can handle fibre optic cable 
s lengths of up to 600 metres and at least 7 independent strain sensors and 

preferably up to 25 independent strain sensors. Furthermore the strain 
measurement system according to the present invention can record 
accelerations of at least 2 G with a cross sensitivity of less than 20 µe/G in 
all three axial directions. The strain measurement system according to the 

10 present invention should also be able to work correctly up to a minimum of S 
bar and with a cross sensitivity of not less than 40 µs/bar. If an error 
condition arises, the aim of the strain measurement system according to the 
present invention is that it should be capable of correcting itself and 
supplying correct data in the course of 5 seconds. The error condition is 

15 reported "to the control system 1 and it is a precondition that .such error 
conditions should not occur more than 5 times during one hour's operation. 
The aim is that the system according to the invention should not be out of 
operation for more than S seconds per day. It is naturally assumed that the 
system's specifications should be capable of continuous further improvement 

20 in order to keep pace with the relevant technical development. 

It should be understood that the method and the strain measurement system 
according to the present invention are not exclusively restricted to large hull 
structures for ships such as bulk carriers and tankers, but that they can 
naturally be employed on other types of ship, offshore structures or for that 

25 matter on aircraft and spaceships, as well as land-based vehicles or generally 
speaking any large structures which are continuously exposed to dynamic 

loads. 

By means of the strain measurement system according to the present 
invention load sequences and strain data can be transferred from the ship to a 

30 land-based, central data recording system, and the transfer can, e.g., be 
performed via satellite. The ·land-based system can comprise a large data base 
which can store the load and strain history of the vessel or the monitored 
object through a number of years and thereby manifest long-term tendencies 

with regard to the stresses and strains to which the vessel or ship is exposed. 
35 These data can then be used to evaluate the need for repair, replacement or 

improvements and finally also for estimating the life span of the vessel. 
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PATENT CLAIMS I lllllll llllll lllll lllll II llll 
* C L M S * 

I. A method· for continuous zn:onit?ring. of dynamic loads, including stresses 
and strains in large hull structures for vessels, e.specially in steel hulls of bulk 
carriers and tankers,. wherein there. is employed.·~ strain measurement system 

5 (2) with fibre optic cables (9) which connect optical strain sensors (7; 16) on 
various points in the bull· structure, wherein optical signals for detection of 

stresses and .strains are distributed to the strain sensors (7; 16) from an optical 
transmitter ( 11) and after passhtg through the strain sensors (7) are detected 
by one or more ()pticaldetectors (l 7a}, wherein the optical transmitter (11) 

10 and the optical detectors (17a) are provided in a central monitoring unit (10), 
and wherein the strain measurement system .(2) is connected via the central 
unit(IO) to a computer-implemented control ~ystem (l) which in tum is ( 
connected to a ~isplay and data presentation unit (4) and possibly other 
measurement systems (3), 

15 characterized ·in that in a first operating mode duri~g loading and unloading 
of the vessel the method c~inprises continuously detecting strain values by 
means of the strain se11sors,. generating by means· of the control system a 
curve which shows an avera~e strain, updating the curve at a predetermined 
time interval, displaying the generated curves on the display unit, and 

20 generating an alarm signal if the average strain exceeds a predetermined 
threshold ·which indicates an· unacceptable level of strain, and that in a second 
ope.rating mode when the vessel is underw~y ,'.the method comprises steps for 
detecting strains continuously by means of the strain sensors, generating by 
means of the control system a curve· which shows average strain and a curve 

25 which shows the strain's standard deviation respectively, updating the said 
curves at a predetermined time interval, displaying the generated curves on 
the display unit, and generating an alarm signal if the average strain exceeds 
a predetermined threshold which indicates an unacceptable level of strain. 

2. A method according to claim l, 
30 characterized by recording in the con~o_l system the strain sequence(s) which 

during a predetermined period show the highest average strain values, 
especially those 'strain sequences during which the average strain values in 
the said period exceed the predetermined threshold, or those strain sequences 
which are obtained on the basis of other predetermined criteria. 
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3. A method according to claim 2, 

characterized by generating and recording statistical data for load sequences 
on the .. basis of the recorded strain sequences, the statistical data being made 
accessible in accordance with fixed service intervals. 

s 4. A method according to claim 3, 
characterized in that the load sequences are categorised in a relative strain 
range of 50 µs where µs constitutes I ppm, and is shown in histogram form 
in an operator-defined time interval, for example day/week/month/year. 

5. A method according to one of the preceding claims, 
10 characterized in that the detected strain values are sampled at a predetermined 

frequency and converted to digital data. 

6. A method·according to claim 5, 
characterized in that the digital data are transferred sequentially to the control 
system's computer according to a predetermined protocol, the data transfer 

15 taking place in real time. · 

7. A method according to claim l, 
characterized in that the curve for average strain in the first operating mode is 
updated at an interval of one minute. 

8. A method a~cording to claim l, 
20 characterized in that the curve for average strain in the second operating 

mode is updated at an interval of 1-60 minutes, preferably every five minutes. 

9. · A strain measurement system (2) for implementation of the method 
according to claims 1-8, comprising an optical transmitter unit ( 11 ), an 
optical receiver unit (17) and a fibre optic cable network (9), wherein the 

25 transmitter unit ( 11) and the receiver unit ( 17) are provided in a central 
monitoring unit (10) which is connected via an interface to a computer­
implemented control system (1) which·in tum is connected to a display and 
data presentation unit ( 4 ), together with other possible measurement systems 
(3), 

30 characterized in that the optical transmitter unit ( 11) comprises at least one 
first laser (l la) which supplies an optical signal to the fibre optic cable 
network (9), that the receiver unit ( 17) comprises an optical detection system 

Th~li1in1m1nr 
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with one or more optical detectors ( 17 a), that at a number of desired local 
measuring points there is provided a respective fibre optic strain sensor (l 7a), 
the fibre optic strain sensors each being connected via the· fibre optic cable 
network (9) with the optical transmitter unit (ll) and the optical receiver unit 

5 ( 17), and that in the fibre optic cable network (~) there are also provided 
several global longitudinal strain sensors (7b ). 

10. A system according to claim 9, 
characterized in that the fibre optic· cable network (9) is composed of 
polarization-maintaining optical fibres, that the cable network (9) forms a 

10 branched network, polarization-maintaining fibre optic couplers being 
provided for the branch (12, 13, 14, 15), and that in each branch in the 
network at a desired measuring· point there. is provided a fibre optic 
polarimeter ( 16) which constitutes the fibre optic strain sensor (7). 

11. A system according to claim l 0, . . 
15 characterized in that the detection system is time multiplexed, there being 

provided on the output of the laser ( 11 a) in the transmitter unit ( 11) and a 
high frequency optical intensity modulator (20), and that natural delays are 
employed in the fibre optic cable network (9) and/or special delays ( l 6c) are 
provided in the network (9). 

20 12. A system according to claim 10, 
characterized in that the detection system ( 17) is a combined time multiplexed 
and spatial multiplexed system, there being provided· on the. output from the 
laser (1 la) in the transmitter unit (11) a high frequency optical intensity 
modulator (20), and that natural delays are employed in the optical cable 

25 network (9), and/or special delays ( 16c) are provided in the network (9). 

13. A srstem according to claim 10, 
characterized in that it comprises a triaxial accelero~eter (8) provided in the 

vessel's bow. 

14. A system according to claim 13, 
30 characterized in that the accelerometer (8) is a polarimetric, fibre optic sensor 

which is coupled to the fibre optic cable network which connects the other 

strain sensors (7). 

·I • 
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15. A system according to claim 10, 

characterized in ~~.~t. as polarization-maintaining optical fibres there are 
employed single:polarization fibres, these fibres being used both in the 

optical cable network (9) and in the strain sensors (7). 

5 16. A system according to claim~' 
characterized in that the transmitter unit (11) comprises a high-power, highly 

stable diode-pumped Nd; YAO laser which emits at 319 nm. 

17. A system according to claim 10, 

characterized in that for calibration of the strain system (2) in the transmitter 

10 unit (11) there is provided a reference laser (I lb), preferably in the form of a 

semiconductor laser with distributed feedback (DFB laser), optical couplers 

and an intensity reference ( 18) and a reference polarimeter ( 19), the intensity 

reference arid the reference .polarimeter being connected to t~e· reference laser 

( 11 b) via a polarization-maintaining optical fibre. 

IS 18. A system according to claim 9, 

characterized in that the fibre optic strain sensor (7; 16) is a temperature­

compensated, polarimetric strain sensor, that the strain sensor (7; 16) 
comprises a first, double refractive, polarization-maintaining optical fibre 

(16a) and a second, double refractive, polarization-maintaining optical fibre 

20 (I 6b) of the same type and length as the first fibre, that the first optical fibre 

(16a) is mechanically coupled to a measuring point which is exposed to 

strain, that the second optical fibre ( l 6b) is provided decoupled from any 

mechanical strain, and that the first and the second optical fibres ( 16a, l 6b) 
are spliced together with a rotation of 90° between the two fibres in the 

25 splice, the phase shift between the two polarizations in the first fibre being 

reversed in the second fibre. 

19. A systeni according to claim 18, 

characterized in that the first and second optical fibres ( l 6a, l 6b) are single­

polarization fibres with an extinction ratio of at least 40 db. 

30 20. A system according to claim 18, 
characterized in that on the output from the sensor element ( 16) the optical 

fibre is provided in the form of one or more delay loops ( 16c ). 
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21. A system according to claim 18, 

characterized in that a standard fibre is provided as output fibre (23) from the - .. 

sensor ( 16) to the detection ·system ( 17). 

22. A temperature-compensated, polarimetric, optical strain sensor for use in 
' s a strain measurement system according to claims 9-21, wherein the strain 

sensor (7; 16) comprises a first, double refractive, polarization-maintaining 

optical fibre ( 16a) and a second double refra¢tiv~, polarization-maintaining 

optical fibre (16b) of the same type and length as the first fibre, wherein the 

first optical fibre (16a) is mechanically:coupled to a measuring point which is 

10 exposed to strain, wherein the second optical· fibre (I 6b) is provided 

decoupled from any mechanical strain, and wherein the first and the second 

optical fibres (16a, 16b) are spliced togeth~r with a rotation of 90° between f 
the two fibres in the splice, the phase shift between the two polarizations in 

the first fibre (l6a) being reversed in the second fibre (16b),, 

15 characterized in that th·e strain sensor (7, 16) is connected to a coupling ele­

ment (20), the coupling element being rigidly connected via at least two 

mechanical attachment points (22) in abutment with a structural part which is 

exposed to strains produced by the mechanical loads which have to. be 

monitored, that a sensor element which is formed by a section of the first 

20 optical fibre ( l 6a), for detection of strains is provided in sensor tubes which 

pass through a support part of the coupling element (20), and that the sensor 

element is secured in the sensor tube in such a manner that the detached 

section of the sensor element provides between its securing points a 

measuring distance which is substantially smaller than the distance between 

25 the coupling element's attachment points on the structural part. 

23. An optical strain sensor according to ·claim 22, 

characterized in that the coupling element· (20) is in the form of a yoke, the 

arms and crossbeams of the yoke constituting the yoke's main part, that one 

end of the support part is rigidly attached to the yoke's crossbeam and 

30 extends freely parallel to and between the arms of the yoke and past them to 

a free end, and that the yoke's crossbeam and support part are divided by an 

open gap which is located orthogonally on the yoke's plane and extends along 

the support part's longitudinal axis towards the support part's· free end, and 

that the sensor tube passes through. the support part near the end of the gap · 

35 beyond the end of the yoke's arms and is located orthogonally on the support 

part's longitudinal axis, in such a manner that the sensor tube's longitudinal 

-it1i1111nr · 
;? 
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axis is located in the yoke's plane and parallel to the connecting line between 
the coupling element's (20) attachment points. 

24. An optical strain sensor according to claim 23, 

characterized in that the coupling element (20) is mechanically rigidly 

s connected to the structural part via two spring-tensioned anchor bolts (22) 

which pass respectively through the arms of the yoke, and abut against the 

foundation formed by the structural part with clearance thereto via preferably 

conical pins of a material with low heat conducting properties provided on 

the arms of the yoke. 

1 o 25. An optical strain sensor according to claim 23, 

characterized in that the end of the sensor tlibe is rigidly attached to the 

support part on each side of the gap by means of electron beam.welding. 

26. An optical strain sensor according to claim 22, 

characterized in that the sensor element (16a) is secured in the sensor tube by 

15 gluing, preferably by means of a capillary glue. 

27. An optical strain sensor according to claim 22, 

characterized in that the temperature-compensating element formed by a 
section of the second optical _fibre (16b) and decoupled from the mechanical 

strain, is provided outside the coupling element, the splice with a rotation of 

20 90° between the first and second optical fibres ( 16a, 16b) being located 

between the sensor element (16a) and the temperature-compensating element 
( 16b ), preferably in such a manner that the sensor element ( 16a) and the 
temperature-compensating element ( l 6b) are symmetrically arranged in 
relation to each other about the splice, and that a temperature-compensating 

25 element ( 16b) is secured in a sensor tube of the same type as the sensor tube 

for the sensor element, in such a manner that the distance between the 

temperature-compensating element's ( 16b) attachment points is equal to the 

sensor element's (16a) measuring distance. 


