


➢ The structural health monitoring is a wide and fast developing area of 

engineering showing multiple developments and applications. One of them 

is the development and application of the Advisory Monitoring System 

(AMS) which is taking place within the Monitas Joint Industry Project led 

by MARIN. The AMS, referred to as the Monitas system, controls the fatigue 

lifetime consumption of FPSO hulls. 

➢ The Monitas system shows and advises on fatigue lifetime consumption 

based on the fatigue design data, fatigue design tool, the monitoring data 

of global and local stresses, vessel motions, and the environmental and 

operational conditions. 

➢ The Monitas system is an active system. It requires sensors, cabling, 

power, data acquisition systems and the Monitas software that translates 

Gigabytes of data into a concise advisory including explanation of possible 

differences between the design and actual fatigue lifetime consumption. In 

this respect the Monitas system advances the conventional Hull Monitoring 

Systems (HMSs) which are specified in present rules of different Class 

Societies. This is because the information provided by a HMS can at best 

be restricted to the value of fatigue lifetime consumption without exploring 

possible differences from the design values. 





Fatigue Monitoring System for Ships:

Hull structure's fatigue life monitoring system using fatigue 

sensors

Fatigue Damage Sensor
➢ Kawasaki Heavy Industries, Ltd. developed a compact and highly sensitive 

sensor, Fatigue Damage Sensor (FDS), which can be attached for fatigue 

damage monitoring in the vicinity of welding parts of structures exposed to 

fluctuating loads.

➢ On FDS, crack will propagate from the initial notch after receiving 

fluctuating strains on the structural members. The fatigue damage can be 

monitored by measuring its crack length on FDS using the fundamental 

characteristic of FDS; its crack growth rate is always constant 

independent of its crack length against the same strain fluctuating ranges. 

More accuracy results will be anticipated as compact Kawasaki FDS can 

be attached on the stress concentrating areas as close as possible.

➢ Comparing to the fatigue damage evaluation method by strain 

gauges, monitoring method by FDS is a simple and easy one with 

low-price. FDS application is growing day by day throughout 

bridges, rolling stocks, and so on in addition to ships.



➢ Ship-Tanker fatigue cracking has caused concern for the entire 

marine industry including operators, regulators and classification 

societies. In response to this concern, various researchers have 

been developing improved means for evaluating structural 

fatigue. 

➢ The developed model a practical rationally-based fatigue design 

method which is sufficiently rapid and efficient to be a part of 

preliminary structural design. This is important because if 

fatigue is not adequately addressed at this stage, no amount of 

detail design will be able to correct or makeup for this 

inadequacy. 

➢ The method consists of five basic steps: specifying a realistic 

wave environment, generating a hydrodynamic ship-wave 

interaction model, computing cyclic nominal stress due to waves 

and ship motions, using S-N data to predict fatigue life, and using 

structural optimization to resize the scantlings such that the 

desired fatigue life is obtained.





➢ Fatigue Damage Sensor was developed by 

KAWASAKI-JP. The Fatigue Damage 

Sensor (FDS) is shown in Figure FDS. It 

consists of sensing foil which is thinner in 

the central section in order to amplify 

strains. In the middle of this section an 

initial notch is introduced. 

➢ When the FDS is attached to a structure it 

feels the same strain variations (albeit, 

amplified) as the structure and 

consequently a fatigue crack initiates and 

propagates from the notch tip depending 

on number and level of strain cycles. 

➢ The crack propagation rate is relatively 

independent of the crack length. The 

crack length is proportional to the 

accumulated fatigue damage in the 

structure during the period after the 

sensor installation; hence the crack 

length is inversely proportional to the 

fatigue lifetime consumption. 



➢ This newly proposed fatigue life 

evaluation procedure using obtained 

factors is checked by comparison 

results of fatigue tests for a large 

structural model on which FDSs and 

strain gauges are provided 

simultaneously and to which random 

loads by assumption of storm patterns 

are applied under various mean stress 

levels. Practical application results of 

the FDS for an LNG Carrier for 5-year 

operation are discussed.

➢ A proactive safety management system 

for ship structures that quantifies the 

aging effect such as fatigue and 

corrosion on ship structural integrity, 

Hull Aging Management System (HAMS), 

is proposed as a new approach to the 

ship’s structural surveys that have 

conventionally been done according to a 

more passive management system. 



➢ In a proposed fatigue management system called the ‘Hull Fatigue 

Management System’ (HFMS) using Fatigue Damage Sensors (FDSs), it is 

an important problem to improve the prediction accuracy of hull fatigue 

life using the FDSs. 

➢ The characteristics of the FDSs that are in use for fatigue life evaluation 

by monitoring structural members in ship structures are discussed in 

order to improve the prediction accuracy of fatigue life exposed to random 

wave loads such as storms under various loading conditions peculiar to 

ship structures. Factors affected by random loading against constant-

amplitude loading and mean stress levels are introduced for the 

evaluation procedure using FDSs and confirmed by a series of fatigue 

testing and numerical simulations. 





➢ Elements and Factors of Fatigue Design 

for Ships

➢ Identify all the Fatigue Critical HOT 

SPOTS in STRUCTURES 

➢ Install Fatigue Damage Sensors in 

order to monitor the RESIDUAL 

FATIGUE STRENGTH



Fatigue Critical HOT SPOTS in SHIP 

STRUCTURES for the applications 

of fatigue damage sensors FDS in 

order to monitor the RESIDUAL 

FATIGUE STRENGTH or 

CUMULATIVE FATIGUE DAMAGE 

INDEX



FATIGUE DAMAGE SENSOR-FDS APPLICATIONS FOR LNG CARRIERS



➢ The FDS-KAWASAKI-JP sensor has been developed by Kawasaki. It is a 

passive sensor similar in size and installation to a conventional strain 

gauge. After the installation the sensor feels strains of the structure. 

These strains develop a crack in the sensor. The crack length is a 

measure of fatigue lifetime consumption. 

➢ This paper describes the sensor and compares its readings with 

conventional fatigue assessment methods based on the rain-flow counting 

of measured strains. 

➢ This presentation focuses on the first successful application of FDS to an 

FPSO. In general, the FDS is applicable to any structure. However, for the 

FPSO application the sensor has to be calibrated in order to take into 

account the characteristic stochastic nature of fatigue loading of marine 

structures subjected to action of waves. The beauty of the sensor is its 

simplicity and low cost. 

➢ The disadvantage is that the crack length has to be read periodically. The 

presentation demonstrates that the FDS gives reliable results and is very 

attractive for direct assessment of fatigue lifetime consumption of vital 

structural elements of FPSOs. It gives guidance on application of FDS 

including preferred locations, installation procedure, and number of 

sensors per location and reading procedure. 



➢ The fatigue lifetime evaluation using the FDS is explained in Figure FDS. 

➢ First the sensor is installed. Then, after a certain time period the crack 

length, Δa, is measured. This corresponds to the fatigue damage, Ds, 

accumulated in the FDS. 

➢ The relationship between Δa and Ds is known from laboratory tests of 

FDSs only. Finally, the accumulated fatigue damage in the welded joint, 

Dw, is estimated based on the relation between Ds and Dw. This relation is 

obtained from laboratory tests of FDSs applied on welded joints. 



➢ The fatigue lifetime evaluation 

using the FDS is explained in 

Figure FDS. 

➢ First the sensor is installed. Then, 

after a certain time period the 

crack length, Δa, is measured. 

This corresponds to the fatigue 

damage, Ds, accumulated in the 

FDS. 

➢ The relationship between Δa and 

Ds is known from laboratory tests 

of FDSs only. Finally, the 

accumulated fatigue damage in 

the welded joint, Dw, is estimated 

based on the relation between Ds 

and Dw. This relation is obtained 

from laboratory tests of FDSs 

applied on welded joints. 



FATIGUE SENSOR APPLICATIONS
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 Kawasaki FDS is applicable to various 

steel structures

DISTRIBUTED 

SENSOR NETWORK 

FOR TANKER-SHIP 

SHM SYSTEM.   

FATIGUE SENSOR 

APPLICATIONS TO 

SHIPS: Fatigue 

sensitive regions, 

locations under high 

loads, predetermined 

and formerly known-

experienced spots on 

the structures and 

mechanical 

components such as 

Riveted, Bolted and 

Hole Type 

Connections etc..









The CrackFirstTM fatigue monitoring.

➢ Strainstall have been commissioned to install CrackFirstTM onto an 

INF 2 classified, multi-purpose cargo vessel.

➢ Strainstall have fitted four of its CrackFirstTM sensors onto the 

Atlantic Osprey cargo vessel operated by the International Nuclear 

Services (INS). Accurately measuring cumulative fatigue in the 

vessel's hull it ensures operational efficiency is optimised.



How it works:

CrackFirstTM is designed for use in welded steel 

structures. Consisting of a thin shim of material with a 

manufactured pre-crack at its centre, it is attached to 

the target structure close to a critical joint. Under the 

action of cyclic stress, the pre-crack extends in 

proportion to the cumulative fatigue damage for a 

welded joint subject to the same loading. The 

condition of the sensor then indicates the amount of 

design life consumed in the adjacent weld. This allows 

for maintenance to be determined by component 

usage rather than time so preventing unnecessary or 

tardy replacement work.

Optimising operational efficiency in this way, our 

system helps to ensure that this INF 2 classified vessel 

continues to transport its cargo of nuclear and non-

nuclear materials unhindered by cumulative fatigue 

damage.



The CrackFirst sensor system is ideal for use by all industries in which 

fatigue of steel welded structures presents a structural performance 

concern.

At the heart of the CrackFirst system is a fatigue sensor, which, when 

installed on a welded steel structure, indicates the portion of the design 

life that's been consumed and enables engineers to estimate its remaining 

life. The sensors, when suitably located, are subjected to the same loading 

history as the structure and provide an accurate record of cumulative weld 

fatigue damage.

The sensor comprises a steel coupon attached adjacent to a critical joint. 

Stress cycles cause fatigue crack growth in the coupon that is detected 

electrically. For a typical fillet welded joint the sensor output gives the 

proportion of the fatigue design life that has been used.

The CrackFirst system was developed through the collaboration of TWI Ltd, 

FMB, Micro Circuit Engineering Ltd, UMIST and Caterpillar Peterlee (a 

division of Caterpillar (UK) Ltd) in a project funded by the DTI's LINKSensor

and Sensor Systems for Industrial Applications programme.

The CrackFirst system is currently licensed by Strainstall, through whom 

the sensor system is available to end users.

http://www.strainstall.com/


➢ The CrackFirst TM is a new type passive fatigue damage sensor developed 

for fatigue critical locations pinned, welded or other stress concentration 

joints in steel structures. 

➢ The sensor, which comprises a small steel shim containing a pre-crack, is 

attached adjacent to a critical weld detail. Under the action of cyclic 

stress in the member to which it is attached, the crack in the sensor 

extends by fatigue, giving rise to a change in the electrical output of the 

sensor. 

➢ Interpretation of the output allows the cumulative damage in the target 

joint to be estimated, providing valuable information for assessing the safe 

remaining life of the structure.

➢ In order to assess the sensor's suitability for application to ship structures, 

a series of fatigue tests was conducted on steel plate specimens 

incorporating transverse welded stiffeners, with sensors attached adjacent 

to the welded joint. 

➢ The specimens were fatigue tested to failure under constant amplitude 

loading in air. Sensor performance was compared with the fatigue test 

results for the joints and with the Class F fatigue design curve in UK design 

codes. The results demonstrate that the fatigue sensor system is suitable 

for fatigue critical joints (including welded) in steel and is capable of 

providing advance warning of the rate at which the design life is being 

consumed.





➢ The results obtained demonstrated that the sensors performed well in 

laboratory tests. It was established that the electrical output of the 

sensor system changed reliably throughout its life in twelve steps, Fig.s. 

As indicated in Fig., failure of the final sensor track, i.e. the twelfth step 

change in its electrical output, corresponded closely with the Class F 

design S-N curve. In a structural monitoring application, with the sensor 

installed adjacent to a Class F detail, the twelfth step change in output 

would indicate that the structure or component had reached the end of 

its design life. 

➢ At this point various actions could be considered, such as inspection 

and repair if necessary, increasing the frequency of inspection, retiring 

the structure from service or modifying the loading, etc. Since the 

sensor output is related only to the cumulative applied loading, it is not 

an indication of the condition of the joint itself. The target joint may or 

may not show evidence of cracking; the joints tested here survived 

significantly beyond the Class F design endurance (see Table). In 

applications where the decision is taken to extend the life, the failed 

sensor could be replaced to allow monitoring to continue.



➢ Because of the difference in angular misalignments, the metal-cored arc 

welded specimens experienced higher bending stresses than the HLA 

welded specimens. When plotted in terms of the local stress range at the 

sensor, Fig., it appears that sensors attached to the metal-cored arc 

welded joints had slightly greater endurance than sensors on the HLA 

welded joints. This suggests that the performance of the sensor, to some 

degree, depends on the loading mode. In situations where bending stress 

constitutes a large proportion in the total stress range the sensor life may 

exceed the Class F design curve, in which case, it may be cautious to 

base assessment on the life to separation of the eleventh track.

➢ As discussed earlier, successful application of sensors to a structure will 

require knowledge of the fatigue design, critical locations, stress 

direction, etc. In general, the requirements are similar to those for 

monitoring systems based on strain measurement, except that details of 

peak stress magnitudes and cyclic frequency are not required. Sensors 

should ideally be aligned with the direction of maximum stress range, so 

that cracking progresses straight across the sensor shim; however, the 

design allows for some deviation from the correct angle without loss of 

sensitivity. The physical dimensions of the sensor prevent its application 

to very small components.



5. Conclusions

All sensors failed before the test specimens to 

which they were attached indicating that the 

sensors could be used to predict the failure.

The sensor had a fatigue characteristic similar 

to the Class F design curve of BS 7608, and an 

approximately linear response to the number of 

cycles at a given stress range.

The sensor provided a reliable and sequential 

indication of design fatigue life consumed under 

cyclic loading.

Sensor attachment to the structure by a 

combination of CDW studs and epoxy resin 

adhesive gave satisfactory performance.

The fatigue endurance of the sensor, to some 

degree, depended on the loading mode. Sensors 

mounted on specimens subjected to a higher 

degree of bending stress gave marginally longer 

lives.



➢ The CrackFirst™is a fatigue sensor system for welded joints in steel 

structures, capable of providing advance warning of the rate at which the 

design life is being consumed.

➢ The CrackFirst™ sensor was designed for welded steel structures and 

patented in 1990. It consists of a thin shim of material attached to the 

target structure close to a critical joint. Under the action of cyclic stress in 

the structure, a fatigue pre-crack at the center of the shim, introduced 

during manufacture, extends by fatigue crack growth. 

➢ The sensor design is such that the extent of crack growth in the shim is 

proportional to the cumulative fatigue damage for a welded joint subjected 

to the same loading. In other words, the condition of the sensor indicates 

how much of the design life of the adjacent weld has expired and how 

much remains.



➢ There are several methods of powering and interrogating the 

sensor, which are based on the clients requirements.

➢ The simplest method is to interrogate the sensor using a 

multimeter. There is a known relationship between electrical 

resistance and crack length.

➢ For remote location or more frequent checking, an on-board 

electronics unit regularly checks the sensor status and records in 

memory the date/time of each crack increment.

➢ Sensor data can be downloaded to a laptop PC via a wireless link 

or to a datalogger.

➢ The power can be obtained from an on-board battery, a remote 

battery pack, the vehicles power or from a mains supply.



➢ The sensor comprises a steel shim 0.25mm 

thick, with openings at each end, and a central 

slit which acts as a starter notch for fatigue 

pre-cracking. 

➢ It can be installed 10mm from the toe of a weld 

and is attached to a structure by a combination 

of threaded studs and adhesive bonding. 

➢ In order to protect the sensor and the on-board 

electronics from mechanical damage and 

corrosion, a sealed enclosure is fitted over the 

entire installation area.

➢ The sensor is prestressed after installation 

using the rig shown in previous Figures. Data is 

expressed as a percentage of the design life for 

the appropriate joint class according to BS 

7608.

➢ The CrackFirst™ system was developed through 

the collaboration of TWI Ltd, FBM, Micro Circuit 

Engineering Ltd, UMIST and Caterpillar Peterlee 

(a division of Caterpillar (UK) Ltd) in a project 

funded by the DTI's LINK Sensor and Sensor 

Systems for Industrial Applications Programme





Fatigue sensitive regions, 

locations under high loads, 

predetermined and formerly 

known-experienced spots on the 

structures and mechanical 

components such as Welded, 

Riveted, Bolted and Hole Type 

Connections etc..









Identify all the Fatigue Critical 

HOT SPOTS in STRUCTURES for 

the applications of Smart fatigue 

damage sensors in order to 

monitor the RESIDUAL FATIGUE 

STRENGTH















FATIGUE SENSOR (PATENT N0. US 8,746,077 B2)





































Wireless Enabled SHM-RFID-IoT Smart Fatigue Damage Sensor Network


