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Abstract: Ocean platforms that are under complex sea conditions and loads for long periods are prone
to fatigue cracks. These cracks may lead to large deformations, even displacement, of the platform,
and should be monitored to ensure engineering safety. Cracks are not easily detected in the micro
stage and small levels of strain measurement are required to ensure high accuracy. Furthermore,
cracks are prone to suddenly developing into large deformations, especially in structural connections
in practical engineering. This study developed a novel adaptive range strain sensor for structural
crack monitoring that can monitor the whole structural crack propagation process in ocean platforms.
The strain sensor is used for micro deformation monitoring through its fiber Bragg grating (FBG)
sensor with high sensitivity. The sensor can automatically adapt to crack fractures and provide
warnings through an STM32 single-chip microcomputer (SCM) system when the structure suddenly
cracks, causing large deformation. The experimental results demonstrate that the device has high
precision in micro measurement with the ability to capture structural fractures. The field application
shows the high strain sensitivity of the sensor in crack monitoring, which indicates that the adaptive
range strain sensor is suitable for the structural crack monitoring of ocean platforms.

Keywords: ocean platforms; crack monitoring; strain sensor; fiber Bragg grating (FBG); adap-
tive range

1. Introduction

Cracks are prone to occurring when ocean platforms are subjected to complex environ-
mental loads for long periods [1,2]. Crack propagation is defined as a dynamic process of
crack growth under the action of external factors that reduces the stability of engineering
structures and jeopardizes engineering safety [3,4]. Currently, the aging platforms that
are in service have great potential security hazards due to fatigue cracks. As shown in
Figure 1, one platform reported that cracks were found in the connection between the added
horizontal truss. The crack propagation caused buckling deformation, which reduced the
bearing capacity of the vertical column connected with the middle longitudinal bulkhead
joint. The cracks in the four corners of the front and rear end walls of the living building
had slowly expanded compared with several years prior. The above description indicates
that crack monitoring is needed to provide safety warnings and damage diagnoses for
ocean platforms.

As shown in Figure 2, finite element modeling of the living floor area was carried
out according to the physical model of the platform. The model was simulated to various
load conditions according to the environmental data, such as winds, waves and currents.
The simulation results show that crack propagation is most obvious in the corner of the
living building, which is consistent with the trend of the physical model. According to the
data analysis, the whole crack process from germination to fracture demonstrates that it is
essential for both the micro deformation of crack propagation and the large displacement
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of crack failure to be identified and monitored in real-time, as this can provide an early
warning for ocean platforms when cracks are about to occur or abruptly enlarge, ensuring
platform security [5,6].

Figure 1. Cracks of an ocean platform.

Figure 2. Finite element simulation.

Cracks as a mechanical phenomenon cause great strain or even displacement when
they propagate. Essentially, a crack can be monitored by strain or displacement measure-
ment. With the development of science and technology, there have been increasingly more
methods applied to monitor structural cracks [7–10]. The piezoelectric effect refers to
the deformation of a piezoelectric body caused by an external mechanical force or elec-
tric field. Currently, piezoelectric sensors created with an inherent mechanical–electrical
coupling effect are usually used in structural monitoring. Arun Narayanan [11] used a
surface-mounted lead zirconate titanate (PZT) patch to detect stress-induced damage in
concrete substrates in the form of cracks. Zhang et al. [12] proposed using piezoelectric
smart aggregates to monitor and evaluate the repair quality of concrete cracks by em-
bedding them in concrete structures based on their encapsulation properties. Acoustic
emission technology refers to the technology of dynamic nondestructive testing of ma-
terials or components by receiving acoustic emission signals. Wolf et al. [13] proposed
an embedded ultrasonic sensor to detect cracks in concrete that can detect and ascertain
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crack propagation before it is visible on the surface of the concrete. M.U. et al. [14] pro-
posed a new method of semiconductor layer role shaping to achieve crack generation
and detection based on acoustic emission testing. Compared with the confirmed optical
detection method, the results showed that the method has good repeatability. The piezore-
sistive strain gauges and non-invasive optical methods [15,16] have also been used for
structural health monitoring (SHM). Wu et al. [17] proposed a novel and facile strategy to
manufacture highly micro channel crack-based gold@PU sponge piezoresistive material,
which makes these fabricated sensors capable of monitoring both tiny and large human
motions. In addition, optical fiber sensing technology is widely used in structural defor-
mation and crack monitoring due to its high precision, low loss and anti-electromagnetic
interference advantages [18–20]. Song et al. [21] proposed a grating coated sensor for metal
crack detection, and its quantitative crack detection ability was verified by fatigue crack
monitoring experiments. Wan et al. [22] applied distributed optical fiber sensing technol-
ogy to mixed-mode crack monitoring. The crack opening and shear displacement were
obtained at an angle greater than 90◦ based on the principle that the bending loss of optical
fiber intersects the open crack. Han et al. [23] proposed a short-range Brillouin optical
fiber sensor that achieves early crack detection and accurate crack width measurement
through a Brillouin basic analyzer. Olson et al. [24] proposed a sensing concept based on
optical fiber bending loss, obtained the relationship between signal loss and crack opening
through experiments with multimode optical fiber, and established a model of power
loss and crack opening. The test results were consistent with the theoretical prediction.
Rodriguez et al. [25] applied a distributed optical fiber sensor (DOFS) to the shear crack
characteristics of concrete elements: monitoring, localization and quantification of shear
damage. The experimental data were obtained using an optical backscatter reflectometer
(OBR), and a complete crack morphology map was drawn based on its high spatial res-
olution and sensitivity. Ang é Lica M. [26] applied the group delay behavior of chirped
FBG to detect and characterize cracks in materials, and determined the crack location
through linear chirp. The preliminary results were in good agreement with the simulation
results through experimental verification. Bernasconi et al. [27] applied an equidistant
sensor array to fatigue crack research of the bonded joint of thick composite laminates
by embedding an FBG sensor into the composite structure. Dong, L. et al. [28] applied a
tapered polymer fiber sensor (TPFS) to the crack detection testing of concrete beams, and
they measured the deflection of the concrete beams with a linear variable differential sensor
(LVDT). A four-point loading test was applied to several samples to evaluate the sensor’s
ability to monitor the beam deflection and crack, indicating that TPFSs can be used for
post-crack detection.

From the literature review, it can be seen that the monitoring techniques mentioned
above have their own advantages for crack monitoring, but each method has its limitations
in specific application environments. For example, noise interference should be avoided
when using piezoelectric sensor and acoustic emission technology as it reduces the measure-
ment accuracy. Due to its explosion-proof and stability advantages, fiber optic sensors can
be applied to offshore platforms in environments with long-term sun exposure, salt spray,
high humidity and so on. Hiroshi et al. [29] proved through experimental analysis that
the FBG sensor can determine the crack tip location more accurately than the piezoelectric
sensor and others. Offshore platforms are complex rigid structures that require high strain
sensitivity for deformation monitoring. Distributed optical fiber sensing technology has a
wide measurement range, but the measurement accuracy in a single point is relatively low.
Currently, the difficulty with crack monitoring is that high sensitivity is needed in the micro
deformation stage and a large range is needed in the failure stage for the locally critical
areas of ocean platforms. Therefore, single-point measurement of high precision should
be used in the key area of concern. Then, the quasi-distributed measurement is formed by
concatenating multiple points around the key area to monitor structural damage.

In this paper, a novel adaptive range strain sensor for structural cracks is developed to
achieve crack propagation monitoring based on FBG sensing technology and by applying
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embedded technology. The sensor monitors the micro deformation of the structure using
FBG, which has high strain sensitivity. The SCM system conducts real-time data processing
and gives warnings when the displacement reaches the monitoring threshold. Both the
micro deformation and the fractured displacement of the crack can be measured by the
sensor in this way. The outline of this paper is as follows: first, the design and the sensing
principle of the sensor are introduced. Then, the detailed packaging process of the sensor
and the construction of the SCM system are presented. The ability of the sensor is then
demonstrated by monitoring the standard specimens with cracks to measure the overall
process of crack propagation. Finally, the adaptive range strain sensor is applied to the
field measurement of an ocean platform, which verifies the feasibility of its application for
crack monitoring.

2. Design and Sensing Principle

Cracks can be divided into three types: open type (type I), sliding type (type II) and
tearing type (type III) [30,31], with regard to the form of the mechanical characteristics or
the propagation direction. The propagation of a crack is divided into the initial stage, the
propagation stage and the instability stage. The deformation is micro in the initial stage and
the opening displacement is similar to the micro stage. The crack tip opening displacement
caused by fatigue may be enlarged suddenly when the structure is subjected to an extreme
external load or a long-term alternating load, which leads to large deformation and causes
the strain variation to exceed the micro strain variation. In order to ensure the safety of
offshore platforms, it is necessary to monitor the whole process of crack propagation. The
crack propagation mode and failure rate are shown in Figure 3.

Figure 3. The crack propagation mode and failure monitoring.

Traditional strain or displacement sensors are vulnerable to tensile failure when large
deformation occurs induced by crack enlargement. It is very important to design a type of
sensor that can accurately monitor the micro deformation of structural cracks and provide
an early warning of structural cracking. This paper proposes a novel sensor for solving
such a problem, and its principle of adaptive range switching is shown in Figure 4.

Figure 4. The crack monitoring and mode switching of adaptive range strain sensor.
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2.1. Schematic Design of the Sensor

As shown in Figure 5 the structure consists of two supports, a steel pipe, a spring,
piston and an FBG sensor located between two fixed supports. The supports are used to
clamp and fix. The end of the steel pipe is fixed onto one of the fixed supports, while the
inner part of the other end is used to insert the piston. The spring is placed inside the
steel pipe, one end is fixedly connected with the steel pipe, and the other end is fixedly
connected with the piston. The piston has a through-line hole in the middle for the optical
fiber to pass through. The piston is embedded inside the steel pipe through friction with
the inner wall of the steel pipe. The through-line hole is cemented with the optical fiber as
one end of the FBG sensor fulcrum. The other end of the FBG sensor is consolidated with
the fixed support as its second fulcrum. The FBG grid area within the two supports is used
to monitor the strain deformation of the structure surface.

Figure 5. Schematic diagram of sensor structure.

Each part of the adaptive range strain sensor is composed and carried out based on the
design and sensing principle. The FBG sensor is encapsulated by a 2.5 mm diameter steel
pipe in the middle of a grating and two 3.0 mm diameter steel pipes on two sides. The steel
pipe with a diameter of 3.0 mm is connected to the force sensor as one of the fulcrum points.
The 3.5 mm-diameter extension steel pipe is used to connect one end of the FBG sensor,
which is fixed inside the epoxy resin as the second fulcrum. The spring installed outside the
extension steel tube is adhered to using epoxy resin with a diameter of 9 mm and a length
of 10 mm at the right end. The FBG sensor and the spring are attached using epoxy resin
(with a through-line hole in the middle), with a diameter of 9 mm and a length of 5 mm as
the piston. The piston is embedded inside the 10 mm steel pipe through static friction force.
The piston will pop out when the force reaches α[ε] for the FBG sensor. The spring is at the
initial length when the piston does not move. The spring starts to work when the piston is
ejected from the steel pipe. One side of the FBG sensor is fixed to the support while the
other side is cemented to the piston. The piston passes through the optical fiber through the
round hole. The force sensor and the 10 mm diameter steel pipe are fixed to the base and
the cover plate, respectively. The parameters of the sensor structure are shown in Table 1.

Table 1. Sensor structure parameter.

Material Parameter Size Unit

Diameter (packaging part) 2.5 mm
Diameter (clamping part) 3.0 mm
Diameter (extension part) 3.5 mm
Length (FBG sensor part) 32.5 mm

Length (shaft end steel pipe) 25 mm
Length (force sensor) 10 mm

Spring stiffness 47.4 N/mm

2.2. Sensing Principle of the Sensor

The detailed functions of each component are as follows: the FBG encapsulated by
tubes with increased sensitivity is mainly used to monitor structural microcracks for micro
deformation. The force sensor with high precision serves as indicator of sudden fracture
and large displacement of the structure when the load gradually increases. The piston is
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temporarily fixed when the axial force borne by the FBG sensor is less than the sliding
friction between the piston and the inner wall of the steel pipe. The spring is connected in
series with the FBG sensor. The spring is not involved in monitoring in the micro stage of
crack growth. The spring is pulled out to intervene when the piston pops out of the steel
pipe. The small-range mode switches to the large-range mode adaptively when the crack
breaks and becomes a large deformation. The complete entity diagram of the adaptive
range strain sensor is shown in Figure 6.

Figure 6. Adaptive range strain sensor.

FBG is used as the main component for microscopic crack monitoring. The sensing
principle of the FBG sensor is shown in Equation (1)

∆λ

λ
= −∆v

v
= KT∆T + Kε∆ε (1)

where λ and v represent the wavelength and frequency of light, respectively, and KT and Kε

represent the temperature and strain calibration coefficients, respectively. The wavelength
drift of optical fiber will be affected by both strain and temperature.

Through investigation and research, Ren et al. [32] proposed a fiber Bragg grating
packaging method for increasing the strain sensitivity of an FBG strain sensor, and evaluated
the strain transfer characteristics of sensors on different material plates through calibration
and reliability tests. Jia et al. [33] used a fiber strain hoop sensor with an enhanced sensitivity
package for pipeline corrosion monitoring research, and accurately obtained the leakage
location based on a support vector machine using a high strain feedback mechanism.

The sensor has the characteristic of having a high sensitivity to strain range when
monitoring the micro deformation stage of the structure due to its encapsulation method
(Figure 7).



J. Mar. Sci. Eng. 2022, 10, 1710 7 of 20

Figure 7. Enhanced sensitivity package: (a) Packaging principle of detailed design, (b) Physical
diagram of FBG sensor.

The encapsulated part adopts a negative thermal expansion material, and uses its
thermal shrinkage and cold expansion material characteristics to counteract the influence
of temperature on the wavelength of FBG by adjusting the length of the inner pipe and
outer pipe.

In order to counteract the influence of temperature on wavelength drift as much as
possible, we chose the packaging material suitable for the strain sensor of low temperature-
sensitive fiber grating. The low temperature-sensitive FBG strain sensor in tube package
does not need an additional temperature sensor.

For the adaptive sensor, the variable sensitivity is designed according to the crack
growth scale and the span length at both ends when switching the range. The strain
measurement of FBG in micro deformation monitoring can be described as:

∆L
(La + LFBG)

=
∆LFBG
LFBG

= ∆ε =
∆λ

Keλ
(2)

where LFBG is the length of the FBG sensor part; La represents the length of external steel
pipe; ∆LFBG denotes the relative deformation length of the FBG sensor; ∆L stands for the
average deformation length of output; and Ke stands for the coefficient of FBG sensor. Then,
the strain measurement from FBG sensor is obtained from the wavelength change of Bragg
grating. The allowable strain of the FBG sensor monitoring threshold is [ε]. The small range
size of the sensor can be obtained from Equation (2) as:{

∆L = (La + LFBG)× α[ε]
0 < α < 1

(3)

The sensitivity decreases and the measuring range increases when the crack fracture
failure becomes a large displacement, enabling the sensor to adapt to a large range. The
maximum tensile is Fmax. The stiffness coefficient of the spring is defined as K. The large
range size of the sensor can be described as:

∆L = (La + LFBG)× [ε] +
Fmax

K
(4)

The spring stiffness in Equation (4) can be calculated by the following equation:

K =
Gd4

8D3n
(5)

where n is the effective number of coils in the spring; d represents the diameter of the
material; D denotes the middle diameter of the spring; and G stands for the shear modulus.
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The α in Equation (3) is the adaptive coefficient, which should not be more than
the allowable strain of the fiber when it is designed, so as to ensure the accuracy of the
monitored strain. The sensor switches adaptively to large-range mode when the strain of
FBG reaches the α[ε] value. α can be specifically customized according to the characteristics
of the strain monitoring materials. The conservative value of FBG for strain monitoring is
2000/1.2 = 1666.7 µε = [ε]. The yield strength of ocean platform steel is 355–460 MPa, which
means that 1690 µε is identified as having failure risk. The micro deformation stage of the
structure in the linear range should be selected for the stress assessment. The packaged
method of enhanced sensitivity in this study can amplify the strain measurement range
three times. Thus α can be customized to 33% for [ε] in this study, which is 550 µε.

3. Electronic Warning System
3.1. Assembly of STM32 SCM System

Embedded technology has been applied in the damage monitoring of cracks and
component joints [34,35]. An SCM system [36–38] as a microcontroller can achieve data
transmission and control functions by working with different modules. Regarding the
overall design, the structural deformation is measured using the FBG sensor in the small-
range mode. Large displacement is determined from the tension data by the force sensor,
which connects with the STM32 SCM system. The microprogrammed control unit (MCU)
controls the buzzer, which warns when the tension reaches the set threshold. The tension
data are transmitted to the computer via an ESP8266 WiFi module, which connects with
MATLAB to establish the TCP communication protocol.

An STM32F103C8T6 minimum system board is used in the system. The main circuit
consists of an H-bridge composed of resistance strain gauges, an analog/digital (A/D)
converter chip HX711, an ESP8266 WiFi module and a buzzer. The A/D module is con-
nected to the two I/O ports of the STM32 microcontroller through the SCK and DOUT
pins. The processed AD value is sent to the WiFi module via serial communication. A
wireless communication with a PC terminal is established to display the values of the
tension sensor in large-range mode in real time. The internal voltage regulator circuit of
HX711 can provide power for both the external tension sensor and the A/D converter
inside the chip. The on-chip clock oscillator with a simple digital control function and a
serial communication function does not require any external devices. The DT and SCK
ports of HX711 are connected to PB7 and PB6 of the microcontroller, respectively. The
working mode of PB7 and PB6 are set to floating input and push–pull output, respectively.
The 24-bit precision AD values are read one bit by one bit from high to low through the
DT output port by selecting channel A and gain 128. The RXD and TXD pins of the WiFi
module are connected to PB10 and PB11 of the microcontroller, respectively. PB10 and PB11
are set to multiplexing push–pull output and floating input, respectively, to implement
USART3 communication. The WiFi module is initialized, single STA working mode se-
lected, WiFi connected, TCP communication selected, and transparent transmission mode
finally entered. The function of transmission is realized by connecting the corresponding IP
address and port number through MATLAB to establish TCP communication. The buzzer
is controlled to vibrate and warn when the sensor value reaches the threshold in large-range
mode. The passive buzzer is controlled by the high and low levels of the I/O port to trigger
the on–off of the voltage, which generates the specific vibration frequency called PWM
modulation. The I/O port of the buzzer is connected to the PA1 port of the MCU and set as
push–pull output. The frequency of the buzzer is changed by changing the filling value
and the prescaler value after setting the mode of TIM2 as PWM. The buzzer sounds when
the tension threshold is reached. Figure 8 displays the control system hardware framework.
Figure 9 shows the software flow chart.
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Figure 8. Control system hardware framework.

Figure 9. Flow chart of the software.

3.2. Assemebly of Complete Sensor

As an intelligent and independent part, the SCM system can supply power indepen-
dently and implement WiFi data transmission, effectively combining intelligent sensing
technologies. The structure of the sensor is ultimately combined with the SCM system,
including the FBG sensor, the force sensor, the STM32 minimum system board and other
relative modules. The force sensor is connected to the STM32 SCM control system, which
deals with the force data to calculate large displacement and provide timely warnings via
the buzzer. The computer receives data from the SCM control system and the fiber optic
demodulator. The sensor monitors the strain within the gauge length of the two fulcrum
points via the FBG sensor in small-range mode, while measuring large displacement via
the force sensor and the spring in large-range mode.
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4. Experiment and Results
4.1. Calibrations Tests

The wavelength offset and strain change of the packaged FBG sensor needs to be
calibrated and tested on the optical platform for the purpose of subsequent model testing.
As shown in Figure 10, the calibration device includes the FBG sensor, the demodulation
device, data acquisition equipment and an extensometer. The length L of the iso-strength
beam is 188 mm, the thickness Y is 2 mm, the left side is completely fixed to form the
cantilever beam and the displacement load is applied to the right side. As shown in
Figure 11, load F is applied to the right end point A of the iso-strength beam. The deflection

generated at free end A is ωA = 6FL3

Ebh3 . The force corresponding to A-end is F = Ebh3ωA
6L3 .

The bending moment at x distance from A-end is M(x) = Ebh3ωAx
6L3 . Modulus of bending

section W(x) = b(x)h2

6 = bxh2

6L , among them b(x) = b × x
L . Stress σ = M(x)

W(x) = M(x)y
Iz

=

Ebh3ωAx
6L3 ·y· 12L

bxh3 = 2EωAy
L2 , where y is the distance between the center of the sensor and the

neutral axis and ωA is the deflection measured by the extensometer. Strain ε = 2ωAy
L2 .

Therefore, the strain of packaged FBG can be obtained by the deflection.

Figure 10. Calibration device.

Figure 11. Calibration diagram of iso-strength beam.

The current position and FBG wavelength should be recorded until the applied dis-
placement reaches 5 mm once the dial number changes by 0.2 mm. The calibration is
completed when the deflection increases to the designed range.

The FBG sensor calibration result is recorded in Figure 12a. The green line and its
equation in the figure are obtained by line fitting. The slope is the sensitivity coefficient.
Table 2 summarizes the coefficient and sensitivity errors of the three calibration tests of
FBG sensor. It can be seen that the linearity of the three repeated calibration tests for the
same FBG sensor are all above 0.999, and the relative errors of sensitivity are all below 2.5%,
which shows good linearity and repeatability within the designed range. The variation
of strain can be obtained by a wavelength shift of the FBG sensor through the calibration
tests. Similarly, a digital display instrument is used to calibrate the force sensor, which
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determines the numerical relationship between the real force and the force processed by
the AD conversion module. The stable value of the sensor is read repeatedly when it
is under axial tension, and the average value is then taken. Subsequently, the real AD
value is acquired when subtracting the AD value under tension from the initial value. The
processed value is regarded as zero when it is negative. The processed value is divided by
GapValue (a constant value determined by the calibration of the tension meter) to establish
the real tension value when it is positive. It can be seen that the line linearity of the three
repeated calibration tests for the same force sensor is always above 0.998, which proves that
the linearity rate is accurate enough to read the force values. The force sensor calibration
result is shown in Figure 12b. Table 3 summarizes the coefficient and sensitivity errors of
the three calibration tests of force sensor.

Figure 12. The calibration results.

Table 2. FBG calibration result data.

Calibration Times Linearity Sensitivity Coefficient Relative Error

1 0.9994 0.708 pm/µε 2.32%
2 0.9993 0.728 pm/µε 2.36%
3 0.9994 0.715 pm/µε 2.28%

Table 3. Force sensor calibration result data.

Calibration Times Linearity Sensitivity Coefficient Relative Error

1 0.999 43.58 AD/N 3.13%
2 0.998 44.05 AD/N 3.32%
3 0.998 44.08 AD/N 3.48%

4.2. Experimental Set-Up and Simulation

An experiment was designed to analyze the trend of crack propagation of the standard
plate (Figure 13) in order to provide reference value for sensor monitoring, including two
conditions of an 8 mm central crack and a 10 mm central crack. The experiment was carried
out by universal tester. The parameters of the Q235 standard plate are shown in Table 4.
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Figure 13. Establishment of test system.

Table 4. Geometric parameters of Q235 standard plate.

Parameter Size Unit

Length 270 mm
Width 20 mm

Thickness 2 mm
Gauge length 120 mm

Clamping width 35 mm
The arc radius 15 mm

Firstly, the Q235 standard tensile specimen with a type I crack was customized based
on the theory in the second section of this paper. The test adopted uniform rate loading
mode. The tensile speed was set as 5 mm/min. The change in crack propagation width
with displacement tensile load was analyzed.

Secondly, the finite element model was established by ABAQUS software. C3D8R
unit was used for meshes. The elastic modulus was 206 GPa, Poisson’s rate is 0.3. The
geometric parameters referred to the physical model. The boundary conditions were: one
end was completely fixed and the other end was subjected to uniform tensile stress. The
finite element simulation is shown in Figure 14.

Figure 14. Finite element simulation: (a) Crack propagation, (b) details of meshing.

The experimental data were compared with the FEA data, verifying that the finite
element model simulation is accurate enough and provides a reliable index for crack
analyzing cooperated with sensor monitoring. Figure 15a,b, respectively, show the test
results of the Q235 standard plate with 8 mm crack damage and 10 mm crack damage
compared with the FEA data.
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Figure 15. Experimental data of universal drawing machine.

As can be seen from the data in Table 5, the stress intensity and the variation range of
strain of the components with crack damage are greatly reduced, and the strength decreases
further with the increase in crack damage. The true limit stress difference between the
undamaged standard plate and the plate with an 8 mm crack and the plate with a 10 mm
crack is 273.97 MPa and 303.44 MPa, respectively, and the true limit strain is 0.215 and
0.216, respectively. The FEA curve data are consistent with the experimental curve data.
The stress errors of the 8 mm crack and the 10 mm crack are 0.53% and 1.81%, respectively.
Furthermore, the stress–strain curve of the crack tip is analyzed using the finite element
model below, providing a reliable analysis index for monitoring the crack tip fracture. The
FEA data show the stress–strain curve of the crack tip element (Figure 16). The value is
higher than the measured average stress–strain due to stress concentration at the crack
tip. The standard plate with the 8 mm crack first fails at element 4627 nearest to the crack
tip, which is the beginning of fracture failure in the model. Similarly, the fracture starts at
element 5169 of the model for the plate with the 10 mm crack. The ultimate stress at the
crack tip is approximately 491.81 MPa and 516.69 MPa, respectively.

Table 5. The data of tensile test.

Plate True Limit Stress True Limit Strain FEA Limit Stress FEA Limit Strain

No crack 509.99 0.230 - -
8 mm crack 236.02 0.015 234.77 0.0149
10 mm crack 206.55 0.014 202.82 0.0136

Figure 16. Finite element simulation data of crack tip.

This section is used to introduce the crack propagation analysis test and finite element
simulation, explore the crack failure form, and provide a reference method for the appli-
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cation of sensors in engineering monitoring to extract and analyze the information of the
surrounding area of crack damage.

4.3. Performance Study of the Sensor

The sensor was applied to the surface of a Q235 standard specimen with crack damage
to verify its monitoring characteristics of adaptive range and variable sensitivity, which
are essential for application in SHM. A diagram of the experimental device is shown in
Figure 17. The two-component epoxy resin was smeared onto the supports, pasted onto the
surface of the structure. The specimen was fixed on the universal tensile testing machine
after the glue was fully cured. The FBG sensor was connected to the demodulator. The
force sensor was connected to the STM32 SCM system. The crack monitoring data were
collected by PC when the displacement load was applied by the tensile testing machine
after the test was prepared.

Figure 17. Diagram of experimental device.

As shown in Tables 6 and 7, the sensor is used to monitor the standard plate with the 8
mm crack and the 10 mm crack, respectively. The absolute error (AE) proves that the sensor
has a good effect on monitoring the crack growth width by comparing the experimental
data with the FEA data.

Table 6. Comparison of extended width of FEA and experiment for an 8 mm crack.

Crack (8 mm) Width of Extension (mm)

Force(N) DISP (expt.) DISP (FEA) AE

3600 1.65 1.67 0.02
5300 1.98 2.01 0.03
7600 2.67 2.69 0.02
9500 5.83 5.84 0.01

10,400 9.38 9.42 0.04
11,300 17.37 17.42 0.05
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Table 7. Comparison of extended width of FEA and experiment for a 10 mm crack.

Crack (10 mm) Width of Extension (mm)

Force(N) DISP (expt.) DISP (FEA) AE

3200 1.56 1.59 0.03
6000 2.17 2.29 0.02
7500 2.82 2.85 0.03
9800 6.83 6.87 0.04

10,600 11.83 11.87 0.04
11,200 16.13 16.18 0.05

The sensor measurement results are shown in Figure 18. The (a) and (b) curves,
respectively, reveal the strain measurement results of the 8 mm crack and the 10 mm crack.
showing that the two sensors have high consistency and that adaptive range switching
occurs at the inflection point of the curve. The sensor detected a small strain of 534.88 µε
and 547.90 µε at the inflection point, respectively, and a large deformation of 38.9 mm and
39.3 mm, respectively. The beginning of a crack fracture was 10.25 mm and 10.50 mm in
the monitoring experiment of standard specimens with crack damage. The error is small
compared with the FEA data. The results demonstrate that the sensor has high precision
in elastic measurement and an adaptive ability to monitor a large-scale displacement of
the structure.

Figure 18. Sensor measurement results.

4.4. Field Application of Sensor on Ocean Platform

It is of great significance to continuously monitor and protect the damaged areas of
aging offshore platforms, as the number of aging offshore platforms is increasing year by
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year in the Chinese Bohai Sea. For the stress detection of aging offshore platforms, the
current specification does not clearly explain the specific implementation method, so we
preliminarily applied adaptive sensors and used sensing tape for auxiliary measurement.
Here, the developed sensor is applied to the aging jacket platform for field strain monitoring,
which could provide potential value for the residual life assessment of the stress detection
of the aging platform. The CB805 jacket platform is shown in Figure 19. The high-stress
area is selected for sensor placement through field observation and previous finite element
analysis. The adaptive range strain sensor was placed in the high stress critical area, and
the distributed sensing tapes were arranged around it to obtain the strain field parameters
around the crack damage, so as to realize the quasi-distributed measurement of the local
crack damage area of the jacket platform. External excitation is applied by binding rope
at the pile leg, which is dragged by the ship. The stress information of the pile leg and
pipe joint is fed back by the strain response measured by the adaptive strain sensor and
the surrounding distributed sensing tapes. The field monitoring data are shown in Table 8.
Based on the field measurement results, it can be seen that the maximum fluctuation of
the extreme value of the adaptive strain crack sensor in the high stress zone is 57.9µε, and
the maximum tensile strain and compressive strain are 13.3µε and 44.6µε, respectively.
Similarly, the maximum fluctuation of the extreme value of the FBG strain sensor in the
high stress zone is 54.1µε, and the maximum tensile strain and compressive strain are 11.8µε
and 42.3µε, respectively. The primary comparison results verify that the adaptive sensor
can ensure the accuracy of micro-crack monitoring. The analysis results show that the
adaptive strain sensor maintains the micro strain monitoring state of high strain sensitivity,
and no cracking signal of structural fracture is detected. No large deformation can be seen
by the naked eye from the field observation of the structure as well due to the high stiffness
of offshore platform. In addition, the maximum fluctuation measured by the distributed
sensing tapes along the horizontal direction is 33.8µε, while the maximum tensile strain
and the maximum compressive strain are 11.5µε and 27.0µε, respectively. The sensing tapes
show the state of the strain field in the area around the stress monitoring, which is of great
reference significance for subsequent stress assessment if required by relevant codes. The
data of field monitoring are shown in Figure 20.

Figure 19. Field application of sensors.
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Table 8. The field monitoring data.

Sensor Type Location Wavelength Coefficient Sensitivity Strain (µε)

Adaptive sensor The pile legs 1525.8 nm 1/3.05 −44.6 13.3
FBG strain sensor The pile legs 1533.4 nm 1/2.62 −42.3 11.8
Sensing tapes-1.1 The pile legs 1536.2 nm 1.2 −4.0 4.1
Sensing tapes-1.2 The pile legs 1541.3 nm 1.2 −4.1 3.9
Sensing tapes-1.4 The pile legs 1545.6 nm 1.2 −3.1 3.9
Sensing tapes-2.1 The pile legs 1537.5 nm 1.2 −0.8 8.8
Sensing tapes-2.2 The pile legs 1540.5 nm 1.2 −2.8 6.1
Sensing tapes-3.1 The pile legs 1533.7 nm 1.2 −4.9 7.2
Sensing tapes-3.2 The pile legs 1537.4 nm 1.2 −2.2 11.5
Sensing tapes-4.1 The pile legs 1541.6 nm 1.2 −2.2 7.4
Sensing tapes-4.2 The pile legs 1544.3 nm 1.2 −27.0 6.8
Sensing tapes-4.4 The pile legs 1537.4 nm 1.2 −2.2 11.8
Sensing tapes-5.1 Cross arm 1551.5 nm 1.2 −7.5 5.1
Sensing tapes-5.2 Cross arm 1559.4 nm 1.2 −6.2 5.5

The above describes the field application of the adaptive crack monitoring strain
sensor. The sensor is placed in the high-stress area with distributed sensing tapes around it
to achieve a measurement of the local hotspot in the offshore platform. The measured data
verify that the developed sensor responds well and maintains high sensitivity in the small
deformation process of strain monitoring. The data from around the crack damage area
and the surrounding strain field will provide reference significance for stress analysis and
the life extension evaluation of aging offshore platforms. The sensor has potential value
for monitoring large deformations when offshore platforms are in extreme sea conditions
based on its adaptive property.

Finally, we compare the adaptive sensor with the common fiber optic strain sensor
to evaluate its performance advantages and the areas that need to be optimized. Table 9
shows the comparison of sensor parameters.

Table 9. The comparison of sensor parameters.

Sensor Type Common Strain Sensor FBG Displacement Sensor Adaptive Range Sensor

Sensitivity 0.5 µε 0.05%F.S. 0.5 µε
Range ±1500 µε 0–100 mm ±1500 µε–50 mm

Resolution 0.1 ◦C 0.1 ◦C 0.05 ◦C
Temperature coefficient 10.5 pm/◦C 10.5 pm/◦C 1.5 pm/◦C

Strain coefficient 1.2 pm/µε 1.2 pm/µε 3.6 pm/µε

According to the parameters in the table, the measuring range of the adaptive sensor is
between the strain sensor and the displacement sensor, which can realize the measurement
of two ranges with one structure. Through the enhanced-sensitivity packaging of FBG, the
temperature coefficient and strain coefficient are improved, which makes it more accurate
in measuring the micro-structural variation. The volume of SCM units in large-range mode
is larger than that of conventional sensors. It is expected that this part will be integrated
into the sensor integrated demodulation system.
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Figure 20. The curve data of field monitoring.

5. Conclusions

For ocean platforms, crack monitoring is essential to ensure engineering safety and
to provide timely maintenance. A novel adaptive range strain sensor for structural cracks
was designed to measure the complete process of crack propagation from micro to fracture
failure in this paper. The monitoring principle of the sensor is introduced. The structural
design and function realization of the sensor are described in detail. The sensor was used
to monitor a standard sheet with crack damage. The overall process of monitoring crack
propagation was realized to verify the high strain sensitivity of the sensor and its adaptivity
to a large range. The sensor was then applied to the field monitoring of a jacket platform
in the Bohai Sea, which proved that the sensor is suitable for crack monitoring in ocean
platforms. The following conclusions can be drawn:

• Different design ranges and monitoring scales can be obtained by changing the struc-
tural parameters of the device to meet the actual monitoring needs for ocean platforms.
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• The experimental results show that the sensor can accurately monitor strain changes
and adapt to large deformations according to its structural design. The sensor can
monitor micro deformation and even crack germination in the small deformation
stage. It can also monitor the crack fracture failure process with large displacements
in the large deformation stage.

• The fracture monitoring of type I cracks using this sensor is basically consistent with
the FEA value. The accuracy of the sensor is reliable in the design range.

• The sensor was applied in the field monitoring of an ocean platform to ascertain the
stress state, proving that it has excellent application potential for evaluating aging
ocean platforms in service.
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