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Fiber Bragg Grating (FBG) has been widely used in vibration monitoring due to its advantages of high sensitivity,

FBG resistance to electromagnetic interference and ease of networking. This paper proposes a method of distributed
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strain monitoring for vibrating structures where the surface is unsuitable for attaching FBG. This method utilizes
measured multi-point acceleration to calculate dynamic displacement, and subsequently reconstructs distributed
strain based on displacement matching and a displacement-strain function. Finite element simulation results

demonstrate that the displacement matching scheme has higher strain reconstruction accuracy and broader
adaptability. An FBG accelerometer with an equal-strength beam is designed, fabricated, and tested, exhibiting a
resonant frequency of 56 Hz and an average sensitivity of 70 pm-g~" in the flat frequency band. The proposed
method is experimentally validated using a 12 m steel pipeline. It's demonstrated that the displacement
reconstruction error is less than 8 %, and the strain reconstruction error is less than 11 %.

1. Introduction

In practical engineering applications, large structures such as rails,
pipelines, and bridges often experience low-frequency vibrations due to
manufacturing defects or external load influences [1,2]. The low-
frequency vibrations can accelerate the structure’s fatigue and wear,
potentially leading to structural failure, deformation and serious acci-
dents [3]. Therefore, monitoring the vibration characteristics of the
structure and obtaining timely and accurate information regarding its
displacement and strain are of great significance [4].

One class of vibration shape monitoring methods adopts electrical
sensing principles, such as piezoelectric accelerometer [5], capacitive
sensor [6] and resistance strain gauge [7]. These methods suffer from
significant signal conversion and transmission losses, as well as sus-
ceptibility to electromagnetic interference, making it difficult to achieve
large-scale remote monitoring. In contrast, optical fiber sensors have the
characteristics of strong toughness, corrosion resistance, small diameter,
strong flexibility and deformability, and can be used for vibration
monitoring in complex environments [8]. Optical signals transmitted
through optical fibers are affected by the external environment, and by
analyzing the changes in optical signal characteristics, external envi-
ronmental parameters can be obtained [8-10]. The fiber optic strain
sensors generally include the following five types: FBG sensors,
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intensity-based sensors, multimodal interference-based sensors,
Brillouin-frequency-based sensors, and Fabry-Perot cavity sensors [11].
Among them, Brillouin-frequency-based sensors and FBG sensors are the
most widely used in civil structure health monitoring [12]. The former is
limited to static condition due to the essential long acquisition time of
the frequency sweep process, while latter has the advantage of being
applicable to dynamic and quasi-distributed monitoring scenarios [12].
With high resolution, high frequency bandwidth, and ease of config-
uring diverse sensing networks, FBG sensors have been widely used in
the field of structural vibration shape monitoring [13].

There are two methods of vibration shape monitoring: displacement
reconstruction using FBG strainmeters [14-16] and strain reconstruc-
tion using FBG accelerometers [17-19]. The FBG strainmeter requires
the grating region or both ends of the FBG to be firmly connected with
the structure to be monitored [15], ensuring that the strain of the FBG is
equal to or proportional to the surface strain of the structures such as
aircraft [20] and ship hulls [21]. For structures where FBG strainmeters
cannot be directly affixed onto the surface or the adhesive cannot stably
transfer strain, FBG accelerometers can be used to reconstruct the vi-
bration displacement for risk assessment. Lee et al. [17] proposed a new
scheme to reconstruct displacement using measured acceleration by
minimizing the squared error between measured acceleration and
approximate acceleration. Zheng W et al [18] proposed a real-time
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displacement reconstruction method using baseline correction technol-
ogy, which can reduce the error trend term in the integration process of
acceleration signal. Zhu et al. [19] used the Low Frequency Attenuation
(LFA) algorithm to integrate acceleration signals in the frequency
domain to reconstruct displacement. Displacement can indicate vibra-
tion magnitude, but cannot directly indicate the fracture risk of the
structure- which can be achieved by reconstructing the distributed
strain using displacement information. However, the above studies did
not study how to reconstruct the displacement by using multi-point
acceleration and then reconstruct the distributed strain by using
displacement information.

For these methods of vibration displacement reconstruction, FBG
accelerometer is the most critical sensing unit. FBG accelerometers can
be classified into spring oscillator structures [22,23], elastic diaphragm
structures [24,25] and cantilever beam structures [26-29]. Among
these, the cantilever beam FBG accelerometer has been widely used due
to its strong resistance to lateral interference, high sensitivity, and ease
of fabrication [30-32]. The cantilever FBG accelerometer can employ
equal cross-section cantilever beam or equal strength beam structures
[33]. The FBG on the equal strength beam can be uniformly stretched, so
the characteristic peak of the spectrum is more noticeable for accurate
strain characterization.

This paper proposes a displacement-strain reconstruction method
based on FBG accelerometers for the scenarios where FBG strainmeters
cannot be directly attached to the structure surface. First, displacement
reconstruction algorithm using acceleration on multiple points is studied
and then verified through simulation. Second, the distributed strain
reconstruction of a pipe beam is tested using the reconstructed
displacement via finite element simulation, where two methods are
employed: displacement-strain function and displacement matching via
finite element simulation. Third, based on the sensing principle of FBG, a
FBG accelerometer with an equal strength beam structure is developed.
Lastly, experiment is carried out to verify the feasibility of the proposed
method on a steel pipeline simply supported at both ends.

2. Distributed strain reconstruction
2.1. Reconstruction scheme

In the process of monitoring structural vibration shape, the
displacement and strain of the structure are the key indicators for
evaluating its safety status. A scheme is designed to measure the
displacement and strain of the structure, particularly in cases where the
surface of the structure is relatively rough and the FBG strainmeter
cannot be directly attached. The acceleration at several discrete points is
measured by the FBG accelerometer array fixed on the structure, and the
displacement reconstruction algorithm is used to obtain the displace-
ment at each point. The distributed strain of the structure is calculated
using the displacement-strain function derived from vibratory beam
theory and displacement matching via finite element simulation. Then
the feasibility and accuracy of these two methods for monitoring
structural vibration shape are compared through simulation and the
adaptability is analyzed.

2.2. Dynamic displacement reconstruction

The displacement reconstruction algorithm based on Finite Impulse
Response (FIR) filter is used to calculate displacement by using a linear
combination of accelerations in a finite time interval. The principle is
approximated by a FIR filter, which effectively suppresses low-
frequency noise and eliminates trend terms in the signal. This method
minimizes the squared error between the measured acceleration and the
second-order central finite difference of the displacement and over-
comes the problem caused by the lack of boundary conditions in the time
window by using the Tikhonov regularization scheme. As shown in
equation (1), the acceleration a(t) of a measurement point can be rep-
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resented by a second-order ordinary differential equation of the
displacement u(t). If the displacement or velocity boundary conditions
at t =T, or t = T, are known, the displacement can be obtained by
integrating equation (1) twice.

d*u(r)
dr?

a(t) = , Ty <t < Th# 1)
However, the boundary conditions are usually unknown, the mini-
mization method is used to avoid solving the equation directly. The
specific principles are outlined as follows [17].
The calculated acceleration a, at the discrete point can be expressed
through second-order central finite difference of the displacement u,,
which is the proper approximation of the equation (1):

Upi — Uy + Uy
/= " —ua :1‘...72k+1 2
( At)2 pP ) # 2)
wherein u,, is the displacement at the p-th time step as shown in Figs. 1,
and 2 k + 1 is the number of data points in duration of time T; <t < Ts.
Eq. (2) can be rewritten in the form of matrices for all time steps:
1

——Lu=
By at (3

wherein L¢ is (2 k + 1) x (2 k + 3) order linear operator matrix, and u is
the displacement vector of discrete time steps.

o ]
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Within the time window, the minimization problem can be expressed as:

MinE, (1) = % /T C(al) —a(r)) dedt ®)

wherein a(t) represent measured acceleration. Eq. (5) can be discretized
into Eq. (6) through the trapezoidal rule:

1/1 1
MuinE“(u) ~3 (E(al — @) + -+ (ax — ax)’ +§(azk+1 — ayir)’ > At
(6)

The above equation can be expressed in matrixs as:

MinE, (1) = %(a ) (L) La(a — B)A¢
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=
S

Nodes required for
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Fig. 1. The displacements at discrete time steps.
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Fig. 2. Displacement reconstruction process based on overlapping mov-
ing windows.
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wherein ||e|| is the 2-norm of the vector, and L, is the diagonal weighted
matrix of order (2 k + 1), corresponding to the maximum subscript value
of acceleration.

Sl

L, = # ®

L
V2

L J(2k+1)(2k+1)

Substituting Eq. (3) into Eq. (7), one can get the expression:
1 ~
MinE,(u) = S|Lu - (A’ Laalo# ©

wherein L = L,L,. For (2 k + 3) unknown displacements, only (2 k + 1)
finite difference equations are defined, which means L is not a full rank
matrix, and a unique displacement solution cannot be obtained from the
measured acceleration. By providing two boundary conditions to Eq. (9)
and using these conditions to define the other two equations, the
minimization problem can be solved.

The regularization function R is used to define the boundary of the
solution:

1
R= EHunj <7 < oo# 10)

wherein r is a constant and unknown. The regularity condition Eq. (10)
is used as a penalty function for the minimization problem:
. ! 1 24 ~12 ﬂ2 2
Mink, () = 3L — (0Ll + a3 an
The above problem is referred to as Tikhonov regularization
methods. Wherein, 4 is usually called regularization factor, which is used
to adjust the degree of regularization in the minimization problem, and 4
is defined as follows:

A =468IN;"S# (12)
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wherein Ny is the number of data points in the time window, and when
the average size of the time window is three times the maximum period
of acceleration data acquisition, the optimal regularization factor is
accurate enough.The solution of Eq. (11) can be given as:

u= (L'L + 2°1) 'L™L,a(A1)* = C,a(Ar)*# (13)

The estimated displacement in Eq. (13) has an increasing error near the
boundary (i.e. the starting and ending points of u), resulting in a
decrease in computational accuracy. To address this issue, overlapping
moving window technology is used. For each time window shown in
Fig. 2, the displacement is calculated using Eq. (13), but only the
reconstructed displacement at the center of each time window is used as
the estimated displacement. The time window is then shifted forward by
At and the same process is repeated to obtain the displacements at points
other than the boundary.

2.3. Vibration equation of the beam

The acceleration measured by the FBG accelerometers can be used to
obtain the displacement of discrete points through a dynamic displace-
ment reconstruction algorithm. In order to monitor the strain of the
structure, it is necessary to study the relationship between structural
displacement and strain. When the main deformation of the beam is
bending deformation, the influence of shear deformation and the
moment of inertia of the section around the neutral axis can be ignored
during low-frequency vibration.

As shown in Fig. 3, let the density of the beam material be the cross-
sectional area be A. The micro segment beam dx is taken, and the
bending moment and shear force on the section are M and F;, respec-
tively. y =y (x, t) represents the lateral displacement of the beam, which
is a function of the cross-sectional position x and time t. Assuming the
interference force f = 0 N, the motion equation of the micro segment
beam is given by:

2 2
9 (EIQ) = —pA %# 14

ox? ox?

wherein E is the elastic modulus of the beam, and I is the moment of
inertia of the section. For beams with equal cross-section, E, I, p are
constants.

Using the variable separation method to solve Eq. (14) and assuming
y(x,t) = Y(x)F(t), we obtain:

Gravity field
Vool

Ly

v Support S/ Support
L. ’

o—>_ frax

X F, + 9 iy

.y = dx
~—— ;_ =
dy
a
M| F. M+ %dx
dx

Fig. 3. Stress analysis of micro segment beam.
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2 d*Y (x)

.. dx’ (15)
F) _ _EI# = o' #

F(1) PAY (x)
wherein o is the angular frequency of vibration, and then,

d*Y(x)

= (16)
=P

wherein f* = pAw?/EL According to Eq. (16), the displacement of the
beam can be obtained as:

Y(x) = Cicos(px) + Casin(px) + Csch(px) + Cash(fx)# a7)

According to the boundary conditions of the simply supported beams,
the corresponding modal functions of each order during the free vibra-
tion process can be solved as:
AT

Yi(x) = sm(zx)(t =1,2,)# (18)
wherein L is the length of the simply supported beam. By using Eq. (18),
the displacement of discrete points at a certain time can be fitted as a
continuous displacement curve for subsequent strain calculations.

2.4. Displacement-strain reconstruction
Method 1: using displacement-strain function

According to the principles of material mechanics, if the distance
from the surface of the beam to the neutral layer is h, the relationship
between its displacement and strain can be expressed by the following
equation:

2
Y
o _hErE

e(x) = > e (19)

The strain is proportional to the second derivative of the vibration
displacement function of the beam, and the vibration displacement
function of the beam can be obtained by fitting displacement of discrete
points. Then the strain distribution of the beam can be calculated ac-
cording to equation (19).

Method 2: displacement matching via finite element simulation

Finite element simulation is used to model the structure vibration,
and the vibration displacement distribution curves at each time can be
obtained through transient simulation study. The displacement recon-
struction algorithm is executed to reconstruct the displacements using
the acceleration data of each FBG accelerometer at the measurement
points. The reconstructed displacements of discrete points are matched
with the vibration displacement curves at each moment in the simula-
tion, and the simulated strain at a certain moment with the smallest
error is selected as the final distributed strain of the structure.

3. Simulation verification
3.1. Strain reconstruction based on displacement-strain function

The simulation modeling is shown in Fig. 4. Instantaneous force F is
applied to the center of the simply supported pipeline to generate vi-
bration. Seven measuring points are symmetrically distributed on two
sides of the pipeline. The displacement curve and strain curve obtained
from finite element simulation are taken as reference.

MATLAB fitting toolbox is used to fit the pipeline displacement data
at those discrete points using Eq. (18). The fitting result is shown as Eq.
(20), and the comparison curve between the fitted displacement and the
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Fig. 4. Simulation model for displacement-strain reconstruction of a simply
supported pipeline.
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reference displacement is depicted in Fig. 5.
. (7X
Y(x) = -0.0883sin (ﬁ) i (20

According to Eq. (19), the strain distribution function of the pipeline
at t =1 s can be calculated as:

e(x) = -326.8sin(%)# (21)

Eq. (21) is the expression for microstrain pe. The strain distribution
curve is drawn according to Eq. (21) and compared with the reference
strain curve, as shown in Fig. 6. It is evident that the strain distribution
obtained from simulation is basically consistent with the reconstructed
results. However, when the shape of the beam and the supporting con-
ditions are complicated, the exact analytical solution of the vibration
equation of the beam cannot be obtained. Therefore, it is usually diffi-
cult to accurately calculate the actual strain according to the beam vi-
bration theory because of the differences between actual measurement
conditions and ideal conditions. This method is particularly suitable for
vibration monitoring of simple beams.

3.2. Strain reconstruction based on displacement matching

The simulation model is identical to that shown in Fig. 4. First, the
initial displacement of the pipeline when the applied force F = 0 N and
the vibration displacement curves within 0-5 s of the pipeline are
recorded, as shown in Fig. 7. The time interval between the curves in the
figure is 6.25 ms. Due to the negative initial displacement of the pipeline
and the small applied force F, the displacement values of the pipeline

—— Reference displacement curve
Reconstruction displacement curve

0.00 ———————————

-0.02 | .

-0.04 -

Y (m)

-0.06 - .

-0.08 - .

_010 L 1 L 1 L 1 s 1 L 1 L
0

x(m)

Fig. 5. Displacement distribution curve of simply supported pipeline at t = 1 s.
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Fig. 6. Strain distribution curve of simply supported pipeline at t = 1 s.
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Fig. 7. Vibration displacement curves of pipeline within 0-5 s.

within 0-5 s are all negative. In the figure, the initial displacement of the
pipeline is marked with a thick black line.

Second, the vibration acceleration data of several discrete measuring
points within 0-5 s are collected, and the relative displacement gener-
ated by the vibration of each point is calculated using the displacement
reconstruction algorithm. Taking the simulated vibration displacement
data of each point as reference, the reconstructed displacement using
acceleration is compared with the reference displacement to verify the
feasibility of the displacement reconstruction algorithm. Fig. 8 shows
the vibration displacement comparison curves of different points within
0-5s.

The errors between the reconstruction displacement u and the
reference displacement u, of each measuring point within 0-5 s are
shown in Table 1. In the table, Mean Relative Error(MRE) is the average
of the relative differences between the observed values and the true
values, calculated as:
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Fig. 8. Vibration displacement reconstruction comparison curves of different
measuring points 0-5s: (a) x = 1.8 m; (b)) x =3 m; (c) x =4.2m; (d) x =6 m.

Table 1
Displacement reconstruction error of different measuring points within 0-5 s.
Measurement points x=18m x=3m x=42m X=6m
Mean Relative Error (%) 5.92 5.02 5.66 5.82
Mean Absolute Error (mm) 2.42 2.75 3.94 4.55
NRMSE (%) 5.86 4.98 5.60 5.75
1Zu—u
MRE = — u#: 22)
no|ul

wherein n is the number of sampling points for reconstructing the
displacement curve, which is 446.

Mean Absolute Error (MAE) is defined as the average of the absolute
differences between the observed values and the true values, and are
calculated as:

1
MAE:;Z\u—uJ# (23)

Normalized Root Mean Square Error (NRMSE) is defined as the
square root of the average squared differences between the observed
values and the true values, and are calculated as:

1

NRMSE = n e @24

Umax—Umin

It can be seen that the dynamic displacement curves inverted from
acceleration data show good consistency with the reference displace-
ment curves, with Mean Relative Error and NRMSE of both less than 6 %.

The relative displacement and initial displacement of each
measuring point at t = 2's, 3 s, 4 s and 5 s are superimposed. The
simulated displacement curves with corresponding amplitudes are
searched for matching in Fig. 7, and the results are shown in Fig. 9. The
strain of the structure at the four moments are calculated and compared
with the reference strain. And the results are shown in Fig. 10, where the
reference strain is the strain at each given moment directly obtained
from the simulation, and the reconstruction strain is the strain at the
moment corresponding to the displacement curve obtained in the above
matching process. Table 2 shows the comparison of the strains obtained
from the displacement inversion at the four measuring points with the
reference strain data. It can be seen that the overall average error be-
tween the inverse strain and the reference strain at each point is 7.22 %,
and the maximum absolute error is 37 pe.

Compared to the method of strain reconstruction based on the dis-
placement-strain function, displacement matching can set exact load
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Fig. 9. Comparison of reconstructed displacement using acceleration data and
successfully matched displacement curves at different times: (a) t = 2 s; (b) t =
3s;(Q)t=4s;(d)t=5s.

— Reference strain curve
— Reconstruction strain curve
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Fig. 10. Comparison of reconstructed strain curves at those moments when
displacements are successfully matched and directly sampled strain curves at
different times:(a) t =2s; (b)t=3s;(c)t=4s;(d)t=5s.

and boundary conditions in the model according to the actual situation,
so the method has broader adaptability for complex structure and is used
to reconstruct the strain of the structure in the following experiment to
verify its effectiveness.

4. FBG accelerometer development
4.1. Design of FBG accelerometers
The FBG accelerometer adopts equal strength cantilever beam

structure to make the FBG stretched evenly. The structure of the accel-
erometer is shown in Fig. 11. The length L;, width b,, thickness h, top
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Table 2
Comparison of reconstructed and reference strains at different locations (je).

Time x=18m x=3m

Reconstructed Reference Reconstructed Reference

strain strain strain strain
1s —151 -162 —221 —239
2s —-299 —-309 —455 —470
3s —-212 —208 -318 -311
4s —703 —648 —945 —861
5s -160 —143 —236 —208
Time x=42m x=6m

Reconstructed Reference Reconstructed Reference

strain strain strain strain
1s —266 —288 —291 -316
2s —559 —578 —619 —641
3s —387 -379 —426 —418
4s —-106 —-96 —-112 —100
5s —284 —250 -310 —273

i A
h_ ] .
T 0 TX
- Base Mass
« FBG \
ya
=
by by b 6 -
‘—Lz »>¢ Ll »|

Fig. 11. Structure of FBG accelerometer with equal strength beam.

angle 0 and elastic modulus E of the equal strength cantilever beam all
affect the sensitivity and characteristic frequency of the accelerometer.
The equal strength beam was modeled using the finite element simula-
tion to determine the geometry parameters of the FBG accelerometer
structure and the corresponding sensitivity and characteristic frequency.
The natural frequency of large pipelines and bridges are usually very
low, generally below 20 Hz. The first-order natural frequency of the
designed accelerometer should be higher than 20 Hz to ensure a flat
response of the accelerometer in the low frequency range.

According to parameter sweeping results in Fig. 12, it can be seen
that the equal strength beam can maintain essentially uniform strain
distribution over a wide range of top angle. The strain on the surface of
the equal strength beam gradually decreases as 6 increases, and the
strain distribution begins to fluctuate greatly. When 6 < 25°, the strain
distribution on the surface of the beam with equal strength is more
uniform, and in the actual production, the top angle was selected as
20.25°.

Through simulation analysis, the dimensions of the FBG accelerom-
eter were determined as L; = 28 mm, Ly = 10 mm, b; = 10 mm, b, = 20
mm, h = 0.3 mm, and M = 3 g. According to the above dimensions, the
FBG accelerometer was fabricated and packaged.
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Fig. 12. Surface strain distribution of beams with equal strength under
different top angle 6.

4.2. Testing of FBG accelerometers

The testing system of the fabricated FBG accelerometers is shown in
Fig. 13. A vibration exciter was used to make the FBG accelerator
vibrate, and a commercial accelerometer WT931 was used as the
reference. The FBG accelerometer and reference accelerometer were
attached to the same vibration platform of the exciter for calibration.
The data of the center wavelength change of the FBG accelerometer
during the vibration were extracted using an FBG demodulator and then
transmitted to the computer for further processing.

Sensitivity sweep frequency test of the FBG accelerometer was car-
ried out with a step size of 1 Hz. The amplitude-frequency response
curve of the sensitivity is shown in Fig. 14. The resonant frequency of the
accelerometer is 56 Hz, and the average sensitivity in the frequency
range of 3 Hz-20 Hz is 70 pm-g~!

Linear responses of an FBG accelerometer were tested. The vibration
signal of the shaker was set to 3 Hz and 20 Hz, and the acceleration was
increased from 0.06 m/s? to 0.26 m/s?, and the wavelength change of
the FBG accelerometer was recorded during this process. Fig. 15 shows
the linear response curves of acceleration obtained, and the wavelength
change of the accelerometer has a good linear relationship with the
input acceleration.

Several FBG accelerometers were fabricated according to the
designed dimensions, followed by a consistency test. Fig. 16 shows the
sensitivity amplitude-frequency response curves of five of those accel-
erometers. It can be observed that FBG accelerometers exhibit consistent
sensitivity from 2 Hz-100 Hz. These FBG accelerometers will be used to
measure the acceleration at different points on the vibrating beam.

Signal generator

R T

Power amplifier

FBG accelerometer and
| D:E-nm-'
— \commermal accelerometer|

AN
E Vibrator
Computer ‘\ -

FBG demodulator

Fig. 13. FBG accelerometer test apparatus
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Fig. 14. Sensitivity amplitude-frequency response curve of one FBG
accelerometer.
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Fig. 15. Linear response curves of FBG accelerometer.
5. Experiment
5.1. Experiment method

The model of structural vibration shape monitoring system based on
FBG accelerometer array is shown in Fig. 17, and experimental pipeline
system is shown in Fig. 18. Among them, force F was applied to the
pipeline structure to induce dynamic deformation. The FBG acceler-
ometers were used to measure the acceleration at different points. The
FBG strainmeter measured the strain at different points, which was used
as the reference strain. The distributed strain of the pipeline based on the
acceleration information inversion would be compared with the refer-
ence strain to verify the feasibility and accuracy of the proposed method.

Besides, the FBG dynamic strain demodulator Si255 was used to
demodulate the central wavelength signals of each FBG accelerometer
and strainmeter. The laser displacement sensor AM-D100 with the
measuring accuracy of 0.01 mm was used to verify the accuracy of
displacement reconstruction of the system. The output of the laser
displacement sensor was collected using synchronous data acquisition
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Fig. 17. Experimental schematic  of vibration

shape monitoring.

system pipeline

card Smacq’s USB-5700. At the same time, the output signals of the FBG
demodulator and acquisition card were transmitted to the computer
through the network port and serial port respectively, and the LabVIEW
software installed on the computer realized the signal processing and
display functions for the monitoring of structural vibration shape.

5.2. Results and discussions

The displacement-strain reconstruction experiment was carried out
on an actual steel pipeline. The FBG accelerometers were deployed on
the surface of the pipeline as shown in Fig. 18. An instantaneous force
was used to knock the center of the pipeline to make it vibrate. Three
laser displacement sensors were used to monitor the displacements at
three measurement points as reference. The computer was used to
collect the acceleration data of each point and carry out displacement
reconstruction, and the reconstructed displacement curves were
compared with the curves from the laser displacement sensors.

Fig. 19 respectively shows the displacement curves comparison of
measuring points at x = 2.4 m, 4.8 m and 6 m. It can be seen that the
reconstruction displacement is in good agreement with the reference
displacement. The average errors at each peak between the reference
displacement curve and the reconstructed displacement curve at
different measurement points are calculated, and the results are shown
in Table 3. It can be seen that the maximum Mean Relative Error of the
displacement curve is 7.61 %, and the maximum NRMSE is 8.26 %.

Another three groups of experiments were carried out. In each group
of experiment, the pipeline was stricken with different strengths at its
center to cause vibration. In each group of experiments, the vibration
displacement reconstruction curve at each point on the pipeline surface
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Fig. 18. Experimental pipeline system.

was calculated, recorded and then matched with the simulation
displacement curve at each moment. During the matching process, the
time point where the error between simulated displacement and
reconstructed displacement was minimized can be found. The simulated
strain at that time point is considered as the reconstructed strain of the
structure. The reference strain at the pipeline center point could be
measured by the FBG strainmeter attached to the surface of the pipeline.
The displacements of the two support ends of the pipeline were set to
zero. The vibration displacement reconstruction curves of discrete
points in each group, along with the comparison between reconstruction
displacement and matched simulation displacement are shown in
Fig. 20. The errors comparison between the reference strain and the
reconstruction strain are shown in Table 4. From Table 4, it can be seen
that the maximum relative error between the reference strain and the
reconstruction strain is 10.8 %.

In Fig. 20, the maximum value of each vibration cycle of the
displacement reconstruction curves is utilized for matching, which is
equivalent to 11 repeated measurements in each experiment. The
experimental standard deviation of strain is as follows:

(25)

wherein ¢; is the strain for each measurement, ¢ is the mean value of
measured strain, and n is the number of measurements. The experi-
mental standard deviation of the mean strain is as follows:
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Table 4

Strain reconstruction error of pipeline vibrating test.
Experiment Reconstruction strain/ Reference strain/ Relative
number pe pe error
1 63.7 68.4 6.87 %
2 80.5 90.3 10.8 %
3 42.6 46.7 8.69 %

Table 3
Errors of pipeline vibration displacement reconstruction.
Position x=24m x=4.8m x=6m
Mean Relative Error (%) 7.61 6.13 7.57
Mean Absolute Error (mm) 0.72 0.60 0.71
NRMSE (%) 8.26 6.66 8.18
_ S,
Se = —# (26)
Vvn
Type A evaluation of measurement uncertainty of strain is as follows:
Uy = lpST# 27)

Taking a confidence level of P = 95 % and n = 11, according to the t-
distribution table, it can be concluded thatt, = 2.23. Using the above
formula, it can be calculated that at a 95 % confidence level, the
maximum measurement uncertainty of the proposed method is 2.21 pe.

Currently, there is a certain degree of errors between the reference
strain and the reconstructed strain, and this is primarily due to possible
discrepancies between the models established in the finite element
simulation and existing in the actual conditions. To further improve
accuracy, it is important to establish a model that closely mimic the
actual conditions by considering materials, load, boundary conditions,
and other relevant factors.

The second factor in the error is the effect of temperature on the FBG
accelerator accuracy. The temperature at which the FBG accelerometer
is calibrated is different from that at which it is applied in the pipeline.
The central wavelength of FBG will drift with the change of temperature,
which will cause the sensitivity of FBG acceleration to change, and the
measurement results of acceleration are inaccurate. The deviation of
acceleration measurement will eventually lead to the deviation of strain
reconstruction. This can be done by adding a reference FBG inside the
FBG accelerometer or by using differential FBG to eliminate the effect of
temperature drift.

Additionally, the FBG accelerometers developed by this paper can
only measure acceleration in one-dimensional direction. Further
research could turn to the design of multi-axis FBG accelerometers to
effectively detect the vibration displacement and shape of objects in
multiple directions. In this way, more vibration characteristics can be
extracted and more accurate strain information can be reconstructed. In
addition to that, errors between the reference strain and the recon-
structed strain also arise from the calibration of accelerometers and the
displacement reconstruction algorithm. By improving the accuracy of
both the calibration and algorithm, it is possible to reduce the errors as
well.
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6. Conclusions

This paper proposes a displacement and distributed strain recon-
struction method based on FBG accelerometers for vibrating structure
where direct attachment of FBG strainmeter on the surface is not
feasible. The main research contents and conclusions are as follows:

(1) Displacement reconstruction method based on FIR filter is stud-
ied, where vibration acceleration at discrete points on the struc-
ture surface is extracted to reconstruct displacement. A method of
obtaining the strain distribution by matching the reconstructed
displacement with that obtained via finite element simulation is
proposed. Compared with displacement-strain function from
vibratory beam theory, the displacement matching method via
finite element simulation has higher strain reconstruction accu-
racy and broader adaptability. The total mean relative error at all
points is less than 6 %, and the total relative error of inversion
strain at all points is less than 9 %.

An FBG accelerometer with equal strength beam structure is
designed and optimized by geometric parameter sweeping.
Excitation test shows that the resonant frequency of the FBG
accelerometer is 56 Hz, the average sensitivity in 3 Hz-20 Hz is
70 pm-g~!, and the FBG accelerometer demonstrates good
linearity.

A pipeline vibration monitoring experiment system is built, and
displacement-strain reconstruction experiment is carried out.
Experiment results demonstrate that the proposed method has a
high detection accuracy, with the maximum relative error of
displacement reconstruction being 7.6 %, and the maximum
relative error of strain reconstruction being 10.8 %. The
maximum measurement uncertainty of the proposed method at a
confidence level of 95 % is 2.21 pe.
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