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Abstract: This paper presents a method to assess the load transfer efficiency (LTE) of concrete
pavement joints using distributed optical vibration sensors. First, a theoretical analysis of concrete
pavement vibration was conducted to investigate how to reflect LTE by spectral amplitude. Sec-
ond, distributed optical vibration sensor (DOVS) was applied to measure vibration around joints
distributedly. Third, the corresponding processing method for DOVS data was proposed to calculate
the ratio of spectral amplitude from different slabs through power spectral density (PSD) analysis.
Then, field tests were conducted on nine concrete pavement slabs with three different types of joints
(dummy joint, rabbet joint, and dowel bars). The deflection-based method as well as the proposed
vibration-based method were employed to assess the LTE of eleven joints on two different dates. The
comparative analysis results indicate the deflection-based LTE (DLTE) and the ratio of PSD (RPSD)
have a strong correlation (0.871) and a slight difference (<±0.03) overall. The correlation is robust in
different dates and types of joints (0.844~0.88). These findings prove the accuracy and effectiveness
of the proposed vibration-based method.

Keywords: load transfer efficiency; concrete pavement; joint; distributed optical vibration; power
spectral density

1. Introduction

Cement concrete pavement (CCP) commonly sets joints to accommodate the slab
movements caused by temperature. But the joints usually become a weak part of the
whole structure. Therefore, load transfer mechanism is always established in CCP joints by
aggregate interlock or dowel-concrete interaction (e.g., dummy joints, rabbet joints, and
dowel bars). By the load transfer mechanism, the applied load will be transferred from
the loaded slab to the adjoining unloaded slabs, so multiple slabs are sharing the load
and the stress in the loaded slab will be reduced [1,2]. However, owing to the ambient
temperature, moisture, and traffic load, the load transfer efficiency (LTE) of joints decreases
gradually during the service time of CCP and easily results in structural damage [3], so it is
important to assess LTE for the maintenance of CCP. The direct index of LTE is defined as
the ratio of bending stress on the loaded and adjoining unloaded slab [4]. Nevertheless,
stress is very difficult to capture accurately in field testing, so the stress-based LTE is
not quite practical to measure. As a replacement, research [4–6] indicated that the ratio
of deflection on the loaded and unloaded slab is also able to reflect LTE. The deflection
could be directly measured by sensors on the surface of slabs, such as a falling weight
deflectometer (FWD). The deflection-based LTE is convenient to measure and has been
widely used in the measurement of LTE in CCP during recent years [7–9].
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However, Guo [10] indicated that owing to the concrete pavement curling and warping,
the measured deflection is influenced by ambient temperature and moisture, leading to
errors in the deflection-based LTE. Furthermore, the measurement of deflection relies on
point sensors on FWD, but the deflection varies quickly in the spatial domain. It is not
precise enough to reflect the LTE of a several-meter-long joint only based on deflections
from a few points [11]. Zhang et al. [12] proposed a method to measure LTE using the
vibrations of CCP. The basic idea is that joint conditions affect the constrain of slabs, which
is highly related to the vibration characteristics of CCP. Through numerical simulation and
field testing, Zhao et al. [13] found the constraint conditions of CCP affect the vibration
characteristics of CCP in both time and frequency domains. Zhang et al. [12] found that
LTE influences the amplitude of vibration. Wu et al. [14] found that joint stiffness affects
the ratio of amplitude in the frequency domain (transmissibility function). Although the
above researches avoid the effect of ambient temperature and moisture by using vibration
rather than deflection of CCP, the measurement of vibration still relies on point sensors like
accelerometers. The spatial resolution of the measured data is not guaranteed.

Distributed fiber optic as one of the emerging sensing technologies has gained increas-
ing attention in structural health monitoring of civil engineering [15–17]. It can measure
strains, vibrations, and temperatures along kilometers of fiber optic cable and has been used
in long structures such as railways [18–20], tunnels [21–24], bridges [25,26], and asphalt
pavement [27,28]. In terms of concrete pavement, Zhao et al. [29,30] and Zeng et al. [31,32]
employed distributed optical vibration sensors (DOVS) to measure vibrations of CCP with
high integrity in the spatial domain, and the measured vibration was utilized for traffic
monitoring and support condition assessment. Therefore, there is a potential to measure
the vibration around joints of CCP based on DOVS and assess the overall LTE along joints
using spectral features.

2. Methodology

The purpose of this paper is to monitor the load transfer efficiency of concrete pave-
ment joints using distributed optical vibration sensors. In this section, a methodology is
developed and its phases are illustrated in Figure 1 and also listed as follows:

(1) theoretical analysis of concrete pavement vibration is conducted to investigate how to
reflect LTE by spectral amplitude.

(2) distributed optical vibration sensor (DOVS) is applied to measure vibration around
joints distributedly.

(3) the corresponding processing method for DOVS data was proposed to calculate the
ratio of spectral amplitude from different slabs through power spectral density (PSD)
analysis.
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2.1. Theoretical Analysis of Concrete Pavement Vibration

Assume an external excitation q(x, y, t) is applied on a concrete pavement slab, the
equations of motion are formulated as:

D∇2∇2w + ρh
∂2w
∂t2 = q(x, y, t) (1)

where w, D, ρ, and h denote the deflection, bending stiffness, density, and thickness of the
concrete pavement slab respectively. The solution to Equation (1) is given by:

w(x, y, t) =
∞

∑
m=1

∞

∑
n=1

Wmn(x, y) Tmn(t) (2)

where Wmn(x, y) denotes the mode shape of mnth order, Tmn(t) denotes the weight of mnth
order along with time t. Equation (3) gives the following mode shape equation:

D∇2∇2Wmn = ρhω2
mnWmn (3)

where ωmn denotes the natural frequency of mnth order. From Equations (2) and (3),
Equation (1) becomes

d2Tmn(t)
dt2 + ω2

mnTmn(t) =
Pmn(t)
Mmn

(4)

where Mmn, and Pmn(t) denote the generalized mass, and force of mnth order respectively
and is given by

Mmn =
x

ρhW2
mn(x, y)ds (5)

Pmn(t) =
x

q(x, y, t)Wmn(x, y)ds (6)

When the excitation is an impulse load, q(x, y, t) can be written as

q(x, y, t) = q0(x, y) f I(t) (7)

f I(t) =
{

PI , 0 ≤ t ≤ t1
0, t > t1

(8)

where q0(x, y) denotes the distribution of loading position, t1 denotes the loading time
and PI denotes the magnitude of the impulse load. From Equations (5)–(8), the solution of
Equation (4) is given by

Tmn(t) =
s

q0(x,y)Wmn(x,y)ds
ωmn Mmn

∫ t1
0 f I(τ) sin ωmn(t− τ)dτ

+amn cos ωmnt + bmn sin ωmnt
(9)

The loading time of an impulse load is below 0.03 s. It could be considered as close to
zero. As t1→0 and the initial conditions of Equation (1) are zero, Equation (9) becomes

Tmn(t) =
s

q0(x, y)Wmn(x, y)ds
ωmn Mmn

· PI t1 · sin ωmnt (10)

When an impulse load (with magnitude PA) is applied at (−x0, y0) on Slab A, as shown
in Figure 2, the amplitude of the vibration response of mnth order (Amn) can be expressed
based on Equation (10):

Amn =

s
q0(x, y)Wmn(x, y)ds

ωmn Mmn
· PI t1 =

WA
mn(−x0, y0)

ωA
mn MA

mn
PAtA

1 (11)
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Similarly, when an impulse load (with magnitude PB) is applied at (x0, y0) on Slab B,
the amplitude (Bmn) is written as

Bmn =
WB

mn(x0, y0)

ωB
mn MB

mn
PBtB

1 (12)

Considering that the joint conditions affect Slab A and Slab B equally, as well as
the structural and material properties of these two slabs, are nearly the same, the modal
characteristics of the joint area could be approximately regarded as equal

WA
mn(−x, y) ≈WB

mn(x, y) (13)

ωA
mn ≈ ωB

mn (14)

MA
mn ≈ MB

mn (15)

Since the impulse load has equal loading time on Slab A and Slab B (t1
A = t1

B),
Equation (12) divided by Equation (11) can be written as

Bmn

Amn
=

PB
PA

(16)

From Equation (16), the impulse load (magnitude = PA) applied at (−x0, y0) has
an equal excitation to Slab B, compared with the impulse load (magnitude = PAAmn/PB)
applied at (x0, y0). Therefore, the load transfer efficiency (PB/PA) can be reflected by the
ratio of vibration response amplitude.

2.2. Measurement of Vibration around Concrete Pavement Joints

Distributed optical vibration sensors (DOVS) can measure vibration around joints
distributedly. DOVS relies on the technology of phase optical time-domain reflection (ϕ-
OTDR), which makes a single fiber optic cable become a multipoint sensor for measurement
and localization. Figure 3a illustrates the schematic principle of ϕ-OTDR. A measurement
device continuously emits pulse light at one end of the cable when measuring. The light
waves reflect the signal to the device along the cable. When a vibration event disturbs
the cable, the cable’s mechanical properties will influence the scattered amplitude of the
reflected light. The relative amplitude of the reflected light is analyzed for vibration
information, while the position information is analyzed according to the time difference of
each reflected light. Therefore, DOVS can measure vibrations along the fiber optic cable
continuously and distributedly.
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(c) Layout of the monitoring units when measuring vibration around a joint.

The sampling frequency of a commercial DOVS measurement device can reach
2500 Hz but the spatial resolution is usually more than 2 m. It is not precise enough
to locate vibrations in concrete pavement. Zeng et al. [31] proposed a design of vibration
monitoring units based on looped fiber optic cables, as shown in Figure 3b. The length of
the cable is 4 m in each monitoring unit (looped four times with a 0.3 m diameter). The
designed monitoring unit has more than one measurement point to improve the accuracy
of measurement. Also, the measurement can mostly represent the vibration information
located on the thirty-centimeter-diameter monitoring unit, which improves the localization
precision compared with a four-meter section of a linear cable.

Therefore, as shown in Figure 3c several monitoring units can be arranged on both
sides of a joint to measure the vibration around the joint at the same time.

2.3. Calculation for the Ratio of Vibration Amplitude

The original DOVS data is recorded in time history and contains noises, bringing
difficulties to capture the accurate amplitudes of vibration at different frequencies. Qin
et al. [33] and Du et al. [34] proposed some wavelet-based denoising methods which are
widely used for vibration measurement in concrete pavement. Thus, the first step is to
denoise the original DOVS data.

1. Denoise the original DOVS data:

W f (b, 2j) =

∞∫
−∞

x1(t)
1√
2j

ϕ

[
t− b

2j

]
dt (17)
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where x1(t) denotes the normalized signal in time history, Wf (b, 2j) denotes the jth wavelet
coefficient, and ϕ denotes the function of the wavelet base (Daubechies 4). Soft -thresholding
denoising is applied to obtain the wavelet coefficients:

wλ =

{
[sign(w)](|w| − λ), |w| ≥ λ

0 |w| < λ
(18)

where wλ denotes the wavelet coefficient after the soft-thresholding denoising, w denotes
the original wavelet coefficient, and λ denotes the threshold value. The original and
denoised data is shown in Figure 4a.
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2. Calculate the PSD of measurement point i:

Zhao et al. [29] indicated that power spectral density (PSD) can describe the ampli-
tude of concrete pavement vibration along the frequency domain. Therefore, the ratio of
vibration response around a joint can be calculated by the following steps:

PSDi( f ) =
1

∆ f
lim

T→∞

1
T

T∫
0

xi(t, f , ∆ f )xi(t, f , ∆ f )dt (19)

where xi(t) denotes the denoised data of measurement point i, f denotes frequency. Figure 4b
shows three examples from different measurement points. In Figure 4b, it is easier to
observe the vibration amplitudes in the frequency domain rather than in the time domain.

3. Combine the PSD of all measurement points around the joint:

PSD =

 PSD1( fl) . . . PSD1( fh)
...

. . .
...

PSDns( fl) · · · PSDns( fh)

 (20)

where fl and fh denote the lower and upper limits of the frequency band. Figure 4c illustrates
an example of combined PSD. Compared with the PSD from a single measurement point,
the combined PSD provides information about how vibration amplitudes vary in the
spatial domain and also gives a global view to find the natural frequencies.

4. Extract the vector of PSD at mth natural frequency and divide it into two sets:

PSDA( fm) = [PSD1( fm), PSD2( fm) · · · PSDi( fm)]
T ns= 1, 2 · · · i ∈ SA (21)

PSDB( fm) =
[
PSDi+1( fm), PSDi+2( fm) · · · PSDj( fm)

]
ns = i + 1, i + 2 · · · j ∈ SB (22)

where SA, SB denotes the measurement points on Slab A and Slab B respectively.

5. Calculate the ratio of PSDA(fm) and PSDB(fm):

RPSDAB( fm) =
PSDA( fm)

PSDB( fm)
=



PSD1( fm)
PSDi+1( fm)

PSD1( fm)
PSDi+2( fm)

· · · PSD1( fm)
PSDj( fm)

PSD2( fm)
PSDi+1( fm)

PSD2( fm)
PSDi+2( fm)

· · · PSD2( fm)
PSDj( fm)

...
...

. . .
...

PSDi( fm)
PSDi+1( fm)

PSDi( fm)
PSDi+2( fm)

· · · PSDi( fm)
PSDj( fm)

 (23)

6. Estimate the density distribution of elements in RPSDAB(fm) by kernel density esti-
mation (KDE). The estimated probability density of RPSD at frequency f is calculated
as:

KDE( f ) = ∑ biKb( f − si) (24)

where bi is the weighting of each point with ∑bi = 1. Kb(x) is the zero-centered Gaussian
kernel function with bandwidth b and is given by:

Kb( f − si) =
1√
2πb

e−
1
2 (

f−si
b )

2

(25)

where si denotes the value of sample i in RPSDAB(fm).
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Figure 4d shows an example of the estimated density distribution. The maximum of
0.389 means most elements of RPSDAB(fm) are located around 0.389. The maximum can be
regarded as the representative value that reflects RPSDAB(fm) in global.

3. Field Testing

Field testing was conducted to validate the vibration-based monitoring method. The
conventional deflection-based method as well as the proposed vibration-based method
were applied to assess LTE at different joints. A comparative analysis was employed to
validate the accuracy of the vibration-based method.

3.1. Test Set-Up

A test site consisting of nine concrete pavement slabs was constructed at Tongji
University. The thickness of the nine slabs was all 25 cm. Figure 5a depicts the length and
width of the nine slabs. As shown in Figure 5b, the thickness was 15 cm of the cement
stabilized base. The subgrade was made of compacted soil and was more than 40 cm thick.
The grade of the concrete was C45. Its flexural strength was 4.9 MPa (28 day). The concrete
was produced and provided by a commercial company (Shanghai Chengjian Group).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 18 
 

A test site consisting of nine concrete pavement slabs was constructed at Tongji Uni-
versity. The thickness of the nine slabs was all 25 cm. Figure 5a depicts the length and 
width of the nine slabs. As shown in Figure 5b, the thickness was 15 cm of the cement 
stabilized base. The subgrade was made of compacted soil and was more than 40 cm thick. 
The grade of the concrete was C45. Its flexural strength was 4.9 MPa (28 day). The concrete 
was produced and provided by a commercial company (Shanghai Chengjian Group). 

There were eleven scenarios set for the field testing, as shown in Figure 5c. Note that 
some scenarios (e.g., J4 and J6) were located at the same joint but the LTE was assessed 
from different directions, so they were considered as two different scenarios. 

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Field test set-up: (a) Dimension of the nine concrete pavement slabs; (b) Sectional view of 
the test site; (c) Scenarios of the joints; (d) Cross section of rabbet joint; (e) Vibration sensing system; 
(f) Maintain the sensors in the right position. 

Three kinds of joints (dummy joint, rabbet joint, and dowel bars) were constructed 
in the field testing. The cross-section of the rabbet joint is shown in Figure 5d. The dowel 

Figure 5. Field test set-up: (a) Dimension of the nine concrete pavement slabs; (b) Sectional view of
the test site; (c) Scenarios of the joints; (d) Cross section of rabbet joint; (e) Vibration sensing system;
(f) Maintain the sensors in the right position.
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There were eleven scenarios set for the field testing, as shown in Figure 5c. Note that
some scenarios (e.g., J4 and J6) were located at the same joint but the LTE was assessed
from different directions, so they were considered as two different scenarios.

Three kinds of joints (dummy joint, rabbet joint, and dowel bars) were constructed in
the field testing. The cross-section of the rabbet joint is shown in Figure 5d. The dowel bars
were 50 cm in length, 2.5 cm in diameter, and arranged with a forty-centimeters gap. The
dummy joint was 10 cm in depth and 0.3 cm in width.

A vibration sensing system was developed based on DOVS in field testing. Monitoring
units were embedded into the concrete pavement slabs to measure their vibrations. There
were ten monitoring units arranged along a four-meter-long joint while five monitoring
units along a two-meter-long joint. The monitoring unit’s diameter was 30 cm.

As shown in Figure 5e,f, the monitoring units were fixed on the base before concrete
placing to maintain the optical sensors in the right place. During concrete placing, some
concrete was firstly placed around the optical sensors to provide support to keep the optical
sensors in right place.

3.2. Data Collection

A falling weight deflectometer (FWD) was employed to apply impulse load and
measure the deflections of concrete pavement slabs. The impulse load was produced by
dropping a large weight onto a buffer which shapes the pulse and then transmitted to the
pavement through a circular load plate. Then pavement’s deflections were measured by
nine displacement sensors, as shown in Figure 6a.
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To assess the deflection-based LTE of a joint, the second and third displacement sensors
were set symmetrically against the joint, as shown in Figure 6b,c. The deflection-based LTE
of the joint could be calculated as:

LTE =
wa

wl
(26)

where wa, wl denotes the measured deflections on the adjoining unloaded slab and the
loaded slab respectively.

In the field testing, the impulse load was applied to different joints. For each joint,
the weight was dropped from three different heights, which produced impulse loads at
three levels (80, 100, and 120 kN). The measurement was repeated three times for each
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load level, so there were nine measurements of deflections. Meanwhile, the DOVS-based
vibration sensing system measured the vibration around joints. The corresponding RPSD
was calculated according to Equations (17)–(25).

The above procedures were conducted twice. The first time was in July 2020 (ambient
temperature was 31 ◦C) and the second time was in November 2020 (ambient temperature
was 13.6 ◦C). Thus there were two test series to have a better comparison between deflection-
based LTE and RPSD.

3.3. Results of Deflection-Based LTE (DLTE)

Table 1 shows the measurement results of deflection-based LTE (DLTE) in the two
tests. Figure 7 compares the DLTE measured on different dates and joints. It is found that
the DLTE of J4 was 0.814 and 0.688 in July 2020 and November 2020 respectively. Both the
DLTEs were positive but the decrease was about by 18.31%. Similarly, the DLTE of J8, J9,
and J11 decreased by about 15.57 to 32.25% in the second test, but the other joints’ DLTE
vary more slightly (decreased by 9.28% or increased by 2.47% in maximum). Considering
these joints are mostly dummy joints and the second test was conducted in winter, the
decrement of their DLTE should be due to the slab movements caused by temperature,
because the width of dummy joints increases at a lower temperature, as a result of slab
movements, which results in significant deterioration of DLTE.

Table 1. Measurement results of deflection-based LTE in the two tests.

Test
Series

No.
Joint Measurements of Deflection-Based LTE Average Deviation

1#
July 2020

J1 0.900 0.930 0.936 0.937 0.959 0.940 0.945 0.929 0.931 0.934 0.015
J2 0.882 0.879 0.915 0.897 0.896 0.881 0.931 0.933 0.936 0.906 0.022
J3 0.828 0.838 0.823 0.838 0.834 0.814 0.852 0.840 0.838 0.834 0.010
J4 0.762 0.721 0.866 0.848 0.882 0.835 0.778 0.803 0.835 0.814 0.050
J5 0.987 0.965 0.985 0.915 0.954 0.990 0.954 0.963 1.018 0.970 0.028
J6 0.953 0.918 0.909 0.961 0.987 1.014 0.946 0.966 0.988 0.960 0.032
J7 0.945 0.929 0.925 0.936 0.960 0.933 0.951 0.949 0.950 0.942 0.011
J8 0.961 0.968 0.956 0.962 0.968 0.949 0.959 0.957 0.960 0.960 0.006
J9 0.856 0.852 0.833 0.866 0.817 0.844 0.819 0.844 0.863 0.844 0.017

J10 0.967 0.954 0.977 0.962 0.948 0.957 0.973 0.958 0.962 0.962 0.009
J11 0.927 0.903 0.916 1.000 0.989 0.963 0.964 0.972 0.973 0.956 0.031

2#
November

2020

J1 0.879 0.880 0.880 0.878 0.877 0.878 0.881 0.880 0.880 0.879 0.001
J2 0.869 0.870 0.872 0.872 0.874 0.871 0.865 0.868 0.871 0.870 0.003
J3 0.860 0.857 0.853 0.852 0.847 0.846 0.861 0.858 0.856 0.855 0.005
J4 0.671 0.672 0.667 0.695 0.694 0.690 0.705 0.698 0.697 0.688 0.013
J5 0.876 0.873 0.874 0.881 0.884 0.885 0.881 0.883 0.884 0.880 0.004
J6 0.978 0.977 0.976 0.964 0.962 0.962 0.969 0.969 0.970 0.970 0.006
J7 0.942 0.936 0.937 0.944 0.937 0.936 0.944 0.944 0.945 0.941 0.004
J8 0.625 0.618 0.611 0.649 0.653 0.651 0.681 0.685 0.679 0.650 0.026
J9 0.640 0.639 0.636 0.659 0.653 0.647 0.669 0.663 0.662 0.652 0.011

J10 0.951 0.952 0.956 0.954 0.949 0.948 0.951 0.949 0.953 0.951 0.002
J11 0.752 0.745 0.741 0.753 0.743 0.744 0.765 0.758 0.755 0.751 0.008
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Also, there are some deviations among the nine measurements at the same joint, which
are between 0.002~0.05. These deviations are due to the measurement error from FWD
(whose accuracy is ±2 µm according to its specification). Since the DLTE is a ratio of
measured deflections, the influence of measurement error becomes more significant after
the division between two measurements.

3.4. Results of the Ratio of Power Spectral Density (RPSD)

From Equations (19)–(25), the estimation of RPSD is related to how many natural
frequencies are considered during the calculation. Figure 8 shows an example of the
estimated density distribution when considering different numbers of natural frequencies.
For example, Num = 10 means that the first ten orders of natural frequencies are considered
to calculate and estimate the density distribution.
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From Figure 8, it is found that the more natural frequencies is considered, the lower
deviation of the estimated density distribution is, as well as the more stable the maximum
will be. This is due to the different numbers of samples for density estimation. Measurement
errors will influence the estimation results easily if there are only a few samples. If more
natural frequencies are considered, more samples will come into the estimation and can
reduce the influence of measurement errors.

However, more samples bring a heavier burden of calculation. Figure 9 illustrates
the calculated RPSD maximum (RPSDm) of different joints when different numbers of
natural frequencies are considered. It is found that the calculation results fluctuate a
lot when considering less than four natural frequencies and become stable when more
than eight natural frequencies are considered. This phenomenon exists in most joints
and both two tests, which proves the influence of natural frequency. Therefore, to find
a balance between accuracy and effectiveness, the first nine natural frequencies were
selected to calculate RPSDm.
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Figure 10 illustrates the estimated density distribution of RPSD from different joints.
Each subfigure shows the results of two tests. The left side is the first test, and the right side
is the second test. The maximum of the RPSD’s density distribution is marked by dark
blue points. It is found that:
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Figure 10. Estimated density distribution of RPSD at different joints.

(1) There is a shift in the maximum of RPSD’s density distribution in J1, J4, J5, J8, J9,
and J11. The deflection-based LTE (DLTE) of these six joints also changes by more than 5%
according to Table 1. It suggests the maximum density distribution, as the representative
value of RPSD estimation, can reflect the change in DLTE sensitively.

(2) J8 and J10 just have a slight change in DLTE, as well as the maximum of RPSD’s
density distribution. However, their deviation of RPSD changes a lot. This is because
that the deterioration of the joint is usually caused by local damage or defects. After
deterioration, the load transfer efficiency is not the same along the length of the joint.

3.5. Discussion of the Correlation between DLTE and RPSD

To further investigate the correlation between DLTE and RPSD, the maximum of
RPSD’s density distribution (denoted by RPSDm) was extracted from each subfigure of
Figure 10 and compared with the corresponding DLTE from Table 1. Figure 11 shows their
correlation in the two tests. Note that DLTE squared (DLTE2) is utilized for comparison in
Figure 11 because PSD’s amplitude is the frequency spectrum’s amplitude squared. The
green area is the 95% confidence interval, which means that there is a 95% probability that
the true best-fit line for the populations lies within the confidence interval. From Figure 11,
it is found that:
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Figure 11. Correlation between RPSDm and DLTE2 (a) In the first test; (b) In the second test.

(1) In the first test, the DLTE2 is between 0.65~0.95 and mainly concentrated around
0.90. The correlation between RPSDm and DLTE2 is about 0.844.

(2) In the second test, some joints’ condition deteriorate significantly so the range of
DLTE2 become wider (0.40~0.95). But the correlation is still 0.875.

Similarly, Figure 12 illustrates the correlation between RPSDm and DLTE2 in different
types of joints. Figure 12a shows the results of dummy joints. Since the samples of rabbet
joints and dowel bars are both much fewer than dummy joints, their results are illustrated
together in Figure 12b. It is found that:
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Figure 12. Correlation between RPSDm and DLTE2 (a) In dummy joints; (b) In rabbet joints and
dowel bars.

(1) Owing to the sensitivity to temperature, the DLTE2 of dummy joints is distributed
between 0.40~0.95 and has more deviations than other types of joints. The correlation is 0.868.

(2) The DLTE2 of rabbet joint and dowel bars are mostly concentrated in 0.75~0.90 as
the temperature has a slight influence on their DLTE2. The correlation is around 0.880.
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From Figures 11 and 12, the findings indicate that RPSDm has a significant correlation
with DLTE2. The correlation is close in different types of joints as well as two different tests
that have a four-month gap. It proves the robustness of the vibration-based method.

Besides, to investigate the accuracy of the RPSDm, Figure 13a illustrates the correlation
between RPSDm and DLTE2 according to the all results of the two tests. Also, the difference
between RPSDm and DLTE2 (∆RL)is calculated as

∆RL =
√

RPSDm − DLTE (27)

and its cumulative distribution is shown in Figure 13b.
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Figure 13. Comparative analysis between RPSDm and DLTE2 (a) Correlation; (b) Difference.

From Figure 13, It is found that: (1) the overall correlation between RPSD and LTE is
0.880. It is very close to the results in Figures 11 and 12. (2) the 5% and 95% percentile of
∆RL is about −0.08 and 0.06, respectively, which means 90% of ∆RL is between −0.08~0.06.
The main part of the difference is due to DLTE. According to reference [7–9], the measured
deviation of DLTE could usually reach 0.042. It agrees with the measurement results
shown in Table 1. The deviation reaches 0.050 from Table 1. Therefore, the ∆RL should be
mostly below ±0.03 regardless of the DLTE-part error. It also agrees with the test results in
reference [12], from which the difference is about ±0.02.

4. Conclusions

This paper presents a novel method to assess the load transfer efficiency (LTE) of
concrete pavement joints using distributed optical vibration sensors. According to the
contribution to the knowledge, contribution to the practice, and the limitation of the current
study, the conclusions are as follows:

(1) Through theoretical analysis of vibration on the loaded and unloaded slab, the LTE
of joints can be reflected by the ratio of power spectral density (RPSD) at natural
frequencies. The field test results also indicate that LTE and RPSD have a strong
correlation (0.871) and a slight difference (<±0.03) overall, which proves the accuracy
and effectiveness of the vibration-based method.

(2) Distributed optical vibration sensor (DOVS) can measure the vibration around con-
crete pavement joints distributedly, which is beneficial for the precision of RPSD in
practical measurement. According to the field test results, the correlation between
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LTE and RPSD is robust in different dates and types of joints (0.844~0.880), which
proves the robustness of the vibration-based method in practical applications.

(3) Future work will be made to apply this method under traffic loads. It is much more
convenient to utilize traffic loads as excitation rather than impulse loads provided by
a specific device. With traffic loads from passing by vehicles, LTE can be assessed and
monitored continuously and in real time.
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