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ABSTRACT Pavement deflection is the primary indicator reflecting road-bearing capacity. The falling
weight deflectometer (FWD) and the Benkelman beam deflectometer (BBD) are widely used in deflection
measurement, and are suitable for measuring the elastic deflection of pavement under static loading or
dynamic impact loading. In recent years, there has been an increasing interest in continuous dynamic
deflectometers, especially velocity-based deflectometers. The velocity-based continuous dynamic deflec-
tometers, such as the laser dynamic deflectometer (LDD), are used to solve the problems of traffic speed
and non-destructive pavement deflection measurement. However, there can be many deviations caused
by the varied environmental parameters in practical application. In this article, through the review of the
mechanism of the Euler-Bernoulli beam upon an elastic foundation and the corresponding influencing
factors, the internal and external factors causing dynamic deflection measurement deviation are analyzed
and summarized. The influences of pavement temperature, vehicle speed, pavement condition, and other
factors are summarized and discussed. On this basis, a model of environmental parameter correction for
the continuous dynamic deflectometer is established using a regression analysis method. Numbers of
experiments confirmed the reliability of the correction model under different measurement conditions. The
correlation experiments between the LDD and different types of deflectometer confirmed the accuracy of the
correction model under different measurement conditions. The results showed that the correction model for
the continuous deflection measurement of pavements under dynamic loads has strong robustness in different
environments and conditions.

INDEX TERMS Bearing capacity, non-destructive measurement, dynamic deflection, laser doppler, deflec-
tion correction.

I. INTRODUCTION
Deflection is an important index reflecting the comprehen-
sive bearing capacity of subgrade and pavement, which is
influenced by the compactedmaterial density [1] andmaterial
stiffness [2]. There are three typical methods of deflection
measurement: (1) static load deflectionmeasurement (e.g. the
Benkelman beam deflectometer, BBD), which involves mea-
suring the maximum deflection response of a pavement
to static applied loads [3]; (2) dynamic impact deflection
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measurement (e.g. the falling weight deflectometer, FWD),
which involves measuring the maximum deflection response
of a pavement to dynamic impact applied loads [4], [5];
and (3) continuous dynamic deflection measurement (e.g. the
laser dynamic deflectometer, LDD), which involves measur-
ing the maximum deflection response of a pavement under
the continuous dynamicwheel load of vehicles [6]. Static load
deflection measurement and dynamic impact deflection mea-
surement are limited in practical application as they need suf-
ficient response time for the deformation and recovery. As a
result, these methods are low speed (1–5 km/h) and ineffec-
tive (10–50m per sample point) [3]–[5]. Continuous dynamic
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deflection measurement solves both problems and offers a
much more reasonable process because it fits naturally to the
way that pavement is actually used.

In recent years, there has been an increasing interest in con-
tinuous dynamic deflection measurement. Typical products
are the rolling wheel deflectometer (RWD) [6], [7]), the road
deflection tester (RDT) [8], and the rolling dynamic deflec-
tometer (RDD) [9], [10]. However, all these method using
force-displacement principle have been developed through
laboratory experiments, and few have been applied in practi-
cal applications [11]–[13]. Greenwood Engineering of Den-
mark and ZOYON of China have developed methods based
on the velocity-based measurement of pavement deformation
and a theoretical model of the deflection value. They pro-
duce products such as the high-speed deflectograph (HSD),
the traffic speed deflectometer (TSD), and the laser dynamic
deflectometer (LDD), which have been successful in both
theory and application [14]–[17]. However, a major prob-
lem with these deflectometers is the possible deviation of
the external and internal environmental parameters of the
dynamic deflection measurement. The result of the dynamic
deflection value is influenced by the different correction
coefficients for the dynamic load, vehicle speed, pavement
roughness, pavement temperature, etc. To date, the existing
research has mostly focused on qualitative research into these
influencing factors, and there is a lack of theoretical models
and data support.

The deflection caused by traffic load is not symmetric,
as for stationary loads [15]–[17], and the deflection basin
is expressed in the form of a curve that propagates in the
driving direction. Following the theory of elastic wave prop-
agation in solids, the dynamic deflection waves are related
to the tendency of a material to maintain its shape and not
deform whenever a force or stress is applied to it. Accord-
ingly, dynamic deflection waves have additional influencing
factors, such as the dynamic load, vehicle speed, pavement
roughness, and pavement temperature. To date, most research
has been focused on pavement temperature correction, where
valuable research results have been obtained. The influence of
pavement temperature on the measurement results is usually
corrected by a temperature correction coefficient, in which
the influencing factors of the different correction models are
different [18]–[20]. The influencing factors include pavement
temperature, asphalt layer thickness, modulus of resilience
of the subgrade top surface, cracking state, type of subgrade
material, and so on. The various models show the impor-
tance of temperature correction, and also reflect that it is
difficult to obtain a unified model for temperature correction.
Pavement roughness is another important factor, which is
usually evaluated by the International Roughness Index (IRI).
The Transport Research Laboratory (TRL) in the United
Kingdom has reported that road roughness has a great influ-
ence on the TSD [21]. The existing deflection measurement
products are mainly the FWD and the BBD, which differ
from the continuous dynamic deflectometer. The measure-
ment results have nothing to do with the measurement speed,

and the measurement load is relatively fixed. As a result,
there has been little research on measurement speed and
dynamic load correction. Previous research has evaluated the
effect of vehicle speed on continuous dynamic deflection
measurement based on the data of one subgrade pavement
and two asphalt pavements [14], but further research is still
needed.

This article presents an overview of the velocity-based
continuous dynamic deflectometer. By using the deflection
velocity of several sampling points, the deflection basin is
inverted by linear regression and the initial deflection value
is calculated. A calibration-based method is then used to
achieve the calculation of the system parameters for the
continuous dynamic deflectometer. Then, starting with the
analysis of the mechanism of the LDD and the quantitative
influencing factors, the potential main influencing factors are
considered as the dynamic load, vehicle speed, pavement
roughness, and pavement temperature.

Based on these findings, a recommended correction model
for the environmental parameters of the continuous dynamic
deflectometer is presented, the feasibility of which was con-
firmed by repeatability and correlation experiments. The
results showed that the velocity-based method of the continu-
ous dynamic deflectometer has strong robustness in different
environments and conditions. As of March 2018, contin-
uous dynamic deflectometers have completed 200,000 km
of actual engineering measurement in China. The proposed
correction method supports the continuous dynamic deflec-
tometer at a normal traffic speed of 20–90 km/h, to meet the
demands of network-level deflection measurement.

The rest of this paper is organized as follows. Section II
reviews the related work. Section III describes the correction
of the system parameters for the continuous dynamic deflec-
tometer. Section IV presents the repeatability verification
and correlation verification. Finally, Section V provides a
summary of the work.

II. RELATED WORK
The model of the Euler-Bernoulli beam on an elas-
tic foundation is used to solve the problem of traffic
speed and non-destructive pavement deflectionmeasurement.
By measuring the deflection velocity in predetermined posi-
tions of the deflection basin, the deflection value can be
obtained.

A. PRINCIPLE OF DYNAMIC DEFLECTION MEASUREMENT
BASED ON DEFLECTION VELOCITY
The structural layers of an asphalt pavement (including the
surface layer, base layer, and cushion layer) are simplified
as an arbitrary (possibly infinite) long beam on an elastic
foundation. The axle load is applied at the beam and creates a
deflection basin. Figure 1a depicts how an ideal elastic mate-
rial deforms, which is usually in proportion to the applied axle
load and recovers when the load wheel is leaving. Figure 1b
shows that the dynamic deflection wave is a mechanical
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FIGURE 1. Principle of dynamic deflection measurement:(a) Pavement
deflection; (b) Dynamic deflection basin.

disturbance that propagates through amaterial, causing defor-
mation of the material around the dynamic deflection basin.

We consider the case of a massless Euler-Bernoulli beam
of infinite length resting upon an elastic foundation of mod-
ulus k . The deflection d(x) under the force of a load F is
estimated by the following expression [14]–[17]:

d (x) = −
1
2
·
A
B · e

−Bx
· (cos (Bx)+ sin (Bx))

A =
F
√
4EIk

, B = (
k

4EI
)
1/4 (1)

where x is the position of the deflection basin, and the force
F is located at x = 0. E is the pavement rigidity modulus, and
I is the pavement moment of inertia. Once the values of A and
B are obtained, the deflection at any position on the deflection
curve can be calculated.

For the derivatives on both sides of (1), the slope of the
beam deflection curve at point x is:

d ′(x) = e−Bx · A sin (Bx) (2)

where the rate of distance d ′(x) is equivalent to the rate of
vertical slope 1Sv(x) divided by the rate of horizontal slope
1Sh(x) at any moment, and is also equivalent to the ratio of
the vertical deformation velocity Vr to the horizontal velocity
Vh at any moment.

d ′(x) =
1Sv(x)
1Sh(x)

=
Vr (x)
Vh(x)

(3)

Parameters A and B can be estimated by
e−Bx1 · A sin (Bx1)− Vr1/Vh1 = 0
e−Bx2 · A sin (Bx2)− Vr2/Vh2 = 0

...

e−Bxn · A sin (Bxn)− Vrn/Vhn = 0

(4)

FIGURE 2. The laser dynamic deflectometer. (a) The method of
continuous dynamic deflection measurement. (b) The vehicle measuring
system of the laser dynamic deflectometer.

where more than two validation points (x1, x2... xn) are given,
a Newton iterative algorithm would be used for the esti-
mation of these parameters, and then the maximum deflec-
tion value of the load center (x = 0) can be obtained by

d(0) = −
A
2B

.

B. THE LASER DYNAMIC DEFLECTOMETER
Based on the above principle, the LDD achieves velocity-
based continuous pavement deflection measurement.
Figure 2a shows that the LDD exerts a standard vehicle load
to the center position of the pavement surface. More than four
laser Doppler vibration meters are mounted on the measuring
beam and measure the pavement deformation velocity caused
by the action of the load wheel. A vehicle measuring sys-
tem is integrated for effective and continuous measurement
(as shown in Figure 2b). The related equipment and the
supporting environment are installed in a container-size unit
on a trailer.

The points with a larger deformation velocity are selected
for precise measurement. The extreme value of deformation
velocity y′′(x) is obtained by

y′′(x) = AB[cos(Bx)− sin(Bx)]e−Bx = 0 (5)
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By solving the equation x = (nπ + π/4)/B, it was
found that the maximum slope is the one nearest to the load
center x = π/(4B). According to the Chinese High Grade
Road Construction Standard, the pavement deflection basin
radius should be within 3.5 m [14]. Three Doppler laser
sensors Si (i = 1, 2, 3) are used to measure the velocities Vdi
at different positions (xi=1 = 100 mm, xi=2 = 300 mm, and
xi=3 = 750mm away from the loading center). The velocities
of the Doppler laser sensors Vdi can be divided into the com-
ponent of the horizontal velocity of beam Vh, the vibration
velocity of beam Vv, the rotation velocity of beam Vωi, and
the deflection velocity of road pavement Vri. A Doppler laser
sensor (S4) is installed 3,600 mm away from the center to
measure the velocity outside of the basin (Vd4). This velocity
of the Doppler laser sensor Vd4 is outside of the deflection
basin and does not include the pavement deformation velocity
of road pavement Vri. Each sensor maintains a certain angle
αi(2–2.5◦) against the measuring beam. Considering that the
angle between themeasuring beam and pavement surface is θ ,
the velocity of each Doppler laser sensor is:

Vdi = Vh sin (αi + θ)+ Vv cos (αi + θ)

+Vωi cos (αi)+ Vri cos (αi + θ) (6)

where the pavement deformation velocity outside the deflec-
tion basin is 0, and the distance from the sensor to the center
of rotation axis li is:

Vωi =
liGxπ
180

(7)

where Gx is the angular velocity of the measuring beam,
as measured by gyroscope.

Both angles of the measuring beam αi and αi + θ , are
less than 5◦, so the values of cos(αi) and cos(αi + θ ) are
approximately equal to 1. The velocity of each Doppler laser
sensor is simplified as

Vdi = Vh sin (αi + θ)+ Vv + Vωi + Vri (8)

The angle between the measuring beam and the pavement
(with reference to the data of the Doppler vibrometer) is:

θ = arcsin(
Vd4 − Vv − Vω4

Vh
)− α4 (9)

By combining (8) and (9), the pavement deflection velocity
is

Vri = Vdi − Vv − Vh sin[(αi − α4)

+ arcsin(
Vd4 − Vv − Vω4

Vh
)]− Vωi (10)

where high-precision up-down vibration velocity is difficult
to obtain directly. Therefore, it is necessary to consider the
influence of the vertical vibration velocity of the measuring
beam. Equation (10) can be rewritten as:

Vri = Vdi − (Vd4 − Vω4) cos(αi − α4)− Vωi

−Vh sin(αi − α4) cos[arcsin(
Vd4 − Vω4

Vh
)]+ ε1 (11)

by defining ε1 as:

ε1 = −Vv(1− cos(αi − α4))+ Vh sin(αi − α4)

· {cos[arcsin(
Vd4 − Vω4

Vh
)]

− cos[arcsin(
Vd4 − Vv − Vω4

Vh
)]} (12)

In theory and practice, in the circumstance of a horizontal
velocity of Vh = 72 km/h, Vd4 is about 700 mm/s, Vω4 is
±100 mm/s, and Vv is±450 mm/s. As a result, the maximum
absolute value of ε1 is 0.06 mm/s. The pavement deformation
velocity is small, and the influence of the vertical vibration
velocity of the beam on the measurement results can be
ignored [14]. Equation (11) can thus be rewritten as:

Vri = Vdi − Vd4 cos(αi − αr )

−
Gxπ
180

(li − l4)− Vh sin(αi − α4)+ ε2 (13)

by defining ε2 as:

ε2 = Vω4(cos(αi − α4)− 1)+ Vh sin(αi − α4)

· [1− cos(arcsin
Vd4 − Vω4

Vh
)] (14)

Similarly, the maximum absolute value of ε2 is 0.04 mm/s.
It is considered that, as the influence of the rotating center of
the beam on the pavement deformation velocity is ignored,
(li − lr ) is related to the relative position of the sensor instal-
lation, so the deformation velocity of the pavement is

Vri = Vdi − Vd4 cos(αi − α4)

−Vh sin(αi − α4)−
Gxπ
180

(li − l4), i = 1, 2, 3 (15)

When the installation angle difference between the sensor
is given, the pavement deformation velocity of the measured
point can be calculated by combining the measured values of
the sensor, gyroscope, and encoder.

C. CALIBRATION METHOD
Equation (15) shows that the installation angle of the Doppler
sensor will directly affect the accuracy of the pavement
deformation velocity extraction. The difference of the sensor
installation angle (αi − α4, i = 1, 2, 3) between inside and
outside of deflection basin is normally ±0.2◦. Considering a
vehicle speed of 70 km/s, the measurement error caused by
the horizontal movement speed is±70 mm/s, while the com-
ponent of the pavement deformation velocity is 2–40 mm/s.
Thus, a calibration strategy should be presented to build
multiple measurement equations and calculate the system
parameters for the deflection measurement.

In the calibration of an LDD [22], the velocity sensor is
installed at an angle αi (as shown in Figure 3), and the mea-
suring beam and the baffle are statically placed at an angle θ
(−2◦ ≤ θ ≤ 2◦). The smooth baffle, with a high-precision
distance sensor, slides on the sliding track. The sliding of the
baffle Vb is numerically equal to the horizontal velocity of
beam Vh, and the partial velocity of Doppler sensor Vdi is
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FIGURE 3. Calibration method for the continuous dynamic deflectometer.

given by the sliding direction of the baffle, to monitor the
distance between the baffle and the measurement device in
real time. In this case, the system is governed by

Vdi = Vh sin (αi + θ) i = 1, 2, 3, 4 (16)

where both θ and αi are small, and the velocity difference
between the first three sensors and the fourth sensor satisfies

Vdi − Vd4 = Vh sin (αi − a4) i = 1, 2, 3 (17)

When combined with the least-squares estimation method,
the installation angle of sensor αi and the difference between
sensors αi − α4 can be obtained.

III. CORRECTION MODEL FOR THE CONTINUOUS
DYNAMIC DEFLECTOMETER
Continuous dynamic deflectometers have been widely devel-
oped in recent years, and have been applied experimentally
in some countries. It has been found that these deflectome-
ters are influenced by many factors, e.g., wheel load, vehi-
cle speed, pavement roughness, and pavement temperature.
There has been much research on static deflectometers, but
few studies have considered the correction of continuous
dynamic deflectometers.

A. INFLUENCING FACTOR ANALYSIS
1) DYNAMIC LOAD
An asphalt pavement will deform under the action of the
load when the wheel passes, and then the measured result
of the deflection value is obtained from the inversion of the
deformation velocity. A given pavement can only be in one
deflection value at any moment; however, different measure-
ment results can be obtained under different conditions, e.g.,
pavement temperature and vehicle speed. This is a contradic-
tion that needs to be corrected in the calculation process of
the dynamic deflection measurement.

Dynamic load is the direct factor affecting pavement defor-
mation. The larger the load, the greater the deformation veloc-
ity, and the larger the calculated deflection value. Figure 4a
shows the deflection values calculated directly from (4)
and (6), where the green line is the measured value for
100 kN (two wheels, each of 50 kN) and the red line is
the measured value for 80 kN (two wheels, each of 40 kN).

FIGURE 4. Dynamic wheel loading of a continuous dynamic
deflectometer. (a) Measured results under different standard loads.
(b) Dynamic load in the measuring process.

It can be seen that the different wheel loads lead to different
measured results. A change of vehicle attitude and pavement
condition, such as roughness, will lead to a change in the
action of the wheel load, which makes the measured deflec-
tion value inconsistent with its actual value. Figure 4b shows
a typical dynamic load on rough asphalt pavement, where
the IRI of the tested pavement is about 4–5 and the vehicle
speed is approximately 80 km/s. The data in the figure show
that the dynamic wheel load changes as the vehicle travels,
which does have an effect on the accuracy of the measured
results.

2) VEHICLE SPEED
Because the measured result of the deflection value is
obtained from the inversion of the deformation velocity, both
the vehicle speed and deformation velocity are components
of the velocity value of the Doppler laser sensors. Usually,
the combined velocity of the Doppler laser sensors is about
300–1300 mm/s, the component of the vehicle speed along
the excitation line is 200–1100 mm/s, and the pavement
deformation velocity is less than 40mm/s. Thus, the influence
of vehicle speed cannot be neglected. The effect of vehicle
speed on the measured velocity of pavement deformation is
given in (15), and the effect of the measured velocity on the
deflection calculation and correction is given in (4).
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3) PAVEMENT ROUGHNESS
Pavement roughness is defined as a manifestation of the
pavement surface smoothness, which is usually evaluated by
the IRI. Reports have shown that pavement roughness has
a great influence on the TSD [21]. The traveling vibration
changes the attitude of the measuring vehicle and leads to
changes in the wheel load and changes of the measuring beam
attitude, especially for pavement with an IRI of greater than 3.
Figure 4a shows the effect of changes in the wheel load. For
the effect of changes in the measuring beam attitude, the LDD
measuring beam is rigidly connected with the Doppler laser
sensors (as shown in Figure 3), and the velocity compo-
nent produced by the beam attitude is a component of the
sensor measurement result. For the separation of pavement
deformation velocity, this component is a large noise signal,
which should be taken into account in the measurement and
calculation. Equation (15) uses the gyroscope to acquire the
real-time attitude of the measuring beam, eliminating the
velocity component caused by the attitude change of the
sensor. Through the correction of the velocity component of
the gyroscope, there will only be a tiny error in calculating
the deflection value.

4) PAVEMENT TEMPERATURE
Pavement temperature is the primary influencing factor of
pavement bearing capacity [19], [23]–[30], especially for
asphalt pavement. Surface pavement temperature can vary
widely over the course of a day, and may approach 70◦C
during the summer period. From the material characteristics,
moisture will affect the cohesion of the subgrade, and the
thickness of the pavement layer can reflect the pavement
cohesion. The measured values at a high temperature are usu-
ally larger than those taken at a low temperature. Pavement
temperature correction is widely recognized as being a diffi-
cult problem, and debate continues about the best strategy for
the temperaturemodificationmodels. Normally, the influence
of pavement temperature on the measured deflection value is
corrected by a temperature correction coefficient, such as the
following

DTref = DTKT (18)

where DTref is the reference deflection value at reference
temperature Tref , DT is the actual measured result of the
deflection value, and KT is the temperature correction coef-
ficient at the actual temperature T . The different correction
coefficients are shown in Table 1.

The temperature correction coefficient KT is assumed to
depend on many factors, such as the actual temperature T ,
total asphalt thicknessH , the modulus of resilience E0, crack-
ing stateC , location of measurement points in lanes L, type of
subgrade S, and subgrade material M . The main influencing
factors of the temperature correction coefficient (actual tem-
perature and total asphalt thickness) are identical; however,
deviations exist in the other factors.

The use of continuous dynamic deflectometers is on the
rise in recent years, but few studies have investigated the

TABLE 1. Correction of the temperature effect on a continuous dynamic
deflectometer.

temperature correction of continuous dynamic deflectome-
ters in a systematic way. Using curviameter equipment, Gar-
cía and Castro undertook deflection testing at different tem-
peratures and the same vehicle speed (about 5 m/s) during
the same day [20]. However, because of the lack of exper-
imental samples, the conclusions of this study were limited
to pavements composed of 250 mm of asphalt mix and an
asphalt temperature of 15–25◦C. The Texas Department of
Transportation has reported that it would be more practical
to establish the temperature correction relationship using a
device with more than three sensors [31].

5) OTHER INFLUENCING FACTORS
Subgrade humidity, pavement thickness, and the type of pave-
ment structure also have an influence on the propagation of
the deflection wave. However, there is no sensor for these
attributes that can quickly and accurately obtain the parameter
information. Therefore, these factors are not discussed in this
article.

In summary, in the range of measurement conditions,
the influence of the dynamic wheel load, vehicle speed, and
pavement temperature are considered in the correction pro-
cessing of the continuous dynamic deflectometer.

B. ESSENTIAL DATA FOR THE CORRECTION MODEL
For the dynamic deflection, its measured value and actual
value (reference value) are different, so we need to establish
a modified model in order to correct the influencing factors.
However, at present, there is no internationally recognized
continuous dynamic deflectometer that can be used to make
a comparison. For reference, the measurement values of the
BBD and FWD are selected in this article. Both of the BBD
and the FWD are based on the measurement of static, low-
speed, and non-continuous sampling, for which the sampling
interval is 10–50 m.

A sample of the selected deflection correction data is
shown in Figure 5. By combining the installation parameters
of the Doppler sensor obtained by the calibration method,
the pavement deformation velocity extracted by (15), and the
slope equation of the deflection basin in (4), the deflection
value was calculated by the Newton iteration method. The
correction data for the dynamic deflection measurement were
derived from the actual traffic pavement. The axle loads were
obtained by strain gauges or accelerometers installed on the

VOLUME 7, 2019 154775



J. Liao et al.: Correction Model for the Continuous Deflection Measurement of Pavements Under Dynamic Loads

FIGURE 5. Selection of deflection values to be corrected based on
registration points.

load wheels, pavement temperature was measured directly
by temperature sensors, and vehicle speed was converted
from the distance encoders. To ensure that the data involved
in the calculation of the correction model covered as much
as possible, different pavement conditions, different vehicle
speeds, and different surface temperatures were considered.
In addition, the measured points with a large difference
between the reference value and LDD value were removed,
to prevent system error and reference measurement error in
the regression.

Figure 6 the data used to establish the correction model.
These data were chosen from different measurement sections
and conditions. The red line in Figure 6a the reference deflec-
tion value measured by the BBD or FWD, and the blue line
is the dynamic deflection value of the LDD. The reference
value and the dynamic deflection value show synchronous
changes at the registration points, and the difference between
them (orange line) is relatively stable. Figure 6b and Figure 6c
respectively give vehicle speeds and pavement temperatures,
which satisfy the general continuous deflection measurement
conditions. The former ranges from 5 m/s to 23 m/s (18 km/h
to 82.8 km/h), and the latter ranges from 7◦C to 42◦C. The
rolling loads of the equipment (shown in Figure 6d) were
recorded by strain gauges.

C. THE CORRECTION MODEL FOR THE
DYNAMIC DEFLECTION VALUES
A correction coefficient is a general method that can be used
in dynamic deflection measurement. Here, the deflection cor-
rection is assumed as being

YM = YOF (19)

where YO is the measured value of the pavement deformation,
YM is the corrected value of the pavement deflection, and F
is the comprehensive correction coefficient of the multiple
influencing factors. The corrected value depends on the lin-
earity of multiplication by the measured value.

By using a regression analysis method, a comprehensive
correction relationship between the revised coefficient F and
the influencing factors (pavement temperature, vehicle speed,

and dynamic load) is established. The relationship between
the factors and the target is unknown, so the basic quadratic
regression model of the three variables is established as fol-
lows

F = b0 +
3∑

k=1

bkXk +
3∑

k=1

3∑
p=k

bkpXkXp + ε (20)

min ε2 = min
n∑
i=1

[F − (b0 +
3∑

k=1

bkxki

+

3∑
k=1

3∑
p=k

bkpxkixpi)]2 (21)

where b is the regression coefficient; X is the influencing
factor; ε is the error term, which obeys a standard normal
distribution. The subscripts correspond to the different influ-
encing factors, where there are three factors to be considered:
k = 1 or p = 1 correspond to the vehicle speed; k = 2
or p = 2 correspond to the dynamic load; and k = 3 or
p = 3 correspond to the pavement temperature. Considering a
total number n of observation samples, the minimum variance
satisfies (21).

Equation (19) shows that F is equal to the corrected deflec-
tion value, rather than the actual measured original deflection
value F = YM/YO. In the process of revision, YM takes the
correspondingmeasurement points of the BBDor FWD in the
regression analysis. By expanding the regression model, nine
regression terms with influencing factors can be obtained.
These regression terms are X1, X2, X3, X1X2, X1X3, X2X3,
X12, X22 and X32. Although the relationship between the
factors and objectives is unknown, fewer regression terms are
preferred to describe the model. Table 2 gives the statistical
results for different numbers of regression terms, where the
optimum regressionmodel and its parameters for the different
regression terms are marked in bold.

The best correlation for the regression results is 0.62285 for
the condition of one influencing term, but the results of
the regression correlation, root-mean-square error, and mean
absolute error are poor. The correlation, root-mean-square
error, and mean absolute error of the regression results are
significantly improved for the condition of two influencing
terms. The best result is obtained for the condition of three
influencing terms, where the difference between the regres-
sion result and the best regression correlation coefficient,
root-mean-square error, and average absolute error is small,
and the best F statistic value is achieved. For the condition of
more than three influencing terms, the regression correlation
coefficient increases slightly with the increase of the number
of factors, but the F statistic value decreases. The larger the
number of influencing terms, the more complex the regres-
sion model is. The overall performance is the best when three
influencing terms are used, and the corresponding regression
model is thus recommended.

Table 3 lists the real influencing terms used in
the best regression model with different numbers of
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FIGURE 6. Data for the correction model: (a) deflection value; (b) vehicle speed; (c) pavement temperature; (d) dynamic wheel load.

TABLE 2. Statistical parameters of the regression model.

influencing factors. ‘‘X’’ indicates that the corresponding
influencing terms are valid in the model, whereas ‘‘×’’ means

that the corresponding influencing terms are invalid in the
model. For the condition of one influencing term, X2X3 is the
best regression model. For the condition of two influencing
terms, X2 and X32 are the best regression models, and so on.

Compared with the original influencing term (vehicle
speed), the influencing terms of dynamic load and pavement
temperature have an obvious influence on the direct mea-
surement of the continuous deflection. Thus, a recommended
correction model is given as follows:

F = 2.1813+ 0.00597X1 − 0.02431X2 − 0.0032X3 (22)

The vehicle speed is positively correlated with the correc-
tion coefficient (the higher the vehicle speed, the larger the
correction coefficient); there is negative correlation between
the dynamic load and the correction coefficient (the larger

TABLE 3. Influencing factors used in the regression model.
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FIGURE 7. Correction function of the deflection value.

the dynamic load, the smaller the correction coefficient); and
there is negative correlation between the pavement tempera-
ture and the correction coefficient (the higher the pavement
temperature, the smaller the correction coefficient). The orig-
inal deflection measured by the LDD is corrected according
to (21) . The corrected results are shown in Figure 7, where the
blue points are the original data and the red line is the fitting
result. The horizontal axis is the target value of the regression
analysis, and the vertical axis is the expected value of the
regression analysis.

The difference (mean absolute error: 0.52; maximum abso-
lute error: 2.89) between the corrected LDD deflection value
and the reference value is significantly smaller than that of
the LDD deflection value before correction (mean absolute
error: 2.87; maximum absolute error: 20.20). The correlation
between the corrected LDDdeflection value and the reference
value (0.9995) is also higher than that of the LDD deflection
value before correction (0.983). Better correction results are
obtained under the condition of simultaneously correcting
the influence of dynamic load, pavement temperature, and
vehicle speed. Figure 8 shows the comparison of before and
after correction.

The red line in Figure 8a is the reference deflection value,
and the blue line is the corrected deflection of the LDD.
The difference between them is represented by the green line
in Figure 8b, and the orange line is the difference between
the actual measured value and the reference value before
correction. Here, the BBD and FWD values were selected as
the reference values.

IV. EXPERIMENTS
Experiments were conducted to verify the environmental
adaptability and system reliability of the continuous dynamic
deflectometer and the recommended correction method. The
repeatability index and correlation index were selected to ver-
ify the robustness of the continuous dynamic deflectometer
under various potential influencing factors. Repeatability is
used to measure the stability of the system, in that a good
measurement method has good repeatability. Correlation is
used to evaluate the consistency (accuracy) of the results
among different devices. The guidelines for the experiments
are shown in Table 4.
The experiments were divided into two parts: repeatabil-

ity experiments and correlation experiments. The calculation

FIGURE 8. Comparison of deflection values before and after correction:
(a) correction of the deflection value; (b) errors before and after
correction.

TABLE 4. Experimental requirements.

methods for repeatability P and correlation R are

PX = (1−
√∑n

j=1
(Xj − X )

2
/(n− 1) /X )× 100% (23)

CX = 1− PX (24)

RXY =
∑n

i=1

(Xj − X )(Yj − Y )√∑n
j=1 (Xj − X )

2
·
∑n

j=1 (Yj − Y )
2

(25)

where PX is the repeatability of sample X ; Xi, Yi is the
measurement value of sample i; X , Y is the mean of the
sample; CX is the deviation coefficient of sample X ; and
RXY is the correlation coefficient between sample X and
sample Y .
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FIGURE 9. Effect of speed on the repeatability of the detection:
(a) repeatability at the same vehicle speed; (b) repeatability at different
vehicle speeds.

A. REPEATABILITY OF THE MEASUREMENT RESULTS
The repeatability coefficient is a value representing the abso-
lute difference between two repeated results, which can be
expected to lie as a probability. The repeatability is widely
used as an evaluation indicator for the working reliability of
a measurement system.

1) DIFFERENT VEHICLE SPEEDS
To verify the influence of vehicle speed, two sets of LDD
measurements were utilized, both recorded at a driving speed
of 20–90 km/h. Figure 9a is the result of the repeated mea-
surements at the same speed, showing the results of four mea-
surements, respectively (m1, m2, m3, and m4). The symbols
are the same in both figures. Figure 9b is the result of the
repeated measurements at different vehicle speeds.

It can be seen from Table 5 that the repeatability of the
measured results (m5, m6 and m7 are measured at 30 km/h,
50 km/h and 80 km/h respectively) is more than 98%, and
the deviation caused by vehicle speed is less than 5% under
different times and speeds (30–80 km/h). The results show
that accurate measurement results are obtained by the pro-
posed method, with good repeatability, and the results are
only slightly influenced by the vehicle speed.

2) DIFFERENT PAVEMENT ROUGHNESS
A change of pavement roughness affects vehicle attitude and
wheel load, especially for pavement with an IRI of greater
than 3. The LDD uses a gyroscope to acquire the real-time

FIGURE 10. The effect of roughness on measurement repeatability:
(a) pavement section A (IRI = 6.5); (b) pavement section B (IRI = 8.3).

measuring beam attitude, to eliminate the velocity component
caused by the vehicle attitude. The potential impact of pave-
ment roughness on the measurement is mainly reflected in
the high frequency of the dynamic load (because the IRI uses
an interval evaluation method, the smallest evaluation unit is
10 m, and the frequency of pavement load change is high,
it is impossible to directly replace the influencing factor
of dynamic load by pavement roughness). In this article,
we indirectly verify the measurement results under different
dynamic loads through the consistency of the measurement
results of different pavements.

Dozens of pavements with different IRI values were
tested, and two representative pavement sections are depicted
in Figure 10, which shows the results of repeated mea-
surements in the same pavement sections. Both pave-
ment sections (Figure 10a and Figure 10b) featured poor
roughness of the asphalt pavement surface. Each pave-
ment section was 1 km in length, and was measured three
times.

The average repeatability of the two pavement sections
is 95.5% and 95.7%. t can therefore be concluded that the
roughness of the pavement has little influence on the repeata-
bility of LDD measurements. This is despite the fact that the
undulation of the pavement surface affects the instantaneous
load exerted by the load wheel on the pavement surface,
resulting in a larger rotation attitude of the measuring beam.
The real-time attitude of the measuring beam is derived by a
mathematical model of the system, and the dynamic load of
the influencing factors is corrected by the proposed correction
model.
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TABLE 5. The repeatability at different vehicle speeds (unit of m1–m7: 0.01 mm).

3) DIFFERENT PAVEMENT STRUCTURES
A composite structure pavement (concrete pavement at the
bottom of the pavement, asphalt pavement at the top) and
a flexible structure pavement (asphalt pavement at both the
bottom and the top) were selected to verify the repeatabil-
ity of LDD measurements in different pavement structures.
The results of three consecutive measurements are shown
in Figure 11, respectively. The red line in Figure 11a is the
standard deviation of the three consecutive measurements.

The repeatability for the composite pavement is 85%
and the repeatability for the flexible pavement is 95%. The
repeatability of the calculation is low because the deflection
value of the composite pavement is small. However, the stan-
dard deviation of each measurement point is far less than
the measured deflection value, so the measured value can be
considered as reliable.

4) DIFFERENT PAVEMENT TEMPERATURES
According to the external working temperature of the system,
this experiment was aimed at showing the effect of different
pavement temperatures (0–45◦C). To minimize the influence
of pavement structural strength changes on the evaluation
of the measurement results, the time interval should be as
small as possible. Thus, a pavement section was selected
to measure the deflection over the course of 24 hours in
autumn at 15:00, 20:00, and 3:00 the next day. The results
of three times measurement are shown in Figure 12 and
Table 6.

FIGURE 11. The effect of pavement structure on measurement
repeatability: (a) composite structure pavement; (b) flexible structure
pavement.

The red line in Figure 12 is the standard deviation of the
three consecutive measurements. The deflection value for the
composite pavement is small, and its repeatability is low.
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TABLE 6. Measurement results under different temperatures (unit of m1–m3: 0.01 mm).

FIGURE 12. Effect of different pavement temperatures on the
measurement results: (a) repeatability at the same temperature;
(b) repeatability at different temperatures.

However, the standard deviation of each measurement point
is far less than the measured deflection value, so the measured
results can be considered as reliable, in this case. The deflec-
tion values for the different temperatures in Figure 12b are the
average values of the measurements at the current tempera-
ture. After the temperature correction described in this article,
the results of the measurements at different temperatures are

similar, which verifies the reliability of the proposed correc-
tion method.

B. CORRELATION OF THE MEASUREMENT RESULTS
The FWD, BBD and LDD are three typical deflectome-
ters, with different measuring principles and mechanisms.
As a result, the values measured directly by the different
methods are different, as well as the shape and extremum
of the pavement deflection. However, these methods all
reflect the comprehensive bearing capacity of subgrade
and pavement, so there should be a strong correlation
between them. We compared the LDD with the FWD and
BBD, and we also compared multiple LDDs. The mea-
sured results of the different devices were obtained within a
2-hour period, ensuring the consistency of the measurement
environment.

1) COMPARISON WITH A DYNAMIC IMPACT
DEFLECTOMETER
The FWD is a typical dynamic impact deflectometer, and
its measurement interval is 10–50 m. It measures the total
pavement deflection value under the action of the impact load.
As a traditional reliable pavement deflectometer, the FWD is
widely used in pavement deflection measurement.

To verify the accuracy of the measurement results, two
pavement sections with different conditions were selected.
A pavement with good roughness and a pavement with poor
roughness were selected and tested. Three consecutive mea-
surements were obtained at a vehicle speed of 50 km/h, and
the average values of the LDD were compared with those of
the FWD. Figure 13 shows the results of the measurements.
AvgDef (blue line) is the average of the three consecutive
measurements, and RefDef (red line) is the maximum
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FIGURE 13. Correlation at different pavement roughness: (a) pavement A
(IRI = 2.3); (b) pavement B (IRI = 7.2).

deflection measured. The correlation for Figure 13a and
Figure 13b is 0.95 and 0.91, respectively. The results show
that pavement roughness has little influence on the correlation
between the FWD and the LDD, and the continuous dynamic
deflectometer and the proposed correction method have good
adaptability to different pavement roughness.

For each pavement section, velocities of 20 km/h, 45 km/h
and 70 km/h were measured, and the correlation between the
LDD and the FWDwas then calculated. The results are shown
in Table 7. The correlation at different speeds between the
LDD and the FWD is about 0.95. Thus, it can be concluded
that the vehicle speed has little influence on the correlation of
the measurement.

2) COMPARISON WITH A STATIC DEFLECTOMETER
The BBD is a typical static deflectometer, and its mea-
surement interval is 10–50 m. It measures the total pave-
ment deflection value under the action of a static load.
As a traditional reliable pavement deflectometer, the BBD
is widely used in pavement deflection measurement, espe-
cially in developing countries. To verify the accuracy of the
measurement results under different pavement structures and
different pavement temperatures, the BBD deflection value
was taken as a comparison.

A composite pavement and a flexible pavement were used
to verify the effect of pavement structure. Three consecutive
measurements were obtained at a speed of 50 km/h, and the
results were compared with those of the BBD. Figure 14

TABLE 7. Correlation measurements at different velocities.

FIGURE 14. Correlation of the deflection measurement results in
different pavement structures: (a) composite structure pavement;
(b) flexible structure pavement.

shows the results, in which the correlation is 0.91 (composite
pavement) and 0.92 (flexible pavement).

Two pavement sections with surface temperatures of 42◦C
and 13◦C were used to verify the effect of pavement tem-
perature. Three consecutive measurements were obtained
at a speed of 50 km/h, and the results were compared
with those of the BBD. Figure 15 shows the results of the
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TABLE 8. Comparison of the continuous deflection measurement results.

FIGURE 15. Effect of different pavement temperatures: (a) pavement
temperature of 42◦C; (b) pavement temperature of 13◦C.

experiment, for which the correlation is 0.91 (42◦C) and
0.95 (13◦C).

3) COMPARISON WITH MULTIPLE CONTINUOUS
DYNAMIC DEFLECTOMETERS
In dynamic deflection measurement, the TSD (Greenwood,
Denmark) and the LDD (Zoyon, China) have achieved suc-
cess in both theory and application. However, it is diffi-
cult to obtain the results of both deflectometers for the
same pavement and the same period of time. Therefore,
we chose multiple LDDs to analyze the consistency of their
results in the same pavement and at the same period of
time.

Figure 16 shows the results of two LDDs in the same pave-
ment section, where three consecutive measurements were
taken. mij represents the j-th measurement of device i. The
results of the two LDDs on the same pavement are relatively
consistent. The repeatability of the six measurements is 95%.

The autocorrelation of an individual LDD and the corre-
lation of multiple LDDs are shown in Table 8. Avg1 is the

FIGURE 16. Autocorrelation and correlation of different LDDs on the
measurement results: (a) entire experimental pavement section
(300–2300 m); (b) part of the experimental pavement section
(1685–2290 m).

average measurement result of device i. The autocorrelation
of the individual LDD measurement results is higher than
0.98, and the correlation of the multiple LDDs is more than
0.98. It can therefore be concluded that the LDDs have a good
and stable performance.

V. CONCLUSION
In this article, we have shown that pavement roughness,
vehicle speed, pavement temperature, and pavement structure
have little influence on the repeatability of LDD measure-
ments. The repeatability of themeasurement results wasmore
than 95% for the pavement with a mean deflection value of
greater than 15 (0.01 mm). For the pavement with a mean
deflection value of less than 15 (0.01 mm), the repeatability
of the measurement was generally 80–95%, but the standard
deviation of each measurement point was far less than the
measured deflection basin. The correlation between the LDD
and the FWD was slightly higher than that with the LDD
and the BBD. However, all the correlations were over 0.90.
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The correlation of the multiple LDDs under the same condi-
tions was more than 0.95.

Through the review of the mechanism of the Euler-
Bernoulli beam upon an elastic foundation and the corre-
sponding influencing factors, this article has analyzed and
summarized the internal and external factors causing the
deviation of the dynamic deflectionmeasurement. The effects
of pavement temperature, vehicle speed, and pavement con-
dition were corrected. Under the system limitations of pave-
ment temperature (0–45◦C) and vehicle speed (15–90 km/h),
the deflection value is stable under the proposed correction
method and is consistent with the reference value. However,
the pavement will fuse or freeze at extreme temperatures,
destroying the assumptions in the model. The same problem
also affects the maximum vehicle speed. The upper speed
limit of the revised model is set at 90 km/h, due to the
limitation of the sensor (Doppler vibrometer). The proposed
correction method for the continuous dynamic deflectome-
ter is limited by the absence of a measuring technique for
the pavement structure, subgrade humidity, and pavement
thickness. The deflection basin is affected by the pavement
structure and the condition of the pavement materials [32],
so these factors should be considered in the future.

In spite of its limitations, this work certainly suggests
that LDDs have strong robustness in different environments
and conditions. The results will add to our understanding of
velocity-based continuous dynamic deflection measurement.
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