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Virtual Axle Method for Bridge Weigh-in-Motion Systems
Requiring No Axle Detector

Wei He'; Tianyang Ling®; Eugene J. OBrien®; and Lu Deng, Ph.D., M.ASCE*

Abstract: Bridge weigh-in-motion (BWIM) systems provide an effective approach to identifying the axle and gross vehicle weights of
vehicles as they travel over an instrumented bridge. For the majority of BWIM systems, the vehicle configuration (including axle count and
axle spacing) and vehicle speed are prerequisites for identifying the axle and gross weights of vehicles. Existing nothing-on-road (NOR)
BWIM systems acquire such data through dedicated sensors, namely, free-of-axle-detector (FAD) sensors, in addition to weighing sensors.
These FAD sensors are usually installed on the underside of the bridge deck or girders. This study presents a novel method for identifying the
axle spacing and weights of vehicles. It only requires the flexural strain signal recorded from the weighing sensors, leading to both a reduction
in the installation cost and broader applications of BWIM systems. The effectiveness and accuracy of the proposed method are demonstrated
through numerical simulations. Laboratory experiments based on a scaled vehicle-bridge interaction (VBI) model were also conducted for
verification. The results show that the proposed method has good accuracy for axle spacing and axle weight identification. DOI: 10.1061/

(ASCE)BE.1943-5592.0001474. © 2019 American Society of Civil Engineers.

Author keywords: Bridge weigh-in-motion (BWIM); Strain; Axle spacing; Vehicle weight; Overload.

Introduction

Accurate traffic load information is of great value for the assess-
ment and maintenance of transportation infrastructure (Deng et al.
2017, 2018a). Traffic monitoring, especially of vehicle weights, is
of significance for traffic management and load-limit enforcement
(Jacob 2010; Richardson et al. 2014). Bridge weigh-in-motion
(BWIM) is one of many technologies used today for weighing
vehicles as they travel at highway speed. The concept, which was
first proposed by Moses in the 1970s (Moses 1979), uses an instru-
mented bridge as a scale to weigh the vehicles passing over bridges
at normal speeds. Over the years, Moses’s algorithm has been the
basis for many other schemes aiming to improve the accuracy and
applicability of BWIM systems (Quilligan et al. 2002; Richardson
et al. 2014; Sekiya et al. 2018; Yu et al. 2018; Zhao et al. 2014).
State-of-the-art reviews on BWIM algorithms and their applications
have been presented by Yu et al. (2016) and Lydon et al. (2016).
Moses’s algorithm and its variants generally estimate the axle
weights of vehicles by minimizing the Euclidean norm of the resid-
ual between the actual bridge response measured from weighing
sensors and the predicted bridge response based on the influence
line method. The axle information (i.e., the number of axles and
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axle spacing) and vehicle speed are prerequisites for predicting
bridge responses. Axle detectors have therefore been developed for
this purpose and are needed for the majority of existing BWIM sys-
tems. Conventional axle detectors identify vehicle axles using
pressure-sensitive sensors installed on the upper surface of the
bridge deck. This method is quite simple and has good accuracy.
However, the sensors are directly exposed to the impact of wheels
and are therefore not durable. In addition, the installation raises
issues of safety and may cause disruption to traffic. To address this
issue, nothing-on-road (NOR) BWIM systems and free-of-axle-
detector (FAD) systems have been proposed (OBrien and Znidaric
2001). In the FAD scheme, vehicle axles are detected from the local
response measured by special sensors attached underneath the
bridge deck. However, the FAD scheme is suitable only for specific
types of bridges and is sensitive to the deck thickness, surface
roughness, and vehicle transverse position (Ieng et al. 2012; Kalin
2006; OBrien and Znidari¢ 2001).

To overcome the disadvantages of conventional FAD methods,
some researchers have attempted to use the global flexural strain in-
formation acquired from the weighing sensors to identify the vehi-
cle speed and axle spacing. Wall et al. (2009) obtained the vehicle
velocity and axle configuration by calculating the second derivative
of the bending responses of the bridge. Kalhori et al. (2017) found
that vehicle axles can be identified by applying a peak analysis to
the time history of flexural strains, although some axles might occa-
sionally become unidentifiable. Yu et al. (2015) proposed a vehicle
axle identification method using only the global strain signal from
the weighing sensors based on a wavelet transformation. A shear-
force-based method was recently shown to be an effective and effi-
cient method for axle identification (OBrien et al. 2012), whereas
Lydon et al. (2017) used bearing strain with axle detection with
good success. Bao et al. (2016), based on field test results, found
that vehicle weights could also be estimated from measured shear
strains. In addition to these methods, a novel virtual simply-
supported beam (VSSB) method was proposed by He et al. (2016),
which identifies vehicle axles based on the flexural bending strains
measured from four different longitudinal positions of the bridge
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girder. Furthermore, an advanced equivalent shear force (ESF)
method was proposed (Deng et al. 2018b), which reduces the num-
ber of measurement sections needed to three. Compared to other
methods, these two approaches do not require complicated signal
analysis and are not restricted to certain bridge types or boundary
conditions. However, all these methods require additional sensors
besides the weighing sensors.

Additionally, some new types of sensors and devices have been
adopted for BWIM systems. Lydon et al. (2017) proposed the use
of fiber-optic sensors monitoring bearing strains for axle detection
in their NOR BWIM system. Ojio et al. (2016) proposed a vision-
system-based contactless BWIM system that uses roadside cameras
to detect vehicle speed and axle spacing. These methods showed
good potential in some aspects for future BWIM systems.

In this study, a novel virtual axle (VA) method is proposed to iden-
tify vehicle axle spacing and axle weight. This method uses precali-
brated bridge influence lines, measured bridge responses, and preac-
quired vehicle speed in the identification process. Compared with
existing NOR systems, this method requires no additional devices or
sensors for axle detection during the weighing procedure. Numerical
simulations and laboratory experiments were conducted to validate
the effectiveness and accuracy of the proposed VA method.

Theory

Moses’s Algorithm

The fundamental basis of most BWIM systems is Moses’s algo-
rithm. Typically, for an instrumented girder bridge, the total flexural
bending moment at a specific cross section can be obtained by the
following expression:

My = ZESiSi,k (D

where ¢;; = measured bending strain from the kth scan at the ith lat-
eral position at a specific cross section; m = number of measurement
points (lateral positions) at the cross section; £ = Young’s modulus of
the bridge girder; and S; = section modulus related to the ith girder
(and associated slab, if applicable) at the measurement section.

The total flexural bending moment can also be determined theo-
retically from the following equation:

N
M{ =Y "I(v -t —xj)- P, 2)
j=1

where N = number of vehicle axles; /(x) = influence line function
value at the loading position x; v = vehicle speed; #; = time corre-
sponding to the kth scan; x; = position of the jth axle relative to the
first; and P; = jth axle load. For a total of K scans and N axles, Eq.
(2) can be expressed in matrix form as

M Ly Ly - Ly P,

M Ly Ly P,
M = —1.P=

Mg Ik Ix N Py

3

where [; = I(v - t; — x;) is the influence ordinate corresponding to
the position of the jth axle at time #.

© ASCE
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The determination of axle loads P can be addressed by solving a
linear least-squares problem (i.e., finding a vector to minimize E,
the Euclidean norm of residual M — M’), which can be expressed
as follows:

K
E=|M—-M|3=>" (M — M)’ “)
k=1

The axle load vector P is given by
P=I"D'1-M 5)
where the superscript 7 indicates the matrix transpose.

Virtual Axle Method

In the method proposed in this study, a vehicle is assumed to have a
large number of VAs that are evenly distributed in the longitudinal
direction and can cover the whole range of the wheelbase. All axles
other than the true ones are assumed to have zero weight. Then, the
goal of the proposed method is to identify the true axles and their
weights.

A three-axle example truck is used to illustrate the concept. This
truck has weights of 50, 200, and 150kN for Axles 1-3, respec-
tively, and the axle spacings are 5 and 3 m, as illustrated in Fig. 1.
Assuming that the truck passes over a 20-m simply-supported
bridge, the bending moment at the center can be calculated, as pre-
sented in Fig. 2, where the solid curve is the moment due to the
whole vehicle, whereas the dashed and dotted curves are the bend-
ing moments due to each of the three axles.

It is first assumed that the truck has a large number of evenly
spaced VAs at axle spacings of 0.05 m, along a length of 12 m in the
longitudinal direction starting from 4+2m and extending back to
—10m relative to the position of the first real axle (Fig. 1). For this
example, there is a total of 241 VAs (of which three coincide with
the real axle locations). The 12-m length is so selected to cover all
three true axle locations in the longitudinal direction, and the

---—Virtual Axles
150kN 200kN 50kN

— Real Axles

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAMMMAAALSS
>

-10 -8 -5 0 2
Axle Location (m)

Fig. 1. Real and virtual axles of a three-axle truck.

_ L - — - AW S0KN  —-meom- - AW2:200kN
E ................ AW3:150kN GVW:400kN
Z15¢
=)
s 1r
()
£05
p=
0 L i L L 1
0 5 10 15 20 25

Truck 1% Axle Position (m)

Fig. 2. Bending moments at midspan of the bridge due to the vehicle
axle weights and whole-vehicle GVW.
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resolution of 0.05 m for the real axle spacing is considered accepta-
ble. Using Moses’s algorithm, the weights of the 241 axles were
obtained, and they are plotted in Fig. 3. It can be seen in Fig. 3 that
the identified weights of most virtual axles are zero, and there are
three positive peaks with ordinates of (0, 50.02), (-5, 231.80), and
(-8, 173.80), which match the three true axles of the truck.
However, it should be noted that the axle weights identified at the
end of this step are not yet the final results. Based on the positions of

é 200
=
3 100
o
: [
[
%
<0 i
8 6 -4 0 0

Axle Location (m)

Fig. 3. Identified weights of the virtual axles.

0 5 10 15 20 25
Truck 1% Axle Position (m)

Axle Location (m)

Axle Weight (MN)

8 -6 4 9 0
Axle Location (m)

(©)

Fig. 4. Numerical example with bridge response polluted with 2%
noise: (a) noisy bending moment; (b) identified weights of virtual axles;
and (c¢) results of NNLS.

the three peak points, the axle spacings of the truck were determined
accurately as 5 and 3 m. To refine the axle weight calculation, one
more step is performed. The identified axle positions (0, =5 m,
-8 m) were fed into Eq. (3) to form the matrix I (this time with only
the true axles), and the exact axle weights were found, using
Moses’s algorithm, to equal the exact values of 50, 200 and 150kN.

From the example, it can be seen that the proposed method is
straightforward and easy to implement, but it may fail if there is sig-
nificant noise in the original bending strain signals. Fig. 4(a) shows
the same example with 2% white noise added to the measured’
bending moment. As a result, significant chaos is brought into the
identified results, as presented in Fig. 4(b).

To address this problem, constraints were set in the identification
process. It is known that vehicle axle weights cannot be negative.
Thus, the constraint P = 0 is set when solving the least-squares
problem of Eq. (4), expressed as follows:

Minimize |[M — I - P||§ subjecttoP > 0 (6)

where 0 = row vector of zeros with the number of elements equal to
the number of virtual axles. The expression in Eq. (6) is a nonnega-
tive least-squares (NNLS) problem, which can be solved using the
active set algorithm (Lawson and Hanson 1974). After applying
this constraint, only a few virtual axles will be nonzero, as presented
in Fig. 4(c). A further constraint is imposed on axle spacing. A rea-
sonable lower limit, which is denoted as AS,,;,, can be considered
to be 1.4 m. More closely spaced axles are still possible but will be
considered as a single moving weight. By introducing these two
constraints, the problem with noisy data can then be effectively
solved. The proposed virtual axle method is summarized in Fig. 5,
with full details given in the Appendix. The notation is given in
Table 1.

Numerical Study

Vehicle—Bridge Interaction Model

The problem of vehicle-bridge interaction (VBI) has been studied
extensively over the past two decades (Deng et al. 2019). The
dynamic equations of the vehicle-bridge system can be established
according to the relationship between their displacements and the
interactive forces at the tire—bridge-surface contact positions (Deng
and Cai 2010), as follows:

| 1. Estimate vehicle length, Ly |

| 2. Generate an array of virtual axles |

v
| 3. Form the matrix I in Eq. (3) |

4. Solve Eq. (6) to find out the
non-negative estimates of axle weights

5. Divide non-zero axles into axle sets
and enumerate possible real axle locations

6. Generate all possible combinations of
locations for the real axles

7. Identify the combination that
minimizes £

v
(Axle spacing d, axle weight P and GVW)

Fig. 5. Summary of VA procedure.
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Table 1. Parameters of the VA method

Parameter Symbol Description
Input Lg Bridge length
M Time history of bending moment (or other
global bridge response, such as flexural
strain or shear strain)
I(x) Bridge influence line as a function of axle
location x
v Vehicle speed
ASin Minimum axle spacing
Oy Resolution of axle spacing (real or virtual)
Output Ny Number of vehicle axles
d Vector of axle spacings
P Vector of axle weights
GVW Gross vehicle weight

{MVZ+CVZ+KVZ—NV-FC+GV @

MBY+CBY+KBY:NB'FC

where My, Cy, Ky and Mg, Cg, K = mass, damping, and stiffness
matrices for the vehicle and the bridge, respectively; Ny and Np =
shape functions of the vehicles and the bridge, respectively; Z and
Y = displacement vectors of vehicles and the bridge, respectively;
and Gy = vector of vehicle gravity forces. The vector F, =
s oy ey szA}T contains the contact forces between the vehicle
tires and the bridge surface, the components of which are given by

i = kilzi(t) = yi(t) — ri(0)] + ¢ [2i(e) — 3,(1) — 74(2)] (3

where z;(t), y;(t), and r;(¢) = displacements of the vehicle tires, the
bridge in the vertical direction, and the bridge-surface roughness at
the contact points at time ¢, respectively.

Several numerical integration methods can be used to solve Eq.
(8). Modal superposition was used in this study to improve the com-
putational efficiency (Deng et al. 2018c). A MATLAB program
was developed based on the iterative Newmark-S3 algorithm to
solve the equation in the time domain. The details of the numerical
algorithm and validation of the computing program have been given
by Deng and Cai (2010) and He et al. (2016). The flexural strains of
the bridge were then obtained according to the strain-displacement
relationship once the displacement of the bridge was determined.

Simulation Setup

In this study, a 20-m-span simply-supported girder bridge with four
T-beams and two truck models, consisting of a two-axle truck and
a three-axle truck, were adopted in the numerical simulation. The
two-axle truck has a gross vehicle weight (GVW) of 73.5kN, and
the three-axle truck has a GVW of 320.1 kN. The bridge and truck
models are illustrated in Fig. 6. The details can be found in He et al.
(2016). In the numerical simulation, two levels of road-surface con-
dition (RSC), smooth and coarse, were considered. A Class A level
road profile, according to ISO-8608 (ISO 1995), which has been
commonly adopted in numerical simulations, was adopted for the
coarse RSC. The trucks were set to travel along the center of the left
lane, as presented in Fig. 6(a), at different speeds ranging from 10 to
30m/s in intervals of Sm/s. For each loading scenario under
the coarse RSC, 10 random road-surface profiles were generated.
The truck was then set to run 10 times independently, and the aver-
age value of the identified axle spacing, axle weight, and GVW of
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Unit: mm

3.05t 4.45t 14.53t 14.50t 3.63t
(b) (©)

Fig. 6. Bridge and trucks considered: (a) bridge cross section and vehi-
cle loading position; (b) two-axle truck; and (c) three-axle truck.

0 5 10 15 20 25
Truck 1% Axle Position (m)

Fig. 7. Time history of bending strain of Girder 2 at midspan (three-
axle truck, 25 m/s, coarse road surface).

the 10 trials, as well as their standard deviations, were used in the
later error analysis.

VBI Simulation

A simple example using the three-axle truck is used to demonstrate
the proposed method in detail. Fig. 7 presents the flexural strain
measured on the underside of the second girder at the midspan. In
this case, the truck was set to run at a speed of 25m/s. Fig. 8(a)
presents the interim results when the fourth step (the finding of non-
negative estimates in Fig. 5) is complete, setting the resolution of
axle spacing to 6, = 0.05m and the minimum axle spacing to
ASin = 1.4m. As a result of this step, eight axle locations X =
{-8.350, -8.250, —4.400, —4.350, —0.650, —0.350, 0.500, 0.600}
corresponding to VAs with nonzero weights were found. With the
limitation set on AS,,;,, these axles were then divided into three
sets: {—8.350, —-8.250}, {—4.400, —4.350}, {-0.650, —0.350, 0.500,
0.600}. Each of the three axle sets was expected to contain one true
axle within its boundaries. Theoretically, the true axle may be
located at any position within the boundary of each axle set. Next,
by adopting the same resolution of &, for axle location as used pre-
viously for axle spacing, all possible locations of each true axle
were considered, as presented in Fig. 8(b). Then, all combinations
of possible locations of the three real axles were found following
Step 6. Finally, the norm of the residual corresponding to each com-
bination of possible axle locations was calculated, and the axle loca-
tions and weights corresponding to the global minimum, for all
combinations, was adopted (Step 7).
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Fig. 8. (a) First solution of the NNLS problem; and (b) possible loca-
tions of each true axle (PL = possible location).
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Fig. 9. Results of VA algorithm (three-axle truck, 25 m/s, coarse road
surface): (a) identified axle locations and weights; and (b) original and
rebuilt strain response of Girder 2 at midspan.

Table 2. Relative error of identification results

Relative error (%)

Method AW, AW, AW, GVW
VA method 2.28 —4.45 3.82 —-0.02
Moses’s algorithm -19.16 5.80 -0.41 0.27

Note: AW = axle weight.
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The identified results using the proposed VA method are plotted
in Fig. 9(a). It can be seen that the axle spacing and weights were
successfully identified by the proposed VA method. The bridge
strain obtained from numerical simulation and that rebuilt based on
the results of the VA process are plotted in Fig. 9(b). It should be
noted that to be more realistic, 5% white noise was added into the
measured strain before feeding it into the VA procedure. As pre-
sented in Fig. 9(b), the rebuilt signal based on the identified results
is reasonably close to the original. To compare the effectiveness of
the proposed VA method, Moses’s algorithm was also used to iden-
tify the axle weight and GVW. The results identified by the VA
method and those identified by the original Moses’s algorithm are
listed in Table 2. It should be noted that both vehicle speed and axle
spacings were assumed as known inputs by Moses’s algorithm,
whereas only vehicle speed was assumed as a known input in the
proposed method. From Table 2, it can be seen that, for the case
considered, the proposed VA method was able to achieve a similar
level of accuracy or even better in some cases.

Fig. 10 presents the VA identification results of axle location,
weight, and GVW for all the cases considered. From Fig. 10, it can
be seen that the spacings and weights for both the two-axle and the
three-axle trucks can be successfully obtained by the proposed VA
method. Table 3 summarizes the mean value (x¥) and standard
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Fig. 10. Identified axle positions, axle weights, and GVW: (a) two-
axle truck; (b) three-axle truck; and (c) GVW.
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deviation (s) of the percentage of relative errors of the identified
axle spacings. The mean identification errors of axle spacing for
both trucks can be seen to be under 5%.

The corresponding results for axle weights and GVWs are pre-
sented in Table 4. It can be seen that the VA relative errors, for both
axle and gross weights, are all under 1% and are less than those of
Moses’s algorithm in most cases. It should be noted that accuracy in
numerical simulations is generally much greater than in field tests.
The significance of these results is, therefore, a relative one (i.e.,
achieving comparable performance to Moses’s algorithm with exact
axle spacings, without the use of axle detectors).

The standard deviations of the relative errors for both trucks are
significant, and the VA method performs less well than Moses’s
algorithm using exact (true) axle spacings. It is of note that one axle
of the three-axle truck is much lighter than the other two, which is a
particular challenge in the presence of dynamics. In general, the
identification results for heavier axles have better accuracy than
those for lighter axles.

Figs. 11 and 12 present the relative identification errors for the axle
spacing, axle weights, and gross weights of the two-axle truck travel-
ing at various vehicle speeds under smooth and coarse RSCs. For the
results with the coarse road surface, as presented in Fig. 12, the error
bars indicate the 90% confidence intervals of the results from 10 runs
with randomly generated Class A level road-surface profiles.

From Figs. 11 and 12, it can be seen that the axle spacings, axle
weights, and gross weights of the two-axle truck were consistently
identified by the VA method. The mean relative errors of the identi-
fied results are all below 2%. Unsurprisingly, the identification error
increase when road roughness is introduced. The errors also tend to
increase with increased vehicle speed but are generally below 4%
with 90% confidence.

The corresponding results for the three-axle truck are given in
Figs. 13 and 14. In this case, the mean values of relative error are gen-
erally less than 5%, and the accuracy error is less than 9% with 90%
confidence. However, both the mean relative errors and the confi-
dence intervals of the results for the three-axle truck are larger than
those for the two-axle truck. This may be influenced by the relatively
big difference between the weights of three axles of the three-axle
truck. As is usual for BWIM, the GVW accuracies are generally

Table 3. Mean (x) and standard deviation (s) of relative error of identified
axle spacing

Relative error (%)

AS, AS,
Truck X K X s
Two-axle truck -1.1 1.6 — —
Three-axle truck 0.5 4.0 4.3 6.1

Note: AS = axle spacing.

better. The phenomenon of high identification accuracy on GVW and
relatively low accuracy on axle weight has been reported in many
other studies and can be attributed to many factors, such as the low
sensitivity of the bridge response to each individual axle of multiaxle
trucks and the effect of noise (Gonzalez et al. 2012; Zhao et al. 2014).
The effects of RSC on the identification errors show similar patterns
to those observed for the two-axle truck.

The results did not show a convincing pattern for the effect of ve-
hicle speed on the identification accuracy. Peaks of errors occur at
various speeds for different axles and trucks. These errors are higher
for some particular speeds (e.g., 25m/s for axle weight errors of
two-axle truck and 30m/s for spacing errors of three-axle truck).
This could be a resonance effect, where the vehicle’s bounce fre-
quency or the pseudo-frequency associated with vehicle speed/axle
spacing is resonating with the bridge’s first natural frequency.

Experimental Validation

Experiment Setup

To investigate the accuracy and effectiveness of the proposed VA
method, scaled VBI model tests were carried out in the laboratory.
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Fig. 11. Identification error (two-axle truck, smooth road surface):
(a) axle spacing; and (b) weight.

Table 4. Mean (x) and standard deviation (s) of relative error of identified weight results

Relative error (%)

AW, AW, AW, GVW
Truck Method x K X s x s x s
Two-axle truck VA method 0.5 1.7 -0.6 2.4 — — 0.1 0.3
Moses’s algorithm 1.0 1.2 -0.7 1.5 — — 0.3 0.5
Three-axle truck VA method -0.5 7.0 0.2 3.8 0.6 3.9 0.3 0.5
Moses’s algorithm 1.9 5.4 -0.9 2.7 0.3 2.1 0.1 0.4
Note: AW = axle weight.
© ASCE 04019086-6 J. Bridge Eng.
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Fig. 12. Identification error (two-axle truck, coarse road surface):
(a) axle spacing; and (b) weight.
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Fig. 14. Relative errors of identification results (three-axle truck,
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Fig. 13. Relative errors of identification results (three-axle truck,
smooth road surface): (a) axle spacing; and (b) weight.

The tests were conducted on a dedicated VBI test platform, as illus-
trated in Fig. 15(a).

The scaled bridge model, presented in Fig. 15(b), was designed
according to the similarity principle, and the prototype is the bridge
model adopted in the numerical simulation section. The scale ratios
of length and strain were 1:0.119 and 1:1, respectively. Polymethyl
methacrylate (PMMA) material was adopted as the material for the
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scaled bridge model. The steel test truck model, presented in
Fig. 15(c), was also designed according to similarity principles with
the same scale ratio. The axle spacing and axle weights of the model
truck axles are marked in Fig. 15(c). The gross weights of the scaled
truck model and the prototype truck were 281N and 245kN,
respectively. Aside from the bridge and truck models, the VBI test
platform also contained an acceleration ramp, a cushion for deceler-
ation, and a T-shaped guide rail for direction control.

In this study, two polyvinylidene fuoride (PVDF) cables were
placed on the top surface of the bridge model, as presented in
Fig. 15, to identify vehicle speed. The identified speed was then fed
into the VA method as the true speed. In addition, a foil strain gauge
was installed underneath the G2 girder at the midspan to serve as
weighing sensor. More details of the test platform and experimental
setup can be found in He et al. (2016).

Calculating Influence Line from Test Data

The influence line (IL) of bending strain can be extracted from the
bridge response by setting the truck to pass over the bridge at a low
speed (OBrien et al. 2006). To reduce the variation caused by a sin-
gle event, the truck model was set to run multiple times at low
speeds of approximately 1 m/s (Gonzdlez et al. 2012). The ILs of
bending strain of the G2 girder were then extracted from the meas-
ured strains of the test runs, for the cases of both the truck running
along the left lane and the truck running along the right lane. Before
calculating the Il, a moving average filter provided by MATLAB
was used to remove the random noise contained in the measured
strain signal. In the filtered signal, each data point was calculated
using 3% of the total number of the neighbored data points. Finally,
the many ILs were averaged to get the final IL to be used in the fol-
lowing identification procedure. For the purpose of illustration,
Fig. 16 presents three ILs for the G2 girder estimated using
OBrien’s method (OBrien et al. 2006) and the final IL adopted
based on the average of seven ILs when the truck was in the left
lane.
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Fig. 15. (a) Test platform; (b) bridge section and loading positions;
and (c) truck model.

It should be noted that to obtain the bridge ILs, the axle spacings
of the calibration truck need to be measured beforehand by using
external devices.

Results of Experiment

In the experiments, the truck model was set to run along both the
left and the right lanes. The actual speed of the model truck ranged
from 1 to 5m/s, corresponding to 10.4 to 52km/h of the truck
prototype.

Fig. 17 presents a typical time-history curve of the bridge strain
measured at the midspan of the G2 girder under a vehicle speed of
2.85 m/s. From Fig. 17, it can be seen that a notable dynamic effect
exists in the measured strain signal. By feeding this intact signal
into the identification procedure of the VA method, the axle loca-
tions and weights were first obtained, and the axle spacing and
GVW were then calculated. It should be noted that in the identifica-
tion procedure, the minimum axle spacing and the spacing of VAs
were determined as AS,ij, = 1.4m x0.119 = 0.167m and &, =
0.05m x 0.119 =0.006 m, based on the similarity principle.

Fig. 18 presents the identification results of axle location and
weights by the VA method. The strain rebuilt based on the
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Fig. 17. Typical measured and rebuilt strain of Girder 2 (left lane, v =
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Fig. 18. Identification results by the VA method (left lane, v =2.85 m/s).

measured IL and the identified axle information are plotted in
Fig. 17. It is seen that the VA method can successfully identify the
axle information, including both the spacing and the weights, of the
moving vehicle, even under noisy conditions.

Table 5 summarizes the relative identification errors by the pro-
posed VA method for the cases with the truck traveling along both
the left and right lanes. The strain from Girder 2 was used in all the
cases investigated. The vehicle speeds were predicted from the sig-
nals of the PVDF cables and were considered to be true vehicle
speeds in testing the accuracy of the VA method. From Table 5, it
can be seen that the identification errors of the axle spacing and
GVW using the proposed VA method are all within 5%, and the
errors of axle weight are less than 7.6%, regardless of the vehicle
speed and its lateral position.

For the purpose of comparison, the relative errors of axle spacing
using the PVDF cables and the relative errors of axle weight and
GVW predicted using Moses’s algorithm are also listed in Table 5.
It can be seen that good accuracy was achieved on axle spacing
identification by both the VA method and the PVDF signals, with
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Table 5. Relative errors of identification results

Relative error (%)

PVDF Moses’s algorithm VA method
Loading position Speed (m/s) AS, AS, AW, AW, AW, GVW AS, AS, AW, AW, AW, GVW
Left lane 1.05 -0.74 0.24 7.61 -6.01 -1.19 -0.82 -030 -0.74 133 -1.28 -1.30 -0.77
1.96 -1.67 1.08 8.57 -7.17  -4.00 -1.65 -0.20 1.08 7.53 =231 -299  -0.56
2.87 1.68  -0.01 0.73 -1.61 3.04 0.05 -1.07 0.86 0.33  -1.30 1.14  -0.22
3.71 1.11 1.24 826 -12.46 13.87 -0.77 -2.65 -143 -0.14 .00 -5.16 -1.14
4.82 0.63 0.78 2.20 =275 -0.82 -0.83 -0.44 024 -0.27 -391 =525 -3.60
Right lane 1.01 -032 -143 221 1.60 -2.18 -0.33 240 -035 042 0.65 -1.11 -0.11
1.90 0.59 0.59 1273 -12.12 9.38 -0.12 0.26 0.98 592  —-4.08 198  -0.20
291 -0.92 0.72 4.99 -5.19 1.19 -076 -0.89 -0.39 1.63 -130 -2.16 -0.98
3.69 -0.83 0.72 2.26 -2.19 -138 -0.64 -0.08 1.18 354 -152 -072 =027
4.65 0.91 096 -1.31 0.08 120  -0.13  -0.11 0.81 1.64 -1.13 1.12 0.12
Mean value — 0.04 0.49 4.38 —4.78 1.91 -0.60 -0.31 0.23 2.11 -1.52  -145 -0.77
Standard deviation — 1.08 0.77 4.85 4.78 5.59 0.50 1.26 0.90 2.74 1.64 2.51 1.07

Note: The speed is identified from the PVDF signals. AS = axle spacing; and AW = axle weight.

all errors below 2.65% and 1.68%, respectively. Also, most relative
errors of the GVW are under 2% for the VA method and Moses’s
algorithm, except that the error for one case by the VA method
reaches 3.6%. From these results, it seems that the accuracy on
gross weight identification by the VA method was slightly worse
than that for Moses’s algorithm. However, the VA method achieved
better accuracy in axle weight identification than Moses’s algorithm
in that the mean errors and standard deviations for the VA method
were all less than those for Moses’s algorithm.

Summary and Conclusions

In this study, a novel bridge weigh-in-motion algorithm (i.e., the
VA method) is proposed to identify the number of axles, axle spac-
ings, axle weights, and gross weights of vehicles passing over high-
way bridges. The proposed VA method uses only the global bend-
ing strain of bridge girders to detect the axle spacings and axle
weights of moving vehicles, providing an effective and efficient
alternative for the next generation of NOR BWIM systems.
Numerical simulations and laboratory experiments were performed
to investigate the performance of the proposed VA method. The
effects of vehicle speed, vehicle lateral position, and bridge-surface
condition on the identification accuracy were investigated. Based
on the results of this study, it is found that once vehicle speed is
known, the two main goals of a BWIM system, namely, axle detec-
tion and weight prediction, can be accomplished by the proposed
method using only one weighing sensor. Acceptable identification
accuracy has also been achieved for a range of vehicle speeds, lat-
eral positions, and RSCs.

Conventional NOR BWIM systems usually require additional
FAD sensors for axle detection to achieve weight prediction using
strain sensors. In contrast, the proposed VA method obtains axle in-
formation directly from the global bending strain of the bridge
through only weighing sensors. Furthermore, it sets no restriction
on the type of bridge or the type of bridge response, as long as the
IL function can be obtained. These advantages make the proposed
VA method an effective alternative for commercial NOR BWIM
systems.

The conclusions in this study were made based on single truck
scenarios through numerical simulation and scaled model testing.
Further research could be conducted to investigate the scenarios
with multiple trucks and to evaluate the performance of the VA
method in the field.
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Appendix. Details of VA Procedure

Step Procedure

1 Estimate the length of the vehicle as Ly = T - v — Lg, where T is
the time duration for the vehicle to cross the bridge, which may be
roughly estimated from the time history of bridge responses.
Otherwise, Ly can be assigned a reasonably large value based on
engineering judgment.

2 Assume that the vehicle has virtual axles distributed evenly with
spacing of 0, and define the locations of the virtual axles as x =
{X],X] — SX,X] — 25X, e, X — N() . 5X}, whereN() = ]'LV/&J,
in which [x] is a ceiling function that returns the smallest integer
that is no less than x, and x; is the location of the first virtual axle.

3 Form the matrix I shown in Eq. (3).

4 Solve the NNLS problem [i.e., Eq. (6)] by using the active set
algorithm [function lsgnonneg provided by MATLAB
(Mathworks 2018)] to obtain the first estimate of the virtual axle
weight vector, P= {f’,|f’, > 0}; the associated axle locations,

% = {x;|P; > 0}; and the spacings d between the axles with posi-
tive weights.

5 Divide the vector X into sets according to the following condition:
those adjacent virtual axles with spacing less than AS,;, belong to
the same virtual axle set. Then, refill each of these sets, within its
range, with evenly spaced virtual axles and denote them as vectors

81,82+ 8Ny
6 Create all possible combinations of vectors {g;, g,, ..., gy,} and
denote them as {X', X2, ..., X"}, where each combination X' is

considered as a possible candidate for the locations of the N

axles, and N, = N]_A[ Numel(g;) is the total number of all possible
i=1

combinations, in which Numel(g) returns the number of elements

of the vector g.

7 For each possible candidate, X/, calculate the axle weights P! and
the Euclidean norm E' expressed in Eq. (4) by using Moses’s algo-
rithm. Find out the index [ of the smallest element of the set,

E = {E' E?, ..., EV}. The axle spacing, axle weights, and GVW

R R Nao .
can then be obtained as d = Diff(X!), P = P, GVW = S P
=1
where Diff(X) returns the differences between adjacent elements

of the vector X.
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