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A B S T R A C T

Traffic load monitoring (TLM) is one of important issues in bridge structural health monitoring (SHM), but there
still exist such problems as lack of accuracy and efficiency for the existing methods. In this study, a sparse
regularization approach is proposed for TLM based on analytical model and redundant dictionary. Firstly, an
unknown moving traffic load is deemed as a combination of static and time-varying components so that a
redundant dictionary can be established to independently express them. The static component is expressed by a
basis vector whose elements are identical, and the time-varying one by wavelet functions for their good multi-
resolution analysis characteristics. Then, the TLM problem is converted to determine a coefficient vector of
dictionary, and the l1-norm regularization technique is adopted to obtain a sparse solution to the coefficient
vector. Finally, a series of experimental studies on a hollow steel beam bridge under crossing a moving model car
are conducted in laboratory to assess the effectiveness of the proposed method. Furthermore, comparative
studies are carried out for assessing the effect of different measurement parameters, such as moving car speeds,
car weights, strain and acceleration response data, redundant dictionaries as well as selection of regularization
parameters, on the proposed method. The illustrated TLM results show that the dictionary used for TLM in this
study can independently distinguish the static and time-varying components of moving traffic loads. The pro-
posed method can effectively identify the total weight of moving traffic loads with a higher accuracy, which
provides a great potential for monitoring moving vehicle loads on bridges.

1. Introduction

Moving traffic loads are foundations for the life-cycle design of
highway bridges. It is important to control and monitor traffic loads
which contribute to the bridge design code. However, it is difficult to
obtain time histories of traffic loads directly because they are functions
in both time and space. Therefore, as indirect methods, moving force
identification (MFI) is proposed for traffic load monitoring (TLM) [1].
Indirect methods consider traffic loads as moving forces and obtain
time histories of moving forces from measured structural responses
with inherent characteristics of structures.

As one of important issues in bridge structural health monitoring
(SHM) [2,3], MFI has been widely studied in the past decades. In early
studies, most of the methods focus on establishment of MFI equations,
which can be divided into two kinds of methods, one is based on ana-
lytical model and another one is based on numerical model. A review of
these methods can be found in Ref [4]. Methods based on analytical
model include time domain method (TDM) [5], interpretive method II

[6], frequency-time domain method [7], state space method [8],
method of moments [9,10] and influence line method [11]. Methods
based on numerical model include interpretive method I [12], optimal
state estimation approach [13], updated static component technique
[14,15]. After discretization processing, the discrete identification
equations about time-varying moving force and structural responses are
given by these methods.

The MFI problem is a typical inverse problem so that the identified
results are always sensitive to noise. Under the environmental noise, the
real time-varying moving force cannot be identified accurately.
Moreover, for boundary conditions, response sensitivity to moving
force is related to locations of moving force, as a result, when a moving
force approaches to the structural boundary, the identified results are
worse by directly solving the identification equation [5]. Therefore,
regularization techniques, such as Tikhonov regularization [16], sparse
regularization [17–19] and so on, are usually introduced to improve the
ill-posedness of MFI problem.

The classical Tikhonov regularization has been widely used to
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obtain an improved MFI results in several studies [20–22]. The classical
Tikhonov regularization can effectively improve the ill-posedness of
original MFI problem, for example, Law et al. [20] introduced classical
Tikhonov regularization into TDM, better identified results can be ob-
tained even with noisy measurements. But the identified results are
overfitting because the Tikhonov matrix is selected as a unity matrix.
Therefore, some improved methods have been proposed: Chen and
Chan [21] selected the matrix as double diagonal matrix and tri-diag-
onal matrix; Pan et al. [22] selected the Tikhonov matrix based on the
concept of moving average, which can effectively obtain static com-
ponent of moving force.

These methods use only one class set of basis vectors obtained from
singular value composition (SVD) of discrete linear operator; as a result,
these vectors cannot express the unknown moving traffic loads com-
pletely and suitability. To overcome this shortcoming, Pan et al. [23]
proposed a MFI technique based on a redundant concatenated dic-
tionary and sparse regularization. Compared with only one class set of
basis vectors, the redundant concatenated dictionary is more suitable to
express the unknown moving forces. Meanwhile, sparse regularization
can extract main features of moving forces from the given dictionary.
However, the concatenated dictionary in Ref [23] consists of trigono-
metric and rectangular functions, and the trigonometric functions
cannot adapt to signal analysis of time-frequency. Meanwhile, a finite
element model updated by structural frequencies, damping ratios and
mode shapes is used for MFI, so it should be obtained by a large number
of sensors due to application of mode shapes. Moreover, the applic-
ability of this method for TLM has not been studied yet in detail.

In this study, an analytical model is used for TLM and it is updated
only by structural frequencies and damping ratios. Then, a redundant
dictionary is established to independently express static and time-
varying components of moving forces. The static component is ex-
pressed by a basis vector whose elements are identical, and the time-
varying one by wavelet functions for their good multi-resolution ana-
lysis characteristics. Finally, a series of experimental data of bridge
responses caused by crossing traffic vehicle loads are measured and
used to assess the effectiveness of the proposed method. Comparative
studies on different vehicle axle weights, moving vehicle speeds, strain
and acceleration response data, redundant dictionaries and selection of
regularization parameter are carried out for TLM.

This paper is organized as follows: The Section one is devoted to
literature review, containing state of art of MFI for TLM problems and
some related MFI methods. The basic theories of MFI are briefly in-
troduced for TLM in Section two. A series of experimental studies on
TLM in laboratory is described in Section three. Comparative studies
about effect of different parameters on the proposed method are illu-
strated in Section four. Several conclusions are drawn in Section five.

2. Basic theory

2.1. Time domain method (TDM)

TDM is a typical MFI method. It is based on the analytical model and
gives the relations between unknown moving forces and structural re-
sponses. Here, a brief introduction is given and more details about TDM
can be seen in Ref [5].

The bridge is simplified as a simply supported beam, and it is sub-
jected to a moving force f1(t), as shown in Fig. 1. EI, ρ, C, l are flexural

stiffness, mass per unit length, viscous damping and span of the beam,
respectively. The constant value c represents the moving speed of
moving force f1(t).

Based on modal superposition principle, structural bending moment
and acceleration responses can be obtained:
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2 are the nth
modal frequency, the nth modal damping and the nth damped modal
frequency, respectively.

If the sampling duration is [0, ti] and the sampling time interval is
Δt, the number of sampling points for structural response is

= ⌊ + ⌋m ti tΔ 1 , where ⌊ ⌋· is the floor function in mathematics.
Similarly, the moving force is only considered in the time interval [0,
T], the number of sampling points for moving force is = ⌊ + ⌋n T t/Δ 1
(n≤m). After discretization processing, Eqs. (1) and (2) can be simply
expressed as:

=H f b11 1 1 (3)

where, H11 ∊ Rm×n is the transfer matrix; f1 ∊ Rn×1 is the moving force
vector; b1 ∊ Rn×1 is the structural response vector.

2.2. Function expansion method using dictionaries

As a regularization strategy, the function expansion method ex-
presses unknown moving force by using basis functions, so a moving
force can be expressed by basis φi in a Hilbert space [24]:
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where, M is the truncation number.
Then, a matrix-vector form of Eq. (4) can be expressed as follows:

= φαf1 1 (5)

where, α1 is a vector of representation coefficients; φ= [φ1, φ2,…,
φM] is a redundant dictionary to express the moving force vector.

By substituting Eq. (5) into Eq. (3), letting A11=H11φ, the fol-
lowing equation can be obtained:

=αA b11 1 1 (6)

So the MFI problem is reformulated to Eq. (6) for determining the
coefficient vector α1 in the redundant dictionary φ.

As mentioned above, it should be noted that the MFI results are
partly determined by the selection of dictionary φ. It can be selected as
Legendre polynomials and Fourier series in Ref [9], or trigonometric
functions and rectangular functions in Ref [23]; furthermore, spline
functions and wavelets can also be chosen [24].

Because the time-varying components of moving force usually
fluctuate around axle weight due to inertia of vehicle and surface
roughness of bridge [22], the redundant dictionary is set as a combi-
nation as φ = [φ1, W] in this study.

Here, φ1 is a basis vector used to represent static component of a
moving force. The static component does not vary with the time; hence,
each element of φ1 is identical, i.e., = = …φ n j n1/ ( 1, 2, , )j1 .

The time-varying components of the moving force is represented by
W, W=[φ2,…, φM]. For the complexity of time-varying components,
some simple basis vectors may not be suitable for describing the fea-
tures of time-varying components, e.g. the mode shapes of simply
supported beam. As a signal analysis technology, wavelet analysis hasFig. 1. A simply supported beam subjected to a moving force.
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