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Abstract. Accurate and rapid acquisition of the strain influence line of
continuous beam plays a positive role in promoting the wide application of
structural health monitoring. The structural response obtained from the
sensors is used to estimate the strain influence line. However, most estimation
methods ignore the influence of axle parameters on the structural response,
resulting in a large error in identifying the strain influence line. This paper
presents a method for eliminating the influence of axle parameters of moving
vehicles on strain responses to estimate the strain influence line of continuous
beams based on the long-gauge strain sensing technology. By analysing the
mechanical characteristics of the multi-span continuous beam, a theoretical
strain influence line expression is first established to obtain the strain influence
line of the continuous beam accurately. The structural response only caused by
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axle weight, obtained by eliminating the influence of axle parameters, is then
estimated for calibrating the theoretical strain influence line. Finally, different
lane tests are also considered to solve the influence of different transverse
position relations on the proposed method between the monitoring unit and the
lane. Finally, numerical simulations are adopted to illustrate the effectiveness
of the proposed identification method by simulating the strain time histories
induced by a multi-axle vehicle. A field test also demonstrates the validity and
feasibility of this method.

Keywords: axle parameters, bridge influence line identification, continuous
beam bridge, long-gauge fibre-optic strain sensing.

Introduction

Bridge influence lines have been widely used in bridge engineering
because of their intuitive, accurate, and comprehensive characteristics
of reflecting structural information. The theoretical influence line (IL)
is calculated based on the boundary conditions, geometric parameters,
and physical parameters described in the design drawings. The real IL
is extracted from the in-situ measurement, eliminating the inconsistency
between the actual and design structures due to the difference in
material design parameters and the uncertainty of boundary conditions.

Bridge IL has been successfully applied in many fields such as bridge
weigh-in-motion, damage identification and performance evaluation
(Chen et al., 2015; Hirachan & Chajes, 2005; Liu, 2019; Stimac et al.,
2011; Wang et al,, 2017; Zheng et al., 2019a). There are many methods
for IL estimation, which are mainly based on a mathematical algorithm,
mechanical methods, vibration analysis. In terms of the mathematical
method, using a single calibration truck in a probabilistic manner is
proposed by using the maximum likelihood estimator principle (leng,
2015). Bridge IL is estimated using the adaptive B-spline basis dictionary
and sparse regularisation technique (Chen et al.,, 2019). With the relative
axle loads of trucks passing overhead, the shape of instantaneous IL is
obtained through an iterative algorithm (Heitner et al., 2020). A method
of identifying the stress IL is proposed by using the least-squares
solution and weighted moving average (Chen et al.,, 2016). Big data and
affine algorithms are employed to make up for the shortcomings of the IL
measurement method in real bridge testing (Zhou et al., 2020). Using the
cubic B-spline function with Tikhonov regularisation, an IL identification
method is proposed based on the vehicle information and the history of
the induced bridge response time of the corresponding moving vehicle
for detecting structural damage (Chen et al., 2017). For the mechanical
method, the IL is estimated by using strain signals induced by a single
calibration truck when it passes over the sensors (OBrien et al., 2006).
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An algorithm for calibrating ILs is based on continuously measured
bridge responses (strains) produced by two calibration vehicles passing
across the instrumented bridge (Zhao et al, 2015). An improved
theoretical IL method is proposed to obtain the structural IL from the
strain measurement by adjusting the support conditions and smoothing
the peak signal to fit real situations (Znidaric & Baumgartner, 1998).
An on-site calibrated IL method is proposed to identify the axle weights
of moving vehicles by using the transverse distribution of wheel loads
(Zhao et al., 2014). The shear IL is estimated to identify axle weights,
spacing, and axle speeds using the measured shear strains near the
bridge abutments (Bao et al., 2016). The dynamic IL is obtained using a
semirigid simulation model of the structure verified by the field testing
results (Zhao et al,, 2017). By solving the motion equations of the bridge
under unit force, the dynamic displacement IL under multi-axle loads
is obtained by using the linear superposition principle (Wang & Qu,
2011). A point-by-point graphical method derives the IL (Mcnulty &
O’Brien, 2003). The analytical expression of the deflection IL is deduced
by the force method to identify damage to the railway bridge (Wang et
al.,, 2020). In vibration analysis, an appropriate method separates the
fluctuation from the measured responses to estimate bridge IL with
quasi-static features (Strauss et al.,, 2012). The dynamic fluctuation
part of structural dynamic responses induced by a high-speed vehicle
is eliminated based on empirical mode decomposition to obtain bridge
IL (Zheng et al., 2020). Considering the effect of the random vibration
of the bridge, the dynamic IL is solved by using the virtual excitation
method and the vehicle-bridge coupling equation (Xu et al.,, 2015). In
addition, the ILs are also estimated by the regularised least-squares QR
decomposition, the frequency domain decomposition (Frgseth et al,
2017; Hosur & Bhavikatti, 1996; Zheng et al., 2019a, 2019b).

Among the methods mentioned above, there are three main methods
to obtain the IL of continuous beam bridges: one method is to obtain
the IL by numerical simulation (Chen et al., 2019), the second method is
to use a parameter to calibrate the theoretical IL (Bao et al., 2016), and
the third method is to use the least square method to determine the IL
(Chen etal., 2016, 2017, 2019). The first method cannot be used to master
IL effectively. The second method has low precision, while the third
method often represents an ill-conditioned inverse problem. Although
these methods have been successfully applied in practical engineering,
many issues remain to be addressed, such as lacking a clear theoretical
understanding of the identified ILs and ignoring the effects of axle
parameters of the test vehicles. Most IL identification methods ignore the
vehicles with the same load and the same axle number. These vehicles
cause different structural responses due to different axial spacing and



axle weight ratios, especially the influence on the maximum value of
the structural response. Strain influence line (SIL) estimation methods
that ignore the influence of axle parameters lead to significant errors in
identifying bridge SIL and ultimately affect the subsequent structural
performance evaluation.

Traditional foil strain gauges are seen as “point” sensors and lack
stability, durability, and long-term reliability, which is unsuitable for
structural health monitoring. Therefore, it is impractical to employ the
traditional strain sensors to monitor units and components considered
possibly critical. Strain measurement using traditional strain sensors
reflects local information. Fibre Bragg Grating (FBG) strain sensors
are more commonly used in structural health monitoring with the
advancement of fibre-optic technology. The FBG strain sensors have
their outstanding advantages in many aspects such as multiplexing
capabilities, high sample rate, light, and electromagnetic interference
(EMI) immunity (Casas & Cruz, 2003; Inaudi, 2001; Schulz et al., 2001;
Sohn et al, 2003). Specifically, a long-gauge FBG sensor has been
developed to measure the averaged strain over arbitrary gauge lengths
(Li & Wu, 2007; Zhang et al., 2018). The dynamic strain output through
this novel sensor reflects local and global structural information by
designing a long-gauge of the sensor, for instance, 1~2 meters. The
long-gauge FBG sensors are more promising sensing alternatives for
civil, structural health monitoring (SHM) systems, which were used to
monitor the strain responses of the structure.

The objective of this article is to develop a method for identifying
the SILs of continuous beam bridges considering the influences of axle
parameters of test vehicles on strain responses. The long-gauge FBG
sensing technology is used in this proposed method with its merit of
measuring both local and global structural information. After that,
a representation of clear expressions is established to construct
theoretical SIL of continuous beams and then to identify the real SILs
integrated with the correction factors estimated by eliminating the
influences of axle parameters of the test vehicle on the strain response.
The structure of this article is as shown below. In Section 2, the feature
of long-gauge strain is introduced, and the theoretical derivation of the
proposed method is provided, including the derivation of the theoretical
SIL expressions, the establishment of the correction factors, and the
identification of real SIL of the continuous beam bridges. Section 3
provides numerical examples verifying the feasibility of this method.
Field tests description and identified results are provided in Section 4
to verify the effectiveness and robustness of the proposed method.
Conclusions are drawn in Section 5.
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1.  Theories for strain influence line identification

This method involves establishing the theoretical SIL expressions
of continuous beams, analysing the effects of axle parameters, and
estimating the real SILs. Different SIL expressions are derived using
the long-gauge sensing units on the side or intermediate spans. The
calibration coefficients are calculated to demonstrate the influence
of the axle parameters (axle spacings and axle weight ratios) on the
long-gauge strain responses. The real SILs are then obtained using the
established corrector factors to calibrate the theoretical SILs.

11. Long-gauge fibre optic strain sensing

As mentioned previously, most strain sensors used for SIL
identification in the literature are point-type sensors, which are too local
to reveal inherent structural characteristics. In the absence of suitable
sensors for area-distributed monitoring, the FBG sensors are designed
with a long gauge (from 0.20 m to 2.00 m), and the measured strain is
the average strain over the long-gauge length. The long-gauge FBG
sensors were used in the field test of the studied bridge because they are
extended to several centimetres or meters through a particular design
and manufacturing (Li & Wu, 2007; Zhang et al., 2018). The principal
feature of the sensor is handling an embedded tube, inside which a bare
optic fibre with the FBG is sleeved and fixed at two ends to ensure the
measured value represents the average strain over the gauge length. The
internal structure of the long-gauge FBG sensor is shown in Figure 1a.
The long-gauge sensor outputs static and dynamic structural strain
related to high precision structural rotations. For a beam element with
two local DOF (the vertical translation w and the rotation 0) at each
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a) the internal structure b) the measuring principle

Figure 1. The long-gauge Fiber Bragg Grating sensor
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node, the long-gauge strain (macro strain) measurement in the sensing
unit is defined as follows (Equation (1)):

& (£) =1, [0,(6)=0,(¢)}, M
where M :hj /Sj, h; is the distance from the sensor to the neutral axis
of the beam, §; is the length of the sensing unit j; 0,(t) and 0,(t) are the
rotations of nodes o and p of the sensing unit j at the time, respectively.
In addition, multiple sensing units are connected in a series to cover
a key sensing area. Then, multiple key areas are connected to form a
distributed sensing network for structural area macro-strain measuring.
Figure 1b demonstrates the measuring principle of the long-gauge FBG
Sensor.

1.2. Establishing the mechanical expression of theoretical
strain influence line

The mechanical expression of the SIL of the continuous beam bridge
is presented in this Section. For an n-span continuous beam, a unit on
the side span is first analysed to derive the mechanical expression of the
SIL. There are (n-1) redundant constraints for the n-span continuous
beam are solved by the force method. As a unit load moves along the
span of the bridge, these redundant constraints are functions of the
loading position x, which are expressed as M;(x), M3(x),... and M,_(x).
After releasing the redundant constraints, the SILs of the continuous
beam bridge are simplified as the SILs of the simply supported beam
and the response function of the monitoring unit under the action of the
redundant constraints M;(x). So, the mechanical expressions of SIL on
the first span are expressed as follows (Equation (2)):

) c-{(xl)+R[M,(x)]},  xeL

X)= ’ (2)
C-R[M;(x)], xel,(j#i)

where C = y/ El; El is the stiffness; y is the distance from the monitoring

position to the neutral axis of the beam; Q(x.[)=x(I,-x)/I;

represents the bending moment IL of a simply supported beam;

R(M. (x)) =aM, (x)/li is a function of the redundant constraint M;(x); a is

1
the position of the monitoring unit on the i span beam; /; is the length of

the i span of the bridge, i=1, 2,.., n; and L, E(Z:-lolk’Z;—oll j When

the monitoring unit is located at the side span (i.e. the i span) of the
continuous beam bridge, the theoretical SIL at this unit is expressed by
Equation (2). Because the SIL of the side span is different from the SIL
of the intermediate span, the mechanical expression of the theoretical
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SIL is also established for the intermediate span. The theoretical SIL
expressions of a unit on the m™ span m # 1,n of continuous beam bridge
are expressed as follows (Equations (3)-(4)):
C-{Q(xd )+ R Myy (). M (¥) ]}, x €L,
X)= ) (3)
C-R[ M, (x):M,(x)], xel,(j=m)

R[M, 1 (x).M,,(x)]=M,_, (x)+i[M,H (x)-M,(x)] )

where R’ is a function of the redundant constraint M,,_(x) and M, (x).
When the monitoring unit is placed at the intermediate span (i.e., the m™
span) of the n-span continuous beam bridge, the theoretical SIL of this
unit is expressed by Equation (3). Based on the established Equations
(2) and (3), the mechanical expressions of theoretical SIL for an n-span
continuous beam are obtained to estimate the real SIL expressions in the
field.

1.3. Analysing the influence of axle parameters
on structural response

As shown in Figure 2, a test vehicle passes through a two-span
continuous beam at a constant speed, and a unit i is selected and
analysed from the second span beam. The axle weight of the test vehicle
with three axles is Py, P, and P3, respectively. The axle spacings are d;
and d; between the first and second axle, and the second and third axle,
respectively. The axle weight ratio for each axle is calculated with P; as
the reference, which is P;/P3, P, /P3 and 1. The axle parameters of a
test vehicle mainly include the axle weight, axle spacing, and axle weight

axle weight ratio 1 P,/P3  Pi/P3
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Figure 2. Strain response induced by a moving vehicle



ratio. The relationship between the real SILs and the structural response
is disproportional because of the axle spacing and axle weight ratio. It
makes it challenging to correct the mechanical expression of theoretical
SILs effectively. In Figure 2, the dotted line represents the SIL, while the
solid line shows the strain response of unit i. The theoretical SIL at this
unit is expressed by Equation (2). The extreme values g, €, and ¢y, g; are
extracted from the SIL and the strain response curves, respectively. It
is seen from Figure 2 that there is nonlinear proportionality between
extreme values g and g, nor between the extreme values €, and &,.

The structural response is caused only by the axle weights compared
to the structural response under vehicle load. The extreme values found
from the strain responses are extracted to evaluate the influence of axle
spacings and axle weight ratios on the measured strain response. The
extreme values are more accessible than the other units displayed on
the strain response curve. The extreme values g;, &, shown in Figure 2
are affected not only by the axle weights of the two axles but also by
the axle weight ratios and the axle spacings. Because of different axle
parameters, two loading models - the vehicle loading model and the
axle loading model - are analysed for their extreme values. When two
vehicles with the same axle weight but different axle parameters pass
through the bridge, the extreme strain values extracted from the strain
curves are different. Based on the establishment of theoretical SIL
expressions, the strain extreme value is discussed to study the influence
of the axle spacing and the axle weight ratio on the structural responses.
Here, a unit at the intermediated span of the n-span continuous beam is
demonstrated to analyse the extreme value from the strain responses.

A unit k,, at the m™ span (m#1,n) of an n-span continuous beam
is analysed in this Section. Figure 3 represents the SIL and strain time
history of unit km, and the strain time history is given in Figure 3b.
Figure 3c is generated under the vehicle and axle loading models,
respectively.

It is known from the history of strain time of the unit k,, that there
are n extremes on the curve, expressed as &, €, ..., €n, --- €, as shown in
Figure 3b. A group of vehicles with n, axles pass across the investigated
bridge. When the n;" axle acts at the unit k,,, the maximum value &,, on
the strain-time history occurs and is expressed as follows (Equations

(5)-(8)):

C'
e =~ ) (5)
m
nl]
! o= ZP}.xm (Ly =X ), (6)
j=1
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c) strain response of the unit k,, under the axle load model

Figure 3. Analysis of the structural responses induced by different loading
models
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n_y 9 ng Ny
VE =YD Pdsxy+ . Y Pds (I, ~x,) (7)
5=1 j=1 d=n;,4 j=6

iPJQ[Xm—l (Bm)’Xm (Bm ):|+P”iQ(Xm)+
wi =g 17

i P Xy 1 (B ) X (B )]

J=Nq

: (8)

where B, in Equation (8) is a function of x,, and is expressed as follows
(Equation (9)):

By = X0 +§da. 9)
o)

In Equation (6), ‘P:n is the partial response only caused by the axle
weights; ‘I’,zn is mainly caused by the axle spacing and the axle weight
ratio, as shown in Equation (7); ‘I’fn is mainly caused by two redundant
constraints, as shown in Equation (8). In Figure 3c, the maximum
strain g, , is only caused by the axle weights and is then expressed in
Equations (10) and (11).

—_ C R
en =7 (10)
m
n(l
W=D Pixy [y =X +Qx,0)], (11)
j=1

The calibration coefficient ry, ,, for the m™ extreme unit is calculated
by dividing Equation (5) by Equation (10) and shown in Equation (12).

’ ’ 1 2 3
=C_(,,C_(‘P=T_*P_J 12)
g, C c

In the same way, it is assumed that when the n" axle acts on the "
extreme unit of the theoretical SIL, the Ch (C im) extreme value occurs
on the measured strain-time history curve and is expressed as follows
(Equations (13)-(14)):

C’
Sy

¢

&g
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ZPJQ[X(H (B ). X (2(;)}+Pnl_g(xc)+

j=1

Z PJQ[XH (Be ). X (B )}

J=Nia

Y, =1

™ 'm (14')

The (" extreme value % caused only by the axle weights are
calculated and expressed as follows (Equation (15)):

§=£2Pj9(ég ) (15)
j=1

So the calibration coefficient r . for the ™ extreme value of the unit
kn is described by Equation (16).

g (Y C; v
I X¢ :=(;:?(;q)C :?C —_— d . (16)
8 a
¢ > b 19(x;)

It is seen from the established Equations (11) and (15) that the
calibration coefficient r is mainly composed of two parts. The first part
of r is the ratio between the actual and theoretical strain coefficients.
Moreover, the second part of r is a ratio of bending moment responses
calculated by all axle parameters and only by the axle weights. The
second part ¢ of Equations (12) and (16) demonstrates the influence of
axle spacing and axle weight ratio on the strain responses.

1.4. Eliminating the influence of axle parameters to identify
strain influence line

The difference between the theoretical SIL and the real SIL is the
different coefficients in the SIL expressions. To obtain the real SILs of an
n-span continuous beam, the ratio between the actual coefficients C’ and
the theoretical strain coefficients € needs to be calculated. Equations
(11) and (15) provide only the calibration coefficients of n extreme units
on the theoretical SIL. Each calibration coefficient is then calculated
with (= 0) at two bearings to obtain the calibration coefficients matrix r
in a span beam. r :["1 Iyl hy JT, and r, =[0 Tnd Tm2 ™ T, Tl OJ.
Based on the effects of axle parameters, the calibration coefficients
matrix r is directly calculated by the measured extreme values and
the simulated extreme values based on the IL theory. The coefficient ¢
is estimated from the derived related expression. Thus, the first part
of Equations (11) and (15) as the correction factors rc are expressed as
follows (Equation (17)):



c' r;
“):_1:i,,':1,2,...'"@:1,2‘...11,_ a7
T g

The calibrated SILs at the unit k, on the intermediate span is
calculated by substituting Equation (17) into Equation (3) and is
expressed as follows (Equation (18)):

F(x)= rcp, C- {Q(x,lm )+ R'[Mm_l (x).M,, (X)]} xe Lm. a8)

rcj‘QC~R’[Mm_1(x),Mm(x)], xeLj(jim)

The real SILs of unit k; on the side, span are also obtained based on
the calibrated method of the theoretical SILs mentioned above. When the
bridge is considered a two-dimensional model, Equation (8) is enough to
obtain the real SILs. However, when the bridge is simulated as a three-
dimensional model, the effect of the transverse position of vehicle load
needs to be analysed on Equation (8). Figure 4 shows the monitoring
unit with different lane distributions, and the red rectangular
block represents the monitoring location. A case given in Figure 4a
demonstrates the monitoring unit facing a lane. Figure 4b shows the
monitoring unit deviating from the lane.

The calibrated SILs are obtained using Equation (18) if a lane
corresponds to the monitoring unit. So, Equation (8) is applicable for
the case from Figure 4a to estimate the SILs. However, if the monitoring
unit deviates from the lane centreline, it is challenging to use Equation
(18) to estimate the SILs directly. For the case from Figure 4b, two or
more lanes are found that deviate from the monitoring unit. Here, strain
responses collected from two lanes closest to the monitoring unit is used
to estimate g; in Equation (16), as shown in Figure 5. When a calibration
vehicle with load P passes on a lane [,, and lane Ia]. respectively, the strain
responses of the monitoring unit are collected by the sensors, and then
the corresponding extreme value &, and g, are extracted from the
collected strain responses. Using the linear inferpolation method, g is
expressed as (Equation (19)):

o, Vi, * e, Vi,

re;

€ = . (19)
: Y, +J/1aj
lane 1 lane 2 lane 3 lane1 | lane2 | lane 3 | lane 4
[ ] ]
a) facing lane b) off lane

Figure 4. Monitoring unit with different lane distribution

Qinggqing Zhang,
Qianlong Liu,

Li Dai, Qiang Liu
Eliminating

the Influence

of Axle Parameters
in Influence Line
Identification

251



THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2021/16(4)

252

g,

&
Figure 5. Calculation principle of the extreme value g

Lo_catl_on . Lane distribution
of monitoring unit

Facing a lane No
or not
Equation (19)
\/
The extreme value ¢, [ The extreme value g
extraction calculation

Equation (17)"4

Correction factors rc
calculation

A

Estimation of the
| strain influence line )

Equation (18) !

Figure 6. A flow chart of the proposed algorithm

To further illustrate the proposed algorithm, a flow chart describing
the procedure of this algorithm is given in Figure 6.

2. Numerical verification
2.1. Theoretical strain influence line estimation

The proposed method for identifying the SIL of the continuous beam
described in Section 2 is proven here using a numerical example. The
investigated structure is a pre-stressed concrete continuous box-girder
bridge of four spans with a total of 120.0 m. The length of each span
beam is 30.0 m. A single-case single-compartment section is used in
this beam, and its height and width are 1.5 m and 12.5 m, respectively.



Each span beam of the bridge is divided into 15 units, and every unit
is 2.0 m in length. This Section first verifies the derived theoretical
SIL expressions by comparing SIL at different speeds using the finite
element method (FEM). Here the unit load is approximately simulated
as a triangular load applied to each node. The truckload is simulated,
and each axle load is set to a triangular load and applied to the bridge
node. When a unit load passes over the investigated bridge at a speed of
30 km/h, 50 km/h, and 80 km/h, the strain at the bottom of the units
Xieyr Xy Xk and Xy, are collected and extracted, respectively, to verify
the effectiveness of the theoretical SILs. These vehicle loads are applied
to the lane facing the monitoring unit. Units xy,, X,, X, and x;, are the
midpoints of each span beam.

Figure 7 shows four SIL diagrams corresponding to the four
monitoring units along the investigated continuous beam. It is easy to
see that the calculated SILs are close to those obtained with FEM. At
different speeds, the theoretical SIL extracted from the FEM is consistent
with the SIL calculated by the proposed theoretical expressions,
although it shows different degrees of curve fluctuation. Figure 7 also
indicates that the dynamic SIL extracted at different speeds is the

10.0 7 10.0
—30 km/h — 30 km/h
g L —50km/h = — 50km/h
g7 —80km/h S 75 — 80km/h
= 50L —calculated value = 50l — calculated value
= =
= L = |
525 £25
“ 0 P i “ 0 (e
W 100 X,m m/ 50 \_~ 100 X, m
-2.5 2.5+
Q) Xi b) xi,
1007 10.07— 30 km/n
i — 30km/h @ — 50 km/h
g 757 T oo/ S 7.57—80km/h
A — 80km/h = —
M — calculated value & calculated value
< 5.0; ca & 5.0+
= =
=) L = |
525 525
0 g 100 X,m 07" 50 /100 xm
-2.5" 2.5t
C) Xk3 d) Xks,

Figure 7. Calculated theoretical strain influence lines based
on the proposed method
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same as the static SIL. The formulation is given in Equation (9) for the
theoretical SIL remains valid even at different speeds of a unit load.

2.2. Strain influence line calibration

In this Section, parametric sensitivity analysis is conducted using
the proposed method of SIL identification, which considers the effects of
different axle parameters. Parameters selected for sensitivity analysis
mainly include the axle spacings, axle weight ratios, and axle velocity.

2.2.1. Axle parameters

The analysed axle parameters of test vehicles included axle
spacings and axle weight ratios. Two two-axle trucks that pass across
the four-span continuous beam bridges in the calibration test are
studied to demonstrate the influences of the axle parameters on the
strain responses. The two trucks (truck I and truck II) have the same
total weight of 200 kN and pass across the continuous beam bridge
at the same speed of 30 km/h. For truck I, the weights of the front and
rear axles are 50 kN and 150 kN (axle weight ratios are 0.33 and 1),
respectively, and the axle spacing between the front and rear axles
is 6.5 m. For truck II, the weights of the front and rear axles are 75 kN
and 125 kN (axle weight ratios are 0.6 and 1), respectively, and the axle
spacing between the front and rear axles is 4.5 m. Five per cent of white
noise is added to the extracted strain response data to consider the noise
level.

Figure 8 represents the strain time history curves of the four
monitoring units when trucks I and II pass across the bridge. Although
the total weight of the two trucks is the same, the difference in axle
spacing and the axle weight ratios results in different strain extreme
values and occurrence positions for each monitoring unit, and the

—truck I - x [ —truck I -x;
< 16 ftruckll—x;1 © 16 i —truckII—x;3 A
=121 \k '\\ —truck I - x, =121 —truckl-xy, /n‘ 'f‘f \
£ g i / truck II - x, & g truckll- qul;/ ! ‘.
= = |
g 4 = 4t / /
g 0+ -g 0 it _M vJ/ 3 \‘
B 121416 Time,s &_, [ 2 TG ,1W6Tlme s

a) Xk and Xk, b) Xi3 and Xk,

Figure 8. Strain time histories induced by the two trucks



maximum strain of each curve is undeniable. In Figure 8a, the strain
curves of the Xk, truck I and truck II are inconsistent, and the occurrence
time and the maximum strain value are different. The strain curves of
Xk, Xy @and X, are shown in Figures 8a and 8b show similar differences.

The coefficient ¢ was first calculated and analysed using Equations
(12), (16), as shown in Figure 9a, to observe the sensitivity of axle
spacing and axle weight ratio parameters. Four extreme values are
found for a monitoring unit on the four-span continuous beam, so there
are sixteen coefficients ¢ for truck I and truck II. The extreme points
1, 6, 11, and 16 shown in Figure 9a are the maximum values of strain
time histories of Xieyr Xigr Xy and Xiey respectively, and the differences
at these extreme points are minor among the two cases. All calculated
coefficients ¢, except at the four extreme points mentioned above
for truck I, are significantly above the corresponding coefficients ¢
obtained for truck II, confirming that the different axle parameters
have a noticeable effect on the strain responses. The correction factors
to calibrate the theoretical SIL are estimated based on Equation (17),
as shown in Figure 9b. Since the FEM adopted is an ideal model, each
correction factor in the theoretical SIL formula equals 1. The extreme
points, such as extreme points 4, 8, 9, and 12 shown in Figure 9b, are
far away from the monitoring unit and are close to zero, leading to
significant errors in calculating their correction factors.

After removing the correction factors corresponding to the above
extreme values close to zero, the absolute mean error of all correction
factors for each monitoring unit is calculated for trucks I and II,
respectively, as shown in Figure 10. It is seen from Figure 10 that the
error of the correction factor of the x, is more significant than other
units, which is 3.52% for truck I and 3.29% for truck II.

-o-truck [+ truck II 0.2 -o-truck [ -+ truck II
0.99 .
£
S &
- 1.0
5094 g
2 s
S [S]
20.89 £20.8
&) S
)
0.84 0.6 4 ¢ .
1 5 9 13 1 6 11 16
Extreme point Extreme point
a) coefficient ¢ b) correction factor

Figure 9. Comparative analysis of different axle parameters
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When ignoring the influence of axle spacings and axle weight ratio
on the structural response, modifying the theoretical SIL is compared
to the proposed method by calculating the correction factor, as shown in
Figure 11. The theoretical SILs of the units Xieys Xieyr Xkeps and Xy and the
SILs calibrated using the proposed method and the method of ignoring
the axle parameters are shown in Figures 11a-11d. For truck I, SILs
identified using the proposed method and matching the actual SILs.

Error, %

Xkl sz Xk3 Xk4_ Xk1 sz Xk3 Xk4
Monitoring units

Figure 10. The error of the calculated correction factor
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Figure 11. Comparison of the calibrated strain influence line
and the theoretical curve for the truck |
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However, the SIL modified by the method ignores the axle parameters
that differ significantly from the authentic SIL at the maximum value.
So it is concluded that the proposed method effectively eliminate the
influence of different axle parameters on the calibrated SIL.

2.2.2. Different speed testing

The dynamic responses of the continuous beam bridge to the passage
of a three-axis truck at 30 km/h, 50 km/h, and 80 km/h are studied. The
total weight of the test truck is 420 kN. The axle weights of the front,
middle and rear axles are 60 kN, 120 kN, and 240 kN, respectively. The
spacing between the axles is 3.5 m and 7.8 m, respectively. Noise levels of
2%, 5%, and 10% are considered at the speeds of 30 km/h, 50 km/h, and
80 km/h, respectively.

The strain responses of xi,, Xk,, Xk, and x, are collected and used
to calibrate the SIL at different vehicle speeds. Figures 12a and 12b
represent the strain time history curves of unit x;, and x;, under
the cases of the vehicle speeds of 30 km/h, 50 km/h, and 80 km/h,
respectively. It is evident from Figure 12 that the higher the vehicle
speed, the greater the fluctuation in the structural response curve,
especially the response around the extreme, but the extreme points on
each strain curve are unaffected by the vehicle speed and are extracted
stably from the strain responses.

The coefficients ¢ of each extreme point were calculated (Figure
13a). Sixteen extreme values correspond to the four monitoring units
Xiy Xk Xy and xg,. It is evident from Figure 10 that the calculated
coefficients ¢ at the same extreme point are identical at different
speeds, except for those points where the extreme values are close to
zero. The correction factors are further estimated using the calculated
coefficients ¢ (Equation (17), Figure 13b). Some extreme points, such as
extreme points 4, 8, 9, and 12 shown in Figure 13b, are far away from
the monitoring unit and close to zero leading to significant errors in

o 241 MA 80 km/h © 22 i
L 21 R B A -
= 16s | —30km/h = Iy —30km/h
E . E | | f |
g 8 = 8]
£ =
5 0 50
2 Time,s <
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Figure 12. Strain time history for different velocities
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calculating their correction factors. In addition, the correction factors at
most of the extreme points fluctuate around 1.

The mean error of all correction factors for monitoring units Xieps
Xk, Xky and Xxi, is calculated by removing the correction factors at the
extreme points, for which extreme values are close to zero, as shown
in Figure 14. It is evident from Figure 14 that the maximum error of
the corrector factor occurs at the monitoring unit x,, at the speed of
80 km/h, and the error is 4.24%. The corrector factors calculated by the
proposed method are practical, and the different vehicle velocities have
little affection on the corrector factors.

The theoretical SILs of the units x;,, Xk,, Xk, and xi, and the SILs
calibrated using the proposed method and the method that ignores
axle parameters are shown in Figure 15. The method of ignoring axle
parameters use the extreme value from strain response directly to
modify the theoretical SIL for obtaining the authentic SIL. For different
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Figure 13. Comparative analysis of different vehicle velocities
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vehicle velocities, the SILs identified by the proposed method are
consistent with the actual SILs. However, there are apparent differences
between the real SILs and the SILs estimated using the method that
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ignores axle parameters. It is evident from Figure 15 that at the speed
of 30 km/h, analysis results for x;, and based on the proposed method
Xy, approach, the results from FEM, but at the speeds of 50 km/h and
80 km/h, the SILs identified by the method that ignores axle parameters
is slightly different from the authentic SIL at the maximum value.
The errors of the maximum value between the SIL identified with the
proposed method and the authentic SIL is 5.10% and 4.42%, respectively
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Figure 15. Comparison of modified strain influence line and the theoretical
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259



THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2021/16(4)

260

(Figures 15c and 15e). So it is concluded that at low vehicle speeds, the
SILs are identified effectively using the proposed method. Although
higher speeds have a particular impact on the extreme values of SIL, the
identified accuracy is generally within the acceptable range, which is
mainly due to the fluctuation of the maximum values.

2.2.3. Different lane testing

Two lanes with a width of 3.75 m are simulated for vehicle testing
to investigate the effect of different lane testing on the proposed SIL
method (Figure 16). Figures 16a and 16b show two different lane
testing cases. Case I employs two lanes at both sides of the road centre
line, respectively, while the two lanes in Figures 16a are shifted by 1 m
to the left in case II. For each case, the above test vehicle is used to pass
through the two lanes at a speed of 80 km/h, and the response data of
the monitoring units were collected. Noise levels of 5% are considered
in the two test cases, respectively. With the proposed method, SIL is
calculated for each monitoring unit and compared to the calculation
method that ignores the axis parameters, and the identification results
are shown in Figure 17.

Figures 17a and 17b show the identified SIL of x;, and x;, respectively
under case I, and Figures 17c and 17d give the results of x;, and x,
under case II. For different lane testing cases, the SILs identified by the
proposed method are consistent with the actual SILs. However, there
are apparent differences between the real SILs and the SILs estimated
using the method that ignores axle parameters. In Figures 17a and 17b,
the errors of the maximum value between the SIL identified with the
proposed method and the authentic SIL is 4.9% and 0.5%, respectively.
In Figures 17c and 17d, the errors of the maximum value between the
SIL identified with the proposed method and the authentic SIL is 5.0%
and 0.5%, respectively. So it is concluded that the SILs are identified
effectively using the proposed method for the test lanes shown in Figure
16. The above analysis shows that the proposed method in this paper

lane 1 lane 2 lane 1 lane 2
3.75m 3.75m 3.75m 3.75m
| l
1.00 mI |
L L]
a) case | b) case Il

Figure 16. Different lane testing cases
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3. Verification using field-test data
3.1. Description

The structure investigated in this study was a pre-stressed concrete
continuous box-girder bridge of three spans with a total length of
191.00 m (Figures 18a and 18b). The side span length was 53.00 m, and
the midspan length was 85.00 m. The height of its main span box girder
ranged from 2.40 m at mid-span to 5.00 m at the central pier with a
second-order parabolic law. The widths of the top and the bottom plates
of the typical cross-section at the centre of the girder were 17.25 m
and 8.80 m, respectively. As shown in Figure 13, three long-gauge FBG
strain sensors with a gauge length of 1.00 m were installed on the
bottom plate of the concrete box-girder to measure structural strain
responses, the monitoring position on the cross-section shown in Figure
18c. The sampling frequency of the field testing was set at 500 Hz. One
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Figure 17. Comparison of modified strain influence line and the theoretical
curve for different lane testing
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pre-weighed truck with a gross weight of 300 kN was adopted for the
field test, in which it crossed over the continuous girder bridge at a low
speed of approximately 5 km/h. The test truck acted on the lane facing
the monitoring units. The weights of the front, middle and rear axles of
the truck were 60 kN, 120 kN, and 120 kN, respectively, and the spaces
between the front and middle and the middle and rear axles were 4.00 m
and 1.35 m, respectively.

3.2. Field test results
3.2.1. Strain influence line identification

Theoretical SIL is drawn at any unit on the three-span continuous
beam based on the derived theoretical SIL expressions. Units xy, X, and
x3, shown in Figure 13a, were selected as monitoring units to present
the theoretical and calibrated SILs based on the proposed method.
The monitoring units were placed 15 m, 45 m, and 39 m away from the
adjacent left support, respectively. The dynamic response of xi,, xi,,
and x, induced by the passing of the 3-axle truck were collected by the
long-gauge FBG sensors for the following analysis. The collected original
strain response data were preliminarily processed using the wavelet
transform method, as shown in Figure 19.
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Figure 18. The investigated bridge and field test



As shown in Figure 19, three extreme points are easily extracted
from the strain response curve, such as the e;_; of the xy, the e, , of the
X,, and the e3_3 of the x3. The corresponding coefficients ¢ and correction
factors of xq, x,, and x3 were then calculated based on Equations (12),
(16), and (17), respectively. The results of those calculations are shown
in Figure 20.
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Figure 19. Dynamic strain responses collected by the long-gauge Fiber
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- )
_ theoretical value

Figure 20a presents the calculated coefficients ¢ at the three units
(x1, x2, and x3) using the extreme values from the collected dynamic
strain time histories. It is found that the coefficients ¢ of each extreme
value calculated with Equations (12) and (16) are different at one
monitoring unit, and the ¢ of the corresponding extreme values are also
different among different monitoring units. Based on the calculated
coefficients ¢, the correction factors were further estimated using
Equation (17), as shown in Figure 20b. It is seen that the correction
factors used for the calibration of the theoretical SILs are significantly
different from each other, whether at the same monitoring unit or the
corresponding correction factors at different monitoring units.

The theoretical SILs of the three-span continuous beam bridge was
calibrated to obtain the real SILs from the in-situ measurement. The
identified SILs based on Equation (18) were compared to the theoretical
SILs established by Equations (2) and (3), as shown in Figure 21. For the
units, x4, X, and x3, the maximum values of the identified SILs are much
smaller than the theoretical SILs. The absolute values of other extreme
values of the identified SILs are also smaller than the corresponding
absolute values of the theoretical SILs. However, the difference among
these extreme values is slight. It is easy to find from Figure 21 that there
is a particular deviation between the actual state and the ideal state of
the investigated bridge due to design parameter error, construction
error and measurement error.

3.2.2. Strain influence line verification

In the field testing, two kinds of tests were conducted to verify the
identified SILs based on the proposed method in this paper. One truck
was adopted for the case I, in which a pre-weighed truck with a gross
weight of 30 t (300 kN) crossed over the continuous girder bridge with
a low speed of approximately 5 km/h. In case II, two trucks passed at
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Figure 21. Identified strain influence lines using the measured strain



the same lane of the investigated bridge with different speeds, which
had the exact vehicle parameters with the truck used in case I. The SILs
identified in Section 4.2.1. were further used to simulate the dynamic
strain response under two cases and compare it with the measured
strain time history data, as shown in Figure 22. Figures 22a and 22b
show the strain response curves of x,, and x3 in case I, while Figures
22c and 22d represent the strain response curves of x,, and x3 in case Il
derived from the identified SILs. It is seen from Figures 22a and 22b, the
strain response in case I simulated by the identified SILs coincides with
the measured response. Although the test trucks in case Il were required
to pass across the bridge at a constant speed, human factors still led to
some non-uniform velocity, so there are some inconsistencies in Figures
22c and 22d. Nevertheless, on the whole, the simulated dynamic strain
response curves are consistent with the measured strain curve. Thus,
it is concluded that the proposed method accurately extracts the real
continuous beam bridge SILs from the dynamic response.
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Figure 22. Estimated strain time history by the identified strain influence
lines
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Conclusions

This paper introduces an innovative identification method of strain
influence line by estimating the influence of vehicle parameters on strain
responding to obtain the real strain influence line of the investigated
continuous beam bridge. The mathematical equations to calculate the
strain influence lines considering a transverse lane distribution are
presented. strain influence lines

The numerical simulation and field test verified the proposed
algorithm. The numerical simulation verified that the vehicle
parameters have a particular influence on the strain response. It
also discusses the influence of different vehicle speeds on the strain
response and additional lane testing. In addition, the field test of
the three-span continuous beam bridge was carried out to test and
evaluate the accuracy of the proposed method in the strain influence
lines identification compared with the algorithm ignoring the axle
parameters. The main conclusions of this study are summarised as
follows:

1. The proposed method is effective in calculating strain influence lines
and applied as a reference for strain influence line identification of
continuous beam bridge.

2. Estimation method of strain influence line is researched under
different lane distribution. For the monitoring unit with a facing lane,
the strain influence line is identified directly using the test of the
facing lane. However, for the monitoring unit without a facing lane,
the strain influence line needs to be calculated using the tests of two
adjacent lanes nearby. Additional transverse lane testing has been
verified in the numerical simulation but fails in field tests due to a
lack of data. The actual bridge verification for additional lane testing
is expected to be completed in future research.

3. Several numerical simulation examples validate that the proposed
method accurately obtains the strain influence lines from dynamic
responses. This paper discusses the influence of axle spacing and
axle weight ratio on the structural response. The results prove that
the axle weights, spacing, and axle weight ratio affect the structural
response. It also verifies that the proposed method effectively
eliminates the effect of these axle parameters on strain influence
line identification. Simulation results show that higher speeds cause
fluctuations only near the extreme values and have little effect on
the identified strain influence lines, proving the proposed method’s
robustness. The field test also shows that the proposed method is
capable of accurately obtaining the real strain influence lines of
continuous beam bridges from the dynamic response.
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