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Dual-function amplifiers are proposed for the first time herein for enhancing the capability of a scanning test vehicle for bridges.
To start, closed-form solutions are derived for the dynamic responses of the amplifier-vehicle-bridge system with a moving test
vehicle. Then, the dynamic amplification factors of the amplifier and vehicle are presented for assessing the bridge/vehicle and
vehicle/amplifier transmissibility. It was known that the spectrum of the vehicle may be hindered for extracting the bridge
frequencies because of vehicle frequency and rough pavement. Two differentially tuned amplifiers are called on to tackle the
problem: one (i.e., the vehicle damper) is to suppress the effect of vehicle’s frequency, acting like the tuned mass damper (TMD), and
the other (i.e., the bridge amplifier) is to enlarge the amplitude of bridge frequency of concern. Based on the parametric study, it is
concluded that (1) the bridge amplifier performs better than the vehicle one in extracting bridge frequencies by increasing their
visibility in the spectrum; (2) the effect of vehicle’s frequency can be suppressed by tuning the vehicle damper such that it functions
like a TMD of the vehicle; (3) by tuning the bridge amplifier to any of the first few bridge frequencies, the latter can be well detected

even for rough pavement.

1. Introduction

In transportation networks, bridges play a critical role in
connecting roads that are separated by natural or artificial
barriers. They are vital to the performance of civil in-
frastructure and also to the economic development of
a region or country. For this reason, bridges have received
continuous attention from researchers and engineers con-
cerning their safety and reliability. Previously, vibration-
based structural health monitoring methods have been
widely employed to provide reference data to the bridge
administrators for duty scheduling and decision making
[1-7]. Conventionally, the direct method that relies on the
data collected from sensors directly installed on the bridge
has been frequently used. However, such an approach suffers
from the drawbacks including high cost in implementation
and maintenance, difficulty in digesting the continuously

generated data, lack of movability for the hardware system
tailored for one bridge, and short service life of the electronic
devices installed compared with that of the bridge. There-
fore, except for strategically important or structurally special
bridges, the direct approach with fixed sensors has not been
considered an effective approach for bridge monitoring. On
the other hand, there exist a huge number of bridges in the
world that are faced with problems of ageing, overloading,
deterioration, etc. but have not received adequate care from
structural health monitoring. Clearly, there is an urgent need
to develop an economical and efficient method to monitor
the vast amount of bridges.

As part of the effort to meet the above need, a moving
test vehicle fitted with an accelerometer was proposed for
extracting the frequencies of bridges by Yang et al. [8] in
2004. Such an approach rooted in the vehicle-bridge in-
teraction (VBI) and originally known as the indirect method
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was later renamed as the vehicle scanning method (VSM) for
bridges for better conveyance of the meaning implied. Pri-
marily, the dynamic responses of the moving test vehicles were
used for scanning the bridge frequencies [8-14]. The technique
was then extended to identification of other properties of the
bridge, such as the mode shapes [15-28], damping ratios
[29, 30], and damage [31-37]. Over the years, the merits of the
VSM for scanning bridge modal properties have been verified
by experimental and field tests [9, 14, 18, 20]. As a matter of
fact, the VBI in general and the VSM in particular are problems
that deserve further investigation, as pointed out in some recent
papers and reviews in [38-41].

The successful application of the VSM relies on both the
software and hardware sides. On the software side, an ef-
fective signal processer is essential to the extraction of bridge
dynamic properties. To extract bridge frequencies of the
higher modes, the empirical mode decomposition (EMD)
and variants were adopted to decompose the collected
signals into intrinsic mode functions (IMFs) [42-45]. In this
regard, the mode mixing problem was resolved by the
variational mode decomposition (VMD) with a band-pass
filter [46]. Besides, techniques such as Hilbert transform
[15, 17, 21, 26, 27], short time frequency domain de-
composition [16], stochastic subspace identification [19],
matrix completion [23], and wavelet [24] were used for
constructing bridge mode shapes. To improve the efficiency
of the VSM, some automatic modal identification techniques
were also adopted [47, 48].

As far as the vehicle response is concerned, it is annoying
that the vehicle’s self-frequency often appears too outstanding
for the bridge frequencies to be identified from the spectrum.
To tackle this problem, methods such as the particle filter
[49], vehicle-bridge contact response algorithm [27, 50, 51],
and matrix completion [25, 52] were introduced to remove
the frequency or to reduce the suspension effect of the test
vehicle.

On the hardware side, it is crucial to develop a test
vehicle with proper dynamic properties for signal collection.
Previously, the test vehicle was designed as a single-axle
trailer for its resemblance with the single-degree-of-freedom
(DOF) system used in theoretical formulations [8]. Such
a simple vehicle model allows the mechanism of interaction
between the moving test vehicle and the bridge to be clearly
interpreted and has been widely employed in theoretical and
numerical studies [12, 15, 21, 33, 34, 42, 44, 50]. Previously,
research studies have been conducted to consider various
properties of the single-axle test vehicle, including the
rocking motion [53, 54], suspension effect, and cogwheel
load effect [10, 51, 55, 56].

For a test vehicle that is well designed, there remains
another problem to face, i.e., the pavement roughness of the
bridge to be measured. Previous research has indicated that
the high-frequency disturbances induced by rough pave-
ments may pollute the vehicle spectrum, thereby rendering it
difficult to identify the bridge frequencies. Attempts that
have been made to alleviate such an effect include cross-
spectral density function estimation [57], second-order
blind identification (SOBI) [22], and vehicle-bridge con-
tact residual [27].
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On the other hand, it has been demonstrated that the test
vehicle can be improved through the addition of an amplifier
to the test vehicle [58]. Both the test vehicle and amplifier are
fitted with accelerometers. The amplifier (or associated ac-
celerometer) can be mounted at the tip of a cantilever that is
rigidly connected to the vehicle body (or axle), of which the
damping can be ignored. In addition, the arm length of the
cantilever can be adjusted by a screw device, by which the
frequency of the amplifier can be tuned to the vehicle fre-
quency or any of the bridge frequencies. It should be noted
that the frequencies identified for the vehicle-amplifier
system should be taken as the eigenfrequencies of the sys-
tem. In practice, however, the amplifier is designed to be
very light compared with the test vehicle. Thus, the differ-
ence between the eigenfrequencies and vehicle/amplifier
frequencies are negligible. For convenience, terms such as
vehicle’s (self) frequency and amplifier frequency, rather
than eigenfrequencies, will still be wused for easy
communication.

From the above review, it is clear that for the vehicle
scanning method to be successful, two issues should be
properly dealt with, i.e., the self-frequency of the test vehicle
and pavement roughness of the bridge to be measured. Quite
often the vehicle’s self-frequency may have such an out-
standing magnitude relative to those of the bridge’s fre-
quencies that the latter are hidden in the vehicle spectrum. In
addition, for a test vehicle moving at high speeds, the
roughness-related high-frequency noise may be induced by
the pavement, which tends to mask the bridge frequencies of
the higher modes.

This theoretical paper is aimed at simultaneously tackling
the above two issues by proposing the installation of dual
amplifiers on the test vehicle, from the hardware aspect. One
amplifier will be tuned to the frequency of the test vehicle
(referred to as the vehicle damper), to serve as a tuned mass
damper (TMD) for suppressing the effect of vehicle’s fre-
quency. The other amplifier will be tuned to the bridge
frequency of interest (referred to as the bridge amplifier) to
amplify its magnitude in the spectral response. The second
amplifier offers some alleviation on the noise induced by
pavement roughness.

The vehicle scanning method is not a “hit-and-go”
technique but an “iterative process” for a successful bridge
test. Aside from the pretest as a prerequisite for obtaining the
basic vehicle properties, the test vehicle will be allowed to
travel over the bridge for a couple of test runs, of which the
total time consumed is reasonably low, depending on the
experience of the practitioner. During the test runs, rough
data will be gained of the bridge for use in tuning the vehicle
parameters. Based on the data acquired in the test runs, the
two amplifiers (which are adaptive) can be generally tuned
(or optimized) to meet the practical needs. In particular, the
vehicle damper should be tuned for the vehicle frequency, in
order to minimize the vehicle’s disturbance. Meanwhile, the
bridge amplifier should be tuned to any of the first few
frequencies of the bridge, by which the maximum visibility
can be achieved for the frequencies of concern, including the
2" and 3™ ones. All the above adjustments for the amplifiers
can be conducted in an iterative or trial-and-error manner.
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FiGure 1: Amplifier-vehicle-bridge system.

This paper is outlined as follows. In Section 2, the closed-
form solutions of the dynamic responses of the system are
derived. In Section 3, the dynamic amplification factors
(DAFs) of the amplifier and vehicle for the bridge response,
concerning the tuning and featured range of the amplifier,
will be investigated. In Section 4, the amplifier-vehicle-
bridge interaction element for dual amplifiers will be pre-
sented, and the analytical solutions will be verified by the
finite element method (FEM). In Section 5, phenomena such
as the resonance and cancellation of the amplifier-vehicle
system will be numerically investigated. In Section 6,
a parametric study will be conducted for the effects of mass
and frequency of the amplifier, pavement roughness, and
dual amplifiers. In Section 7, the applicability of dual am-
plifiers will be numerically assessed. Finally, concluding
remarks are given in Section 8.

2. Analytical Formulation of the Problem

In this section, the analytical formulation of the whole system
including the amplifier, vehicle, and bridge will be presented.
For the present purposes, a simply supported beam is con-
sidered in the derivation of closed-form solutions, but it is
known that the VSM can be applied to other types of bridges as
well, such as multi-span bridges [27, 59], curved bridges [60],
and bridges with non-simply supported conditions [61]. To
enable derivation of concise closed-form solutions for the
amplifier-vehicle-bridge system, it is assumed that the mass of
the test vehicle is very small compared with that of the bridge.
Consequently, the action of the test vehicle on the bridge can be
treated as a moving load neglecting the effect of the vehicle-
bridge interaction (VBI), namely, ignoring the inertial effect of
the test vehicle on the bridge response.

2.1. Dynamic Responses of the Bridge. As shown in Figure 1,
a simple beam is subjected to a moving test vehicle equipped
with an amplifier. The test vehicle is modeled as a concen-
trated mass m, supported by a spring k,, and the amplifier is
modeled as a (much smaller) concentrated mass m, con-
nected to the vehicle body by a spring k,. The frequency of
the amplifier is tunable since its spring stiffness can be easily
adjusted. The bridge considered is an Euler-Bernoulli beam
of span length L, per-unit-length mass m, and flexural
stiffness EI. The test vehicle adopted is a single-axle or
single-DOF vehicle, which has been extensively used in
previous theoretical and experimental studies for its close
resemblance between the theoretical formulation and

physical model and for better interpretation of the physical
phenomena observed [8, 9, 12-14]. To obtain closed-form
solutions of the amplifier-vehicle-bridge system for
unveiling the mechanism involved, the damping of the
whole system is ignored.

The equations of motion for the amplifier, test vehicle,
and bridge are

maj}.u-l_ka(ya_yv):()’ (1)
mvj}v"'kv(yv_uc)"'ka(yv_yu)=0, (2)

mii + EIu = £.(£)8(x - vt),
(3)

where y, and y, denote the displacements of the amplifier
and test vehicle, respectively; u and u, are those of the beam
and the contact point, with u, = u|,_,; a dot (") and prime
( ’) denote a time and spatial derivatives; § denotes Dirac’s
delta function. It should be noted that the displacements of
the amplifier and vehicle, i.e., y,, and y,, are measured with
respect to the static equilibrium positions. The contact force
f. imposed on the bridge in equation (3) is

fc (t) = kv (yv - uc) - (mv + ma)g’ (4)

where g is the acceleration of gravity.
The vertical displacement of the beam u can be replaced
by the modal superposition [62]:

u(x,t) = Z gy, (t) sin ?, (5)

where g, is the n'™ modal displacement of the beam. By
assuming the vehicle mass m, and amplifier mass #1, to be
much less than the bridge mass mL (ie., (m, + m,) < mL)
[63], one can substitute equation (5) into equation (3),
multiplying both sides by sin (nmx/L) and integrating along
the span length L to arrive

-2(m,+m,)g . nmvt

G (£) + @) G (1) = - sin ——, (6)

where w,,, is the n'™ modal frequency:

2 2
n'n” |EI
wb)n = L2 ; (7)

For the beam with zero initial conditions (i.e., g;,,, (0) = 0
and gy, ,, (0) = 0), the n'™ modal displacement of the beam in
equation (6) can be obtained:

Ay, [ . (navt .
Qv (1) = ﬁ [sm<T> -S, sm(wb,nt)], (8)

where A, is the n'™ modal static deflection caused by
(m, +m,)g, and S,, is the speed parameter. They are defined
below:

_—2(m, +m,)gL’ nmy

.S, = : 9)
n*n*El " Lwy,

A

st,n



Substituting equation (8) into equation (5), one can
obtain the displacement of the beam u (t) as

Ay, [ . (nmvt , . nnx
u(x,t) = Z . —t:Si [Sm<T> -S, sm(wb)nt)]sm I

n

(10)

By letting x = v¢ in equation (10) and using trigonometric
function formulas, one arrives at the contact response as
AS 1
u.(t) = z i 5 {1 - cos(wd,,,t) =S, [cos(wbl’nt) - cos(wbmt)]},
T2(1-57)
(11)

where the driving frequency w;, and two shifted bridge
frequencies wy,, and wy, , are
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2nnv nmv nmv 1
wd,n = L > wbl,n = wb,n - L > wbr,n = wb,n + L . ( )

2.2. Dynamic Responses of the Amplifier and Test Vehicle.
The equations of the amplifier and test vehicle in equations
(1) and (2) can be combined:

Y e [ P
(13)

By letting K and M denote the stiffness and mass ma-
trices in equation (13), respectively, the frequencies of the
whole system can be solved by letting K — w*M| = 0:

2
W2+ w2+ wimyIm, + \/(wz + o+ wimu/mv) —4wlw? (14)
w = i=1,2,
2
where Substituting u, given in equation (11) into equations (1)
and (2) and assuming the amplifier and test vehicle to start
w, = ﬁ) (15) from rest (ie, »,(0)=0, y,(0)=0, y,(0)=0, and
m, 9,(0) = 0), the displacements of the amplifier and test ve-
hicle can be solved as
w, = [, (16)
m

Ast,n
y, (1) = 22(17_32) 1

n

where the coefficients are as follows (with coefficient A for
amplifier and coefficient V for vehicle):

1-A,,cos(wt)+ A,, cos(w,t)
—Ayn cos(wd‘nt) =S,

1-V,,cos(wt)+V,, cos(w,t)

Vi cos(wd,nt) -5,

[ Ay, Cos(wbl,nt) 1+ (17)

8 _Abr,n Cos(wbr,nt) 1)

[ Vbl,nCOS(wbz,nf) 1+ (18)

| —Virn cos(a)b,,nt) ]
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(o - 2)A - 27

Ay = 2 2 >
(“’1 - “’2)
2 2\ % 255
(a)‘Z - wl)A -wV
A —
2n 2 2 >
(wf - w))
A — “v,aﬁv,a
n 2 Jw? 1) (w0 -1) -1
AyaWy /W, — (xv,aﬁv,a - Wyl W, = -
A —_ “V,ﬂﬁv,a
thn 2w’ (@) Jo> —1) -1
(“v,awbl,n w, = “v,aﬁv,a - )(whl,n W, — ) -
A “V,aﬁv,a
br,n

) (‘Xv,awlzyr,n/wi - (xv,aﬂv,a - 1)((&)2”1/0)5 - 1) -1 ’

2 2
(Xv,aﬁv,a(l - wd,n/wa)

Vd n =
> 2 2 2 2 4
(“v,uwd,n/wu - “v,uﬁv,a - 1)(wd,n/wa - 1) -1
2 2
v _ “V,aﬁv,a(l - wbr,n/wa)
o = 2w’ 1)(wl), J0> —1) -1
(‘xv,awbl,n W, ~ “v,aﬂv,u - )(wbl,n W, — ) -
2 2
_ ‘xv,aﬁv,a(l - wbr,n/wa)
Vbr,n 5

- (‘Xv,uwir,n/wi - “v,aﬁv,a - 1)(6&);’”/0); - 1) -1

(19)

along with the mass ratio «,, and frequency ratio 8, as

5
m (Uz
‘xv,a = J’ ﬁv,a = 712}’ (20)
a w,
A =1- Ad,n - SnAbl,n + SnAbr,n’ (21)
V=1-Vi3,=SVin+ SV (22)

The accelerations of the amplifier 7, (t) and vehicle y, (t)
can be obtained by differentiating equations (17) and (18) twice,
which are not shown here for brevity. Of interest is that since
different vibration components (i.e., those related to the driving
and shifted bridge frequencies in the contact response) are
transmitted from the contact point to the vehicle and then to
the amplifier through the same transmission mechanism, the
coefficients (A;,, Ay, Ay,) in the amplifier response in
equation (17) and the coefficients (V;,,, Vi, V4,,) in the
vehicle response in equation (18) are identical in form.

3. Effect of Amplifier on the Amplifier-Vehicle-
Bridge System

The purpose of using the amplifier is twofold: one (i.e., using
the bridge amplifier) is to amplify the bridge frequency of
concern and the other (i.e., using the vehicle damper) is to
suppress the effect of vehicle’s frequency, which may
overshadow the bridge frequencies in the vehicle spectrum.
Both will be studied in the following.

3.1. Dynamic Amplification Factor of Amplifier for the Bridge
Response. For the first purpose, the dynamic amplification
factor (DAF) of the amplifier for the bridge response is
defined as the ratio of the amplitude of each excitation
frequency (i.e., driving frequency w,, or shifted bridge
frequencies wy, and w,,,) in the amplifier response in
equation (17) to that in the contact response in equation (11),
namely,

av,aﬁ v,a |

DAFQ(“’V,LI’ /3v,a> ﬁ,"a) = Ai,n = I(“

where subscript i can be (d, 1), (bl, n), or (br, n), and ﬁi’a is
a frequency ratio defined as

Pia = (24)

sew | -8N

Of interest is that the amplifier’s DAF,, for each frequency
of interest is identical to the amplifier’s coefficient A,,. It
should be noted that in deriving the amplifier’s DAF,, equation
in (23), no assumption was made regarding the smallness of the
amplifier mass with respect to the vehicle mass (i.e., m, < m,).
In practice, however, the amplifier mass is very small compared
with the vehicle mass. Therefore, to facilitate the discussion, the
curve of the DAF, with respect to §8,, and j3; , is plotted in
Figures 2(a) and 2(b) by assigning «,,, (= m,/m,) a value of

v,uﬁi,a - av,aﬂv,a - 1)(ﬁi,a - 1) - 1|)

(23)

100. From the figure, the following are observed: (1) For the
special cases when 8, , =1 (ie, w, = w;) and §; , = B, (ie,
w, = w;) (see red dotted lines), the DAF, tends to a very large
value (not infinity), which is defined as the resonance condition
here. (2) From the resonance regions to the sides, the value of
DAF, gradually decreases, ie., the amplifier’s effect of am-
plification for the bridge response gradually decreases. Clearly,
both equation (23) and Figure 2 can be used to guide the
frequency design of the amplifier and vehicle to improve the
identifiability of bridge responses.

3.2. Dynamic Amplification Factor of Vehicle for the Bridge
Response. Next, the DAF, is defined as the ratio of the
amplitude of each excitation frequency in the vehicle
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(b)

Ficure 2: DAF, distribution with respect to 8, , and f3; ;: (a) tri-phase; (b) contour.

()

B..
w

(®)

Ficure 3: DAF, distribution with respect to 8, , and §; ;: (a) tri-phase; (b) contour.

response to that in the contact response, i.e., the amplitude
of each bridge frequency in equation (18) to that in equation
(11), namely,

“v,uﬁv,u (ﬂi,a - 1) | (25)

DAFV((XV,E’ ﬁv,a’ﬂi,a) =V

meaning that the vehicle’s DAF, is equal to the coefficient
V., for the frequency i of concern. Also, in deriving the
vehicle’s DAF, in equation (25), no assumption was made
concerning the smallness of the amplifier mass with respect
to the vehicle mass.

By adopting the same value of «,,, i.e., by letting
«,, =m,/m, =100 as in Figure 2, the curve for the DAF,
with respect to ,, and f;, is plotted in Figure 3. The
following were observed: (1) For the special case when
Bio=B,. (e, w,=w;) (see red dotted diagonal), the
DAF, tends to a very large value (not infinity), which is
defined as the resonance condition, as confirmed by the

in
‘xv,aﬁ ia

“v,aﬂv,a - 1)(ﬂi,a - 1) - 1|,

previous study [50]. (2) For the special case when 8, , = 1
(i.e., w, = w;) (see red dotted horizontal line), the DAF,
tends to zero, i.e., the signal transmitted into the vehicle
is eliminated, which is defined as the cancellation
condition to nullify the vehicle response here. It was also
under such a (tuned) condition that the “amplifier” has
been referred to as a tuned mass damper (TMD) in
structural engineering. The fact that the DAF, is equal to
the coefficient V;, is a general expression for the am-
plification of the input signals (i.e., driving and shifted
bridge frequencies) from the contact point to the
vehicle.
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FiGure 4: DAF

v,sel

3.3. Featured Range of Amplifier Response vs. Vehicle Response.
By comparing equation (23) with equation (25), one can obtain
the ratio of the amplitude of each excitation frequency in the
amplifier response to that in the vehicle response, i.e.,

DAF, | 1
DAF, |1-B,

Evidently, for 0<f;, <2, the value of DAF,/DAF, in
equation (26) is larger than unity, which implies that the
frequency amplitude contained in the amplifier response is
larger than that in the vehicle response. Thus, the range
0< 3, <2 is regarded as the featured range of the amplifier for
amplifying the vehicle response.

. (26)

3.4. Effect of Vehicle Damper on Vehicle’s Self-Frequency.
In addition to the amplifier’s amplification effect on bridge
frequencies, one is also interested whether it can assist in
suppressing the effect of vehicle’s frequency in the vehicle
response. In this regard, the amplitude of the vehicle fre-
quency for the n™ bridge component is

Ast,n
21-53)
Ast,n V
2(1-8)) "

For the vehicle damper/vehicle mass ratio (rm,/m,) to be
much less than one, equation (27) reduces to

’wvzwa’

(27)

, W, < W,

Ast n {7
———V .DAF
2 v,self
4(1-87)

Here DAF, ¢ («,,, B, ,) is the DAF, for the vehicle’s
self-frequency:

. (28)

-1+, +1la,,

DAF, e( .0 B,. =1+| .
(o) V(L B + Ve, ) - 48,

(29)

7
0.2
0.15
1 1112
E“ 0.1} 14 114

1.6 t1.6
0.05

1.8« 1.8

0 1 2 3 4 5 6

()

¢ distribution with respect to §,, and 1/a,: (a) tri-phase; (b) contour.

2.2

DAFwa

0.8

0 1 2 3 4 5 6
Pra

FIGURE 5: Plot of DAF, s with respect to 8, for «,, =100.

v,sel

Note that the coefficient V involved in equation (28) was
already given in equation (22), which represents a combi-
nation of the components V; , (with subscript i for (d, n), (bl,
n), or (br, n)). Thus, the behavior of the coefficient V is
similar to those for the component V; , in Section 3.2, which
will not be repeated here.

The curve of the DAF, ¢ with respect to the frequency
ratio 8, , and mass ratio 1/a, , is plotted in Figure 4. It can be
observed that when 8, , is near 1 (red dotted line), a trough
appears in the plot of DAF, ., . This can also be explained by
equation (29), by noting that for f,, +1/a,, =1, the
DAF, s reaches the minimum (DAF, =1). As stated
above, since the vehicle damper mass is very small compared
with the vehicle mass, the above condition can be ap-
proximated by assuming 8, , + 1/a,, = 8, ,and 8, , = 1 (i.e,
w, = w,), as was clearly illustrated in Figure 5 for , , = 100.
In practice, the vehicle damper can generally meet the
measurement needs by just setting w, = w,, which was also
known as the vibration reduction effect of the TMD (now
known as the vehicle damper) on the supporting mass (now
known as the vehicle). In such a case, the response of the
vehicle damper will be greatly amplified. Such



v

/ r(x)
MAT/\/‘\_/‘i’/_\/\/\TuB
(}¢> b))
0 7A B 6

A X, B

N

\ 4

! |
|

FIGURE 6: Amplifier-vehicle-bridge interaction element.

a phenomenon will also be verified by numerical simulation
in Section 7.

4. Numerical Simulation of the Problem

In this section, the VBI element for the amplifier-vehicle-
bridge system will be briefed, which will be used to verify the
accuracy and reliability of analytical solutions derived above.
Noteworthy is that the finite element analysis is not re-
stricted by most of the assumptions adopted in deriving the
analytical solutions, such as (m, + m,) <mL.

4.1. Brief of Amplifier-Vehicle-Bridge Interaction Element.
To meet the various functions needed in measurement, more
than one amplifier may be installed on the test vehicle. In this
study, two amplifiers will be installed on the test vehicle to
enhance its scanning capability, as shown in Figure 6. Either
the test vehicle or each of the two amplifiers will be fitted
with an accelerometer to measure the vertical vibration. The
bridge is modeled as a beam element, with damping ignored.
The vehicle is modeled as a sprung mass m, supported by
a spring of stiftness k,, and each amplifier is connected to the
vehicle body (or axle) by a spring, with amplifier 1 identified
as concentrated mass m,; and stiffness k,, and amplifier 2 as
concentrated mass m,, and stiffness k,.The following is the
equation of motion for the amplifier-VBI element:

[m] 0 0 0 7( i
0 m, 0 O ¥,
0 0 my 0 || g
0 0 0 myully,

(k] + kANLANY,  —kdN}. 0 0 ({4

“kANY. kv kgy kg <k kg || Yy
0 _kal kul 0 Va1
0 _kaZ 0 kaZ Va2
~(k,re +my g +myg+m,g){N}
k1.
- ’ ,
0

(30)
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TaBLE 1: Bridge, vehicle, and amplifier properties.

Length L=25m
Bridee Young’s modulus E=27.5GPa
8 Moment of inertia I1=0.15m*
Mass per unit length m=4,800kg/m
. Mass m, = 1,000 kg
Vehicle Stiffness k,=1,500 kN/m
. Mass m, =10kg
Amplifier Stiffness k,=50kN/m

where [my,] and [k,], respectively, denote the mass and
stiffness matrices of the beam element [64]; y, is the dis-
placement of the vehicle; y,, and y,_, are the displacements
of the two amplifiers; {u} represents the beam displacements;
r. represents the pavement roughness; v represents the
vehicle speed; x, represents the position of the contact point;
{N}, represents the cubic Hermitian interpolation function
evaluated at x_. The amplifier-VBI element of equation (30)
needs to be assembled with other beam elements that are free
of the vehicle to build the global equations of the VBI system.
The responses of the VBI system can be solved by the
Newmark- method (with =025 and y=0.5 for un-
conditional stability) [64] via updating of the contact po-
sition and global VBI system at each time step.

4.2. Verification of Analytical Solutions. In this section, the
reliability of the analytical solutions derived for the bridge,
vehicle, and amplifier in Section 2 will be evaluated by the
finite element method (FEM) for a typical example. To
comply with the analytical solution, only one amplifier is
considered by the FEM in this section. The properties of the
bridge, vehicle, and amplifier adopted are listed in Table 1,
which have been typically used in previous studies to verify
the accuracy of the analytical solutions [8, 50, 58]. In the
simulation, each element length is taken as /=0.5m, and the
time step is At = 0.001s. The frequencies of the bridge,
vehicle, and amplifier calculated by equations (7), (14)-(16),
and (16) are listed in Table 2, in terms of the frequency
f = w/(2m). It should be noted that the amplifier and vehicle
frequencies calculated by equation (14) (for the coupled
amplifier-vehicle system) are very close to the ones calcu-
lated by equations (15) and (16) when m,/m, is much less
than one. For this case, the coupled frequencies will be
identified as f, and f, for better recognition in Table 2.
Identifying each specific frequency of the amplifier-vehicle
system is the first issue in application of the VSM. This can
be made possible if all the frequencies of the amplifier-
vehicle system have been identified in advance by a flat road
test [14] or shaking table test, which are free of the bridge
properties. Based on this, the frequencies of the bridge can be
judged accordingly.

In practice, it is assumed that both the vehicle and
amplifier will be fitted with sensors for collecting vibration
signals. To verify the accuracy of the analytical solutions,
pavement roughness is temporarily ignored in this section,
i.e,, with v, = 0. The analytical (closed-form) solutions will
be compared with the FEM results in time and frequency
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9
TaBLE 2: Bridge, vehicle, and amplifier frequencies.
Coupled
Bridge Vehicle Amplifier amplifier-vehicle
Frequency system
fh,l fb,Z fb,S fv fu fv fa
Value (Hz) 2.33 9.32 20.97 6.16 11.25 6.12 11.34
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Ficure 8: Vehicle responses: (a) displacement; (b) acceleration spectrum.

domains as conventional [8] to validate the irreliability
[34, 51, 59]. In fact, this also serves as a benchmark test for
the FEM modeling. To tackle a wider range of the problem,
only the FEM will be employed, such as the resonance
analysis in Section 5 and parametric study in Section 6, since
the FEM is not restricted by the assumptions made in de-
riving the theoretical closed-form solutions. For brevity,

only the displacement and acceleration responses of the
bridge, vehicle, and amplifier will be presented. To assess the
effect of multi-mode contribution, the observation point
(OB) of the bridge is taken at 11 m from the left end, but not
at the midspan. For the test vehicle moving at v =5m/s
(18 km/h), the displacements of the bridge’s OB calculated
analytically and numerically are plotted in Figure 7(a), along
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FIGURE 9: Amplifier responses: (a) displacement; (b) acceleration spectrum.

with the acceleration spectra in Figure 7(b). In addition, the
displacements and acceleration spectra of the vehicle are
plotted in Figures 8(a) and 8(b), respectively, and those of
the amplifier in Figures 9(a) and 9(b), for both the analytical
and FEM solutions. Evidently, all these figures indicate that
the analytical solutions agree excellently with the FEM so-
lutions in both time and frequency domains. To facilitate the
reading, the frequencies of the amplifier/vehicle have been
indicated in black and the frequencies of the bridge (or
external excitation frequencies) in red in the figures and
throughout the paper.

A comparison of the vehicle spectrum in Figure 8(b)
with the amplifier spectrum in Figure 9(b) clearly indicates
that the amplifier performs better than the vehicle in that the
2" bridge frequency f b2 in the amplifier spectrum in
Figure 9(b) can be more clearly identified than that in the
vehicle spectrum in Figure 8(b), mainly due to the TMD
effect brought by the proximity of the two frequencies f, and
f,- This is an illustration of the potential of amplifier in
enhancing the identifiability of bridge frequencies, con-
forming to the statements previously made for Figure 2 and
equation (26). (1) When the amplifier frequency is close to
the bridge frequency, the amplitude of the bridge frequency
in the amplifier response will be amplified (noted as the
resonance condition for the amplifier there). (2) For the
featured range 0 < 3; , <2 (the value 3, , = 0.3 is used here),
the amplifier response’s performance is better than the
vehicle response, as was theoretically shown in Section 3.3.

5. Test Vehicle Set in (or Not in) Resonance

To verify the points of resonance theoretically investigated in
Section 3.1, the properties of the amplifier and test vehicle
remain identical to those used in Section 5. Particularly, the
amplifier frequency is f, = 11.25Hz and the vehicle fre-
quency is f, = 6.16 Hz. Consider a harmonic excitation,
u.(t) = sin 2w finpt), on the amplifier-vehicle system in
Figure 10, for two different excitation frequencies: Case 1

4

FIGUre 10: Amplifier-vehicle system.

(test vehicle set in resonance): f;,, = f, = 6.16 Hz, which is
near f,=6.12Hz (coupled); Case 2 (test vehicle set not
in resonance): f;,, = f, =11.25Hz, which is near f, =
11.34 Hz (coupled). The accelerations of the input excita-
tion, amplifier, and vehicle are plotted in Figure 11(a) for
Case 1, together with the spectra in Figure 11(b), and the
ones for Case 2 are plotted in Figure 12.

For Case 1 (test vehicle set in resonance) in Figure 11, the
excitation frequencies f;,, in both the vehicle and amplifier
responses have been violently amplified, mainly due to
resonance on the test vehicle [50], and the vibration was
strongly amplified and transmitted to the amplifier.

For Case 2, the test vehicle was not set in resonance, but
the amplifier was set in the tuned or cancellation condition
(with f;,, = f,) to nullify the vehicle response, as theo-
retically analyzed in Sections 3.1 and 3.2. As can be seen from
Figure 12, the excitation frequency f;,, in the amplifier
response has been drastically amplified as expected. In
contrast, the excitation frequency f;,, is rather small in the
vehicle response, mainly due to the TMD effect of the
amplifier, once the cancellation condition is met by the
amplifier. In practice, when applying the VSM to bridges,
due to the shifting effect of the moving speed, the bridge
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FIGURE 12: Acceleration responses of Case 2: (a) acceleration; (b) acceleration spectrum.

frequency f,,, in the vehicle response was divided into two
frequencies f;, and f,,,, which explains why the bridge
frequency is still present in the vehicle responses under the
cancellation condition.

6. Effect of Amplifier on Bridge
Frequency Extraction

To assess the amplification effect of the amplifier in extraction
of bridge frequencies, the frequency and mass of the amplifier
will be studied. In addition, to demonstrate the advantage of
using the amplifier for bridge frequency identification, both the

vehicle and amplifier responses generated by the FEM will be
compared. The properties adopted of the bridge and vehicle are
the same as those used in Section 4, unless noted otherwise. The
stiffness and mass of the amplifier can be adjusted to meet the
measurement needs.

6.1. Effect of Amplifier Mass. Generally, the amplifier mass is
very small compared with the vehicle mass. To focus on the
effect of amplifier mass on bridge frequency extraction, the
amplifier frequency is first kept unchanged, ie., with
fa=1125Hz, as listed in Table 2. Four masses are
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considered for the amplifier m,: m, /500, m,/100, m,/50, and
0 (reference only). Correspondingly, the stiffness of the
amplifier is adjusted as k, = 10,50, and 100kN/m for the
three masses, respectively. The vehicle and amplifier re-
sponses calculated are plotted in Figures 13(a) and 13(b),
respectively. As can be seen, the effect of amplifier mass has
resulted in little changes in the amplitudes of bridge fre-
quencies in both vehicle and amplifier responses for all the
cases, aside from the fact that the amplifier performs better
than the vehicle, particularly for the 2™ bridge frequency.

This confirms that the amplifier mass can be neglected in
practice.

6.2. Effect of Amplifier Frequency. Bridge frequencies are the
quantities to be measured, but they are unknown prior to
measurement. However, to demonstrate the capability of the
amplifier presented in Section 3.1, the frequency of amplifier
is set to 1.1 times the bridge frequency, ie., f, =11 f,,,
aimed at amplifying the bridge frequency of concern, while
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avoiding the resonance condition mentioned in Section 3.1.
In the measurement, the amplifier can be tuned by the
forward and backward trips. In the forward trip, the bridge
frequencies can be measured from the test vehicle response,
though a small amplitude. Then, the amplifier frequency can
be tuned in the backward trip to better identify the bridge
frequencies. The mass of the amplifier used in this section is
identical to that in Section 4.

Firstly, the amplifier is tuned to a frequency close to the
bridge frequency, ie., f, = 1.1 f;, (by adjusting the
amplifier stiffness as k, = 41.49 kN/m). The acceleration
responses of the vehicle and amplifier computed by the FEM
are plotted in Figures 14(a) and 14(b). As can be seen, the
vehicle responses obtained for the two cases, i.e., with and
without amplifier, are almost the same, meaning that the
vehicle response is virtually not affected by the presence of
the amplifier (relatively small). However, from Figure 14(b),
one observes that the 2™bridge frequency has been signifi-
cantly amplified in the amplifier response, compared with
that in the vehicle response, indicating that the amplifier is
a better device than the vehicle for bridge frequency
extraction.

Next, the amplifier is tuned to a frequency close to the 3
bridge frequency, ie., f, = 1.1 f,; (by adjusting the am-
plifier stiffness as k, = 210.04 kN/m). The acceleration re-
sponses of the vehlcle and amphﬁer obtained by the FEM are
plotted in Figure 15. Again, the 3™ bridge frequency in the
amplifier response has been made more visible than that in
the vehicle Tesponse. For the above two cases, the value of
BiaBia = fonulf2 =0.826) remains unchanged, and the
value of B, , (B, = f2/f2) decreases as f,, increases. As can
be seen from Flgure 2(b) the DAF, decreases as 8, de-
creases for B;, = f3.,/f2 = 0.826 and Boa = frlfi<1 (for
the present two cases). Therefore, the amplification effect on
the 3" bridge frequency is reduced. Nevertheless, the bridge
amphﬁer can still make certain contribution to identification
of the 3" bridge frequency. The above investigation indicates
that the amplifier can be adopted to improve the identifiability
of bridge frequencies via tuning of the amplifier frequency. In
[58], it was demonstrated that the frequency of the amplifier
can be easily adjusted, the so-called adaptive amplifier, by
attaching the amplifier (accelerometer) to a cantilever that is
rigidly connected to the vehicle body (or axle). Such a device
enables the frequency of the amplifier to be easily tuned by
adjustment of the arm length of the cantilever.

2nd

6.3. Dual Amplifiers for the Bridge Frequencies. In this sec-
tion, two amplifiers will be mounted on the test vehicle each
to amplify the 2™ and 3™ frequencies of the bridge. That is,
amplifier 1 is tuned to a frequency close to the 2™ bridge
frequency, i.e., Jf a1 = 1.1 f,5, and amplifier 2 to a frequency
close to the 3" bridge frequency, i.e., f,, = 1.1 f3.

The acceleration responses of the vehicle and two am-
plifiers computed by the FEM are plotted in Figure 16. As
can be seen, the 2™ bridge frequency has been significantly
amplified in response of amplifier 1. Also, some amplifi-
cation effect has been achieved for the 3™ bridge frequency
in response of amplifier 2, compared with the original

13

vehicle response. However, the level of amplification is not
comparable to that for amplifier 1. From this study, one
learns that the amplifier can offer some magnification effect
on the bridge frequency, but the effectiveness decreases as the
order of frequency increases. Theoretically, any of the bridge
frequencies can be magnified via installation of the amplifier,
but there is a limit on the effectiveness.

7. Effect of Pavement Roughness

Pavement roughness is known to affect the effectiveness of
the VSM in that it may exaggerate the vehicle frequency in
the vehicle’s spectrum such that the bridge frequencies
desired are overshadowed [14]. In this regard, two functions
will be investigated for the amplifier concerning (1) sup-
pression of the effect of vehicle’s frequency by tuning its
frequency to the vehicle frequency and (2) amplification of
bridge’s frequencies in the presence of pavement roughness.
The pavement roughness is generated by the power spectral
density (PSD) function of ISO 8608 with class A [65], shown
as the black curve in Figure 17. Currently, there is no
specification set for bridge pavement roughness. According
to our previous field experience, the pavement of bridges is
generally in a better condition than that of the roads as
implied by ISO 8608, due to the fact that the former receives
more care from bridge administrators and maintenance
engineers. In addition, the real contact between the pave-
ment and vehicle’s wheels is a “circular surface” rather than
a “point” [66]. Based on the above reasons, the original
roughness profile has been smoothed (i.e., with the acute
extrema reduced) by the moving average filter (MAF) [67],
shown as the red curve in Figure 17.

7.1. Vehicle Damper Frequency Tuned to Vehicle Frequency.
It was known that the vehicle’s self-frequency in the vehicle
response will overshadow the bridge frequencies. As was
theoretically shown in Section 3.4, the DAF, ¢ for vehicle’s
self-frequency will reach the minimum for 8, , near 1 (ie.,
for w, = w,). When the vehicle damper is tuned to the
frequency of the test vehicle, it acts as a TMD for reducing
the amplitude of vehicle’s frequency. The TMD has been
widely used in vibration control of buildings and bridges, of
which the optimal parameters were investigated in previous
studies [68-71]. However, the TMD was rarely applied to the
VSM to enhance the performance of the test vehicle. To
investigate such a suppression effect on vehicle’s self-
frequency, the vehicle damper frequency is tuned to the
vehicle frequency, i.e., with f, = f, = 6.16 Hz, as listed in
Table 2. Four masses are considered for the vehicle damper
mass m,: m,/500,m,/100,m,/50, and O (reference only).
Accordingly, the stiffness of the vehicle damper is adjusted as
k, = 3,15, and 30 kN/m for the three masses, respectively.
For the four cases, the acceleration of the vehicle moving
over the bridge with rough surface has been calculated by the
FEM and is plotted in Figure 18(a), along with the corre-
sponding spectra in Figure 18(b). The first impression of
Figure 18(b) is that the vehicle damper mass tends to reduce the
amplitude of the vehicle frequency as was theoretically shown
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in Section 3.4, and the suppression effect becomes more ob-
vious as the vehicle damper mass m1,, increases from #1,/500 to
m, /50. In short, for f, = f,, a larger vehicle damper mass has
a better suppression effect on the vehicle frequency.

7.2. Dual Amplifiers Tuned for Different Functions. In this
section, two amplifiers will be mounted on the test vehicle,
the bridge amplifier is tuned to a bridge frequency (for
amplification) [58], and the vehicle damper is tuned to the
vehicle’s self-frequency, to serve as a TMD for the vehicle, as
was investigated in Section 7.1. The bridge amplifier is tuned
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amplifiers: (a) acceleration; (b) acceleration spectrum.

to a frequency close to the 2™ bridge frequency (ie., f, =
11.25Hz and m, = m, /100, which are identical to those in
Section 4.2), and the vehicle damper is tuned to the vehicle
frequency (ie., frup = f, = 6.16 Hz and mqpyp = m, /50,
which are identical to those of the 3™ case in Section 7.1).

A health monitoring method that does not hinder the
operation of traffic is essential to the normal functioning of
the local society. One advantage with application of the VSM
is that ongoing traffic on the bridge need not be terminated
during the test. In fact, ongoing traffic can “pump” more
vibration energy into the bridge and enlarge the modal
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TaBLE 3: Traffic flow data.

Traffic flow Car 1 Car 2 Car 3 Car 4
Entry time (s) -0.11 1.36 -0.45 2.13
Speed (km/h) 41 37 49 46

Mass (kg) 1,277 1,405 1,656 1,549

responses of the bridge for easy identification. Previously,
ongoing traffic has been often employed to outbalance the
“negative” pollution effect brought by surface roughness. For
the present purposes, four additional vehicles of different
(concentrated) masses and speeds with different entry times
onto the bridge generated by a random software program are
adopted, as listed in Table 3. The test vehicle’s entry time is

0s. In addition, Cars 1 and 2 enter into the bridge from the
same end as the test vehicle, but Cars 3 and 4 from the
other end.

It should be admitted that the bridge mass used in
Table 1 is assumed for a “one-lane bridge” merely to show
the idea of the method proposed herein. In practice, a road
bridge contains multiple lanes, and the mass of the bridge is
many times larger, which means that the mass ratio of the
vehicles (test vehicle and traffic flow) to the bridge is much
smaller in the real world than the case assumed. Besides, the
speeds of the traffic flow in Table 3 are much faster than
those of the test vehicle. The most severe duration for all
vehicles to stay on the bridge is only 0.37 s, which is quite
short compared with the travel time of the test vehicle. Also,



16

Acceleration (m/s?)

31
0 1 2 3 4
Time (s)
—m— Vehicle : w/o vehicle -A- Amplifier : w/o vehicle
damper damper
-@- Vehicle : w/ vehicle Amplifier : w/ vehicle
damper damper

()

Structural Control and Health Monitoring

%102

Acceleration (m/s?)

LTS | -S| W—
0 5 10 15 20 25
Frequency (Hz)
—m— Vehicle : w/o vehicle -A- Amplifier : w/o vehicle
damper damper
-@- Vehicle : w/ vehicle Amplifier : w/ vehicle
damper damper

(b)

FIGURE 19: Acceleration responses of the vehicle and amplifier: (a) acceleration; (b) acceleration spectrum.

the maximum vehicles/bridge mass ratio encountered in the
simulation is 0.044, when four vehicles (test vehicle and Cars
1-3) are traveling simultaneously on the bridge. According
to [72], the bridge frequencies will remain almost unaffected
by the test vehicle and ongoing traffic.

The accelerations and spectra of the vehicle and bridge
amplifier with the aid of the vehicle damper are plotted in
Figures 19(a) and 19(b), respectively, along with the case with
no vehicle damper for reference. As can be seen from
Figure 19(b), only the 1* bridge frequency f,,; can be clearly
identified in the spectra of the vehicle with no vehicle damper.
But from the amplifier spectra, whether with or without vehicle
damper, the first two bridge frequencies f},; and f;, can be
identified. In addition, it can be found that with the aid of the
vehicle damper, the amplitudes of the vehicle frequency in both
the vehicle and amplifier responses are significantly suppressed.
Overall, the bridge amplifier with the aid of the vehicle damper
performs the best in bridge frequency scanning in that fwo
bridge frequencies can be identified by the bridge amplifier even
in the presence of pavement roughness, and that the vehicle
frequency’s effect has been virtually suppressed by the vehicle
damper, as desired.

8. Concluding Remarks

In this theoretical study, dual-function amplifiers are pro-
posed for enhancing the capability of a scanning test vehicle
for bridges. Firstly, closed-form solutions for the dynamic
responses of the amplifier-vehicle-bridge system with
a moving test vehicle are presented. Next, the dynamic
amplification factors of the amplifier and vehicle are derived
for investigating the transmissibility of the response from the
bridge to the vehicle and amplifier. To tackle the two main
obstacles with the vehicle scanning method, dual amplifiers
are proposed as an addition to the test vehicle, with one (i.e.,

vehicle damper) used to suppress the effect of vehicle’s
frequency and the other (i.e., bridge amplifier) to amplify the
bridge frequency of concern. The feasibility of the proposed
method was verified numerically for the key parameters
involved. Based on the theoretical and numerical studies
presented herein, the following conclusions are drawn:

(1) The amplifier can be adopted to improve the iden-
tifiability of bridge frequencies via tuning of its
frequency to the bridge frequency of interest.

(2) The amplifier performs better than the vehicle in
extraction of bridge frequencies in the range of
0< B, (w}/w?) <2, which is called the featured range
of the amplifier.

(3) Amplifier mass results in very slight changes in the
amplitudes of bridge frequencies in both the vehicle
and amplifier responses, which can be neglected in
practice.

(4) By tuning the vehicle damper’s frequency to the
vehicle’s self-frequency, the vehicle damper becomes
a TMD of the vehicle. Under such a condition, the
vehicle’s response will be suppressed, while the ve-
hicle damper’s response will be amplified.

(5) The proposed dual-function amplifier system as an
addition to the moving test vehicle has been dem-
onstrated to be effective for scanning the first two
bridge frequencies, even in the presence of rough
pavements.

As an ending remark, it is admitted that all the bridge
frequencies are unknown prior to the measurement.
However, if a pretest can be conducted by allowing the test
vehicle to travel the bridge for two to three times, then an
estimate can be made for the range of the first few bridge
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frequencies, which can then be targeted and tuned using the
dual amplifiers proposed herein. In addition, this study is
aimed at the formation of the theoretical framework for the
dual amplifiers to enhance the function of a scanning vehicle
for bridges. The theoretical framework presented herein will
be extended to experimental and field studies in the
future study.
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