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ABSTRACT. The aim of this study was to imple-
ment a vibration-based approach for non-invasive
dynamic weighing of a deteriorated prestressed
concrete bridge. The research is set within the
current context of road infrastructure, which is
increasingly impacted by the frequent passage
of overloaded vehicles. The proposed method-
ology relies on the structural vibration response
recorded by a monitoring system composed
of accelerometers and strain gauges mounted
directly on the bridge girders. While commercial
Bridge Weigh-In-Motion (B-WIM) systems have
demonstrated high accuracy in estimating Gross
Vehicle Weight (GVW), their implementation is
often constrained by the ideal structural condi-
tions required for proper operation. Moreover,
these systems rely primarily on strain measure-
ments, which require more complex and costly
instrumentation, particularly in long-span bridg-
es. In contrast, the proposed methodology is
based on vibration measurements, which can be
obtained using more portable equipment that
cover larger areas with fewer sensors. Through
numerical simulations and experimental vali-
dation, the method achieved high accuracy in

estimating both GVW (with errors below 5%) and
axle weights (with errors below 10%). The results
demonstrate that this methodology is an efficient
tool for roadway load monitoring, contributing to
the reduction of structural risks and the improve-
ment of road infrastructure management.

KEYWORDS: Bridges, numerical model, structural
health monitoring, technology, vehicle load, weigh in
motion (WIM)
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I. INTRODUCTION

Bridges are key components of road infrastruc-
ture networks, playing a critical role in regional
connectivity and economic development.
Ensuring their proper operation is essential, as
they must withstand vehicular loads without
compromising structural integrity or the safety
of users. Accurately identifying these loads is
crucial, as underestimating them can result in
severe structural damage or even catastrophic
failure. The collapse of a bridge results not only
in the loss of human life but also in substantial
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economic consequences, including traffic disrup-
tions, commercial losses, logistical delays, and
high reconstruction costs. In the communities
affected, the impact extends to reduced mobility
and tourism, further amplifying the long-term
economic burden.

Globally, multiple bridge collapses caused
by overloading and structural deficiencies have
underscored the importance of effective load
control. For example, the Morandi Bridge in Genoa,
Italy (2018), and the Nanfang’ao Bridge in Taiwan
(2019) collapsed under heavy vehicular loads,
resulting in significant fatalities and infrastruc-
ture losses [1], [2]. In Colombia, approximately
20 bridges have collapsed over the past decade,
including recent cases such as the El Alambrado
bridge (2023), the road bridge over the Charte
River in Yopal, and the Guayepo bridge in 2016
[3]. These failures are largely attributed to over-
loading and deterioration, which have seriously
impacted mobility and road safety [4]. A study
conducted by the National University of Colombia
reported over 13 bridge failures in 2023 alone,
nearly 24.4% of which involved road bridges, with
overloading identified as a major contributing
factor [S]. Similarly, a 2011 study had already
identified overload as a contributing factor in 7%
of bridge failures [6].

The growing need for effective strategies to
manage and monitor vehicular loads is justified
by critical factors. These include road safety, given
the risks posed by overloading, infrastructure
preservation, as excessive loads reduce structural
lifespan and increase maintenance costs, and
regulatory compliance, which requires reliable
tools to enforce legal weight limits. For example,
an overload of just one metric ton (1 t) applied to
a single axle can increase pavement damage by
up to 92% [7]. In this context, collecting data such
as GVW, axle loads, and axle spacing has become
essential not only for safety assessments but also
for fatigue analysis and load-carrying capacity
evaluations.

Conventional load identification methods,
such as static weigh stations, offer high accuracy
but are costly, land-intensive, and often avoided
[8], [9]. Their implementation is often impractical
in urban or high-traffic areas. As an alternative,
Weigh-In-Motion (WIM) systems enable dynamic

estimation of vehicle weights without requiring
vehicles to stop. These systems, however, still
present certain limitations, including the need for
pavement modifications, potential traffic disrup-
tions, and the risk of introducing noise or bias into
the data [9], [10]. An advanced alternative to WIM
is the B-WIM system, which uses the bridge as a
weighing scale to estimate axle loads. To achieve
this goal, these systems aim to optimize the fit
between a finite element model and the struc-
ture’s experimental response [11], [12], [13]. Based
on the methodology proposed by Fred Moses in
1979 [14], B-WIM technology has evolved through
modal analysis techniques and dynamic system
modeling. Research efforts, including those by S.
Law and Chan et al., introduced time-domain iden-
tification methods and addressed the dynamic
effects of vehicle passage, thereby enhancing the
accuracy of axle weight identification [15], [16],
[17]. In Europe, the WAVE project significantly
advanced the field by eliminating the need for
pavement sensors [18]. More recently Yang Yu
enhanced estimation accuracy by incorporating
influence surfaces that account for a vehicle’s
transverse position on the bridge [19]. B-WIM
systems have now been implemented in more than
20 countries for traffic analysis, overload detec-
tion, and infrastructure planning [20], [21].

Despite their benefits, traditional B-WIM
systems rely heavily on ideal structural condi-
tions, limiting their applicability on deteriorated
bridges. Structural defects, surface roughness,
and approach geometry generate signal noise
and present significant challenges for modeling
accuracy [12].  Additionally, conventional
B-WIM approaches typically are based on strain
responses, which require the installation of strain
gauges—sensors that are highly sensitive and
must be positioned precisely so that vehicle axles
pass directly over them to enable precise weight
identification. Such an approach often requires
a large number of sensors, thereby increasing
system complexity and cost. By comparison, a
vibration-based method provides enhanced prac-
ticality, as accelerometers can monitor broader
areas with fewer devices, facilitating implementa-
tion on longer-span bridges. This work addresses
these limitations by proposing a noninvasive,
vibration-based B-WIM methodology applied to
a deteriorated prestressed concrete bridge located
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in Cali, Colombia. By integrating structural moni-
toring data from accelerometers and strain gauges
with numerical model calibration, the system
estimates vehicle speed, axle loads, and GVW.
This method is validated under real conditions
and provides a practical solution for bridge load
monitoring without traffic disruption or invasive
interventions. The hypothesis is that, even in
deteriorated structures, accurate dynamic weight
estimations can be achieved through calibrated
modeling and response monitoring, thereby
contributing to safer and more sustainable infra-
structure management.

II. METHODOLOGY

In the process of estimating vehicular loads
on bridges, vehicle identification is essential,
requiring information such as speed, number of
axles, and axle spacing. The accuracy of these
data has a significant impact on the precision of
the weight estimates [22]. For a vehicle weight
estimation to be considered reliable, a complete
identification of the vehicle is required, with a
margin of error of less than 10% [23].

Vehicle identification was carried out using
structural vibrations measured through the peak-
to-peak method. A band-pass filter between 22
and 60 Hz was applied to the acceleration records
to remove low- and high-frequency components.
The frequency range limits were defined based
on the dynamic properties of the structure, which
were obtained through the Stochastic Subspace
Identification (SSI) technique. The 22 Hz value
corresponds to the highest frequency among the
predominant modes identified experimentally
as shown in Table I, while 60 Hz was set as the
upper limit as frequencies above this threshold
contribute minimally, as shown in the accel-
eration signal spectrum in Fig. 1. This filtering
process effectively isolated the signal compo-
nents generated by the passage of vehicle axles.
Vehicle speed was calculated based on the time
delay between the signal peaks corresponding to
the vehicle’s entry and exit from the bridge [23].
Using this speed and the time intervals between
the peaks produced by each axle, the axle spacing
may be accurately calculated.

TABLE I
IDENTIFIED OPERATIONAL FREQUENCIES

Mode Frequency (Hz)

1 5.90
6.21
7.80
11.55
14.83
16.44
21.90

~N o o o howWwoN

Note: Data extracted from [22].
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Fig. 1. Acceleration spectrum.

For load identification, based on Moses’ algo-
rithm, the static weight of each axle is determined
by solving (1). In this equation, A represents the
weight per axle, and the sum of these axle weights
yields the GVW.

M=Fx*A 1

The terms of the equation are defined through
the following expressions.

F=[Fy]=3F11S: (k- C)IS; (k- C) (2)
M= [M]=3[_1MIS;(k-C) 3

¢, =2 @
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Where IS; (k -C;) represents the ordinate of
the influence surface, constructed from a numer-
ical model of the structure, at the position of the
i-th axle at time instant k; D; corresponds to the
distance between the first axle and the i-th axle;
f is the sampling frequency of the acquisition
system, and v is the constant speed of the vehicle.

The influence surface was generated using the
method proposed by O’Brien et al. [24], in which the
model’s response to a truck load of known weight is
expressed by (5). To reduce calculation errors, (6) is
used to compare the measured response with the
theoretical response.

M, = Z?]:l AilS; (k- Cy) (5)

E =YK (M} -MD)? 6)

The general process for estimating vehicle
weight is illustrated in Fig. 2, which considers
three key factors: vehicle parameters, influence
surface, and global bridge response. In this work,
the global response is obtained by analyzing
strain signals recorded by strain gauges installed
on the beams at the bridge midspan, where the
maximum response occurs during vehicle passage.
These signals are compared with the influence
surface obtained from the responses of the cali-
brated numerical bridge model, which accurately
represents the structural behavior of the bridge.
Using this information, together with vehicle
identification, the dynamic weighing algorithm is
applied to estimate the axle loads and GVW.

III. INSTRUMENTED BRIDGE

This study focuses on an instrumented
bridge in Cali, Colombia, which exhibits signifi-
cant deterioration in its riding surface and steep
longitudinal gradient. The structure’s permanent
instrumentation enabled continuous structural
monitoring without disrupting traffic flow. The
structure is located on the 16th Street, between
Avenues 102 and 103, and serves north-south

traffic. Based on the information provided by local
residents, the bridge was estimated to have been
built in 1999. The structure consists of a deck
with prefabricated concrete slabs, with two traffic
lanes, an exclusive bicycle lane, and a pedestrian
sidewalk. The superstructure consists of a system
of seven prestressed concrete I-beams and two
intermediate braces, as shown in Fig. 3.

A. Monitoring System and Data Transmission

The permanent monitoring instrumentation
installed on the bridge consists of five triaxial
accelerometers and 24 strain gauges (12 for
strain measurement and 12 for temperature
compensation). These sensors enable the contin-
uous recording of vibrations and deformations,
respectively. The Waleker SMA-551 accelerome-
ters have a nominal sensitivity of 1000 mV/g, can
measure acceleration ranges of +2 g and +4 g,
and feature a dynamic range greater than 90 dB
within a frequency range of 0-250 Hz, as shown
in Fig. 4(a). PL-90-11-2LJQTA strain gauges were
selected for the concrete strain measurements.
These sensors have a strain limit of 2% (20,000
x 108 pe) and use a two-wire connection for
power supply and data transmission. The strain
gauges were bonded to the bridge surface and
protected from environmental factors using
three layers of protective coating, as shown in
Fig. 4(b). The data acquisition and power system
for the strain gauges consists of two LORD
V-Link-200 nodes, each with eight channels—
four configured for differential measurements
and four for single-ended measurements. These
nodes are equipped with an anti-aliasing filter
and an 18-bit analog-to-digital conversion board
as shown in Fig. 4(c).

The data collected by the accelerometers and
strain gauges are transmitted via a gateway using
UTP cables, which converge at an 8-port indus-
trial switch, centralizing all information. From
this switch, data are transmitted via a UTP cable
to a computer located at the local police station,
where they are stored and analyzed. The sensor
distribution layout is shown in Fig. 5.
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Fig. 2. B-WIM identification diagram.

Fig. 3. Reference bridge located at 16th Street with 102-103 Avenue, Ciudad Jardin,
as documented in [25].

€)) (b) (©

Fig. 4. Instrumentation equipment: (a) Accelerometer, (b) PL-90-11-2LJQTA strain gauge,
(c) Acquisition system.
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as documented in [22].

Table II presents a summary of the equipment installed.

TABLE 11

INSTRUMENTED EQUIPMENT

Instrumentation: (a) Plan view and (b) Elevation View (section A-A),

Equipment

Function

Location

Accelerometers

Triaxial measurement devices, designed to
measure structural vibrations.

Installed on the web of the girders, near
the bridge entrance, the exit, and at
mid-span.

Equipment

Function

Location

Strain gauges

LORD V-LINK200 Node

Gateway LORD WSDA-2000

Computer

Sensors for measuring concrete strain.

Powers the strain gauges and supports
the connection of up to eight channels. It
includes an anti-aliasing filter and an 18-bit
analog-to-digital (A/D) converter.

Centralizes the information transmitted by
the node.

Used to store and process the signals.

Installed on the bottom flange at mid-
span, with additional sensors placed on
the slab for temperature compensation.

Installed in the acquisition cabinet locat-
ed on one of the cross braces.

Installed in the acquisition cabinet locat-
ed on one of the cross braces.

Located at the police station.
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Fig. 6. Numerical model in SAP2000 software.

IV. RESULTS AND ANALYSIS

A. Numerical Simulations

The methodology was evaluated through simu-
lations conducted on a numerical model of the
structure, developed using the finite element soft-
ware SAP2000 and based on the geometric survey,
as shown in Fig. 6. The model was constructed
using thin-shell elements to represent the beams,
diaphragms, and slabs. Springs were assigned at
the nodes corresponding to the bottom flange to
simulate the behavior of neoprene bearings [22].
Additionally, beam deterioration was incorpo-
rated by modeling the cracks identified through
visual inspection. The length, thickness, and loca-
tion of each crack were recorded, and the affected
areas were partially removed in the model to
represent them accurately. Prestressing cables
were also included in the model to account for
their structural effects. The cross bracings were
represented by a distributed load equivalent to
their self-weight, without considering their contri-
bution to the overall stiffness.

Due to the lack of detailed information on
material characterization, the material prop-
erties were treated as adjustable parameters
during model calibration, based on the results
of experimental modal identification [22] and
field-measured displacements. Eq. (7) and (8)
show the objective functions used for these cali-
brations, respectively.

fnei—fngi
F =g, [t

+ X021 1= MAC(@ei, 9ai) (7)

De—Dgq
De

®

D X,

Where fnej and fng; are the i-th experimental
and analytical frequencies, respectively, and MAC
is a statistical measure that evaluates the agree-
ment between two mode shapes, specifically, the
shapes of the experimental modes (¢,;) and those
of the analytical modes (¢g;), expressing their
similarity on a scale from O to 1, where 1 indicates
perfect correlation, and values near O indicate
little or no similarity. The equation used for its
calculation is presented in (9).

MAC;,, = —2avad’ ©)
Pei Pei®q; Pai
To calibrate the dynamic properties, variables
such as material characteristics, elastic modulus,
self-weight, and the vertical stiffness of the
supports were considered. The results of the cali-
bration are summarized in Table III.

TABLE III
CALIBRATION RESULTS

Mode Frequency difference (%) MAC
1 4.66 0.97

2 1.22 0.86

3 1.75 0.92

4 1.10 0.84

5 18.0 0.85
Average 535 0.89

Lopez, D. Millan, M. Marin, J. Marulanda, P. Thomson
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Fig. 7. Displacement adjustment at the midspan of the beams.
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Transverse position [m]

Fig. 8.

The static adjustment was performed by
varying the prestressing force in the beams,
resulting in the configuration shown in Fig. 7.

To construct the bridge’s influence surface,
numerical simulations were conducted with a
vehicle crossing at a speed of 1 m/s along different
transverse positions. From these simulations,
influence lines (ILs) were generated based on the
strain response at the center of the bridge. These
lines were then aligned to obtain the influence
surfaces corresponding to each beam. Fig. 8 shows
the influence surfaces corresponding to Beam 2
and Beam 3, respectively.

Using the calibrated model, various load
scenarios were simulated for a two-axle vehicle
with a GVW of 170 kN, distributed as 40 kN on axle
1 and 130 kN on axle 2. The simulations considered

Longitudinal position [m]

x107°
25

IN]

o

2 4.5 7
Transverse position [m]

Influence surface of B2 and B3.

the vehicle crossing Beam 2, then Beam 4, and
finally Beam 5, at speeds of 5 m/s and 15 m/s.

The vehicle parameters were identified using
the previously described peak-to-peak method.
Using the influence surface as a reference, the
axle loads for each load scenario were estimated.
Tables IV and V provide a summary of the main
simulated scenarios. The results demonstrate that
vehicle speed can be estimated with considerable
accuracy using the proposed method. This level of
precision is crucial, as errors in speed estimation
directly affect the accuracy of load identification:
the greater the error in estimated speed, the larger
the deviation in the calculated load. Additionally,
it was observed that axle-based load identification
canyield higher percentage errors compared to the
GVW, particularly at higher speeds. Nevertheless,
the estimation of GVW was highly accurate.
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TABLE IV
SPEED IDENTIFICATION FROM NUMERICAL SIMULATIONS

Scenario Speed (m/s) Identified speed (m/s) Identification difference (%)
1 4.99 0.20
5 494 1.20
4.90 2.00
Scenario Speed (m/s) Identified speed (m/s) Identification difference (%)
1 14.50 3.33
15 14.62 2.53
15.03 0.20
TABLE V

LOAD IDENTIFICATION FROM NUMERICAL SIMULATIONS

Scenario  Speed (m/s) Identified weight (kN) Identification difference (%)
Axle 1 Axle 2 GVW Axle 1 Axle 2 GVW

1 4.99 39.80 130.03 169.83 0.50 0.02 0.10

2 4.94 43.70 125.40 169.10 9.25 3.54 0.53

3 4.90 44.60 124.90 169.50 11.50 3.92 0.29

1 14.50 36.00 137.40 173.40 10.00 5.69 2.00

2 14.62 45.00 126.37 171.37 12.50 2.79 0.81

3 16.03 37.05 133.06 170.11 7.37 2.35 0.06

B. Controlled Load Tests

Controlled load tests were conducted to eval-
uate the loads. Prior to their execution, a load
testing protocol was designed, taking into account
the location of the structure within the city and
traffic conditions. The number of configurations
and tests to be performed was determined by
considering static, dynamic, and service tests.

In this test, the structure was subjected to
a 17.39-t truck with the load distributed across
the two axles. A sampling frequency of 32 Hz
was used for the strain recordings, and 250 Hz
for the acceleration measurements. Three oper-
ational load tests were performed to assess the
bridge’s response to this type of demand and the
frequency at which it is subjected to such loads.

During the dynamic load tests, the fully
loaded dump truck traveled along each lane. The
tests were conducted during periods selected to
minimize traffic disruption as shown in Fig. 9.

C. Identification of vehicle parameters

Acceleration signals showed in Fig. 10 revealed
distinct peaks corresponding to axle crossings.
The time delay between these peaks, combined
with the known travel distance (19 m), yielded
an accurate estimation of vehicle speed. Similarly,
the interval between the first and second axle
peaks provided the axle spacing.

The vehicle was identified with a speed of
1.93 m/s and an axle spacing of 4.44 m, which
are very close to the actual values of 1.9 m/s and
4.47 m. This demonstrates that the technique
accurately identifies these parameters.



| Congreso Internacional de Ingenieria Civil

TABLE VI
LOAD TEST IDENTIFICATION

Speed Axle spacing  Axle T weight  Axle 2 weight GVW

(m/s) (kN) (kN)
(m/s) (kN)
Actual 1.90 4.47 3.94 13.12 17.06
Identified 1.93 4.44 4.20 1210 16.30
Difference [%] 1.60 0.70 6.60 7.80 4.50

Fig. 9. Vehicle used in the load tests, as documented in [22].

D. Load determination

The vehicle weight was estimated from the
global strain response of the bridge, recorded
at a frequency of 32 Hz using strain gauges and
processed with the algorithm proposed by Yu et al.
[19], as shown in Fig. 11. The axle weight esti-
mation is performed using the influence surface
corresponding to the vehicle’s transverse posi-
tion, identified based on the beam exhibiting the
maximum response. First, the axle weights are
calculated using (5), and then the GVW is deter-
mined using (1).

The results presented in Table VI show once
again that the percentage differences are higher for
individual axle weights than for the GVW. However,
these values were very close to the actual values.

V. CONCLUSIONS

One of the main challenges of B-WIM method-
ologies is their application in real traffic scenarios,

where multiple vehicles travel simultaneously
over the structure. This situation generates
overlapping signals preventing the accurate iden-
tification of the target vehicle. For this reason, in
this study, validation was only possible through
a single controlled load test. Nevertheless, the
results support the conclusion that the applied
methodology is viable. Future work will focus
on automating the process through tools such as
image processing to improve the system’s accu-
racy and efficiency under more complex and
dynamic conditions.

A two-phase adjustment of the structure’s
numerical model was proposed. The first phase
was based exclusively on modal information,
while the second incorporated the results of
a static load test. This approach enabled the
achievement of reliable results. It is important
to highlight that the accuracy of load estimation
depends directly on the load-response relation-
ship, using a properly tuned model.
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Fig. 10. Vehicle identification in acceleration signals.

The numerical results confirm that in the
process of determining weights, the accuracy of
the initial data related to vehicle identification is
crucial. In this regard, the vibration sensors used
in this process have proven to be portable and
accurate devices that, through the peak detec-
tion technique employed, enable the estimation
of speed and axle spacing with an error margin
below 5%.

The results obtained with the proposed
methodology demonstrate that vehicular load
estimation can be effectively achieved through
a vibration- and strain-based system that relies
on unit deformations. As a noninvasive and
more practical method than commonly used
approaches, it simplifies the measurement and
implementation process, making it an acces-
sible and efficient alternative for vehicular load
estimation.

The application of this methodology to a
bridge that does not meet the ideal conditions
typically required by B-WIM methodologies, due
to its rough deck surface and steep approach
slope, presents a significant challenge. However,
satisfactory results were obtained, providing a
valuable contribution to the field of study.
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