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Introduction

Civil highway infrastructure is susceptible to deterioration caused by aging, harsh weather
conditions, and natural hazards [1]. Also, the rapid growth of traffic volume, particularly vehicle
overweight enforcement, on degraded bridges increases the safety concerns and maintenance challenges
for transportation agencies [2]. These factors can adversely affect the bridges and highways' pavement
condition and safety and cause serious issues to them such as fatigue, cracks, or even collapse [3], [4].

Intelligent Traffic Systems (ITS) and Structural Health Monitoring (SHM) have the potential to save
highway infrastructure managers millions in traffic control and maintenance operations, respectively.
However, implementation of these systems individually by industry has been slow [5]. The integration of
the two systems is more attractive to practitioners because it brings improved performance at a lower cost.
That is, on one hand, ITS can make SHM estimates more accurate by providing load information. On the
other hand, SHM can complement ITS data to help assess the impact of traffic on bridge condition. By
fusing system information, less sensors may be required overall. Thus, an integrated, cost-effective
monitoring system can be beneficial for the transportation agencies to first, detect the overloaded vehicles
without disrupting the traffic, and second, regularly monitor the bridge integrity without imposing much
additional cost. This study demonstrates the value of the fusion of SHM and ITS data for global bridge
asset management where traffic data can be used to more precisely quantify traffic loading history on
bridges, aiding in the overall asset management of these structures.

1.1. ITS and Traffic Monitoring

In the context of detecting traffic patterns and overloaded trucks, pavement-based weigh-in-motion
(WIM) systems [6]-[8] are already in use to provide valuable information for traffic monitoring and
weight enforcement [9]. However, pavement-based WIM systems use devices such as load cells,
capacitance mats, bending plates, and etc., which must be embedded in the pavement. This causes some
issues such as labor intensity as well as sensors durability problem and long-term maintenance costs as
they are exposed to daily tire impacts and harsh weather condition [10]. Also, lane closures are required
during installation and maintenance operations, resulting in additional costs and traffic disruption.

In contrast, bridge-weigh-in-motion (BWIM), first introduced by Moses [11], is a less intrusive
solution which uses the bridge as a scale for weight estimation. This system is usually undetectable by
drivers, and easier to install. In Moses’ approach, the truck speed, the number of axles, and the axles
spacing should be obtained in advance. These parameters are called “Prerequisites” in this study. For
prerequisite estimation, several BWIM types are proposed in the literature, including traditional BWIM
[12], contactless BWIM (cBWIM) [13], [14], and Nothing-on-Road (NOR) BWIM [15]-[18]. However,
this study focuses on NOR BWIM systems due to its inherent advantages. In this system, unlike other
categories, all devices are easily installed under the bridge and nothing is on the road surface; thus, this
extends the durability of the monitoring system as they are not exposed to daily tire impacts and harsh
weather condition. Furthermore, no traffic control or lane closure is needed during installation and
maintenance, reducing installation and maintenance costs. Additionally, regular strain gauges are the most
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common sensors used in this system and no additional sensors such as Free-of-Axle (FAD) detectors [19],
switch tapes, pneumatic tubes, etc. are needed. On the one hand, this provides the possibility of using
existing sensors for SHM applications and, on the other hand, makes the system even more affordable
compared to other BWIM systems and pavement-based WIMs due to the sensors' cost itself [8], [9].
Recent NOR BWIM techniques and their drawbacks are discussed in Subsection 1.1.1. Once the
Prerequisite are obtained, they will be used for weight estimation. The weight estimation techniques are
discussed in Subsection 1.1.2.

1.1.1. BWIM prerequisites estimation techniques

Prerequisites estimation requires the time delay between the peaks in the strain response caused by
traversing axles over the bridge. However, peak clarity/sharpness in the response depends on two main
factors. First, the bridge construction method, which changes the global behavior of the bridge and load-
transfer mechanism from the slab to other bridge components when the truck gets close to the sensors.
Second, the properties of slab itself (such as slab stiffness and thickness), which influence the local strain
right under the tire path due to a concentrated load; thus, right sensor placement which captures most of
the local strains at the vicinity of the tires' concentrated loads can improve peak sharpness, particularly for
closely spaced axles. Many studies obtained this information directly from the raw strain response
measurements [17], [18], [20], [21]. However, there are some cases in which the peaks are not clearly
observable in the recorded responses. Thus, they have proposed particular processing methods which
result more observable and sharper peaks [22]-[25]. These techniques are either signal-processing-based
or physics-based. In signal-processing-based techniques, tools such as continuous wavelet transform
(CWT) are used [23] for feature generation; however, in physics-based techniques, either the internal
forces (shear [24], moments [22]}, etc.) at certain points in the bridge and their combination are used or
the truck axles' weights [25], [26]. An example for the latter case is the virtual axle method [25], in which
the truck was initially assumed to have a large number of evenly distributed virtual axles. Then, using
Moses’s algorithm, the weights of all axles were obtained to find the virtual/true axles knowing that the
virtual axles have zero weights.

However, these methods only tested on T-beam bridges while other bridge types may reveal a
different strain profile where the number of axles and their positions are directly observable from the
response such that no further methods are needed to be involved. Thus, other bridge types should be
evaluated, particularly long-spans where significant dynamic effects induced by vehicles may affect the
difficulty of the process and accuracy. Also, in all these studies, the techniques were evaluated either
using numerical or/and prototype models in lab which are not usually representative of real conditions.

1.1.2. BWIM weight estimation techniques

Once the prerequisites are obtained, they are used for weight estimation. In general, weight
estimation methods can be classified into two different groups: 1) dynamic methods [24], [27]-[30] and
2) static methods [31]-[34]. However, in dynamic methods, for a satisfactory accuracy, a full 3D model is
usually needed. This makes the computation very time-consuming such that it will not be suitable for
real-time monitoring applications [35]. In contrast, static methods directly deal with measured data and no
model is needed, and this makes the static methods adequate for real-time monitoring applications. In the
static methods, the influence line is the main requirement for weighing the trucks in motion on bridges
[36]. This will be computed through a procedure known as “calibration” by minimizing the difference
between the theoretical and measured responses. There are some studies in which the influence line is
experimentally obtained using crossing vehicles with known weight and strain responses. In this regard,
in 2006, a novel method was proposed using strain measurements from a single passage of a single
calibration truck [37]. In 2009, Tikhonov regularization was used to improve the accuracy of the Moses's
algorithm [38]. In 2015, Maximum Likelihood Estimation (MLE) method was introduced taking the
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measurements from multiple calibration trucks for influence line estimation [39]. Then, in 2018, the
concept of probabilistic influence line seeking was introduced for the most probable axle weights
extraction [33]. However, in 2019, in a comparative study, it was shown that MLE method provides the
most accurate results [40], and this is why MLE method is the focus of this study for weight estimation.

The main limitation with both studies on prerequisites and weight estimations is their short span-
length while long-spans may show different behavior. The common wisdom [19], [41] in the literature is
that short-span or medium-span bridges and the ones with secondary elements, such as orthotropic
bridges, are the best choices for NOR-BWIM system. The first reason is the simplicity of the data
analysis since long-spans are more likely to combine the peaks created by closely spaced axles and to
demonstrate only their combined contributions [41]. This can be due to the fact that longer-spans are
usually deeper, and such elements (such as thicker top slab) will usually provide less sharp peaks. The
second reason in the literature is that longer-span bridges have lower natural frequencies that are more
likely to match the vehicle frequencies increasing the dynamics effect [10]. Thus, like the studies
discussed above, most of the NOR-BWIM applications in the literature have focused on either short-spans
(span-length < 30m) [24], [42], [43]. Thus, the longer-span bridges should be considered further because
of several reasons. Firstly, deeper elements, such as thicker top slabs, may still provide sharp peaks for
prerequisite estimation depending on construction and sensor placement. Secondly, for bridges with
relatively smooth road surfaces, the level of error due to dynamics effects can be still in a reasonable
range and one may actually be able to still use the long-spans for NOR-BWIM as well. Thirdly, there are
many long-span bridges throughout the world which are highly instrumented to be evaluated from the
structural integrity point of view. Thus, the existing sensors for structural health monitoring (SHM)
system can be used to integrate the SHM systems with NOR-BWIM systems to reduce the cost. Hence,
further evaluation is needed for the long-spans to understand how the accuracy of the results is and
whether or not they can be chosen for NOR-BWIM systems at all.

Also, when multiple trucks are simultaneously on the bridge, the standard BWIM methods are not
able to properly decompose the strain responses associated with each truck. This causes overestimation of
the trucks’ weights. There are only limited studies about multiple-truck presence. Current methods still
require either time consuming IL calibration [44] or are applicable to a small set of possible traffic
combinations [45]. The concept of influence surface instead of influence line was introduced for multiple-
truck presence by Quilligan et al. [44] and was later used for other applications such as transverse position
and others [46], [47]. However, in the influence surface calibration procedure, series of transverse
positions should be considered to cover all possible truck positions within two traffic lanes [48]. This
makes it time-consuming and thus, less applicable for commercial applications. Also, during influence
surface calibration, there should not be unwanted vehicles on the bridge. This can only be possible for
short-span bridges with limited traffic volume. Additionally, it is computationally demanding since the
system expands in both the number of equations and in complexity, and thus, linear methods cannot
usually be used [48]. These disadvantages can become worse for bridges with multiple lanes in each
direction.

In another study, a weight estimation procedure was proposed using a load distribution factor and
considering how the truck weight is distributed between different lanes when it travels in a particular lane
and on slab-on-girder bridges [45]. This was verified against a series of indoor experiments on only slab-
on-girder bridges, showing that the method could work under the presence of only two vehicles in one
row. Side-by-side and more complex traffic patterns were ignored. However, this can be a limitation for
bridges with multiple lanes and dense traffic and leads to the selection of short-span bridges. For a
multiple-lane bridge with a large amount of traffic, the presence of multiple trucks combined with light-
weight vehicles, arbitrarily distributed in different lanes, is very common. This is the topic of Phase | of
this study explained in Section 1.3.

w
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1.2. Bridge health monitoring

With respect to SHM, two main families have been suggested by researchers in the past few decades
for the global SHM methods [49]. The first one consists of the methods established based on either the
structural dynamic properties such as natural frequencies, damping ratios, and mode shapes [50], [51], or
related characteristics (e.g., modal assurance criterion, modal strain energy, etc.) [52]-[55]. These
methods have illustrated varying degrees of success in the previous studies. However, they are usually
insensitive to local damages in large-scale structures (such as bridges) and sensitive to environmental
effects [49].

The second SHM family is based on the static properties of the structures. In this study, the unite
influence line (UIL) method is selected due to its inherent potentiality for BWIM systems' adjustment and
great capability in SHM applications (discussed later in this section). The first step in vehicle information
computation using BWIM is always influence line (IL) calculation using experimental data. Furthermore,
suppose the stiffness of the indeterminate bridge changes due to damage at a certain point. In that case,
the structural response and, consequently, the IL of the bridge will change due to internal force
redistribution. This concept can be used for bridge integrity monitoring applications. Thus, IL can be a
connecting element to convert the SHM and BWIM systems to a single, multi-functional system. In fact,
besides BWIM's excellent capability in weight enforcement estimation, it can also be appropriately
adjusted for structural health monitoring (SHM) using the existing sensors and the bridge IL.

Bridge monitoring using IL calculation can circulate around different structural quantities. These
include displacement influence line [56]-[58], rotation influence line [4], [59], strain/stress influence line
[26], [49], [60]. However, this study aims to integrate the BWIM and SHM systems. In most cases, the
BWIM system relies on strain measurements due to applicability to different types of bridges and
simplicity in measurement and prerequisites calculation.

In this regard (stress/strain IL in SHM), in some cases, IL was indirectly used for SHM (usually
BWIM-informed SHM systems). For instance, a WIM-based method was proposed along with a damage
index for level | damage detection [60]. Two types of WIM systems were used, pavement-based and
BWIM. IL was employed for the BWIM weight estimation. The ratio of the computed weights using
these two systems was used as a damage index. This was based on the fact that the truck weight computed
using BWIM on the damaged bridge will be different from the weight computed on the intact bridge. In
another study, called the “virtual axle” method, an additional weightless axle was assumed for the
traversing vehicle to detect damage [60]. It was shown that any change in structural behavior caused by
damage would lead to a non-zero estimate for the virtual axle. This was used as a damage indicator.

In a more direct application of stress IL in SHM, a regularization method was proposed for the stress
influence line based on a train passing over Tsing Ma Bridge in Hong Kong [49]. Three damage indexes
were introduced and tested, including the IL change and its corresponding first-order and second-order
differences, showing satisfying results.

However, these studies have two significant shortcomings. 1) They are only applicable when a single
truck is on the bridge. In fact, when multiple trucks are simultaneously on the bridge, these IL methods
cannot properly decompose the strain responses associated with each truck. Thus, since it is not
guaranteed to only have one truck on the bridge at the monitoring stage without the lane closure, they are
not practical for long and medium-span bridges. 2) Two challenging factors, i.e., noise and transverse
positions, are ignored while these can make a false damage indicator even for the intact bridge and need
to be included in the process.

»

r3utc.psu.edu

CIAMTIS

U.S. DOT Region 3 University Transportation Center



1.3. Research phases and objectives

1.3.1. Phase |

To demonstrate the feasibility and limitations of the ITS studies discussed in Section 1.1 for both
prerequisites and weight estimation in a new experimental context, a different but common type of bridge,
a concrete-box-girder, was considered. The construction method in this type of bridge makes the slab and
webs integrated. As discussed earlier, this results in a different load-transfer mechanism from the
spanning slabs to the webs compared to other bridge types. It was aimed to demonstrate a low-cost, NOR-
BWIM system for long-span, concrete-box-girders and evaluating the accuracy of the results to
understand if NOR-BWIM systems (for prerequisite estimation) and MLE method (for weight estimation)
are still suitable for this particular bridge.

The main advantage of the proposed approach is that it successfully decomposes the strain responses
of each vehicle in multiple-vehicle cases, with a combination of heavy and light-weight vehicles
simultaneously on the bridge. The idea behind the approach is that it removes the non-localized portion of
the strain response (later explained further), keeping only the localized peaks which are not sensitive to
nearby loads. This approach only needs a single strain gauge per lane for weight estimation, thus making
the system affordable significantly. This approach can also be used for more advanced BWIM systems
such as NOR-BWIM.

Another main advantage of this approach is that even if the calibration truck (with known
prerequisites) is surrounded by unwanted vehicles, unlike standard BWIM techniques discussed above, no
lane-closure is needed for IL calibration, and the proposed approach can be used to successfully
decompose the strain response associated with the calibration truck. This makes the system more cost-
effective and safer and, as a result, more commercially feasible.

To show the feasibility of the approach, the Varina-Enon Bridge, a long-span bridge with three lanes
in each direction, was considered. Then, a finite element (FE) model of the bridge was made and
validated against the experimental data (strain-time response) under known large events. In general, in
heavy-traffic bridges, it is very difficult to control the traffic. Thus, the FE model was used to consider
single-truck events (for proof-of-concept) as well as complex multiple-truck traffic cases, including in-
one-row trucks, zigzag patterns, side-by-side trucks, and a combination of several trucks with several
light-weight vehicles involved.

1.3.2. Phase Il

To address these shortcomings discussed in Section 1.2, this study proposes a dual-purpose structural
health monitoring (SHM) approach. This is to simultaneously monitor the integrity of multiple bridges
(level 1 damage detection) located between two physical points (e.g., within a state or city) using the
existing sensors for BWIM systems. This procedure is called dual-purpose since it can be used for SHM
and BWIM applications. The proposed procedure computes the change in the ILs of the bridges
experimentally extracted at the regular monitoring stage compared to their initial ILs extracted from the
intact bridges.

This procedure has three clear contributions to the literature: 1) for the first time in the literature, a
novel IL extraction technique, called Multiple-Presence IL (MP-IL) in this study, is used for SHM
application. MP-IL can successfully remove the effect of unwanted vehicles in complex multiple-truck
traffic conditions and obtain the IL. This resolves the significant multiple-presence limitation of the
standard BWIMs for IL extraction, weight estimation, and SHM. 2) Other important factors, such as noise
and transverse position, are also considered in the proposed procedure to provide a more realistic bridge
health monitoring approach. 3) An updated instrumentation plan is proposed to be effective for both the
multiple-presence BWIM system and SHM in single-truck and multiple-truck events.
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1.3.3 Deliverables

The deliverables of this work were as follows:

1) Create an experimentally validated finite element model (FEM) of the Varina Enon bridge for
simulation of multiple truck presence scenarios as well as possible damage cases

2) Virtually test a novel technique for multiple-presence NOR-BWIM on long-span bridges.

3) Motivate the use of the technique as a complement for Structural Health Monitoring.
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Methodology

This chapter covers the methodology for two phases discussed in Chapter 1: weight estimation in
multiple-presence events, and dual-purpose SHM procedure.

2.1. Weight estimation in multiple-presence events

The weight estimation procedure has three steps. First, to calculate the prerequisites, i.e., number of
axles, speed, and axle spacing. This is explained in Subsection 2.1.1. Second, influence line extraction (IL
calibration) using known trucks with known prerequisites. Three, using the extracted influence line and
the computed prerequisites for weight estimation of unknown traversing trucks.

In this section, for steps two and three, two approaches are provided. 1) standard BWIM approach
(explained in Subsection 2.1.2) which can be used for only one truck on the bridge. 2) the proposed
BWIM approach for multiple-truck presence (explained in Subsection 2.1.3) which can handle multiple
trucks simultaneously on the bridge.

2.1.1. The Prerequisites' estimation approach

Prerequisites should be calculated using the physical distance between the successive sensors and the
time delay between the peaks in the strain responses. The peaks are actually made due to a significant
increase in the localized portion of the strains under the concentrated forces (axle weights). It is shown
later in Chapter 4 that the strain response under a 5-axle truck passage, for instance, consists of five clear
peaks when the sensors are placed in the right positions discussed in Chapter 3. This is equivalent to the
number of traversing axles. In this study, the focus is weight estimation for multiple-truck cases, and it is
assumed that the prerequisites were already computed properly. For further details on prerequisite
computation, see two studies conducted by Deng et al. [24] and He et al. [22].

2.1.2. The Standard BWIM approach

The first step in the weight estimation procedure is the influence line extraction from calibration
data. In general, there are some studies that experimentally compute the influence line [31], [33], [38],
[39]. Additionally, according to a comparative study conducted by Carraro et al. [40], maximum
likelihood estimation (MLE) is the most accurate method, and this is why the MLE method is the one
used as the standard weight estimation approach.

MLE method was first proposed by leng [39]. This method takes multiple truck passages into
account, considering the variability of the effects of the calibration vehicle on the bridge. Then, the
extracted influence line will be used to estimate the weight of unknown trucks using the Moses method
[11] shown in Equation 1. In Equation 1, W is a vector consisting of the unknown axles weights, and B is
a matrix created using the influence line ordinates, shifted based on the truck axle spacings to adjust the
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time-instant when each truck axle enters and leaves the bridge structure. Also, M is the measured strain
vector.

w = (B"B)"'BTM™, Equation (1)

As mentioned earlier, standard BWIM approaches (including MLE) are not able to properly
decompose the strain responses associated with each truck. This causes an overestimation of the trucks’
weights. Thus, they can be used for only one truck on the bridge.

2.1.3. The multiple-presence (MP) NOR BWIM approach

The novel BWIM approach is proposed here to handle multiple-truck cases with arbitrary traffic

Multiple-truck
Approach

A 4

Curve fitting

v

Non-localized strain
removal

Side-by-
side trucks

Localized strain Adjacent truck effect
extraction removal

¥

MLE approach

Figure 0.1. A flowchart for the proposed BWIM approach
steps.

patterns, consisting of multiple trucks and light-weight vehicles involved. When the bridge is subjected to
a truck load that is right on top of the sensors, the strain response under the truck tires consists of two
components that should be superposed together: 1) the strain of the entire bridge span (acting as a beam)
due to the internal moments which appears as slowly changing compression in the top slab and 2)
additional strain due to the top plate/slab bending (plate behavior) which appears as sharp peaks in tension
corresponding to axle crossings. These two strain portions are called localized and non-localized strains.
As long as the load is not significant (such as traffic load) to make the material nonlinear, both terms will
be linear and thus, BWIM theory can be used.
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In this study, the proposed approach first properly decomposes the strain responses associated with
each truck in multiple-truck strain responses. To do this, a curve should be fitted to the non-localized
portion of the response (later explained in detail). The non-localized portion will be removed by
subtracting the fitted carve from the original strain response. Then, the strain response associated with
each truck will be extracted and fed into the standard BWIM procedure. In fact, the proposed approach
has one additional step (strain decomposition) before the steps explained in the original studies for
standard BWIM methods [40]. It should be noted that if there is any side-by-side truck, its effect should
properly be removed (later explained in detail) before the strain response extraction for each truck. These
steps are shown in Figure 2.1.

For one single-lane weight estimation, only one influence line is needed (similar to standard BWIM
methods). However, for multiple-lane highways, multiple influence lines are needed (one for each). The
advantage of this approach is that no lane closure is needed for IL calibration to ensure that only one truck
is on the bridge during calibration. This is because even if the calibration truck (with known prerequisites)
is surrounded by unwanted vehicles, the proposed approach can still be used to decompose the localized
strain response associated with the calibration truck. Then, the decomposed strain responses will be used
for influence line extraction, similar to standard BWIM methods.

Here, the decomposition procedure is explained. According to Figure 2.2.a (left side), a strain-time
response extracted from a single-truck passage includes two portions: 1) localized portion under
traversing axle weights, and 2) non-localized portion (dashed curve). The difficulties in processing strain-
time responses for a multiple-truck case compared to a single-truck case are due mostly to distortions of
the non-localized portion. In fact, a multiple-truck case will result in a deeper non-localized response than
a single-truck case but with a similar localized strain portion. In the following, the proposed approach
steps to decompose the strain responses under multiple trucks simultaneously on the bridge are explained.

In the first step to decompose the strain responses associated with each truck in a multiple-truck
event, points P1 and P2, called "“critical points" in Figure 2.2.a, should be calculated. These points should
be selected approximately where the localized strain portion starts and ends. In this study, P1 and P2 were
defined at 0.16 second before the first peak and 0.20 second after the last peak, respectively.

In the second step, a curve (dashed curve) should properly be fitted to the non-localized portion of
the response. Then, the fitted curve should be subtracted from the original strain response to remove the
non-localized portion to only keep the localized strain portion (modified response). This curve should
meet a few requirements to provide satisfactory results: 1) for both single and multiple-truck cases, the
curve should touch points P1 and P2 in Figure 2.2.a such that when the non-localized portion of the strain
is removed, P1 and P2 will be equal to a number close to zero (less than about 0.3 microstrain, for
instance), 2) the curve should be a lower convex envelope between P1 and P2 such that for multiple-truck
cases, majority of lower peaks between P1 and P2 should also be touched).

An “envelope function” [61] can be used for this purpose. Envelope of a signal is a curve, smoothly
connecting the maximum and minimums [61]. The outcome of an envelope function is two curves
tangential to the input signal local minimums and maximums. However, only the lower envelope should
be considered and the upper envelope should be discarded.

The envelope function can be used in any programming environment. In this study, it was found that
the “Envelope” function in MATLAB can successfully satisfy these requirements when a proper “peak
separation factor (np)” is selected. The envelopes are computed using spline interpolation over local
minimums separated by at least np samples. The MATLAB code prepared for this study automatically
checks different np values between 30-50 (found as the most effective range) and chooses the one that
generates an envelope with smallest difference from P1. To do this, a loop was programmed that changes
the np value in each step and chooses the one with the lowest generated P1 in the modified strain response
(the non-localized response removed). It was observed that, through this procedure, the generated lower
convex envelope curve between the critical points will be automatically generated and satisfies other
requirements explained above. A flowchart is presented in Figure 2.3 to show these steps clearly.
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Figure 0.2. The proposed BWIM approach.
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in MATLAB values between 30 to 50 eachn,) strain (for each n,) with minimum P value

Figure 0.3. A flowchart for the best envelope fit.

It should be noted that other than the envelope function, two other techniques were also considered
in this study while they did not work as properly as the envelope function technique to flatten the strain
response (to remove the non-localized strain). These techniques included: 1) Manual fitting process that
needs the user to manually build the curve in a trial and error process to find the best fit that generates P1
and P2 values close to zero when the non-localized response is removed. Thus, it can never be used for a
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large number of events. Also, the accuracy of the results can differ depending on the user’s accuracy. 2)
High-pass filter with a small cut-off frequency selected based on the Fast Fourier Transform (FFT) of the
strain response. However, it was found that the high-pass filter technique can flatten the strain response
but distorts the localized portion of the response.

The third step is localized strain extraction. In this step, a small portion of the modified response,
shown on the right side of Figure 2.2.a, should be selected to be used for IL calibration or test. For single-
truck cases, this simply is the portion between P1 and P2 (already defined). However, the procedure is
slightly different for multiple-truck cases. Multiple truck cases are either in one row, side-by-side, or a
combination of these cases. For in-one-row multiple-truck cases (e.g., for a 5-axle and 3-axle truck shown
in Figure 2.2.b, some secondary points, e.g., SP1 and SP2, should be selected in a way similar to the
critical points. For instance, SP2 is located in 0.16 s before the first peak in the response associated with
the 3-axle truck and SP1 is in 0.20 s after the last peak of the 5-axle truck. This procedure helps to
decompose the strain responses for even closely moving trucks in one row. To know when a truck ends
and the other starts in Figure 2.2.b, a proper threshold for the maximum axle spacing should be
determined. When the distance between SP1 and SP2 exceeds from the threshold, the strain associated
with the second truck starts. This threshold should statistically computed based on the traversing trucks (7
m in this study).

Peaks’ sample Position of the peaks on The closest peaks on the Points with abrupt Zero the area

numbers (Peak 1, etc.) the desired response desired response (A4, etc.) slope change (SCy, etc.) between SC points

Figure 0.4. A flowchart for the adjacent truck effect removal.

For a case with two trucks moving side-by-side in two adjacent lanes, one additional step is needed
between steps two and three explained above. This additional step is to remove the effect of the adjacent
truck from the recorded strain-time response before feeding it into the proposed procedure. As it is later
explained in Chapter 4, when a truck moves on a particular lane and the strain response is recorded on the
same lane, sharp peaks will be obtained if a proper sensor placement, explained in Chapter 3, is
employed. However, the strain response from the other lane will be distorted. This is clearly shown in
Figure 2.2.c. This is the strain response for a 5-axle and 3-axle trucks moving side-by-side on lanes one
and two, respectively, and the strain response is extracted from lane one. According to this figure, the
strain response is a combination of clear and distorted peaks. However, only the clear peaks should be
kept and the remaining should be properly removed for weight estimation.

To remove the adjacent truck effect, first the sample numbers of the peaks in the 3-axle truck strain
response (from the second lane) should be manually obtained. Then, using the extracted sample numbers,
the position of them should be found on the strain response extracted from the first lane. These are shown
in Figure 2.2.c (Peak 1, Peak 2, and Peak 3). Then, these peak points (Peak 1, Peak 2, and Peak 3) should
be used as a reference to find four other points (e.g., SC1, SC2, etc.), which show the area that should be
removed. For instance, from Peak 1, one should move back and forward to find points Al and A2, which
are the closest peaks of the 5-axle truck in its strain response. Then, moving from points Al and A2 on
the 5-axle truck strain response towards Peak 1, SC1 SC2 will be obtained. These are where an abrupt
change is made in the slope of the graph (>50%). The portion between these points should then be set to
zero. The same procedure should be performed for Peaks 2 and 3 in Figure 2.2.c to find the second
portion that should be zeroed (between SC3 and SC4). A flowchart is presented in Figure 2.4 to show
these steps clearly. The reason why this area should be set to zero is that when one of the axles is right on
top of the place where the strain response is extracted (for in-one-row events with no side-by-side trucks),
a clear peak appears; however, immediately after that, the strain response goes to zero. Now that the
adjacent truck effect (distorted responses) is removed, using the P1, P2 (already defined), the localized
strain portion associated with the 5-axle truck should be selected. Other more complex traffic patterns.
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e.g., zigzag, etc., can also follow the same steps explained for in-one-row and side-by-side cases as they
are a combination of these two cases.

The fourth step is to feed the decomposed strain responses to MLE. All steps of the proposed
approach are shown in Figure 2.1 for clarity. The IL extracted is called multiple-presence IL, or MP-IL,
since can be extracted even in multiple-truck events.

As a last point in the methodology, it should be mentioned that another advantage of the proposed
BWIM method compared to the standard BWIM method is its capability of dealing with variable speeds.

As explained above, the proposed method first decomposes the strains associated with each truck
using the envelope function. This function is not dependent on the speed as it is just a mathematical
operation.

Once the strains are decomposed, they will be used for weight estimation using the standard BWIM
and Moses method. The assumption of standard BWIM is that the speed of each individual truck is
constant when it passes over the weighing sensor. In the standard BWIM method, this takes 3-4 s or even
longer (depending on the truck length and speed) since this method takes the entire strain response (both
localized and non-localized portions of the response) into consideration, while for the proposed method it
takes only 0.5-0.9 s as the method considers only the localized portion of the response. Thus, it is quite
reasonable for the proposed method to say that the truck speed will remain constant in 0.5-0.9 s. This can
be considered another advantage compared to the standard BWIM that considers a longer strain response
where the truck speed is not guaranteed to remain constant.

2.2. Dual-purpose SHM approach

The novel influence line approach (MP-IL), explained in Subsection 2.1.3, handle multiple-truck
events with a combination of heavy trucks and light-weight vehicles simultaneously on the bridge [62].

As explained earlier, MP-IL first filters out the non-localized strain portion (sensitive to nearby
loads) and only keeps the localized portion. Then, the strain response corresponding to each truck should
be properly extracted and fed into the standard IL approach such as MLE. The result will be called MP-
IL.

This paper proposes a procedure to simultaneously monitor the integrity of multiple bridges (level |
damage detection) located between two arbitrary points (within a city or state for instance) such as A and
B (shown in Figure 2.5 using several known trucks with known configurations and weights. Many
transportation agencies throughout the world need to regularly monitor the bridges' integrity, and this
procedure addresses their need. The goal is to employ the existing sensors used for BWIM systems and,
thus, to use the dual-purpose system for both BWIM and SHM applications. This makes the multi-
functional system more affordable.

Unwanted Truck

* Q0 00 O 00 OO 00 O 00 00 O
TITIT _TTIOT TITTTT I||||| HEEEL
Long-span Bridge Short-span Bridge Long-span Bridge
(Single-truck Event) (Single-truck Event) (Multiple-truck Event)

Figure 0.5. The cases occurred during bridge monitoring.

The proposed procedure circulates around the change in the ILs of the bridges (at the time of regular
monitoring) compared to their initial/reference ILs extracted from the intact bridges. This procedure has
two clear novelties. 1) for the first time in the literature, Multiple-Presence IL (MP-IL), is used for SHM
application. MP-IL, unlike the standard IL extraction techniques, can successfully decompose the desired
strain response associated with the corresponding truck to extract the IL of the bridge. MP-IL can also
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remove the effect of the unwanted trucks simultaneously on the bridge. This resolves the significant
multiple-presence limitation of the standard BWIMs for IL extraction, weight estimation, and SHM. 2)
Other significant factors, i.e., noise and transverse position change, are included in the procedure to
provide a more realistic and robust approach for SHM.

According to this procedure, to monitor the bridges (between points A and B shown in Figure 2.5,
several SHM trucks with known but different axle configurations and weights will need to move from
point A to point B separately and with a delay (e.g., 1 hour). When this happens, as shown in Figure 2.5,
three cases may occur: 1) a single SHM truck on a long-span bridge, 2) a single SHM truck on a short-
span bridge, and 3) multiple trucks (SHM truck surrounded by several unwanted trucks) on a long-span
bridge. As mentioned earlier, IL change is the key to determine if any damage has occurred. Thus, for the
first two cases (single-truck events), the standard IL technique should be used, but for the latter one
(multiple-truck event) MP-IL should be employed for IL extraction. In both, the effects of noise and
transverse position change are included. This is explained further later in this section.

[ STEP 1: Calibration on the Intact Bridge l

| Threshold 1
A

' Standard IL
‘ -—Dl Ref L1
| (Single-truck Event) Kessareminiacnniad

!

A ] |
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— MP-IL }—
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Figure 0.6. The dual-purpose SHM procedure.
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In general, the dual-purpose procedure has two main steps shown in Figure 2.6. According to this
figure, in the first step, i.e., “Calibration on the Intact Bridge”, each SHM truck should move through
each bridge, and the strain-time responses should be obtained. Then, the standard IL and MP-IL
techniques will be applied to the responses to extract two ILs for each truck type. These ILs are the
references for future bridge monitoring subjected to single-truck and multiple-truck events. Any change in
ILs called “Damage Indicator (DI)” can be a sign of damage. DI will be the mean-square-error (MSE) of
the reference IL and the IL at the monitoring stage. However, some factors, such as noise and transverse
position, might still change the IL of the intact bridge. These factors, indeed, can create fake changes
(fake damage indicator) to the IL of the intact bridge and thus, should be taken into consideration.

Thus, a significant amount of noise should be added to the responses from all variations of the truck
transverse positions. Then, standard IL and MP-IL should be applied to the noisy responses for each truck
in different transverse positions. Thus, for each truck, two reference ILs will be extracted, one using the
standard IL method (for single-truck cases) and the other using MP-IL (for multiple-truck events) and will
be used for future monitoring.

Once the reference ILs are extracted, two DI thresholds, one for single-truck cases and the other for
multiple-truck cases (called thresholds 1 and 2, respectively), should be computed. The DI threshold is the
95% confidence analysis of the DIs calculated using the ILs extracted from intact bridges and on different
transverse positions and subjected to different noise levels. Both thresholds 1 and 2 will be from the intact
bridge but under single-truck events and multiple-truck events (SHM truck surrounded by unwanted
trucks), respectively. These thresholds are to find a reliable range that can necessarily be related to a
damage occurrence. If the DI value (at the monitoring stage) comes up to be greater than the thresholds, it
can be concluded that damage has occurred with 95% confidence. If DI is smaller than that, we cannot
necessarily conclude that damage has occurred even for a non-zero DI value.

The second step of the dual-purpose procedure, shown in Figure 2.6, is called “Integrity Monitoring
of the Bridge”. According to this figure, the same trucks with the same axle configurations and weights
should again be used at the monitoring stage (every two years, for instance) to obtain the strain responses.
Similar to the first step (Calibration on the Intact Bridge), for single-truck events and multiple-truck
events, standard IL and MP-IL should respectively be used to obtain the ILs. Then, the DI will be the
MSE of the new IL (at the monitoring stage) and the reference IL (for single-event, IL1, and for multiple-
truck events, IL2). If the DI is greater than the DI thresholds, the bridge is damaged with 95% confidence.
Otherwise, there is not enough evidence to decide about the integrity of the bridges.
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Analysis

This section covers the finite element model and how it is validated against the experimental data
(Subsection 3.1), the analysis procedure for MP NOR BWIM evaluation (Subsection 3.2), and the
analysis approach for the proposed dual-purpose SHM procedure (Subsection 3.3).

3.1. Finite element model and experimental validation

3.1.1. Bridge Description

The Varina-Enon bridge (VEB), shown in Figure 3.1, is a cable-stayed, post-tensioned, concrete-
box-girder bridge, along Interstate 295 and over the James River in Virginia with significant traffic flow.
As shown in Figure 3.1.a, the total length of the bridge is 1426.5 m with twenty-eight spans. The main
span (cable-stayed portion) consists of seven spans (13 to 19) with a total length of about 466 m.
Furthermore, the south end of the bridge (left side in Figure 3.1.a) consists of two approach units (six
45.72-m spans each) while the north end (right side of the figure) includes two additional approach units,
one with five and the other with four 45.72-m spans. Also, as shown in Figure 3.1.b (taken using a lidar
scanner), there are eight external, post-tensioning tendons in each span of the approach units (four on the
right side and four on the left side). Each tendon consists of nineteen 0.6-in-diameter strands.

According to Figure 3.1.c, the total width of the top slab is approximately 17.62 m, including three
lanes (3.66 m each), and the two shoulders, which are 3.52 m and 3.12 m. The trapezoidal-shaped
concrete box has a total height of about 3.66 m, with top and bottom slabs' depths of about 0.25 m (plus 5
cm topping) and 0.2 m, respectively. Figure 3.1.c shows the typical box dimensions for all spans;
however, for two of the south spans (14 and 15) and two of the north spans (17 and 18), the boxes are tied
together at each cable anchorage point by a delta frame. Since the focus of this study is span 6, the typical
delta frame is not shown for conciseness.

1426.5m

6 spans @ 45.72 m 6 spans @ 45.72 m 3 spans 192.02 m 3 spans S spans @ 45.72 m 4 spans @
' C@ 4572 m! U@ 45.72 m' ! ' 45.72 m

i i
+3% : 3% =
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(a) The VEB side view.
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Length  Width  Total bearing  Total elastomer No. of No. of Steel plates
(cm) (cm) height (cm) thickness (cm) elastomer layers  Steel plates Thickness (mm)

914 91.4 13.5 11.4 10 9 1.6 (middle), 4.8 (other)

Shoulder Lane 1 Lane 2 Lane 3 Shoulder
312m 3.66 m 3.66 m 3.66 m 352m

t=0.25m

Strain gauges

N

3.66 m

t=0.200m

549m

(b) The VEB inside view taken using a (c) The concrete box section and sensor position
lidar scanner. in the experimental validation tests

Figure 0.1. The Varina-Enon bridge (VEB).

3.1.2. Finite Element model

In this study, CSI Bridge was used to create a 3-D finite element model of three spans (5 to 7) of the
VEB. These spans are significantly far from the cable-stayed portion, and therefore, the cable stays were
ignored and only the external tendons were modeled. As explained in Subsection 3.1.1, in each span,
there are eight tendons (four on the right side and four on the left side). Each tendon consists of nineteen
0.6-in-diameter strands. These were explicitly modeled with two equivalent tendons (one on the right side
and one on the left side) with equivalent areas. Other important bridge components such as bridge
bearings should also be modeled. Each span is supported by two square-shaped (91 by 91 cm) elastomeric
bearings whose geometries are shown in Table 3.1. The bearings are modeled as elastic springs in
vertical, horizontal, and rotational directions with stiffness values of 1143752, 1755, and 16270 KN/m,
respectively.

Table 0.1. The bearing geometries.

Because there was no evidence about the concrete strength and core test was not possible, the value
50 Mpa (7500 psi) was chosen through iteration to match the results of experimental measurements,
explained later further. A general overview of this model is shown in Figure 3.2. In this model, eight-node
solid elements were employed for the box girders and piers. Also, the piers, with a cross-section of about
5.5 by 2.5 m and a height of 34 m, were fixed to the ground. A general maximum mesh size of 2.9 X 1.2
X 0.1 m, in longitudinal, transverse, and depth directions, respectively, was selected. However, as shown
in Figure 3.2, the mesh size was significantly refined around the sensor positions, i.e., throughout the
concrete box and in a width of 3.6 m around the sensor positions, to a maximum size of 0.2 X 0.4 X 0.1
m. Then, the mesh sizes were evaluated through a mesh sensitivity analysis to ensure that the results are
not dependent on the selected mesh sizes.

As shown in Figure 3.1.c, two strain measurement points were selected, at the bottom of the top slab
and on top of the bottom slab in 18.3 m from Pier 7 of the bridge (in span 6). To obtain the strain-time
response under the traversing trucks, a time-history analysis was performed. Then, strain-time responses
were simulated at desired points with a sampling rate of 33 Hz.

Additionally, the strain responses were extracted under two large truck crossing events. These events
mirrored a set of experimental tests performed on the VEB in 2020. These are explained later in this
chapter. To model the lanes (lanes 1,2, and 3), three centerlines (one for each lane) were defined with
proper offsets from the longitudinal centerline of the bridge. Then, the lane width of 3.66 m was assigned
to each lane’s centerline. The model dimensions match the actual structures.
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Figure 0.2. An overview of the finite element model.

3.1.3. Experimental Validation

To validate the FE model, experimental strain-time measurements, conducted on the VEB in 2020,
were used. The responses (with a sampling rate of 33 Hz) were extracted at similar locations shown in
Figure 3.1.c during large events' crossings. It should be noted that strain response is a very common
response used for BWIM techniques. So, it was aimed to ensure that the strain response generated by the
numerical model is fairly realistic and comparable with the strain response recorded on the actual bridge.
That is why the strain response was the main factor for bridge model validation.

There were two large events in the experimental tests. The first event was a special permit vehicle,
crossing over the second travel lane. All axle weights and axle spacings are shown in Figure 3.3.a. The
second event was a superload test, with two lowboy trucks and two dump trucks, simultaneously crossing
the VEB. Figures 3.3.b and 3.3.c show the general configurations for these truck types and more details
are provided in Table 3.2. In this test, the two lowboys were on the third and second lanes and side-by-
side to the two dump trucks traveled as close together as possible on the first lane.

(e o)

lslesle
1.5211.52] 4.34 |1.52Q1.52
m m

10t 10t 101t 10t 10t 101 10t 10 10¢ me 1t 81

ASg|As,|  As; [ As,| As,

(o)
fope]

AW, AW, AW, AW, AW, AW, AW, AW, AW,

> Hl<—>le PEEN

(c) Dump

c IAMTIS 17 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



(a) Special permit vehicle (b) Lowboy truck truck

Figure 0.3.Trucks used for FE model validation.

Table 0.2. Trucks’ information for FE model validation in superload test (Figure 3.3).

Truck Truck No. of Axle weight (ton) Axle spacing (m)

label name axles AW 1 4 AW2 AW3 AW4 AW5 AWﬁ | AS 1 b A52 ASg AS4 ASs
A Lowboy 1 6 6.20 1095 10.75 860 870 860 | 480 140 1148 142 1.42
B Lowboy 2 6 6.20 1285 1320 905 880 875 | 165 152 1128 137 1.37
C Dump 1 3 7.55 860 840 N/A N/A N/A | 472 137 N/A N/A N/A
D Dump 2 3 7.60 8.65 875 N/A N/A N/A | 488 152 N/A NA NA

AW =Axle weight, ? AW=Axle spacing

The main purpose of this stage was to validate the FE model such that it provides similar general
shapes for strain-time responses when it is under the same load, reasonable magnitudes (minimums and
maximums), and captures the localized strains under the axles’ weights. According to Figure 3.4, these
requirements are satisfied, and experimental and numerical strain-time responses are in good agreement.

Also, in the experimental tests, there was no clear evidence about the trucks' speeds. Different speeds
in the FE model than the tests stretch or compress the numerical strain responses if the trucks' speeds are
assigned smaller or larger than the tests, respectively. To avoid this, in the FE model, the speeds were
gradually changed until the time interval between the first and last peaks in Figure 3.4 became the same.
Then, other peaks were automatically matched together.

According to Figure 3.4, despite a great match between experimental and numerical results, there are
some discrepancies between them. These can be due to several reasons, including the slight difference in
material properties (reported in design plans vs. actual material), different actual topping thickness than
the design plans, and different bridge dimensions than the design plans. This can also be due to additional
sources of error that are expected in an experimental setting, such as different trucks' transverse positions
in the tests, different weights than the reported ones, different axles' configurations, etc. However, this
model and the extracted strain-time responses were used for weight estimation. The discrepancies will not
make any issue for it as long as the general shape and magnitudes are realistic. This is because both the IL
calibration procedure (influence line extraction) and tests were done using the same model outputs.
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Figure 0.4. The FE model validation results.

3.2. Single and multiple-truck cases for MP NOR BWIM

In an actual situation, it is usually very challenging to control the traffic (without lane closure) to
consider desired traffic load patterns with multiple trucks involved. Thus, in the rest of this study, the
validated FE model was used to resolve this issue. In fact, this model enabled the consideration of
complex traffic patterns and provided realistic strain-time responses. However, for the remainder of the
report, sensor positions, sampling rate, and the vehicles used for weight estimation are different from the
model validation section. These are described in the following subsections.

Also, before going through complex traffic patterns, as a proof-of-concept, it was first needed to
show that the proposed approach works for single truck passages on lanes one or two. Subsection 3.2.1 is
provided for this purpose.
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3.2.1. Sensor position for weight estimation

To arrange a suitable sensor position for weight estimation, two assumptions were made. First,
according to Virginia Code Title 46.2 (as defined in section 46.2-341.4), when the posted speed limit is at
least 65 miles per hour (104.6 km/h), no commercial motor vehicle should be driven on the left-most lane
of any interstate highway with more than two lanes in each direction [63]. This includes the Varina-Enon
bridge as well. Thus, only the rightmost two lanes were considered for IL calibration and testing.

Lane 1 Lane 2 Lane 3

I —— .

Mid-span

Traffi
I di::cti:n I

Figure 0.5. Sensor positions for weight estimation.

Second, according to a survey conducted by Berard and Bourion [64], the mean width of heavy
trucks is 2.52 m, with approximately ninety percent of them within the range of 2.5 to 2.6 m. Also,
according to the federal size regulations for commercial motor vehicles [65], the maximum width of
commercial trucks is 2.6 m. Thus, as shown in Figure 3.5, for a standard lane width of 3.66 m (12 ft) and
for a mean truck width of 2.52 m, the trucks' transverse position variability is going to be at most 57 cm if
the strain gauges are placed in 57 cm from the pavement markings (at mid-span). This sensor placement
enables one to capture most of the localized portion of the strains under the trucks' tires. Thus, the strain
response is expected to consist of clear peaks, and a slight change in trucks' transverse positions (within a
range of £57 cm) should not damage the peaks' clarity. The results are shown later in the next sections.
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Also, for the rest of this paper, i.e., weight estimation for single and multiple-truck cases, the sampling
rate is 100 Hz. This is different from the sampling rate for model validation (33 Hz).

3.2.2. Single-truck cases

As mentioned earlier, it was first needed to compare the weight estimation results from the proposed
BWIM approach with standard BWIM methods (as a proof-of-concept) for single-truck cases. For both
the standard and proposed approaches, two separate influence lines, i.e., IL1 and IL2, were extracted for
lanes one and two. This was done using Truck 1 in Table 3.3 (different than the validation trucks) with
multiple passages in different transverse positions.

Once the influence lines were obtained, Trucks 2 through 6, introduced in Table 3.3, were passed
one by one on the first and second lanes, and ten strain-time responses (five for each lane) were obtained.
In the last step, two different approaches (the standard BWIM and proposed BWIM), already discussed in
previous sections were applied, and axle weights and GVWs were computed. Then, the results were
compared together shown later in the next sections.

Table 0.3. Trucks’ information for weight estimation (single and multiple-truck cases).

Truck No. of Axle weight (ton) GVW Axle spacing (m)
no. axles AW 1 @ AWQ AW_'), AW4 AW5 (ton) AS 1 b ASQ AS} AS4
1 3 8.2 7.5 7.5 N/A N/A 232 4.60 1.25 N/A N/A
2 3 9.1 7.1 7.1 N/A N/A 233 4.50 1.31 N/A N/A
3 5 4.5 7.1 7.1 7.1 7.1 329 3.35 1.22 6.71 1.22
4 5 6.2 8.0 8.2 8.0 8.2 38.6 3.40 1.31 6.78 1.31
5 4 5.1 8.3 8.3 10.4 N/A 32.1 3.60 1.20 6.60 N/A
6 4 53 7.0 7.0 8.5 N/A 27.8 3.70 1.32 7.00 N/A

“AW=Axle weight, ?AW=Axle spacing

3.2.3. Multiple-truck traffic patterns

Once it is proved that the proposed BWIM approach works for single-truck cases, more complex
traffic patterns should also be tested. As shown in Figure 3.6, six different traffic patterns with multiple
simultaneous vehicles' presence (trucks and light-weight vehicles) were considered for multiple-truck
cases. These traffic patterns were including two in-one-row cases (Figures 3.6.a and 3.6.b) with a 5-axle
and a 3-axle trucks, two zigzag cases with three 3-axle trucks (Figures 3.6.c and 3.6.d), a zigzag case with
two 3-axle trucks and a 5-axle truck on the first two lanes and two light-weight vehicles on the third lane
(Figure 3.6.e), and a side-by-side case with a 5-axle and a 3-axle trucks on the first and second lanes,
respectively. In all cases, the 3-axle and 5-axle trucks were Trucks 2 and 4, respectively, described in
Table 3.3. Also, the light-weight vehicles were both a 2-axle vehicle with axle spacing of about 4 m and
equal axle weights of 0.6 ton (GVW=1.2 ton).
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Table 0.4. Multiple-truck cases (the 3-axle and 5-axle trucks are Trucks 2 and 4 described in Table
3.3).

3.3. The analysis approach for the dual-purpose SHM procedure

A similar 3-D finite element (FE) model was used with some modifications. This phase was
conducted after the MP NOR BWIM technique evaluation phase. Only two spans (spans 5 and 6) of the
VE bridge were modeled. In the previous model, three spans (spans 5 to 7) were simulated as a
continuous superstructure, while there is an expansion joint between spans 6 and 7 on the real VE bridge.
Thus, the latter one was removed in this phase to create a more realistic model.

The measurement points for SHM were selected at mid-span (span 6) and in a transverse position of
57cm from the pavement markings. The sampling rate was also 100 Hz, similar to the MP NOR BWIM
evaluation.
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Table 0.5. Region of interest and measurement points.
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This study evaluates the MP-IL to see if it can effectively address the multiple-presence issue of the
standard BWIM techniques and adequately obtain the trucks' axle weights even in highly complicated
traffic conditions. This study shows the capability of the same BWIM system but also to be used for
bridge health monitoring. A common practice for BWIM systems is to use at least three sensors (such as
strain gauges) to obtain the prerequisites (i.e., speed, number of axles, and axle spacing) to be later used
for weight estimation. As shown in Figure 3.7, the distance between the successive strain gauges is
suggested to be 1.6 m in this study, which is in good agreement with the papers published in the BWIM
area [22], [24].

The goal is to monitor the integrity of the concrete-box top slab and the area where maximum local
(under tires) and global deflections (maximum tension in concrete) usually happen (shown in Figure
3.7.a). Due to symmetry, only the top right quadrant of the second measurement point is evaluated, and
the results will be extended to other quadrants around the measurement point. This is called “~"Region of
Interest (ROI)" shown in Figure 3.7.b. This study results from more than 90 truck passages in CSI Bridge
software with more than 110 hours of effective analysis time (more than 70 minutes each). Considering
the ROI and extending the results reduced the analysis time significantly.

To model different damage scenarios, eleven different elements (in the ROI) shown in Figure 3.7.b
were removed one by one, and separate analyses were performed (each analysis with only one removed
element). These are called damage scenarios 1 through 11. This was to understand how sensitive the
monitoring system and the proposed dual-purpose approach are to different damage locations. Later,
depending on the monitoring system's effectiveness in the damage locations, the sensor placement and
their distances are updated to more effectively monitor the top slab and to be still suitable for the BWIM
application. This is discussed later in the next section. It should be noted that top slab monitoring is only
an example to show the capability of the integrated system and can be extended to other damage scenarios
as well. This is left for future studies.

The key computation for bridge health monitoring using the dual-purpose procedure is the change
occurred in the ILs of the bridges at the monitoring stage compared to the reference ILs (IL1 and IL2). To
obtain the reference ILs, several SHM trucks with different axle configurations and weights should move
through the intact bridge to obtain the strain-time responses. The sampling rate was selected to be 100 Hz,
suggested by other studies [62]. In this study, three trucks (a 3-axle, a 4-axle, and a 5-axle), shown in
Figure 3.8 were selected.
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(a) The 3-axle truck (b) The 4-axle truck (c) The 5-axle truck

Table 0.6. SHM trucks
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As a proof of concept, the strain response of the intact bridge and its corresponding IL under the 3-
axle truck are plotted against the strain response and IL under the same 3-axle truck but with doubled axle
weights. This is shown in Figure 3.9. According to this figure, the strain responses (both localized and
non-localized) are significantly different; however, the IL still remained unique for this bridge. This
shows why IL is selected for SHM and not strain response.
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Table 0.7. Comparison of the strain responses and ILs for the same trucks but with significantly
different GVWs.

It was also discussed already that factors such as noise and the transverse position may change the IL
of the bridge and can create fake non-zero DIs even for the intact bridge. Thus, these factors were
included in the analysis explained below.

The first step in considering the transverse position was to compute a reasonable range for its
variability. According to a survey [64], the mean width of heavy trucks is 2.52 m, with approximately
90% from 2.5 to 2.6 m. Also, the maximum width of commercial trucks is 2.6 m [65]. Thus, the trucks'
transverse position variability is @ maximum of 57 cm for a standard lane width of 3.66 m (12 ft). Also,
the bridge monitoring is usually an under-control evaluation process, and the SHM truck drivers can be
requested to possibly drive on the center of the lanes. Thus, it is reasonable to consider a smaller value
than 57cm for the transverse position change. In this study, a maximum of £30 cm was considered only to
include the drivers' accuracy in the procedure.

A significant amount of noise was then added to the strain-time responses from all variations of the
trucks' transverse positions (three for each truck and a total of nine responses). In this study, the “randn"™
function in MATLAB was used to generate signals with normally distributed random numbers that were
then added to the original strain responses.

Once the strain-time responses were obtained, standard IL and MP-IL approaches were applied to the
noisy responses (for each truck) on different transverse positions to obtain the ILs. Thus, for each truck,
two reference ILs were extracted, one using the standard BWIM method (for single-truck events) and the
other using MP-IL (for multiple-truck events). ILs 1 and 2 were later used for future monitoring.

Once the reference ILs were extracted, two DI thresholds, one for single-truck events and the other
for multiple-truck events (called thresholds 1 and 2, respectively), were computed for each truck type. A
95% confidence analysis was performed on the DIs calculated using the ILs extracted from the intact
bridge on different transverse positions and subjected to different noise levels. Both thresholds 1 and 2
were from the intact bridge but under single-truck events and multiple-truck events (SHM truck
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surrounded by unwanted trucks), respectively. If the DI values (at the monitoring stage) come up to be
greater than the thresholds, it can be concluded that damage has occurred with 95% confidence;
otherwise, we will not have enough evidence to conclude that damage has necessarily occurred even for
non-zero DI values.

In the second step of the dual-purpose procedure, discussed in methodology section, the same trucks
introduced in Figure 3.8 were again used on the damaged bridge. For each damage scenario and truck, a
separate analysis was performed and the strain response was obtained (33 responses overall). Similar to
the first step (Calibration on the Intact Bridge), for single-truck events and multiple-truck events, standard
IL and MP-IL were used and the ILs of the damaged cases were obtained. The DIs were then computed
and compared with the DI thresholds. The goal was to understand if the proposed dual-purpose procedure
is sensitive to different damage scenarios under single and multiple events. Also, it was aimed to
understand in what distance from the measurement point, the procedure can still provide reliable results
for this particular damage intensity. Based on the results, the instrumentation plan is later updated to be
effective for both the BWIM and SHM applications.

Table 0.8. Different configurations of the 3axle truck used for parametric study.

Case Truck Axle weight (ton) GVW Axle spacing (m)

no. no. AW, ¢ AW, AW; (ton) AS,? AS,
1 18.20 14.20 14.20 46.6 4.5 1.3

1 2 13.65 10.65 10.65 34.95 4.5 1.3
3 6.07 4.73 4.73 15.53 4.5 1.3

4 4.55 3.55 3.55 11.65 4.5 1.3

2 5 9.10 7.10 7.10 23.30 6.0 1.3
6 9.10 7.10 7.10 23.30 3.0 1.3

7 11.10 6.10 6.10 23.30 4.5 1.3

8 13.10 5.10 5.10 23.30 4.5 1.3

3 9 7.10 8.10 8.10 23.30 4.5 1.3
10 7.77 7.77 7.77 23.30 4.5 1.3

11 16.10 3.60 3.60 23.30 4.5 1.3

“AW=Axle weight, ’AS=Axle spacing

As mentioned earlier, the proposed dual-purpose procedure should be repeated with different trucks
with different configurations and weights. It is later shown in results section that this can improve the
bridge integrity monitoring results. To understand the reason why this improvement happens, a
parametric study was performed to consider the effect of different factors on DI values. When the type of
truck is changed (from a 3-axle to a 5-axle, for instance), three factors may change: 1) gross vehicle
weight, 2) axle weights 3) axle spacings. Thus, the 3-axle truck shown in Figure 3.8.a was used as a
reference, and its characteristics were changed one by one, and the DI values were compared with the
reference 3-axle truck. Table 3.4 shows three different cases to consider the effect of the trucks'
characteristics on the DI value. In Case 1, the gross vehicle weights (GVW) were changed compared to
the reference 3-axle truck, but the axle weight ratios and axle spacings were the same. In Case 2, the
GVWs and axle weight ratios were the same, and only the first axle spacings were altered, while in Case
3, only the axle weight ratios were changed, and the other two factors remained constant.

c IAMTIS 26 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



Phase | findings

This section reports the results of MP NOR-BWIM technique to understand if it can handle multiple-
truck events and complex traffic patterns.

4.1. Single-truck cases

Before considering the multiple-truck cases, it was first needed to compare the performance of the
proposed approach with the standard BWIM method in single-truck cases. This is to ensure that the non-
localized strain removal does not sacrifice the accuracy of results much (the accuracy reduction is in a
reasonable range). Hence, ten strain-time responses were obtained for Trucks 2 through 6, introduced in
Table 3.3 (for each truck two responses, one in lane one and another one in lane two). As mentioned
earlier, Truck 1 was used for influence line extraction. Then, the standard BWIM and proposed BWIM,
discussed in Chapter 2, were applied to the responses.

The estimated axle weights, estimated GVW, and their associated errors are shown in Table 4.1 for
both approaches and lanes. According to this table, overall, the proposed approach improved the GVW
estimation compared to the standard approach. The mean absolute errors (MAE) of the axle weights and
GVW estimates for the standard approach were 4.1% and 4.8%, respectively, when the truck was on lane
one. These errors were 2.2% and 7.4% for the same lane but the proposed approach. Additionally, MAEs
of the axle weights and GVW estimates for lane two and the standard approach were 4.8% and 6.5%
versus 2.4% and 10.6% for the same lane but the proposed approach. Hence, as mentioned above, the
proposed approach improved the GVW estimation accuracy by 1.9% and 2.4%, respectively, for lanes
one and two; however, it reduced the axle weight estimation accuracy by 2.6% and 4.1%. This increase in
axle weight estimation error can be ignored since the GVW estimation accuracy is improved and
multiple-truck weight estimation is enabled. Also, axle weight errors are still in a reasonable range. Thus,
one can conclude that removing the non-localized strain does not eliminate much important information.

Overall, for both standard and proposed approaches, the average absolute errors of GVW and axle
weight estimates were greater for lane two than lane one. However, the errors’ magnitudes are not
consistently greater for all trucks in lane two than lane one. In this study, two main factors were detected
for variability in errors.

1) Similarity of the characteristics of the test and calibration trucks: it was observed that the error is
close to zero when the same truck is used for both IL calibration and test. However, when the test truck
characteristics (e.g., axle spacings, number of axles, etc.) are different from the calibration truck, both
standard and proposed techniques are still capable of generating a strain response with great match with
respect to the original one, but with more dispersion (compared to the case with the same test and
calibration trucks). When the reconstructed strain is consistently above/under the original strain, a larger
positive/negative error will result for both GVW and axle weight estimates. However, when at some
points, it is above and at other points it is under the original response, the positive and negative GVW
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errors cancel out each other, and a small GVW error (close to zero) will result, but still, large axle weight
errors are likely (depending on the level of dispersion). 2) The effect of smoothing technique for different
strain responses: in this study, it was confirmed that the errors would be overall smaller when the strain
responses are smoothed using ~“Symlets Wavelet" (sym4 with a level of wavelet decomposition of 2 in
MATLAB). However, as mentioned earlier, its effect can still be variable for different responses.

In short, the errors due to these two factors can be cumulative (for the same error sign) or balancing
(for opposite error signs). This is why different errors with different signs and values are observed from
case to case and lane to lane.

Table 0.1. The results of single-truck cases.

App? LP  Axc Truck 1 Truck 2 Truck 3 Truck 4 Truck 5 Ave. err.*®
no. no. Bst?  em® Est. e, Bst. e, Est. e, Bst. e | GVWY O Ax
{ton) (%) (ton) (%) (won) (%) (won) (%) (won) (%) (%) (%)
| 898  -1.3 432 40 601 -3.1 4.14 -188 489 -78
2 7.16 0.9 679 -43 5.08 1.0 8.56 3.1 677 32
Std.# 1 3 663 -66 685 -36 02 23 667 -196 653 -6.7 4.1 4.8
El N/A  N/A 711 0.1 784 20 952 -85 844 -07
5 N/A  N/A 690 -28 8.14 0.7 N/A  N/A  N/A  NA
Gvw 2277 23 31896 -28 3809 -1.3  2E89 -100 2663 -42
| 882 -31 4.21 -6.5 590 -49 430 -157 474 -10.7
2 7.41 4.4 669 58 5.16 2.0 5.85 6.6 7.14 2.1
Std. 2 3 6.61 6.9 680 -42 769 62 620 -253 609 -130 4.8 6.5
4 N/A N/A 713 0.4 INE 33 956 81 809 -48
5 N/A N/A 693 -24 8.24 0.5 N/A  N/A  N/A  NA
Gvw 2284 20 3176 -35 3772 23 2890 -100 2606 -62
| 945 39 4.36 -3 539 -131 504 -13 541 2.0
2 7.15 0.7 6.l6  -132 826 33 772 69 654 -6.6
Prop.® 1 3 6.50 -84 7.80 0.8 638 222 820 -1.1 7.19 2.7 22 7.4
4 N/A  N/A 625 -120 3.6l 7.6 10.88 4.6 849 -0.2
5 MN/A  Nf/A 815 148 680 -17.0 N/A NA NA NA
GVW 2310 -08 3272 -05 3544 82 319 08 2762 -0.7
1 9.26 1.5 4.14 -80 639 3.0 493 33 584 10.1
2 7.90 11.3 613 -137 1029 287 796 -4.1 692 -1.2
Prop. 2 3 6378 -103  8.03 131 624 -239 3817 -l6 757 8.1 24 10.6
El N/A  N/A 629 -115 985 231 1054 1.3 8.52 03
5 N/A N/A 918 293 692 -156 NA  NA  NA  NA
GVW 2354 1.0 337 26 3969 28 3159 -16 2885 38

@ Approach.” Lane.” Axle.? Estimate.® error gross-vehicle-weight# Standard." Proposed
* Note: Average absolute error calculated based on all five cases for each lane and approach

4.2. Multiple-truck cases

This section shows that the proposed approach also works accurately for multiple-truck cases.
According to Subsection 3.2, six different cases were considered (shown in Figure 3.6). Overall,
considering all trucks in all six cases, the mean absolute errors were 4.50% and 11.3% for GVW and axle
weight estimations. The details are provided in Table 4.2.
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Table 0.2. The results of multiple-truck cases.

Case no. Axle no. Truck 1 Truck 2 Truck 3
Est. {ton) error (%) Est. (ton) error (%) Est. (ton) error (%)
1 9.21 1.2 5.80 -6.5 NfA N/A
2 T.38 39 7.99 0.15 NfA N/A
1 3 523 -26.3 7.35 -10.4 NfA N/A
4 N/A N/A 8.57 7.1 NfA N/A
5 N/A N/A 8.49 36 NfA N/A
GVW 21.82 -6.4 38.19 -1.1 NfA N/A
1 879 -34 6.09 -1.8 NfA N/A
2 8.56 20.5 8.88 11.0 NfA N/A
2 3 4.89 -31.2 7.11 -13.3 NfA N/A
4 N/A N/A 8.57 7.2 NfA N/A
5 N/A N/A 8.53 4.0 NfA N/A
GVW 2224 -4.6 39.17 1.5 NfA N/A
1 10,00 9.9 9.61 57 9.96 9.4
3 2 8.02 12.9 8.07 13.7 7.74 9.0
3 6.89 -29 6.15 -13.4 6.62 -6.8
GVW 2491 6.9 2383 23 24.32 4.4
1 9.52 4.7 10.18 11.9 10,19 11.9
4 2 8.11 14.2 7.29 27 8.56 20.5
3 6.35 -10.6 7.20 1.3 641 -9.7
GVW 2398 29 24.67 59 25.16 8.0
1 9.19 1.0 9.65 6.1 6.57 59
2 8.22 15.8 8.38 18.1 10.61 326
5 3 5.94 -16.4 595 -16.2 6.38 -12.2
4 N/A N/A N/A N/A 10,60 325
5 N/A N/A N/A N/A 7.37 -10.2
GVW 2335 0.2 2399 30 41.51 7.6
1 9.68 6.3 677 9.3 NfA N/A
2 7.12 0.3 9.90 238 NfA N/A
6 3 4.03 -43.2 8.09 -1.3 NfA N/A
4 N/A N/A 7.63 -4.6 NfA N/A
5 N/A N/A 7.13 -13.0 NfA N/A
GVW 20.83 -10.6 39.53 2.4 NfA N/A

MNote: The overall mean absolute errors, based on all six multiple-truck cases, for axle weight and GVW estimations,
were 11.36% and 4.43%, respectively.

Figure 4.1 shows the results for Case 1, where two trucks, i.e., a 5-axle and a 3-axle, with a
longitudinal distance of 8 m, simultaneously passed through the first lane. Figure 4.1.a shows the original
strain response and the fitted curve to its non-localized portion. According to this figure, when the sensors
are placed where maximum localized strain occurs, the axles can be successfully captured even for
closely-spaced ones. Additionally, Figure 4.1.b shows the modified strain response (when the non-
localized portion of the strain is removed) and the selected portions needed for weight estimation. The
same procedure was conducted for Case 2, where the same trucks with the same distance passed through
the second lane. The results are shown for both cases in Table 4.2. According to this table, the GVW
estimation errors for Case 1 were -6.4% and -1.1% for the 3-axle and 5-axle trucks, respectively, while
they were -4.6% and 1.5% for Case 2. Thus, overall, except for the 5-axle truck in Case 2, GVWSs were all
underestimated. Also, in both cases, the GVW estimation errors associated with the 3-axle trucks were
greater than the 5-axles. Additionally, considering all axles of both 3-axle and 5-axle trucks, lane two
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generated greater axle weight errors than lane one (11.6% vs. 7.4%); however, in average, GVW error
associated with lane one (3.8%) was greater than lane two (3.1%). Similar to the GVW errors, the axle
weights errors are also greater for the 3-axle compared to the 5-axle trucks in both cases. The reason for
the variability of errors was already discussed in Subsection 4.1.
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(a) The original strain-time response (b) The proposed approach result

(selected portions)

Figure 0.1. Case 1: a 5-axle truck and a 3-axle truck on the lane one

For Case 3, which is a zigzag pattern with two 3-axle trucks on the first lane and a 3-axle truck on
the second lane, only the modified strain response (non-localized portion removed) and the selected
portion for weight estimation are shown (for conciseness). Figures 4.2.a and 4.2.b respectively show the
modified strain responses and the selected portions for weight estimation on lanes one and two. Also, as
explained earlier, when two trucks move on two adjacent lanes, the strain response will be a combination
of sharp peaks due to the trucks on the same lane and distorted peaks due to the reflection of the truck on
the adjacent lane. This is clearly shown in Figure 4.2. Only the portions with sharp peaks were used for
weight estimation and the distorted parts were discarded. This was already explained in detail in Chapter
2. The same procedure was performed for Case 4 with a zigzag pattern with one 3-axle truck on the first
lane and two 3-axle trucks on the second lane. Table 4.2 shows the results for both cases. According to
this table, the GVW estimation errors for Case 3 were 6.9% (lane one), 2.3% (lane two), and 4.4% (lane
one) for the left, middle, and right 3-axle trucks while they were 2.9% (lane two), 5.9% (lane one), and
8.0% (lane two) for Case 4. Thus, in average, lane two generated smaller GVW errors compared to lane
one. Also, the mean absolute errors for axle weight estimation were similar values of 9.3% and 9.7% for
Cases 3 and 4, respectively (considering all axles and all trucks for each case). However, in average, lane
2 generated greater axle weight errors (11.6%) compared to lane one (7.4%), considering both Cases 3
and 4 together.
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Figure 0.2. Case 3: a zigzag pattern with two 3-axle trucks on the first lane and a 3-axle truck on
the second lane.

Case 5 is a zigzag pattern with two 3-axle trucks on the first lane, a 5-axle truck on the second lane,
and two light-weight vehicles on the third lane. Similar to Cases 3 and 4, the strain responses from lanes
one and two were decomposed, and the distorted portions (adjacent truck reflection) were excluded and
only the portions with sharp peaks were selected. The light-weight vehicles (total weight of 1.2 tons), due
to their small weights, did not have a considerable reflection on the responses extracted from lanes one
and two. According to Table 4.2, the GVW estimation errors were 0.2% (lane one), 3% (lane one), and
7.6% (lane two) for the two 3-axle trucks and the 5-axle truck, respectively. Thus, overall, the 5-axle
truck and lane two generated greater GVW errors. The axle weight error for the 5-axle truck on the
second lane (20.68%) was overall greater than the 3-axle trucks on the first lane (12.3%).

Case 6 is a 5-axle truck and a 3-axle truck in two adjacent lanes moving side-by-side at a
longitudinal distance of 2 m. As explained in Chapter 2, for side-by-side trucks, the strain response has a
combination of clear and distorted peaks, and only the clear peaks should be kept and the remaining
should be removed. This was already explained in detail in Chapter 2. According to Table 4.2, the GVW
estimation errors were -10.6% (lane two) and 2.4% (lane one) for the 3-axle and the 5-axle trucks,
respectively. Additionally, the mean absolute error for axle weight estimation was 12.7%.

In general, different factors can contribute to the weight estimation error: 1) truck type (3-axle vs. 5-
axle), 2) truck weight, 3) different lanes 4) transverse position and 5) temperature change. In this study,
the first three factors were simultaneously changing, making the parametric study difficult. Here, a
preliminary parametric study is conducted for the first three factors and further discussion is left for a
future study where these factors change one by one.

Overall, in all these six cases, the 3-axle truck (lighter) eleven times and the 5-axle truck (heavier)
four times were used. According to the results, in both GVW and axle weight estimations (considering all
six cases), the proposed approach was, on average, more successful on the 5-axle truck compared to the 3-
axle truck. The average GVW and axle weight errors were respectively 5.0% and 11.5% for the 3-axle
truck and 3.2% and 11.0% for the 5-axle truck. Also, in 4 cases (Cases 1,2,5, and 6), the 3-axle truck was
directly compared with the 5-axle truck. In three out of four cases (Cases 1,2, and 6), GVW estimation
was more accurate for the 5-axle truck, and in only one case (Case 5), it was more accurate for the 3-axle
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truck. This was the same for axle weight estimation. A similar comparison can be used to discuss the
effect of truck weight (factor 2 mentioned above) since the 5-axle truck is heavier than the 3-axle truck.

In this study, lanes one and two were both tested. It was observed that (for both GVW and axle
weight estimations), the proposed approach was, on average, more accurate on lane one compared to lane
two. The average errors for GVW and axle weight were 4.3% and 9.3% for lane one and 5.7% and 14.0%
for lane two. Also, two other important factors are temperature change and the transverse position of the
trucks (factors 4 and 5).

As explained earlier, the proposed BWIM method focuses on the localized strain portion. Also, the
localized portion, particularly the peaks’ values, can be affected by the truck transverse position and
temperature change. These are out of the scope of this study but should be considered in a future study.

The main limitation for the proposed BWIM approach is going to be for a case where two side-by-
side trucks with exactly the same axle configurations (axle spacing and the number of axles) crossing over
the sensors at exactly the same time. In this case, the strain responses' peaks will align with each other and
will not be straightforward to decompose. However, this can rarely happen as the accuracy of the data
acquisition timestamp is 0.001 s. Thus, even if both trucks are exactly the same, there will most likely be
some time delay between the truck positions and their peaks in the strain responses in the real situation.
Overall, as mentioned earlier, the mean absolute errors, considering all trucks in all six cases, were
respectively 4.5% and 11.3% for GVW and axle weight estimations. This shows that the proposed
approach is capable of computing the axle and gross vehicle weights accurately, even for complex traffic
load patterns with a combination of trucks and lightweight vehicles.
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Phase Il findings

This section reports the results of dual-purpose SHM procedure on single and multiple-truck events.
5.1. Reference ILs and thresholds

As discussed earlier in Chapter 3, the first step is to compute two reference ILs (IL1 and 1L2) for
each truck type to include the effect of noise and transverse position. Then, any change in a future IL
(denoted as DI) from the bridge can be a sign of damage as long as it is greater than the DI thresholds.

To obtain the reference ILs, the SHM trucks (shown in Figure 3.8) moved through the intact bridge
in different transverse positions (introduced earlier) and with different noise contents. Then, the standard
IL and MP-IL techniques were applied to obtain a single reference IL for each truck, considering all
transverse positions. Figures 5.1.a and 5.1.b compare the reference IL1 and 2, respectively, against the ILs
extracted from a single 5-axle and two 5-axle trucks on the intact bridge. The shape of the reference ILs
are obviously different since IL1 is obtained using the entire strain response while IL2 is obtained only
using the localized portions.

In the next step, 54 different analyses were performed for the single and multiple-truck cases (27 for
each) on the intact bridge and different transverse positions and with different noise contents. Then, the
Dls and, accordingly, the DI thresholds were computed for each event type and truck. All these are shown
in Table 5.1. As an example, the confidence interval (95% confidence) for the single 5-axle truck is 0.039
+ 0.008, with an upper limit (threshold) of 0.047. A future DI value greater than the thresholds can be a
sign of damage with 95% confidence, and any value less than them cannot be certain evidence for damage
and can be a fake non-zero DI value.

According to Table 5.1, overall, the noise and transverse position factors can make a maximum DI
variation of 0.068 and 0.4 for the single-truck and multiple-truck events, respectively.
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Figure 0.1. Reference IL vs. IL of the intact bridge subjected to test trucks.

Table 0.1. Thresholds and the DI values for different trucks on the intact bridge in different
transverse positions and with different noise contents.

Truck Event Transverse Position 1  Transverse Position 2  Transverse Position 3  Threshold
Type Type NCI NC2 NC3 [ NCI NC2 NC3 | NCI NC2 NC3 | (ULY

3-axle 0.066 0.084 0.073 | 0.020 0.016 0.023 | 0.038 0.071 0.049 0.066
4-axle Single 0.044 0.056 0.050 | 0.018 0.009 0.013 | 0.034 0.038 0.050 0.046
S-axle 0.042  0.045 0.060 | 0.039 0.026 0.019 | 0.046 0.031 0.039 0.047
3-axle 0.130 0.115 0.163 | 0.229 0.195 0.199 | 0.307 0.389 0.315 0.287
4-axle Mult. 0.244 0.317 0.220 | 0.351 0.306 0.401 | 0.620 0.452 0.540 0.471
S-axle 0.210 0.286 0.288 | 0.271 0.269 0.220 | 0.176 0.296 0.193 0.275

“NC=Noise content, “"UL=Upper limit with 95% confidence

5.2. Single-truck and multiple truck events

Once the reference ILs and the thresholds were obtained, eleven different damage scenarios shown in
Figure 3.7 were tested to understand if the proposed dual-purpose SHM procedure can be used when any
of the damage scenarios occur. Thus, each truck moved once for each damage scenario (a total of 11 for
each truck and 33 for all trucks) in a single-truck event, and the new ILs as well as DI values were
obtained. Figure 5.2 shows the DI values for each truck and each damage scenario. Colored elements in
Figure 5.2 mean that the DI values are greater than the DI thresholds specified in Table 5.1. The purpose
of using several trucks was to improve the bridge monitoring accuracy. In fact, the SHM outcome will be
the summation of all covered elements for each truck type. However, Figure 5.2 shows that for single-
truck events, only one truck could be enough to realize if any damage has occurred in the region of
interest (shown in Figure 3.7). This is because, for all damage scenarios and truck types, the DI values
were significantly greater than the thresholds. Figure 5.3 shows an example to reveal how the damaged IL
looks like compared to the reference IL1 for damage scenario 2.
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Figure 0.2. The DI values for the damaged bridge under a single truck and the covered damage
positions.
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Figure 0.3. The results of multiple-truck cases.

However, as mentioned in Chapter 2, sometimes, multiple trucks will be simultaneously on the
bridge that should be handled with the new IL extraction technique (MP-IL). To evaluate the capability of
the MP-IL technique, 33 multiple-truck analyses were conducted using each truck (i.e., two in-one-row 3-
axle trucks, etc.) and for each damage scenario. The DI values are shown in Figure 5.4 for each multiple-
truck event. According to Figure 5.4, damage scenarios 2, 3, 4, 5, 7, 8 are covered using all trucks.
However, some other damage scenarios are only covered by a certain truck type (1, 6, 11), and some (9,
10) are not covered at all. Considering all truck types, only two damage scenarios are not covered. This
shows that the dual-purpose procedure can work effectively even for multiple-truck events, and also, the
idea of incorporating different types of trucks could improve the accuracy. This is further discussed later
in chapter to realize why using different trucks can improve the results. Figure 5.3 shows an example to
compare the damaged IL with the reference IL2 for damage scenario 2.

According to the results for single-truck and multiple-truck events, it can be concluded that the
single-truck events can easier identify the damage, and only one truck can be enough. This is because, in
the standard IL technique used for single-truck events, the entire strain will be used while MP-IL first
removes the non-localized portion to decompose the strain responses associated with each truck. Thus, the
single-truck events are more likely to generate a higher value than the threshold and capture the damage.
However, the standard IL and MP-IL are complementary, and both are needed for the dual-purpose SHM
procedure since it is not guaranteed to only have one truck on the bridge during the bridge monitoring
process.
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Figure 0.4. The DI values for the damaged bridge under multiple trucks and the covered damage
positions.

Lastly, the instrumentation plan should be updated to effectively work for both BWIM and SHM to
cover all damage scenarios for the damage intensity considered. It was mentioned in Chapter 3 that the
initial distance between the successive sensors was selected to be 1.6m per previously published BWIM
studies. It was observed that all damage scenarios were covered in single-truck and multiple-truck events
except for scenarios 9 and 10 in the latter event. Thus, the successive distance between the sensors should
be updated to 0.8 to 1 m (0.4-0.5 m from each sensor) for maximum effectiveness.

Now that it is shown the damage scenarios in the region of interest (shown in Figure 3.7) in the top-
right quadrant can be effectively covered, it can be extended to other quadrants around each sensor,
assuming a similar structural behavior in those regions. This assumption was made due to symmetry and
to reduce the required analysis time since each analysis in CSI Bridge software takes 70 minutes. These
results are the outcome of a minimum of 110 hours of effective analysis time.

5.3. Parametric study

It was already discussed about the variation made by noise and transverse position. This subsection
discusses the effect of the truck characteristics on the DI values. When a different truck is used, three
factors may change. These include the gross vehicle weight (GVW), axle weights' ratios, and axle
spacings. To consider the effect of these factors, three cases (all 3-axles) with different characteristics
(introduced in Table 3.4) were considered and compared with the original 3-axle truck as a reference
(shown in Figure 3.8.a.

To ensure that other factors are necessarily constant, a new reference IL was computed for each truck
using the strain response on the intact bridge. The same truck was then used on the damaged bridge with
damage scenario 8. Also, noise and transverse positions were not included as well.

In Case 1, all trucks had the same axle weights' ratios and axle spacings, but their GVWs differed.
According to the results shown in Figure 5.5, the DI values for Trucks 1 through 4 were all similar
numbers (0.576 < DI< 0.600) compared to the original 3-axle truck (DI1=0.599).

In Case 2, the second axle spacing changed from 4.5m to 6m (Truck 5) and 3m (Truck 6), while the
GVWs and axle weights' ratios were constant. The DI variation was slightly higher than Case 1 (0.655 for
Truck 5 and 0.535 for Truck 6).

In Case 3, only the axle weights' ratios changed, and the other two factors remained constant.
According to the results, the DI values varied from 0.526 for Truck 7 to 0.646 for Truck 10.

Overall, it seems that the DI value range is in good agreement to the original DI related to the
reference 3-axle truck. This shows that the IL extraction technique can successfully remove the effect of
the truck characteristics and make it unique for a particular bridge, but still, some variations exist. This
was already acknowledged by previously published studies in the BWIM area. For instance, this is clearly
mentioned on the first page of the paper published on MLE method developed by leng in 2015 [39].
According to this study, the MLE method takes multiple trucks with multiple passages into account to
include the variability of the effects of the calibration vehicles on the bridge. This was later agreed by
other researchers in this area as well [40]. In fact, since IL computation takes the strain response and
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produces the IL, the IL can slightly change from a truck to another truck with different characteristics,
although it was shown that this variation is not significant. This could be due to a change in the strain
response contents associated with different truck types. However, this variation was shown to be a
positive factor for this study. In fact, it can be acceptable and even positive as long as we use separate
reference ILs and DI thresholds for each truck (Table 5.1). This is a reasonable practice for a real-world
application since, in SHM, we are able to use the same trucks for calibration and monitoring stages.
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Figure 0.5. DI values for the cases specified in Table 3.4.

c IAMTIS 37 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



Conclusions and future work

6.1. Phase |

The first phase reports the results of a study on a novel bridge-weigh-in-motion (BWIM) technique
to estimate the traversing trucks' gross vehicle weights (GVW) and axle weights. This approach resolves
the significant shortcoming of the existing BWIMs, which is their limitation for multiple simultaneous
trucks on bridges. These may present with an arbitrary number of trucks and lightweight vehicles,
simultaneously crossing the bridge in any traffic configuration. To show the applicability of the approach,
a finite element model (validated against experimental data with great agreement) was used to consider
single-truck events and complex multiple-truck traffic cases, including in-one-row trucks, zigzag patterns,
side-by-side trucks, and a combination of several trucks with several lightweight vehicles. Based on the
results, the following conclusions are made:

e\When the sensors are placed where maximum localized strain occurs, the axles can be successfully
captured even for closely-spaced ones.
eRemoving the non-localized strain does not eliminate much important information when it is used for
single-truck events. Compared to the standard BWIM approach, the proposed approach improved the
GVW estimation from 4.1% error to 2.2% for lane one and from 4.8% to 2.4% for lane two.
However, the mean absolute errors (MAE) of the axle weights were increased from 4.8% to 7.4% for
lane one and from 6.5% to 10.6% for lane two. This increase in axle weight estimation still remains in
a reasonable range, and simultaneously, the GVW estimation accuracy is improved, and multiple-
truck weight estimation is enabled.
eThe proposed approach was tested on two in-one-row trucks (a 5-axle and a 3-axle), two zigzag-
pattern events (with three 3-axle trucks), a side-by-side case (with a 5-axle and 3-axle trucks), and a
complex multiple-vehicle event with three trucks and two lightweight vehicles distributed in all three
lanes. Results demonstrated that the proposed approach can successfully decompose the strain
responses associated with each truck. Also, it can accurately estimate the GVWSs and axle weights.
The overall mean absolute errors, based on all complex multiple-truck cases, were respectively 4.5%
and 11.3% for GVW and axle weight estimations. According to the results, out of fifteen trucks (in all
six multiple-truck events), nine GVW errors were less than 5%, five errors were between 5% and
10%, and only one GVW error was greater than 10%. Additionally, out of 53 axle weight estimations,
44 cases had an error less than 20% (28 cases had an error less than 10% and 16 cases an error greater
than 10% but less than 20%) and only 9 cases with an error greater than 20%. These results are
comparable with expensive pavement-based WIM systems and traditional BWIM technologies.
eIn this study, the fundamental goal was to present a proof-of-concept study to show that the proposed
BWIM approach effectively works for single and multiple trucks with complex traffic patterns.
Additionally, in an actual situation, it is usually very challenging to control the traffic (without lane
closure) to consider desired/complex traffic load patterns with multiple trucks involved. Thus, a finite
element model (validated against experimental data) was used to resolve this issue. However, in a
future study, it is necessary to experimentally evaluate the proposed approach against a decent
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number of multiple-truck events. Factors such as transverse position and temperature change should
be carefully considered.
eAlso, other than the techniques used in this study to remove the non-localized strain response (manual
process, high-pass filter with low cut-off frequency, and envelope function), there might be other
techniques which may improve the weight estimation results.

6.2. Phase Il

In the second phase of this study, a dual-purpose structural health monitoring (SHM) approach is
proposed to simultaneously monitor the integrity of multiple bridges (level |1 damage detection) using the
BWIM system existing sensors. This procedure uses a novel multiple presence IL (MP-IL) technique for
SHM application. Also, other factors such as noise and transverse position are also considered in the
proposed procedure to provide a more realistic bridge health monitoring approach. The following
conclusions were made:

eThe noise and transverse position factors can make a maximum DI variation of 0.068 and 0.4 for the
single-truck and multiple-truck events, respectively, showing a significant effect on the results.

eAccording to the results, damage scenarios 2, 3, 4, 5, 7, 8 were covered using all trucks. However,
some other damage scenarios (e.g., 1, 6, 11) were only detected by a particular truck, and some (such
as 9, 10) were not covered. However, only two damage scenarios were not detected considering all
trucks together. This shows that the dual-purpose procedure can work effectively even for multiple-
truck events. Also, the idea of incorporating different types of trucks could improve the accuracy.

eAccording to the results for single-truck and multiple-truck events, it can be concluded that the
single-truck events can easier identify the damage, and only one truck can be enough. This is
because, in the standard IL technique used for single-truck events, the entire strain will be used while

MP-IL first removes the non-localized portion to decompose the strain responses associated with

each truck. Thus, the single-truck events are more likely to generate a higher value than the threshold

and capture the damage. However, the standard IL and MP-IL are complementary, and both are
needed for the dual-purpose SHM procedure since it is not guaranteed to only have one truck on the
bridge during the bridge monitoring process.

oAn updated instrumentation plan that effectively work for both BWIM and SHM was proposed. It
was shown that all damage scenarios were covered in single-truck and multiple-truck events except
for scenarios 9 and 10 in the latter event. Thus, in the updated instrumentation plan, the successive
distance between the sensors was decreased to 0.8 to 1 m for a maximum effectiveness.

eSeveral cases were considered to consider the effect of the truck type. In Case 1, all trucks had the

same axle weights' ratios and axle spacings, but their GVWSs changed. the DI values for Trucks 1

through 4 were all similar numbers (0.576 < DI< 0.600) compared to the original 3-axle truck with a

DI value of 0.599. In Case 2, the second axle spacing changed and the axle weights' ratios and

GVWs were constant. The DI variation was slightly higher than Case 1 (0.655 for Truck 5 and 0.535

for Truck 6). In Case 3, only the axle weights' ratios changed, and the other two factors remained

constant. According to the results, the DI values differed from 0.526 for Truck 7 to 0.646 for Truck

10. However, it was concluded that the DI values were in good agreement to the DI value of the

reference truck. This slight variation was shown to be a positive factor for SHM application, as long

as separate reference ILs and DI thresholds are used for each truck. This makes it a reasonable
practice for a real-world application since one is able to use the same trucks for both calibration and
monitoring stages.

eIn this study, it was aimed to prove the capability of the novel BWIM system for both weight
estimation and SHM applications in multiple-presence events. However, it is necessary to
experimentally evaluate the proposed dual-purpose SHM approach in a future study. Factors such as
transverse position, noise, and temperature change should be also considered properly.

c IAMTIS 39 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center




References

[1] C. WANG, H. ZHANG, AND Q. LI, “RELIABILITY ASSESSMENT OF AGING STRUCTURES SUBJECTED TO GRADUAL AND SHOCK
DETERIORATIONS,” RELIAB. ENG. SYST. SAF., VOL. 161, pp. 78-86, MAY 2017, DOI; 10.1016/J.RESS.2017.01.014.

[2] B. HEITNER, F. SCHOEFS, E. J. OBRIEN, A. ZNIDARIC, AND T. YALAMAS, “USING THE UNIT INFLUENCE LINE OF A BRIDGE
TO TRACK CHANGES IN ITS CONDITION,” J. CIV. STRUCT. HEALTH MONIT., VOL. 10, NO. 4, PP. 667—678, SEP. 2020, DOI:
10.1007/s13349-020-00410-7.

[3] W. HAN, J. Wu, C. S. CAI, AND S. CHEN, “CHARACTERISTICS AND DYNAMIC IMPACT OF OVERLOADED EXTRA HEAVY
TRUCKS ON TYPICAL HIGHWAY BRIDGES,” J. BRIDGE ENG., voL. 20, NO. 2, p. 05014011, Fes. 2015, Dol
10.1061/(ASCE)BE.1943-5592.0000666.

[4] F. Huseynov, C. Kim, E. J. OBRIEN, J. M. W. BROWNJOHN, D. HESTER, AND K. C. CHANG, “BRIDGE DAMAGE
DETECTION USING ROTATION MEASUREMENTS — EXPERIMENTAL VALIDATION,” MECH. SYST. SIGNAL PROCESS., VOL. 135,
P. 106380, JAN. 2020, bol: 10.1016/3.Ymssp.2019.106380.

[5] S. M. KHAN, S. ATAMTURKTUR, M. CHOWDHURY, AND M. RAHMAN, “INTEGRATION OF STRUCTURAL HEALTH
MONITORING AND INTELLIGENT TRANSPORTATION SYSTEMS FOR BRIDGE CONDITION ASSESSMENT: CURRENT STATUS
AND FUTURE DIRECTION,” IEEE TRANS. INTELL. TRANSP. SYST., VOL. 17, NO. 8, PpP. 2107-2122, AuG. 2016, DOI:
10.1109/T1TS.2016.2520499.

[6] B. JAcOB AND V. FEYPELL-DE LA BEAUMELLE, “IMPROVING TRUCK SAFETY: POTENTIAL OF WEIGH-IN-MOTION
TECHNOLOGY,” IATSS RES., VOL. 34, No. 1, pp. 9-15, JuL. 2010, pol: 10.1016/J.1ATSSR.2010.06.003.

[7] P. BURNOS AND J. GAIDA, “THERMAL PROPERTY ANALYSIS OF AXLE LOAD SENSORS FOR WEIGHING VEHICLES IN
WEIGH-IN-MOTION SYSTEM,” SENSORS, VOL. 16, NO. 12, ART. NO. 12, DEC. 2016, boI: 10.3390/516122143.

[8] A. GoNzALEZ, A. T. PAPAGIANNAKIS, AND E. J. O’BRIEN, “EVALUATION OF AN ARTIFICIAL NEURAL NETWORK
TECHNIQUE APPLIED TO MULTIPLE-SENSOR WEIGH-IN-MOTION SYSTEMS,” TRANSP. RES. REC., vOL. 1855, NO. 1, PP.
151-159, JAN. 2003, pol: 10.3141/1855-19.

[9] J. WANG AND M. WU, “AN OVERVIEW OF RESEARCH ON WEIGH-IN-MOTION SYSTEM,” IN FIFTH WORLD CONGRESS ON
INTELLIGENT CONTROL AND AUTOMATION (IEEE CAT. N0.04EX788), JUN. 2004, voL. 6, Pp. 5241-5244 \/OL.6. DOI:
10.1109/WCICA.2004.1343721.

[10]Y. Yu, C. CAI, AND L. DENG, “STATE-OF-THE-ART REVIEW ON BRIDGE WEIGH-IN-MOTION TECHNOLOGY,” ADV. STRUCT.
ENG., voL. 19, No. 9, Pp. 15141530, SEP. 2016, DOI: 10.1177/1369433216655922.

[11]F. MOSES, “WEIGH-IN-MOTION SYSTEM USING INSTRUMENTED BRIDGES,” TRANSP. ENG. J. ASCE, voL. 105, NO. 3, PP.
233-249, MAY 1979, pol: 10.1061/TPEJAN.0000783.

[12]M. LYDON, S. E. TAYLOR, D. ROBINSON, A. MUFTI, AND E. J. O. BRIEN, “RECENT DEVELOPMENTS IN BRIDGE WEIGH IN
MOTION (B-WIM),” J. CIv. STRUCT. HEALTH MONIT., VOL. 6, NO. 1, pp. 69-81, FEB. 2016, pol: 10.1007/513349-015-
0119-6.

[13]T. Oui0, C. H. CAREY, E. J. OBRIEN, C. DOHERTY, AND S. E. TAYLOR, “CONTACTLESS BRIDGE WEIGH-IN-MOTION,” J.
BRIDGE ENG., VOL. 21, No. 7, P. 04016032, JuL. 2016, DolI: 10.1061/(ASCE)BE.1943-5592.0000776.

[14]J. Leg, K.-C. LEE, S. JEONG, Y.-J. LEE, AND S.-H. SIM, “LONG-TERM DISPLACEMENT MEASUREMENT OF FULL-SCALE
BRIDGES USING CAMERA EGO-MOTION COMPENSATION,” MECH. SYST. SIGNAL PROCESS., VOL. 140, p. 106651, JUN. 2020,
DOI: 10.1016/3.YMsspP.2020.106651.

[15]T. BAO, S. K. BABANAJAD, T. TAYLOR, AND F. ANSARI, “GENERALIZED METHOD AND MONITORING TECHNIQUE FOR
SHEAR-STRAIN-BASED BRIDGE WEIGH-IN-MOTION,” J. BRIDGE ENG., vVOL. 21, NO. 1, p. 04015029, JAN. 2016, DoI:
10.1061/(ASCE)BE.1943-5592.0000782.

[16]E. O’BRIEN, D. HAJIALIZADEH, N. UDDIN, D. ROBINSON, AND R. OPITZ, “STRATEGIES FOR AXLE DETECTION IN BRIDGE
WEIGH-IN-MOTION SYSTEMS,” IN PROCEEDINGS OF THE INTERNATIONAL CONFERENCE ON WEIGH-IN-MOTION (ICWIM 6),
2012, pp. 79-88.

c I AMTIS 40 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



[17]M. LYDON, D. ROBINSON, S. E. TAYLOR, G. AMATO, E. J. O. BRIEN, AND N. UDDIN, “IMPROVED AXLE DETECTION FOR
BRIDGE WEIGH-IN-MOTION SYSTEMS USING FIBER OPTIC SENSORS,” J. CIV. STRUCT. HEALTH MONIT., VOL. 7, NO. 3, PP.
325-332, JuL. 2017, pol: 10.1007/s13349-017-0229-4.

[18]H. KALHORI, M. M. ALAMDARI, X. ZHU, B. SAMALI, AND S. MUSTAPHA, “NON-INTRUSIVE SCHEMES FOR SPEED AND
AXLE IDENTIFICATION IN BRIDGE-WEIGH-IN-MOTION SYSTEMS,” MEAS. SCI. TECHNOL., VOL. 28, NO. 2, p. 025102, JAN.
2017, pol: 10.1088/1361-6501/AA52EC.

[19]E. J. O’BRIEN, A. ZNIDARIC, W. BAUMGARTNER, A. GONZALEZ, AND P. MCNULTY, WEIGHING-IN-MOTION OF AXLES
AND VEHICLES FOR EUROPE (WAVE) WP1. 2: BRIDGE WIM SYSTEMS. UNIVERSITY COLLEGE DUBLIN, 2001.

[20]T. BAO, S. K. BABANAJAD, T. TAYLOR, AND F. ANSARI, “GENERALIZED METHOD AND MONITORING TECHNIQUE FOR
SHEAR-STRAIN-BASED BRIDGE WEIGH-IN-MOTION,” J. BRIDGE ENG., vOL. 21, NO. 1, p. 04015029, JAN. 2016, DoI:
10.1061/(ASCE)BE.1943-5592.0000782.

[21]J. KALIN, A. ZNIDARIC, |. LAVRIC, AND B. ScC, “PRACTICAL IMPLEMENTATION OF NOTHING-ON-THE-ROAD BRIDGE
WEIGH-IN-MOTION SYSTEM,”” 2006.

[22]W. HE, L. DENG, H. SHI, C. S. CAI, AND Y. YU, “NOVEL VIRTUAL SIMPLY SUPPORTED BEAM METHOD FOR DETECTING
THE SPEED AND AXLES OF MOVING VEHICLES ON BRIDGES,” J. BRIDGE ENG., VOL. 22, NO. 4, p. 04016141, APr. 2017,
Dol: 10.1061/(ASCE)BE.1943-5592.0001019.

[23]Y. Yu, C. CAl, AND L. DENG, “VEHICLE AXLE IDENTIFICATION USING WAVELET ANALYSIS OF BRIDGE GLOBAL
RESPONSES,” J. VIB. CONTROL, VOL. 23, NO. 17, Pp. 28302840, OcT. 2017, DOI: 10.1177/1077546315623147.

[24]L. DENG, W. HE, Y. Yu, AND C. S. CAl, “EQUIVALENT SHEAR FORCE METHOD FOR DETECTING THE SPEED AND AXLES
OF MOVING VEHICLES ON BRIDGES,” J. BRIDGE ENG., voL. 23, No. 8, p. 04018057, Auc. 2018, DoI:
10.1061/(ASCE)BE.1943-5592.0001278.

[25]W. HE, T. LING, E. J. OBRIEN, AND L. DENG, “VIRTUAL AXLE METHOD FOR BRIDGE WEIGH-IN-MOTION SYSTEMS
REQUIRING NO AXLE DETECTOR,” J. BRIDGE ENG., voL. 24, No. 9, p. 04019086, Sep. 2019, DoI:
10.1061/(ASCE)BE.1943-5592.0001474.

[26]D. CANTERO, R. KAROUMI, AND A. GONZALEZ, “THE VIRTUAL AXLE CONCEPT FOR DETECTION OF LOCALISED DAMAGE
USING BRIDGE WEIGH-IN-MOTION DATA,” ENG. STRuUCT.,, VvoL. 89, pp. 26-36, APR. 2015, DOl
10.1016/3.ENGSTRUCT.2015.02.001.

[27]H. WANG, T. NAGAYAMA, B. ZHAO, AND D. Su, “IDENTIFICATION OF MOVING VEHICLE PARAMETERS USING BRIDGE
RESPONSES AND ESTIMATED BRIDGE PAVEMENT ROUGHNESS,” ENG. STRUCT., voL. 153, pp. 57-70, Dec. 2017, Dol
10.1016/3.ENGSTRUCT.2017.10.006.

[28]Y. WANG AND W.-L. QU, “MOVING TRAIN LOADS IDENTIFICATION ON A CONTINUOUS STEEL TRUSS GIRDER BY USING
DYNAMIC DISPLACEMENT INFLUENCE LINE METHOD,” INT. J. STEEL STRUCT., VOL. 11, NO. 2, Pp. 109-115, JuN. 2011, DOI:
10.1007/s13296-011-2001-7.

[29]J. DOWLING, E. J. OBRIEN, AND A. GONZALEZ, “ADAPTATION OF CROSS ENTROPY OPTIMISATION TO A DYNAMIC BRIDGE
WIM CALIBRATION PROBLEM,” ENG. STRUCT., VOL. 44, pp. 13-22, Nov. 2012, boi: 10.1016/J.ENGSTRUCT.2012.05.047.

[30]N.-B. WANG, L.-X. HE, W.-X. REN, AND T.-L. HUANG, “EXTRACTION OF INFLUENCE LINE THROUGH A FITTING METHOD
FROM BRIDGE DYNAMIC RESPONSE INDUCED BY A PASSING VEHICLE,” ENG. STRUCT., VOL. 151, pp. 648-664, Nov. 2017,
DOI: 10.1016/3.ENGSTRUCT.2017.06.067.

[31]E. J. OBRIEN, M. J. QUILLIGAN, AND R. KAROUMI, “CALCULATING AN INFLUENCE LINE FROM DIRECT MEASUREMENTS,”
Proc. INST. CIV. ENG. - BRIDGE ENG., VOL. 159, NO. 1, Pp. 31-34, MAR. 2006, DoI: 10.1680/BREN.2006.159.1.31.

[32]E. J. OBRIEN, C. W. ROWLEY, A. GONZALEZ, AND M. F. GREEN, “A REGULARISED SOLUTION TO THE BRIDGE WEIGH-IN-
MOTION EQUATIONS,” INT. J. HEAVY VEH. SysT., voL. 16, No. 3, pp. 310-327, JAN. 2009, bol:
10.1504/1JHVS.2009.027135.

[33]E. J. OBRIEN, L. ZHANG, H. ZHAO, AND D. HAJIALIZADEH, “PROBABILISTIC BRIDGE WEIGH-IN-MOTION,” CAN. J. CIv.
ENG., vOL. 45, NO. 8, Pp. 667—675, AuG. 2018, DoI: 10.1139/cicE-2017-0508.

[34]H. ZHAO, N. UDDIN, E. J. O’BRIEN, X. SHAO, AND P. ZHU, “IDENTIFICATION OF VEHICULAR AXLE WEIGHTS WITH A
BRIDGE WEIGH-IN-MOTION SYSTEM CONSIDERING TRANSVERSE DISTRIBUTION OF WHEEL LOADS,” J. BRIDGE ENG.,
VOL. 19, No. 3, p. 04013008, MAR. 2014, pot: 10.1061/(ASCE)BE.1943-5592.0000533.

[35]J. RICHARDSON, S. JONES, A. BROWN, E. O’BRIEN, AND D. HAJIALIZADEH, “ON THE USE OF BRIDGE WEIGH-IN-MOTION
FOR OVERWEIGHT TRUCK ENFORCEMENT,” INT. J. HEAVY VEH. SYST., vOL. 21, NO. 2, Pp. 83-104, JAN. 2014, DOI:
10.1504/1JHVS.2014.061632.

[36]X. ZHENG, D.-H. YANG, T.-H. Y1, AND H.-N. LI, “DEVELOPMENT OF BRIDGE INFLUENCE LINE IDENTIFICATION METHODS
BASED ON DIRECT MEASUREMENT DATA: A COMPREHENSIVE REVIEW AND COMPARISON,” ENG. STRUCT., voL. 198, P.
109539, Nov. 2019, pol: 10.1016/3.ENGSTRUCT.2019.109539.

c I AMTIS 41 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center




[37]E. J. OBRIEN, M. J. QUILLIGAN, AND R. KAROUMI, “CALCULATING AN INFLUENCE LINE FROM DIRECT MEASUREMENTS,”
Proc. INST. CIv. ENG. - BRIDGE ENG., VOL. 159, NO. 1, PP. 31-34, MAR. 2006, DoI: 10.1680/BREN.2006.159.1.31.

[38]E. J. OBRIEN, C. W. ROWLEY, A. GONZALEZ, AND M. F. GREEN, “A REGULARISED SOLUTION TO THE BRIDGE WEIGH-IN-
MOTION EQUATIONS,” INT. J. HEAvY VEH. SvsT., VvoL. 16, No. 3, pp. 310-327, JAN. 2009, DOI:
10.1504/1JHVS.2009.027135.

[39]S.-S. IENG, “BRIDGE INFLUENCE LINE ESTIMATION FOR BRIDGE WEIGH-IN-MOTION SYSTEM,” J. ComPUT. CIV. ENG.,
VOL. 29, No. 1, p. 06014006, JAN. 2015, pol: 10.1061/(ASCE)CP.1943-5487.0000384.

[40]F. CARRARO, M. S. GONGALVES, R. H. LoPEZ, L. F. F. MIGUEL, AND A. M. VALENTE, “WEIGHT ESTIMATION ON STATIC
B-WIM ALGORITHMS: A COMPARATIVE STUDY,” ENG. STRUCT., voL. 198, p. 109463, Nov. 2019, Dol
10.1016/3.ENGSTRUCT.2019.109463.

[41]H. KALHORI, M. MAKKI ALAMDARI, X. ZHU, AND B. SAMALI, “NOTHING-ON-ROAD AXLE DETECTION STRATEGIES IN
BRIDGE-WEIGH-IN-MOTION FOR A CABLE-STAYED BRIDGE: CASE STUDY,” J. BRIDGE ENG., VOL. 23, NO. 8, P. 05018006,
Aua. 2018, bol: 10.1061/(ASCE)BE.1943-5592.0001259.

[42]D. DOUNSUVANH, P. PHEINSUSOM, AND Y. SATO, “THAI TRUCK LOADING MONITORING USING BWIM
SYSTEM,” ASEAN ENG. J., VOL. 3, NO. 2, ART. NO. 2, 2014, pol: 10.11113/AEJ.v3.15525.

[43]F. C. MS, A. VALENTE, R. LOPEZ, L. MIGUEL, AND R. PINTO, “EFFECTIVENESS OF THE CORRELATION
APPROACH FOR DETERMINATION OF VEHICLE VELOCITY ON REAL WORLD NOR-BWIM DATA,”
ICWIMS, p. 61, 2019.

[44]M. QUILLIGAN, R. KAROUMI, AND E. J. O’BRIEN, “DEVELOPMENT AND TESTING OF A 2-DIMENSIONAL MULTI-VEHICLE
BRIDGE-WIM ALGORITHM,” IN 3RD INTERNATIONAL CONFERENCE ON WEIGH-IN-MOTION (ICWIM3), 2002, pp. 199—
208.

[45]S.-Z. CHEN, G. WU, AND D.-C. FENG, “DEVELOPMENT OF A BRIDGE WEIGH-IN-MOTION METHOD CONSIDERING THE
PRESENCE OF MULTIPLE VEHICLES,” ENG. STrRuCT., VvoL. 191, vpp. 724-739, JuL. 2019, DOl
10.1016/3.ENGSTRUCT.2019.04.095.

[46]Y. Yu, C. S. CAl, AND L. DENG, “NOTHING-ON-ROAD BRIDGE WEIGH-IN-MOTION CONSIDERING THE TRANSVERSE
POSITION OF THE VEHICLE,” STRUCT. INFRASTRUCT. ENG., voL. 14, No. 8, pp. 1108-1122, Auc. 2018, DOI:
10.1080/15732479.2017.1401095.

[47]N. ZOLGHADRI, M. W. HALLING, N. JOHNSON, AND P. J. BARR, “FIELD VERIFICATION OF SIMPLIFIED BRIDGE WEIGH-IN-
MOTION TECHNIQUES,” J. BRIDGE ENG., voL. 21, NO. 10, p. 04016063, OcT. 2016, pol: 10.1061/(ASCE)BE.1943-
5592.0000930.

[48]A. ZNIDARIC, |. LAVRIC, J. KALIN, AND M. KRESLIN, “USING STRIPS TO MITIGATE THE MULTIPLE-PRESENCE PROBLEM OF
BWIM sysTeEMS,” 2012.

[49]Z.-W. CHEN, S. ZHU, Y.-L. Xu, Q. LI, AND Q.-L. CAI, “DAMAGE DETECTION IN LONG SUSPENSION BRIDGES USING
STRESS INFLUENCE LINES,” J. BRIDGE ENG., vOL. 20, NO. 3, P. 05014013, MAR. 2015, pol: 10.1061/(ASCE)BE.1943-
5592.0000681.

[50]R. SARLO, P. A. TARAZAGA, AND M. E. KASARDA, “HIGH RESOLUTION OPERATIONAL MODAL ANALYSIS ON A FIVE-
STORY SMART BUILDING UNDER WIND AND HUMAN INDUCED EXCITATION,” ENG. STRUCT., VOL. 176, Pp. 279-292, DEC.
2018, pol: 10.1016/3.ENGSTRUCT.2018.08.060.

[51]M. H. SOLEIMANIBABAKAMALI, A. MOGHADAM, R. SARLO, M. H. HEBDON, AND P. S. HARVEY, “MAST ARM
MONITORING VIA TRAFFIC CAMERA FOOTAGE: A PIXEL-BASED MODAL ANALYSIS APPROACH,” EXP. TECH., VOL. 45,
NO. 3, PP. 329-343, JUN. 2021, DoI: 10.1007/s40799-020-00422-4.

[52]W. HEYLEN, S. LAMMENS, AND P. SAS, “MODAL ANALYSIS THEORY AND TESTING, DEPT. OF MECH,” ENGRG KATHOL.
UNIV LEUVEN HEVERLEE BELG., 1995.

[53]N. M. M. MaiA, J. M. M. SiLva, E. A, M. ALMAS, AND R. P. C. SampAalo, “DAMAGE DETECTION IN
STRUCTURES: FROM MODE SHAPE TO FREQUENCY RESPONSE FUNCTION METHODS,” MECH. SYST.
SIGNAL PROCESS., VOL. 17, NO. 3, Pp. 489-498, MAY 2003, Dol: 10.1006/mssP.2002.1506.

[54]Z. Y. SHI, S. S. LAwW, AND L. M. ZHANG, “STRUCTURAL DAMAGE LOCALIZATION FROM MODAL STRAIN
ENERGY CHANGE,” J. SOUND VIB., VOL. 218, NO. 5, Pp. 825-844, DEC. 1998, Do1: 10.1006/15v1.1998.1878.

[55]T.-J. HUANG, Z. LIANG, AND G. C. LEE, “STRUCTURAL DAMAGE DETECTION USING ENERGY TRANSFER RATIOS(ETR),” IN
INTERNATIONAL MODAL ANALYSIS CONFERENCE(IMAC), 14 TH, DEARBORN, MI, 1996, pp. 126-132.

[56]M. BRECCOLOTTI AND M. NATALICCHI, “BRIDGE DAMAGE DETECTION THROUGH COMBINED QUASI-STATIC INFLUENCE
LINES AND WEIGH-IN-MOTION DEVICES,” INT. J. CIv. ENG., voL. 20, NO. 5, pp. 487-500, MAY 2022, DOI:
10.1007/s40999-021-00682-0.

c I AMTIS 42 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center




[57]Y. ZEINALI AND B. A. STORY, “IMPAIRMENT LOCALIZATION AND QUANTIFICATION USING NOISY STATIC DEFORMATION
INFLUENCE LINES AND ITERATIVE MULTI-PARAMETER TIKHONOV REGULARIZATION,” MECH. SYST. SIGNAL PROCESS.,
VvoL. 109, pp. 399-419, Ser. 2018, DoI: 10.1016/1.YMsspP.2018.02.036.

[58]S. ZHANG AND Y. LiU, “DAMAGE DETECTION IN BEAM BRIDGES USING QUASI-STATIC DISPLACEMENT INFLUENCE
LINES,” APPL. SCI., VOL. 9, NO. 9, ART. NO. 9, JAN. 2019, boi: 10.3390/APP9091805.

[59]M. M. ALAMDARI, K. KILDASHTI, B. SAMALI, AND H. V. GOUDARZI, “DAMAGE DIAGNOSIS IN BRIDGE STRUCTURES
USING ROTATION INFLUENCE LINE: VALIDATION ON A CABLE-STAYED BRIDGE,” ENG. STRUCT., VOL. 185, pp. 1-14, APR.
2019, pol: 10.1016/3.ENGSTRUCT.2019.01.124.

[60]D. CANTERO AND A. GONZALEZ, “BRIDGE DAMAGE DETECTION USING WEIGH-IN-MOTION TECHNOLOGY,” J. BRIDGE
ENG., voL. 20, No. 5, p. 04014078, 2015.

[61]C. R. JOHNSON JR, W. A. SETHARES, AND A. G. KLEIN, SOFTWARE RECEIVER DESIGN: BUILD YOUR OWN DIGITAL
COMMUNICATION SYSTEM IN FIVE EASY STEPS. CAMBRIDGE UNIVERSITY PRESS, 2011.

[62]A. MOGHADAM, M. ALHAMAYDEH, AND R. SARLO, “BRIDGE-WEIGH-IN-MOTION APPROACH FOR SIMULTANEOUS
MULTIPLE VEHICLES ON CONCRETE-BOX-GIRDER BRIDGES,” AUTOM. CONSTR., VOL. 137, P. 104179, MAY 2022, DOI:
10.1016/3.AUTCON.2022.104179.

[63]M. D. FONTAINE, L. E. DOUGALD, AND C. S. BHAMIDIPATI, “EVALUATION OF TRUCK LANE RESTRICTIONS IN VIRGINIA:
PHASE I1,” VIRGINIA TRANSPORTATION RESEARCH COUNCIL, 2009.

[64]R. BERARD AND A. BOURION, “TRUCK WIDTHS AND PATHS,” TRANSP. RES. CIRC., NO. E-C003, p. 14:1-9, 1998.

[65]R. O. DECISION, “FEDERAL HIGHWAY ADMINISTRATION,” US DEP. OFTRANSPORTATION WASH. DC, 2015.

c I AMTIS 43 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



c IAMTIS 44 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



	Introduction
	1.1. ITS and Traffic Monitoring
	1.1.1. BWIM prerequisites estimation techniques
	1.1.2. BWIM weight estimation techniques

	1.2. Bridge health monitoring
	1.3. Research phases and objectives
	1.3.1. Phase I
	1.3.2. Phase II
	1.3.3 Deliverables


	Methodology
	2.1. Weight estimation in multiple-presence events
	2.1.1. The Prerequisites' estimation approach
	2.1.2. The Standard BWIM approach
	2.1.3. The multiple-presence (MP) NOR BWIM approach

	2.2. Dual-purpose SHM approach

	Analysis
	3.1. Finite element model and experimental validation
	3.1.1. Bridge Description
	3.1.2. Finite Element model
	3.1.3. Experimental Validation

	3.2. Single and multiple-truck cases for MP NOR BWIM
	3.2.1. Sensor position for weight estimation
	3.2.2. Single-truck cases
	3.2.3. Multiple-truck traffic patterns

	3.3. The analysis approach for the dual-purpose SHM procedure

	Phase I findings
	4.1. Single-truck cases
	4.2. Multiple-truck cases

	Phase II findings
	5.1. Reference ILs and thresholds
	5.2. Single-truck and multiple truck events
	5.3. Parametric study

	Conclusions and future work
	6.1. Phase I
	6.2. Phase II

	References

