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Abstract

Drive-by Health Monitoring utilizes accelerometers mounted on commercial and civilian vehicles to gather
dynamic response data that can be used to continuously evaluate the health of bridges faster and with less
equipment than traditional structural health monitoring practices. Because vehicles and bridges create a
coupled system, vehicle acceleration data contains information about bridge frequencies that can be used as
health indicators. However, for drive-by health monitoring to be viable, variabilities in dynamic measure-
ments caused by environmental and operational parameters, such as temperature, vehicle speed, traffic, and
surface roughness need to be considered. In this paper, a finite element model of a simply supported bridge
is developed considering the aforementioned variabilities and various levels of structural damage. Vehicle
acceleration data obtained from the model is then transformed to the frequency domain and processed using
a multi-layer neural network. This method is used to determine the relationships between noise inducing
variables and changes in vehicle dynamic response spectrum; these relationships are leveraged to predict the
overall health of the subject bridge. The results from this study indicate that the developed methodology,
drive-by health monitoring data analyzed with a multi-layer neural network, can serve as a viable health
monitoring strategy and should be further tested using long term real-world data.
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1. Introduction

Maintaining transportation networks is essential to supporting national security, the economy, and public
safety. Because of delayed maintenance and budget limitations, however, bridges that are critical to a
transportation network are in a state of disrepair [I} [2]. Per the 2017 American Society of Civil Engineering
report, approximately 240 thousand bridges in the United States have exceeded their 50-year service life, and
over 56 thousand bridges have been classified as structurally deficient [I]. The situation in other countries
is not much different [3]. Further delays in the maintenance of this vital infrastructure system poses a
significant risk of bridge failures, which would threaten national security, cause further economic losses, and
result in the loss of lives. As such, a more efficient and cost effective health monitoring and maintenance
strategy would aid to improve the state of this failing system by optimizing the allocation of funds and
resources to where they are most needed.
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Presently, time interval-based visual inspections are the accepted practice for monitoring bridge health.
The National Bridge Inspection Policy regulates the procedures for these inspections and dictates that bridge
inspections should be performed every two years [4]. Despite having been criticized for being both inefficient
and ineffective, this policy has continued to be practiced nation wide. Firstly, it has been argued that using
financial resources to inspect bridges less than ten years old is inefficient as young bridges often exhibit little
degradation [5]. Additionally, lack of financial resources may cause owners to miss necessary inspections,
with approximately 17000 bridges missing their deadline in 2006, of which approximately 2700 bridges were
considered obsolete or deficient [6l [7]. Secondly, visual inspections are ineffective as they not only fail to
detect certain types of damage, but also rely on subjective assessments that often lead to inconsistent,
unrepeatable observations [5] [8, 9 [I0]. Structural Health Monitoring (SHM) is an alternative approach that
offers a solution to these issues.

SHM is the process of implementing a damage detection and characterization strategy for engineered
systems. SHM has been adopted as an accepted practice in many engineering disciplines, and is gaining
popularity for use in civil engineering [I1]. The inclusion of an SHM system as part of an asset monitoring
strategy allows for more informed life-cycle management decisions that can help extend the asset’s service
life [12, 13}, [14]. In bridge health monitoring, an effective strategy typically uses multiple online sensors and
intelligent diagnostics to continuously detect damage on a local and/or global scale [I1][15]. However, these
types of SHM systems are not feasible for short to mid-span bridges because of associated costs [14}, 16}, 17, [18].
For example, the initial cost of installing a system on every short to mid-span bridge in the U.S. is estimated
to be in the range of tens of billions of dollars [I9]. The methodology is made more expensive by essential
sensor maintenance that requires significant time and resources for site visits [I7, [I8]. To overcome these
limitations, a mobile health monitoring strategy known as Drive-by Health Monitoring (DBHM) has been
proposed [14].

DBHM, or indirect health monitoring as it has also been called, is the practice of using accelerometers
attached to passing vehicles to detect damage induced changes in the dynamic response of bridges [14].
Because vehicles and bridges create a coupled system, vehicle acceleration data contains information about
bridge frequencies that can be used as health indicators. This concept was first demonstrated by Yang et al.
when they successfully detected bridge frequencies contained within vehicle acceleration data generated from
numerical finite element (FE) simulations [I7]. Lin and Yang later validated the concept experimentally when
they successfully detected frequencies contained within the acceleration response of a cart as it was towed
across the Da-Wu-Lun bridge in Taiwan [20]. The goal of this strategy is to be able to continuously monitor
bridges in a more efficient, cost effective, and less labor-intensive manner than any other forms of SHM or
inspection practice; however, before this goal can be obtained, variabilities introduced by operational and
environmental factors need to be addressed to ensure the accuracy of the health assessment being reported.

Operational and environmental parameters, such as bridge deck surface roughness, vehicle speed, traf-
fic, and temperature, have been known to mask or shift bridge frequencies in such a way that accurately
classifying damage becomes very difficult |20} 2T], [22]. Progressively rougher surface profiles introduce high
amplitude noise that obscures the process of extracting bridge frequencies from a vehicle’s dynamic response.
Correspondingly, at higher vehicle speeds, surface roughness introduces high frequency vibrations that fur-
ther complicate bridge frequency detection |20} 22]. Higher vehicle speeds also cause the spectral resolution
of sensors to decrease and the extracted frequencies to shift away from their actual values [I7, 20]. On-going
traffic has been demonstrated to actually aid in the drive-by health monitoring paradigm by increasing the
acceleration amplitude associated with extracted bridge frequencies |20} 22], but others note that traffic
can also cause these frequencies to fluctuate by several percent as a result of vehicle masses altering the
effective bridge mass [23] 24, 25]. Temperature has a similar effect, causing frequencies to fluctuate by
several percent over a 24-hour period, and by an even larger magnitude throughout the year [21] 26| 27].
Researchers have been able to address these issues by using an assortment of signal processing, statistical,
and machine learning techniques [14]. These solutions, however, do not consider the cumulative effects of
the aforementioned parameters and, therefore, cannot account for all the variation observed in real-world
frequency data, which can potentially cause misidentifying damage. In this paper, we propose a method for
assessing bridge health, while considering the cumulative effects of various operational and environmental
factors.



To evaluate the feasibility of using raw vehicle frequency data to reliably detect the health of bridges
when exposed to noise, numerical models that consider the cumulative effects of environmental and opera-
tional variabilities first need to be developed. Raw frequency data, along with other vehicle properties and
temperature data, then need to be processed and analyzed using advanced machine learning algorithms to
ascertain if an actionable health assessment can be reliably achieved.

In this study, we utilize a finite element methodology that represents the interaction between vehicles
and bridges as a contact force to simulate simply supported, single-span bridges coupled with moving
quarter-vehicle models [28]. A variety of different vehicles are simulated to represent daily traffic flow, while
multiple bridges are simulated to represent variations that may exist across similar yet different structures.
The number of different vehicles in this study represent a hypothetical scenario in which almost all vehicles
crossing a bridge are outfitted with sensors to allow for the continuous monitoring of bridge health. Realistic
representations of environmental and operational variabilities, along with bridge damage, are simulated by
the models. To represent long-term natural variations in bridge frequency, we evaluate our models across
two years of operational and environmental observations. Then, we leverage a multilayer neural network
(NN) to capture a noise-tolerant relationship between sensor observations and bridge health. Input to the
NN model is projected across a number of layers, each capturing an increasingly abstract representation of
our input (e.g. frequencies, vehicle speed, temperature, etc.) when trained using stochastic gradient decent
[29]. These layers are then projected down into a small set of “damage classes,” each representing a different
level of bridge health.

To explore the feasibility of NN models to predict bridge damage in the context of DBHM, we simulated
twelve different data-collection scenarios and trained an NN on the data from each. These scenarios, while
sharing the same basic bridge properties, varied in terms of environmental effects (present or absent), damage
type (discrete or continuous), and the potential number of vehicles present on the bridge (one or two). For
the case of simultaneous vehicles, we also varied whether we collected data from one or both vehicles. For
each simulation scenario, we measured approximately 1,400 crossing each simulated day, across two simulated
years. From the vertical acceleration data of each vehicle, we perform a Fast Fourier Transform to identify
peak frequencies. Because we do not assume to know the exact values for each bridge’s principle frequencies,
but can estimate the range the frequencies may fall, we collect and observe the peaks within a predefined
range; in this case the subject range encompassed the first ten peak frequency values. We additionally
collect an estimate for a vehicle’s mass and speed, as well as a measurement of the temperature. This forms
a vector of 23 features — ten peak frequencies and corresponding acceleration amplitudes, mass, speed, and
temperature — for every vehicle. We associate each of these measurements with the corresponding bridge
health, which we discretized to six “damage classes.”

In order to learn the mapping between observable features and bridge damage classes, we train a NN
model per each of the twelve aforementioned scenarios using tensorflow [30]; the NN model learns to predict
bridge health per-vehicle across both bridges. Then, each simulated day, we pool model predictions for
a single bridge through majority voting in order to determine that bridge’s estimated damage class. We
evaluate our overall performance by studying the proportion of vehicles that agree with the ground-truth
damage class against the incorrect damage class that received the most votes. Our evaluation shows that
trends in these observable features can be generalized across multiple bridges.

This paper is organized as follows: Section [2]discusses the applied finite element method and includes pa-
rameter values for the bridge and vehicle models. Section [3addresses simulating operational, environmental,
and damage effects on the subject bridges; Section [4] discusses the NN and how it was applied towards the
subject data; Section [5] discusses the outputs from the neural net and summarizes the results; and Section [f]
summarizes our findings and provides suggestions for future research.

2. Finite Element Method for Vehicle-Bridge Interaction

2.1. FEM

In this study, vehicle-bridge interactions are modeled using a finite element simulation based on the
concept of vehicle-bridge interaction elements [28]; see Figure [1| for an example vehicle-bridge system. Be-
cause the majority of bridges in the United States are short-spanned (i.e. less than 50m (160ft)), and
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Figure 1: Quarter-vehicle model coupled with simply-supported bridge.

because most steel and concrete bridge designs can be employed using simply supported beams, each bridge
is modeled as a short-spanned simply supported beam that is discretized into ten Euler-Bernoulli beam
elements [31l B2, B3]. Equation [1| represents the equation of motion for an occupied beam element in the
future time step (t + At):

(il {dpi } + [evil {di} + koil {dbi})erae = {foi} — {foei})eras (1)

where [my;], [cpi], and [ky;] represent the i*" local element’s mass, damping, and stiffness matrices, respec-
tively. The column vectors {dy;}, {dp:}, and {dy;} respectively indicate nodal acceleration, velocity, and
displacement for the local element. The column vector {fy;} contains nodal external forces, while { fpe;} is
a column vector containing the nodal forces resulting from contact forces introduced by traversing vehicles.

Elemental matrices are pieced together to create the global structural matrices and external load vectors
free of any vehicles. For this study, we implement a four degree-of-freedom stiffness matrix and a four degree-
of-freedom continuous mass matrix. Because we are only interested in the modal frequency associated with
vertical degrees-of-freedom, and because vehicles are assumed to travel at constant velocities, (i.e. do
not introduce axial loads from acceleration) axial degrees-of-freedom are ignored. Additionally, Rayleigh
damping is calculated using Eq. [2| below to determine the global damping matrix [34]:

[Ch] = bo[Mp] + b1 [ K] (2)
. 2wiwe _ 2
e T ¥

where [My], [Ch], and [Kp] represent a bridge’s global mass, damping, and stiffness matrices, respectively.
The parameters by and b; are numerical constants calculated using the damping ratio £ and the first two
undamped modal frequencies w; and wy. The model frequencies are calculated using the eigen value function
eig([Kp), [Mp)]) in Matlab.

Once the global bridge matrices have been formulated, the next step is to calculate the global contact
forces; this is done by first analyzing the equation of motion of the subject vehicle(s). Each vehicle is modeled
as a two-degree-of freedom mass spring damper (i.e. quarter-vehicle), as seen in Figure Equation
represents the equation of motion for a vehicle in the future time step (¢ + At):

M, 01]/(d, Rt d, [ Ko -K, dy _
0 My| \dy —Cy Cuw+Cy| \dy Ky Ko+ K| \dwf),
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where M, and M,, are the upper vehicle mass and wheel mass, respectively. K, and C, denote the stiffness
and damping of the upper suspension system, while K., and C,, denote the stiffness and damping proper-
ties of the wheel. Vectors {d}, {d}, and {d} receptively represent the vehicle’s acceleration, velocity, and
displacement. Vector {f.} contains external forces that act on both the vehicle body and wheel, while f,.
indicates the vertical contact force acting on the wheel. To calculate the contact force, we first leverage
Newmark Beta numerical integration to solve for the future acceleration, velocity, and displacement of the
upper vehicle body; these values are calculated using Eq.

dv,t+At = agAd, — aldv,t - a2d“v,t (5)
dv,t+At = du,t + a3dnv,t + a4d;17t+At (6)
dv7t+At = dv,t + Adva (7)

where subscript ¢ indicates values for acceleration, velocity, and displacement in the present time step. The
change in the upper vehicle displacement between the present and future time step is denoted by Ad,.
Constants ag — a4 are used to perform the numerical integration; these values, along with others used later,
are calculated in Eq. 8}

1 1 1
= orm W= g @=g5-1 a=(1-9)At
aop BAE2 ay BAL as 28 az = ( v) N
a4:’yAt a5:l a6:l_1 a7:At<’y_2>’
tp B8 2 \ 3

where 3 (%) represent the variation in acceleration during the incremental time step At, and ~ (%) represents
numerical or artificial damping introduced by discretization in the time domain [35]. In this study, the
average acceleration method for Newmark Beta is utilized with a time step of a thousandth of a second (i.e.
At = .001). Once the equations for the future vales are determined, they are entered into Eq. |4| to solve
for the unknown change in upper vehicle body displacement Ad,. The calculated change in displacement is
then entered into Eq. to solve for the future values.

After solving the equation of motion for the upper vehicle body in the future time step, we are able to
solve the equation of motion for the wheel, and therefore calculate the contact force of the wheel. Using
Newmark Beta method, the resulting equation for the wheel contact force is obtained:

fwc,t+At = (Mcdw + Ccdw + chw + Pc)t+At + Qc,t7 (9)

where M., C., and K. are respectively the contact mass, damping, and stiffness; while P, represents
the effects of external forces on the vehicle, and Q. represents the effects of the vehicle’s displacement
vector at the beginning of the time step. Equations [I014] indicate how these parameters are calculated:

M, = M, (10)

C.=(Cyp +Cp) + V1,0, 1C, (11)
Ke=(Ky+ K,) + 9,V 'K, (12)
Peivne = —‘I/w‘l/glfvex-i-m — fwet+At (13)
Qe = VoV ot — qut, (14)

where U, Uy, g, +, and g, ¢ are representative parameters used to simplify Eqs. and are derived during
the Newmark Beta integration; for more information on how these values are derived, please reference [28].
Equations [I5} [I§] indicate how these parameters are calculated:

U, =agM, + asCy + K, (15)

v, =—-Cras — K, (16)

Qo = My(ardys + asdyy) + Cy(ady,s + ardy) — Kydo g (17)
Gut = —Cu(acdy s + ardy ) + Kydy . (18)
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Using Eq. below, the contact force in Eq. 0] is reformulated to be in terms of the occupied bridge
element’s nodal displacement, velocity, and acceleration:

dw = {NY {dpi }r+ ¢ (19)
dy = {N}T{dbi}t-i-At + {N}T{d;)i}t+At (20)
dow = {N}YT {dp: }erne + {N Y {dpi Yeane + {INY {dpi bepnt, (21)

where {N} is a column vector containing Cubic Hermitian polynomial shape functions (i.e. the same
functions used to derive the elemental stiffness matrix) [36]. Equation indicates the vector of shape
functions:

{N} ={1-3a] +2x}; wc(l—2mp+27); 3a]—2x3; z(af—m)}, (22)
where z. is a vehicle’s local position on an element, and x;, is the local coordinate on an element (i.e.
rp, = %¢). To transform the contact force to be in terms of the equivalent nodal forces ({fyci}), the
previously reformulated contact force is multiplied by the transpose of the aforementioned shape functions.
Equation shows the final equation of motion for an occupied bridge element (VBI element) with the
derived {fp;} included:

([mail{di} + [evil {dbi} + [Fpil{dbi}) e =
({foi} = IMZ i} — [Co{dbi} — (K {dvi} — {PS )evne — {Qi e, (23)

where the asterisked matrices and vectors are the parameters calculated in Eq. [I0T4] that have been multi-
plied by the shape functions in Eq. [22]

Having obtained the finalized equation of motion for the VBI element, we add the modified contact
matrices into the elemental matrices on the left and then assemble the local element matrices and vectors
into the previously assembled global matrices at their respective global coordinates. Newmark Beta method
is then utilized to solve for the global acceleration, velocity, and displacement vectors for the future time
step (t + At). The nodal acceleration, velocity, and displacement values for occupied elements are then
substituted into Eq. to calculate the future values for the wheel(s); the resulting values are then
substituted into the vehicle’s equation of motion Eq. [] to calculate the future acceleration, velocity, and
displacement values for the upper vehicle body. Once the future accelerations, velocities, and displacements
are known for the vehicle(s) occupying the bridge, the global and local positions for the vehicle(s) are
updated for the next time step and the analysis is performed again. This iterative process is repeated until
the vehicle(s) reach the end of the bridge.

2.2. Bridge and Vehicle Properties

In this study, two similar simply supported bridges are subjected to dynamic loading by a selection of
moving quarter-vehicle models; Table [I] indicates the structural properties for each bridge. The bridges
are determined to be geographically located in Clemson, SC so that previously collected temperature data
from the area can be utilized to model temperature effects. The monitoring period for each bridge is 724
days, approximately two years. During this time, one or two vehicles (one traveling each direction) make a
crossing every minute of each day; this was done to ensure adequate data is available for the NN process in
section [

An inventory of ten separate vehicles is utilized for monitoring the health of the subject bridges; Table
indicates the properties for each vehicle. Variable traffic patterns are simulated by randomizing the sequence
used to determine which one or two vehicles are currently traversing the bridge. The order and time history
for each vehicle entering/exiting the bridge is randomized for the two vehicle case to prevent false relation-
ships from being learned by the NN. To introduce variations in bridge frequency and spectral resolution,
vehicle speeds are randomized between 107 and 25 (22.4mph — 56mph). Lastly, to account for changes in
passengers and cargo, vehicle masses are allowed to vary by different degrees. For small vehicles (< 1000kg),
the mass is allowed to vary by +50kg; for medium sized vehicles (< 9000kg), the mass is allowed to vary by
+500kg; and for large vehicles (> 9000kg), the mass is allowed to vary by £1000kg.
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Table 1: Bridge structural properties

Elastic Moment of | Damping
Length | Mass | Modulus Inertia Ratio
m L A m* %
Bridge 1 15 28125 35.00 0.5275 2
Bridge 2 17 27155 35.75 0.8226 2.5

Table 2: Vehicle dynamic properties

Vehicle | Wheel |Suspension| Wheel |Suspension| Wheel
Mass | Mass | Stiffness | Stiffness | Damping | Damping
kg | kg n n o o
V1 375 60 15 200 1425 7
V2 400 40 21 150 1500 50
V3 800 | 87.15 66.82 101.12 1190 14.6
V4 | 1200 | 1404 18.62 101.12 1000 14.6
V5 | 4000 550 320 1700 10000 610
V6 | 4500 650 570 3000 21000 885
V7 | 8000 | 1000 400 1750 10000 700
V8 | 9300 700 400 1750 10000 650
V9 | 10000 | 1000 100 3500 20000 900
V10 | 11000 | 1000 280 8800 50000 1500

3. Modeling Operational, Environmental, and Damage Effects

3.1. Surface Roughness Profile

Surface roughness can alter the acceleration response of a vehicle in a manner that may mask all bridge
frequencies. In this paper, we generate a bridge’s surface roughness profile using power spectral density
(PSD) functions defined by ISO-8608:1995 standards. To use these standards, it is assumed the entire
surface of a bridge deck falls under the same statistical classification, meaning a single roughness class exists
homogeneously across the entire deck [37]. There are eight classes used to describe surface roughness; the
first class (A) represents a smooth profile with minimal roughness, while the last class (H) represents a poor
profile with high roughness [38]. In this project, the class A surface profile is applied towards each bridge
to ensure that the selected NN strategy is at least feasible for the most optimal surface conditions.

Surface profiles are classified based on their PSD of vertical displacement (Gp), which is a function of
spatial frequency (n%les) Equation |24| defines G p(n) for a simulated surface profile:

Gp(n;) = Gp(no)(ni/no) 2, (24)

where n; represents the jt" spatial frequency being considered within a predefined frequency range (l%de
to %Cyfnﬁ), N is the total number of data points and L is the length of the bridge. Gp(ng) represents
the PSD of vertical displacement calculated as a function of traditional values of spatial frequency (ng =
1%) [38, [39]. The ISO-8608 standard differentiates between surface classes based on their lower and
upper bounds for Gp(ng); for surface class A, the lower and upper bounds are Om? and 32 - 10~%m3,
respectively. In this study, the value for Gp(ng) is randomly selected between these bounds for each bridge
simulation. The surface amplitudes are calculated in Eq. and then entered into Eq. to determine

elevations at measurement points along the bridge:
Aj =3 QGD(HJ)AH (25)

N
M) = 3 (Awcos(nye + ,), (26)
) =0

J

7



° I I —Bridge 1
ne 'ﬁ --‘Bridgel_
Sa | :ll' § i I W o
E" 'V‘w \.ﬁ ”:" Ly ‘L{'s‘,‘ J{J&% W ‘. | ’ | 1‘" mk
TR g e v S L
a4 ol Y T !
~ { bl

N
T
———

Distance Along Bridge (m)

Figure 2: Surface elevations along bridge deck.

where ¢; is a random phase angle following a uniform probabilistic distribution between the values 0 and
2m. Parameter z is the global position within the range 0 to L, and An represents the sampling interval
of the spatial frequency calculated by taking the difference between the upper (N cydes) and lower (l%les)
spatial frequency values and dividing by N — 1 [38] [39].

Vehicle velocity and modeling time-step govern the number of elevation points in a surface profile.
For a fixed time-step, an increase in velocity decreases the number of elevation points, and a decrease in
velocity increases the number of elevation points. In this paper, velocity is varied between 107 and 257
(22.4mph—56mph), making it difficult to simulate a homogeneous profile that has consistent global elevatlons
across test runs. What’s more, the randomly assigned phase angle ¢; and the randomly sampled G p(ng)
further increase elevation variabilities across simulations, Figure [2] demonstrates this issue as the surface
profiles for each bridge simulation are different despite being generated with the same vehicle speed. To
prevent surface profiles from continuously changing across simulations, a single surface profile is generated for
each bridge that can be applied towards all test runs regardless of vehicle speed. This is done by employing a
velocity of 17+ and a modeling time-step of .001s to obtain surface elevations for every thousandth of a meter
along the subject bridge’s surface. By having such a fine surface mesh, the precise elevation corresponding
to any vehicle’s global coordinate on a bridge can be extracted for each time-step. If a surface profile was
plotted for each vehicle crossing, it would be observed that the number of recorded elevation points still
varies with vehicle speed, but now the elevation magnitudes would be the same for measurements occurring
at the same global position. As mentioned, the elevation magnitudes are similar for each bridge profile, but
the profiles are not the exact same due to the random phase angle and Gp(ng) values. This is to add a
degree of variability that would exist when training an NN on two different yet similar bridges.

Surface roughness effects are integrated into the finite element model by altering the equations for wheel
displacement, velocity, and acceleration (Eq. , and by altering the finalized equation of motion for the
VBI element (Eq. . Equations show these new calculations:

dw = {NY {dp: Yy nt + h(2) (27)
w = AN {dyi}ernr + {N}Y {dpi}erne + vh () (28)
dw = {N}Y {dpi Yo ne + {NY {dpi Yo e + {NY {dpi b o0 + 02H () (29)

([mbi]{d.l.n'} + [eol {dbi } + [kbi]{dbi}>t+m -

(e = (M} — (C2 (e} — (KMo} — (I} +{HZY)  —{Qeh (30)

t+At



Table 3: Mean and standard deviation for temperature variables
Q S R vy T

Mean 1.0129 | —0.0048 | 0.1977 | —1.1012 | 3.1466
STDV | 0.003 0.0001 | 0.0027 | 0.0513 | 0.0861

where v is the velocity of the vehicle, and h'(z) is the derivative of the surface amplitude with respect to .
Vector {H} represents the effect of surface roughness in the contact force between the vehicle and bridge,
and is calculated using Eq. [31| below:

{H:Yevne = {N} (0¥ MR (z) + vCch/ (z) + Kch(z)) . (31)

3.2. Temperature Effects

In this section, focus is placed on modeling temperature induced variations in DBHM data. Thermody-
namics indicate that a linear correlation exists between temperature and bridge elastic modulus/ natural
frequency [40], a trend that researchers have found holds true for many reinforced concrete decks [4T], [42].
However, bi-linear relationships have also been observed for bridges where an asphalt wearing surface causes
different rates of softening and stiffening, such as the case of the Z-24 bridge in Switzerland, or where interior
moisture freezing causes deck stiffness to increase at a linear rate different than softening, such as the case
of the Dowling Hall Footbridge at Tuffs University [26, 27]. Thus the relationship between temperature
and bridge modulus/ frequency can be linear or nonlinear in nature, and is dependent upon a bridge’s
environmental and operational conditions.

Because the constitutive equations required to simulate the governing relationship between temperature
and a bridge’s dynamic characteristics are mostly unknown, and the number of parameters that must
be considered is vast, simulating thermodynamic effects is a difficult task [43] 44]. To get around this,
models based on measurements from real structures can be leveraged to portray the relationship between
temperature and variations in a bridge’s dynamic response [44]. In this paper, we apply bi-linear equations
for bridge elastic modulus developed for the Dowling Hall Footbridge [45]. Equation calculates the
modification factor for a subject bridge’s elastic modulus, which is then multiplied to the bridge modulus
to obtain the temperature shifted modulus value [45]:

®=Q+5Tt+R(1—erf<Tt_”>) (32)

T

E,, = OF), (33)

where ) and ST} are hyperparameters that represent the linear behavior of the bridge above freezing, while
R(1 — erf(TtT_“)) represents the linear behavior below freezing; erf indicates the error function in Matlab.
T; is the temperature at time ¢, while variables x and 7 are hyperparameters that represent the area for
transitioning from below freezing to above freezing. Ej is the nominal bridge elastic modulus. Table [3]shows
the mean and standard deviation values for each variable [45]. Although these equations were developed
for a specific bridge, they are deemed appropriate for our study as the deck of the Dowling Hall Footbridge
is constructed using a traditional reinforced concrete design with no wearing surface, analogous to most
highway bridges in the United States.

In this study, we leverage hourly temperature data provided by the National Centers for Environmental
Information for the city of Clemson, SC to create realistic daily and yearly oscillation patterns in bridge
elastic modulus/ frequency [46]. Linear interpolation provides temperature values for simulations occurring
between the top and bottom of each hour. Because each bridge is short-spanned, it is assumed they have
consistent exposure conditions, and therefore uniform temperatures throughout. It is also assumed that
temperature does not affect the dynamic properties of the vehicles, and that damage does not cause a
change in the bi-linear relationship between temperature and bridge modulus.
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Figure 3: Damage envelopes for the discrete damage case (top) and the continuous damage case (bottom). Note that both
the time and severity of each damage event is randomly determined for each simulation experiment.

3.3. Modeling Damage

We introduce two different damage cases in this project, a discrete damage case and a continuous damage
case. In the discrete damage case, damage is introduced as five levels of instantaneous decreases in stiffness
(i.e. elastic modulus) for the same randomly selected location on the subject bridge. Each level of damage
corresponds to a reduction, between five to ten percent of the nominal stiffness capacity, in the present
capacity. The upper and lower bounds in Figure |3| indicate the maximum (50 percent) and minimum (25
percent) levels of elastic modulus reduction for the discrete damage case, while the shaded region is an
envelop representing all the possible levels of damage that can exist between these extremes. The initial
decrease in elastic modulus randomly occurs between 182 to 243 days through the two year monitoring
period. The remaining decreases in elastic modulus sporadically occur between 255 to 328 days, 401 to 474
days, 511 to 547 days, and 584 to 657 days through the two year monitoring period. These ranges of time
were chosen to add a degree of uncertainty to the model, preventing the NN from learning fake relationships
about when damage should occur next. Temperature effects are still considered for the damaged bridge
element, with the modification factor now adjusting the damaged elastic modulus value.

In the continuous case, the initial damage is also introduced as an instantaneous decrease in stiffness for
a randomly selected location on the subject bridge; however, after the initial stiffness reduction, the selected
bridge element can continue to loose capacity daily. Like the discrete case, the initial reduction in stiffness
is caused by a decrease in elastic modulus between five to ten percent of the original nominal capacity, and
occurs randomly between 182 to 243 days through the two year monitoring period. After the initial damage,
a random number generator is used to determine if the the bridge element experiences further degradation
each subsequent day. The subject element has the potential to degrade daily by up to a quarter of a percent
of the original nominal capacity. According to the bottom image of Figure [3] the minimum level of damage
that can occur for this case is a five percent reduction in elastic modulus, while the maximum level of
damage that can exist is a 50 percent reduction in elastic modulus. The shaded region represents an envelop
of all the possible damage levels that can occur during the continuous damage case. Again, temperature
effects are still considered for the damaged bridge element. Because location, time, and severity of damage
are randomly determined for both cases, an extra degree of variability exist when applying the trained NN
model to the similar-yet-different bridges. This creates a real-world scenario that could exist if two identical
bridges were being monitored.
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4. Machine Learning Implementation Details

4.1. Machine Learning Problem Formulation

Despite being one of the most popular indicators for bridge damage, changes in natural frequencies
caused by damage tend to be small and are often masked by operational and environmental noise [14].
These limitations suggest that NNs, which can provide fast inferences as well as noise-tolerant approximate
results, could be an effective solution strategy. In many other application areas, neural networks have been
shown to effectively approximate complex simulations [47, 48]. In these cases, a computationally expensive
routine has been replaced by a reasonably high-quality approximation, which reduces the overall time-to-
solution by multiple orders of magnitude. Similar networks are also noise-resilient across a number of tasks,
such as computer vision [49]. Techniques such as dropout [50] and stability training [51], explicitly enhance
the ability of these networks to generalize. The former simply “drops” a fraction (typically 50%) of the input
features randomly per-example. Doing so deemphasizes spurious correlations across the modified input data,
which in turn leads to a more resilient machine learning model. The latter perturbs input data through a
number of predetermined filters, consisting of algorithmic modifications as well as various noise distributions.
Again, this approach leads to more resilient model because small modifications to input should be less able
to cause big changes in output. In the case of DBHM, we apply similar techniques to quantify bridge health
given noisy readings from vehicle-mounted sensors.

4.2. Feature Engineering

In machine learning, a “feature” refers to an observable characteristic of something we would like to
model [62]. Ultimately, a machine learning model must learn the relationship between these observable
characteristics and some resulting characteristic of interest. In our case, we must select the features that
allow us to estimate bridge health. We are limited by the drive-by monitoring paradigm to only select
features that could be observed via sensors placed in a moving vehicle. We assume a monitoring vehicle
will have an accelerometer capable of capturing vertical acceleration, a thermometer to capture ambient
temperature, and a speedometer to measure average speed. Additionally, because we cannot know the exact
mass of each vehicle due to variable cargo and passengers, we approximate vehicle masses to be the values
provided in Table[2] This is equivalent to the real-world scenario where vehicle mass could be approximated
as the value provided by a vehicle’s manufacturer.

We preprocess the sequence of vertical accelerations by first performing an FFT to identify peak frequen-
cies. Because we assume no prior knowledge of a bridge’s dynamic properties, we do not know the exact
values of the modal frequencies we wish to observe. However, we are able to approximate a bridge’s first
principle frequency using the equation below [53]:

f1 =100/L. (34)

Because Eq. only provides a reasonable estimate of a bridge’s principle frequency, and because envi-
ronmental and operational noise introduce variations in the frequency response spectrum, we collect and
observe k peaks within a predefined band around the calculated principle frequency value. For this analysis,
the predefined band corresponds with the first ten peak frequencies (i.e. k¥ = 10). Here we define a “peak” to
be any frequency that corresponds to a locally maximal amplitude. We note that other, more sophisticated,
approaches may be able to identify important peaks [54], smooth noise in the FFT [I4], or even learn from
the raw vertical acceleration sequence directly [55]. We leave the use of more advanced signal-processing
approaches for future work.

Additionally, there are a number of potential features we omit in order to ensure a model that can
generalize to different vehicle and bridge configurations. These features can be grouped into two classes,
those that are observable but not helpful, and those that are helpful but not observable. The former group
consists of features such as the time of day or year a vehicle is present on a bridge. If time were included,
the NN model would most likely learn a linear inverse correlation between time and health, and in doing
so would discard all other information. Clearly, this would not be a preferable model. The latter group of
features, those that we cannot observe, include bridge properties such as mass and surface elevations. While
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Figure 4: Above depicts the neural architecture at inference time. Each box represents a layer, and the lines represent the
left-to-right flow of data. Each vehicle’s (X = 23) features are input to the six layer architecture to gain a confidence score
per damage class. We record the most-confident damage class for each vehicle, and then accept a consensus answer among the
vehicles.

these features would certainly improve our model, we do not assume they are detectable from a vehicle
outfitted with the aforementioned health monitoring sensors.

In Figure [f] we depict the neural architecture used to determine bridge health for each simulated “day.”
First, we collect sensor data for each vehicle, shown in green. These readings for each vehicle individually
is then projected through a six layer neural network. These layers are atypical as the intermediate layers
increase in dimensionality. We observe that by expanding from our set of input features to a latent repre-
sentation that is three-times larger, this model is capable of discovering useful higher-order features from
our input. Finally, we estimate a damage class per-vehicle following those six layers, shown in red. Each
vehicle on a given “day” is then pooled together to reach a consensus. Here we take a simple “majority vote,”
meaning that the model outputs whichever damage class is predicted most often among sensing vehicles.

4.8. Class Balancing

Machine learning models have a tendency to under fit when training data contains an imbalance of
labels [56]. In our simulation scenarios, we often have more damaged than “healthy” days, which becomes
a further problem when we split those damaged days across five different damage classes. Without a
balancing strategy it becomes likely that our ML model will attempt to predict that every day is the same
as the largest label group, after all in the unbalanced scenario, that strategy leads to the greatest initial
jump in performance. To dissuade our classifier from that local minimum, we perform a class balancing
preprocessing step within our training data.

We balance damage classes by under or over sampling each class in order to maintain certain ratios
between healthy and damaged conditions, as well as between each damage class. First this involves enforcing
a 30:70 split between healthy days and damaged days. We observe this ratio encourages the model to detect
the first instance of damage without over fitting. Then, within the set of damaged days we oversample
underrepresented damage classes so that no class has fewer examples than 20% of the original damaged
examples. The effect of this sampling is that we under sample healthy days, over sample some of the short-
lived intermediate damage classes, and leave the terminal damage class, which is often the longest-lasting,
untouched.

4.4. FEvaluation Strategy

To evaluate the performance of our NN, we use our previously discussed FE model to collect data for
two different bridges across two simulated years. We vary the damage conditions (discrete or continuous
damage), number of simultaneous vehicles (one or two), and the simulated environmental factors (enabled or
disabled). Each simulated day consists of at least 1,400 vehicles of differing dynamic properties and speeds,
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which allow us to define a daily “confidence” measure (different than the confidence of a single vehicle). Let
T, be the true damage class of the considered bridge on day z. Let P(d,z) be the proportion of vehicles
on day z that predict damage class d. Let D be the set of damage classes. Then C,, the confidence of our
model on day z is:

C,=P(T,,z)— ,thax P(d, z). (35)
e p—

z

Put plainly, C, is equal to one if every vehicle predicts the damage class accurately. C, is equal to zero
if the number of vehicles predicting the correct damage class equal the number of vehicles predicting some
incorrect class. C, is only less than zero if some other class is preferred to the true damage class. In our
later analysis, we plot daily confidence over the course of our two simulated years to show the model’s ability
to detect bridge damage in different conditions.

5. Results

Using the same NN configuration described above, we evaluate our methodology across a number of
simulation configurations. These modifiable parameters include: the number of simultaneous vehicles, the
manner that damage is accumulated, and whether or not environmental factors affect a bridge’s structural
properties.

We vary the number of simultaneous vehicles present during a simulation run from one to two. In the
case where two vehicles are present, we only collect sensor readings from a single vehicle. In addition, the
unobserved vehicle may start before or after the observed vehicle, and it may also travel at any speed within
the predefined range. As a result, the unobserved vehicle acts as a significant noise source that excites the
bridge and disrupts the sensor readings of our observed vehicle.

We vary the manner that damage is accumulated in two ways, either damage occurs in multiple discrete
steps or damage occurs continuously wherein every day the initial damage continues to worsen. As described
above, each damage class corresponds to more granular ranges of structural health, such as each distinct
damage event in the discrete case, or after a 10% change in overall health in the continuous case. In addition,
we evaluate our NN model based on both its ability to detect any damage, as well as its ability to detect
each specific “damage class.” This corresponds to a two-class model in the former, and a multi-class model
in the latter. We anticipate that a similar NN DBHM model in a real-world deployment scenario will likely
be used in the two-class configuration, as decision makers are primarily concerned with the point at which
some action must be taken. By extending our evaluation to the multi-class configuration, we evaluate our
NN’s ability to generalize, as well as its ability to detect the bridge-health signal from vibration peaks in a
noisy environment.

5.1. Two-Class Damage Prediction

In Table ] we show the two-class results. For our metrics we define the presence of any damage as the
“positive” class for the purpose of calculating precision, recall and F1 score. These metrics capture our
NN’s performance better than the typical accuracy metric in Eq. [36] because in the two-class scenario there
are significantly fewer days the bridge spends healthy, which means the two-class evaluation is between
unbalanced classes.

# of days the model is correct

A = 36
cenracy # total days (36)
Precision — # of days the model correctly predicts the bridge is damaged (37)
N of days the model predicts the bridge is damage
# of d h del pred he brid d d
# of days the model correctly predicts the bridge is damaged
Recall = (38)

# of days bridge is actually damaged
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Table 4: Results from our NN’s two-class performance

Num. Vehicles | Damage Type | Environmental Effects | Accuracy | Precision | Recall | F1
1 Continuous Disabled 100.00% 1.00 1.00 1.00
1 Continuous Enabled 100.00% 1.00 1.00 | 1.00
1 Discrete Disabled 100.00% 1.00 1.00 1.00
1 Discrete Enabled 100.00% 1.00 1.00 1.00
2 Continuous Disabled 71.12% 1.00 0.61 | 0.76
2 Continuous Enabled 97.24% 0.97 1.00 | 0.98
2 Discrete Disabled 93.18% 1.00 0.91 | 0.95
2 Discrete Enabled 89.99% 1.00 0.86 | 0.92

The above captures our NN’s two-class performance, and ability to detect any amount of damage to a healthy bridge. Here,
“Num. Vehicles” refers to the maximum number of simultaneous vehicles present during a crossing, “Damage Type” refers to the
model used to determine ground-truth bridge damage, and “Environmental Effects” refers to whether or not the temperature
effects described in Sectionare used in the simulation. In the cases where these effects are disabled, all observations provided
to the NN model contain a null value for temperature.

F1— 2 x Precision x Recall

Precision + Recall (39)
Based on the results in Table [ we see that the model performs perfectly in any one-vehicle scenario.
When looking at the four scenarios wherein a second vehicle acts as an additional noise source, we begin to
see performance differences. See that the continuous damage scenario with environmental effects enabled
is our strongest performer within the two-vehicle experiments, with the two discrete cases not far behind.
A potential reason for the high performance of the continuous scenario is that the underlying model can
observe far more damage scenarios over the course of the simulation — while the discrete case jumps between
five different natural-frequency states, the continuous case iterates across hundreds. This, combined with
environmental trends such as the yearly rise and fall of temperature, allow the model to distinguish bridge
health from damage. In the reverse, the same continuous model performs poorly if environmental factors
are disabled. This result is due to noise from the second vehicle overpowering the minute daily changes
in bridge health. Without environmental effects to aid in untangling these effects, the continuous model
under performs. Specifically, this leads to a decrease in accuracy of 26.12%, and a decrease in F1 of 0.22.
In contrast, there are only minor differences in the discrete case, with a change in accuracy of only 3.19%
and a change in F1 of 0.03.

5.2. Multi-class Damage Predictions

To ensure that our model identifies reasonable trends in its provided peak frequencies, we compare
performance across multiple bridge damage classes. In this evaluation we have six classes, one representing
a healthy bridge, and five for each state of increasing damage. Because we no longer have a two-class problem,
the previously defined metrics of precision, recall, and F1 score no longer apply directly. Instead, we look
at overall accuracy where a day’s prediction was accurate only if the predicted class agrees exactly with
the true damage class. We compare performance in this respect across all previously established simulation
scenarios, and now across two different simulated bridges. Table [5] summarizes the overall performance of
these scenarios.

To evaluate the multi-class performance across specific scenarios, we generate confidence plots. For
instance, the plot in Figure [§] describes the performance of our machine learning model in the one-vehicle,
discrete damage, environmental effects enabled scenario on the first bridge. Along the top depicts the ground-
truth damage class, ranging from DO (healthy) to D5 (maximal damage). In the center is the prediction
confidence per-day as defined in Equation [35] If the colored region is above zero, then the day’s prediction
aligns exactly with the ground truth. If the region is negative, the prediction was incorrect, and the color of
that negative region corresponds to the incorrectly predicted class. We see in Figure [f] that we predict the
correct damage class every day. Additionally we see high confidence across all days, representing that most
vehicles correctly detect the exact classes of bridge damage.
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Table 5: Results from our NN’s multi-class performance

Num. Vehicles | Damage Type | Environmental Effects | Bridge 1 Acc. | Bridge 2 Acc.
1 Continuous Disabled 98.26% 98.26%
1 Continuous Enabled 98.40% 98.40%
1 Discrete Disabled 87.08% 85.20%
1 Discrete Enabled 95.36% 94.34%
2 Continuous Disabled 61.54% 59.07%
2 Continuous Enabled 87.08% 93.76%
2 Discrete Disabled 85.34% 78.52%
2 Discrete Enabled 82.44% 86.79%

The above demonstrates the performance of the NN on both bridges using the multi-class model. In these cases, high accuracy
indicates that the NN model detects the exact damage class each day.
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Figure 5: The above confidence plot describes the ability of approximately 1,400 vehicles to determine bridge health over the
course of a two-year timespan. This model was trained using only data collected while the sensing car was alone on the bridge.
In this damage scenario, five damage events occur sporadically, which act as discrete changes to bridge natural frequency.
Environmental factors allow the ML model to counteract noise, leading to more accurate results.

In Figure [6] we depict the same simulation scenario exzcept now an additional vehicle may be on the
bridge. We see a distinct drop in overall confidence corresponding to this additional noise source, and we
also see a number of days wherein the model inaccurately predicts damage class. For instance, we observe
that the added noise blurs the line between D2 and D3 around day 425. Still, we see positive confidence
for most days, with a clear distinction between damage and health. Again, any positive confidence value
represents that the correct damage class is preferred to any other, so while confidence levels have decreased
overall, the NN still detects the the correct health a large majority of days.

Figure [7] follows the same simulation configuration as Figure except this plot uses the continuous
damage model. As opposed to before, we now see a more gradual rise and fall of confidence in damage
classes 1,2, and 3. Damage class 4 has a similar pattern, although the model detects class 5 earlier than it
should. This represents the slow accumulation of damage, while over time, more and more vehicles predict
the previous damage class and begin to identify the new one.
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Figure 6: The above depicts the same damage and environmental scenario as Figure |5) except now a second car be present
during data collection. Because we do not assume any communication apparatus or camera, our model does not directly account
for the other vehicle. While confidence does decrease, we see that the overall trend is still able to identify damage consistently.
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Figure 7: The above depicts the same damage and environmental scenario as Figure except now we assume that damage
is chronic and accumulates over time. For a fair comparison, our model still must place bridge health into either the healthy
category, or one of the five damage categories. In this scenario we see that the bridge’s health deteriorates faster, and the
model is able to pinpoint these trends for a majority of classes over time.
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Figure 8: The above depicts the same scenario as Figure m except an additional vehicle may be present on the bridge during
the sensor readings. We see that the combination of the second car along with the challenges of the continuous damage model
are a challenge for this model in the intermediate damage classes. Yet, while the certainty may be low, the consensus is still
correct on a majority of days.

Introducing the noise of an additional vehicle to the previously discussed scenario results in Figure
Clearly, this added noise source reduces the performance of our overall model, primarily seen in the low
confidence for damage classes one through four. The boundaries are even harder to distinguish, as the
continuous damage model’s slow changes are blurred further by noise. Yet still the larger classes DO and D5
are much easier to identify as their size leads to a larger incentive for the neural network.

6. Conclusion

The intent of this study was to investigate the viability of the DBHM paradigm when subjected to
the combined effects of environmental and operational variabilities. In this study, we used a finite element
methodology based on the concept of vehicle-bridge interactions to simulate two simply supported bridges
subjected to dynamic loads introduced by moving quarter-vehicle models. Environmental and operational
noise were represented in the models in the form of vehicle traffic, surface roughness, and temperature
induced changes in bridge elastic modulus. Damage was introduced randomly as either an instantaneous or
gradual decrease in the elastic modulus of a single bridge element. As damage is known to cause variations
in bridge frequencies, we extracted the frequency content contained within the acceleration response of each
vehicle. Because operational and environmental effects can introduce high amplitude noise or shifts in the
frequency response spectrum, it is difficult to distinguish between what is a bridge’s modal frequency or
noise. To account for this, a range of peak frequency values had to be extracted from the frequency response
data. We then utilized a multi-layer NN to analyze the subject frequency range and provide noise-tolerant
approximations of each bridge’s health condition. Two separate studies were conducted to evaluate the
performance of our NN model. The first study was based on a two-class system in which each structure
was classified as healthy or damaged, this represented the real-world scenario where decision makers are
primarily concerned about whether or not actions need to be taken. The second study was based on a
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multi-class system in which each structure was classified based on the level of theorized damage, this tested
the NN’s ability to generalize and provide insight into how well the method performed under noise.

From the two class study, we were able to discern that the monitoring strategy performed perfectly for
both damage scenarios when vehicle traffic was absent during the monitoring process. Additionally, we
saw a negligible decrease in performance for both damage scenarios when multiple vehicles were present
on the bridge at the same time. This indicated that the methodology could serve as a viable option for
evaluating whether or not a subject bridge needs to be inspected; however, no information can be provided
as to the magnitude of damage. From the multi-class study, we determined that the magnitude of damage
could be accurately identified for cases where only a single vehicle was present during data acquisition and
damage was sporadic and instantaneous. For cases where a single vehicle was present and damage was
gradual, we saw roughly the same level of classification accuracy with only a few miss-classifications. These
miss-classifications were negligible, however, as they occurred at the boundaries between classes where noise
may be more prevalent. This was found to be the same for damage scenarios where vehicle traffic was
also present. The multi-class study indicated the viability of the methodology to provide decision makers
with information about the severity of damage, allowing the decision to be made about whether or not an
inspection and/or repair is required.

7. Future Work

The finite element simulations in this study are idealistic representations of actual bridge conditions,
and therefore do not consider all of the sources of noise that could potentially exist in a real-world envi-
ronment. The results from this study, however, indicate that the developed methodology can serve as a
viable health monitoring strategy and should be further tested on real-world data. Future research will
need to be conducted on data collected directly from physical bridges and vehicles to determine if damage
detection is feasible in the real-world. For instance, we simulate over 1,400 daily bridge crossings, but this
may not be realistic for all short to mid-spanned bridges. A further computational study ought to be con-
ducted in parallel with physical testing to ascertain the minimum range of daily traffic required for accurate
damage classification. Furthermore, a study will need to be conducted to evaluate the effectiveness of the
methodology for rougher surface profiles.

Going forward, future research should also focus on extracting a variety of different features, other than
frequency, to compare against each other and determine the most optimal damage indicator. To determine
the most optimal damage indicator out of the selected subset of features, a variety of different damage types
should be investigated (e.g. propagating breathing cracks, changes in boundary conditions, and degrading
surface roughness). Research should also be conducted to determine if leveraging different signal processing,
statistical models, and machine learning algorithms help to not only increase detection accuracy, but also
distinguish between damage types.

To capture more intricate and time-dependent relationships within in our machine learning framework, we
anticipate that more complex models such as the Long Short-Term Memory (LSTM) neural architecture [55]
may improve performance. This recurrent model processes time-series information and would adapt its
predictions based on what it had previously observed. We anticipate that this model would improve the
few times that our present model incorrectly identifies that the bridge is healthier than it was previously.
However, the primary contribution on this work is the proof-of-concept that vehicle-based signals can lead
to accurate bridge-health predictions.
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