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Abstract

Bridge superstructures, such as slabs and box girders, behave as plate-like
structures where Lamb waves propagate. Lamb wave characteristics are
highly sensitive to structural properties and damage. Variations in Lamb
wave characteristics can thus serve as indicators of structural changes. How-
ever, conventional methods struggle to capture their wavefields due to the
high cost of deploying dense sensor networks. This study presents the suc-
cessful measurement of wavefields of low-frequency (1-70 Hz) flexural-mode
Lamb waves in bridge box girders using distributed acoustic sensing (DAS).

DAS turns pre-existing telecommunication fiber-optic cables into ultra-dense
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dynamic-strain-sensing arrays, enabling continuous, high-resolution vibration
and seismic monitoring. Through ambient noise interferometry, we recon-
struct virtual shot gathers from traffic-induced vibrations, eliminating the
need for active seismic sources and minimizing disruptions to regular trans-
portation. This method captures both standing waves (resonance vibrations)
and propagating flexural waves, corresponding to the fundamental antisym-
metric Lamb wave mode. To validate these observations, we model Lamb
wave dispersion by approximating box girders as elastic isotropic plates and
Bernoulli-Euler beams, incorporating material properties from design draw-
ings. The strong agreement between modeled and measured dispersion curves
confirms the reliability of DAS-recorded flexural waves in box girder bridges.
These findings demonstrate the potential of DAS for capturing low-frequency
Lamb waves, providing a scalable, real-time solution for bridge condition as-

sessment.

Keywords: Lamb waves, Structural health monitoring, Ambient noise

interferometry, Distributed acoustic sensing

1. Introduction

Condition monitoring of bridges is critical for ensuring the long-term
safety and resilience of transportation infrastructure [1, 2]. Aging structures,
increasing traffic loads, and environmental stressors contribute to progres-
sive deterioration, making early detection of potential damage essential for

maintenance and risk mitigation. Conventional sensing methods, such as vi-



bration sensors [3, 4] and vision-based sensors [5, 6], often require costly and
labor-intensive deployments of sensor networks, limiting their practicality
for large-scale monitoring. To address these limitations, mobile sensing tech-
niques, such as drive-by bridge health monitoring [7, 8|, have been introduced
to capture high-spatial-resolution information across multiple bridges. How-
ever, their transient nature limits temporal resolution at individual locations,
restricting their ability to continuously track and diagnose bridge conditions
over time [9]. These challenges highlight the need for scalable, cost-effective
approaches capable of providing continuous, high-resolution monitoring of
bridge conditions.

Recent advancements in distributed acoustic sensing (DAS) have demon-
strated its capability to transform pre-existing telecommunication (telecom)
optical fiber cables into ultra-dense dynamic-strain-sensing arrays for ur-
ban sensing [10, 11]. A DAS system consists of an interrogator unit and
a standard optical fiber, where the interrogator injects short laser pulses
into the fiber and detects Rayleigh backscattering, which arises from natural
inhomogeneities within the fiber [12]. By measuring phase shifts between
the outgoing and backscattered signals, the system converts these measure-
ments into strain or strain rate data along the fiber, enabling large-scale,
high-resolution sensing. DAS has gained increasing attention in geophysical
applications [13, 14, 15] and urban monitoring [10, 16, 17] due to its advan-
tages over conventional single-point sensors. Unlike geophones, Fiber Bragg

Gratings, and accelerometers, which provide limited spatial resolution due to



high per-unit costs and logistical constraints, DAS achieves meter-scale spa-
tial resolution over tens of kilometers, effectively creating tens of thousands
of sensing channels. This scalability makes DAS a cost-effective solution and
a complementary approach for large-scale structural health monitoring.

Liu et al. [18] first demonstrated the use of pre-existing telecom fiber-optic
cables as a DAS system for bridge health monitoring, extracting bridge modal
parameters such as natural frequencies and mode shapes. Rodet et al. [19]
further leveraged this technology to monitor the daily variations in modal
parameters across multiple bridges. While these studies provide valuable
insights into global bridge dynamics, the potential of DAS for capturing high-
resolution wave propagation within bridge superstructures remains largely
unexplored.

In this study, we extend DAS-based bridge monitoring by achieving the
first successful measurement of low-frequency (1-70 Hz) flexural-mode Lamb
waves propagating through box girders using ambient noise interferometry.
Bridge superstructures, such as slabs and box girders, behave as plate-like
structures where Lamb waves propagate [20, 21]. These waves are sensitive
to structural properties, and defects such as cracks or material irregularities
cause wave reflection and scattering, making Lamb wave variations valuable
indicators of structural damage [22, 23]. However, capturing the wavefields
of low-frequency Lamb waves in bridge superstructures has been challenging
due to the high cost of deploying dense sensor networks. We address this

challenge by leveraging the high spatial resolution of DAS and applying am-



bient noise interferometry to construct virtual shot gathers. This approach
enables wavefields reconstruction without active seismic sources, minimizing
disruptions to regular transportation.

To evaluate our approach, we conduct field experiments on two box girder
bridges with pre-existing telecom fiber-optic cables coupled to their super-
structures. Our measurements successfully capture both standing waves
(resonance vibrations) and propagating flexural waves, which correspond to
the fundamental asymmetric mode of Lamb waves. We further numerically
model Lamb wave dispersion curves, approximating the box girders as elas-
tic and isotropic plates using material properties from design drawings. The
close agreement between modeled and measured dispersion curves demon-
strates the reliability of DAS in capturing low-frequency Lamb waves.

This paper is structured as follows: Section 2 provides background on
Lamb waves and their dispersive properties. Section 3 introduces our mod-
eling approach for Lamb waves in box girder bridges. Section 4 details the
methodology for constructing Lamb wave virtual shot gathers using ambient
noise interferometry. Section 5 describes the DAS dataset used for evalu-
ation. Section 6 presents our results. Sections 7 and 8 discuss potential

applications, future directions, and conclusions of this study.

2. Lamb wave modes and dispersion curves

Lamb waves [24] are guided, dispersive waves that propagate in elastic,

isotropic plates with free upper and lower surfaces. They arise from the inter-



ference of multiple reflections and mode conversions of body waves (pressure
and shear waves) and surface waves (Rayleigh waves) at these free surfaces.
For a thin plate of thickness 2d, as illustrated in Figure 1 (a), the propagation

of Lamb waves follows the dispersion equation [25]:
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where o? = ‘“}—;—kQ and 3% = “‘;—;2—/3. Here, k is the wavenumber, and Vp and
Vs denote the pressure and shear wave velocities, respectively. The + sign
in Equation (1) distinguishes between symmetric (+) and antisymmetric (—)
wave modes relative to the midplane of the plate. The propagation velocities

of body waves depend on the material’s elastic properties and mass density:
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where F, p, and p denote Young’s modulus, density, and Poisson’s ratio,
respectively.

By solving for wave velocities across a broad frequency range [26], dis-
persion curves for both symmetric (S) and antisymmetric (A) Lamb waves

can be obtained. Figures 1 (b) and (c) illustrate the mode shapes of the fun-



damental symmetric (S0) and antisymmetric (A0) Lamb wave modes. The
dispersion curves in Figure 1 (d) correspond to a concrete slab with elastic
properties representative of normal-strength concrete. The slab has a Young’s
modulus of 25 GPa, a Poisson’s ratio of 0.17, a density of 2400 kg/m?, and
a total thickness of 1 m (d=0.5 m). The fundamental modes are particularly
significant as they exist across the entire frequency spectrum, originating at
zero frequency. At low frequencies, where the wavelength exceeds the plate
thickness, these modes are commonly referred to as the extensional mode
(symmetric) and flexural mode (antisymmetric), reflecting their distinct mo-
tion characteristics and the elastic stiffness governing their velocities. As
frequency increases, higher-order wave modes emerge, each appearing at a
specific cutoff frequency and existing only above that threshold. By match-
ing theoretical Lamb wave dispersion curves with experimental data, key
material properties, wave velocities, and plate thickness can be estimated.
This capability makes Lamb waves widely applicable in non-destructive eval-
uation for material characterization and thickness measurements of elastic

plates [25, 27].

3. Modeling Lamb waves in box girder bridges

Lamb waves propagate through bridge structures and their individual
plate-like components. In ultrasonic testing [28, 29], transducers generate
Lamb waves in plate-like structural elements, such as slabs, webs, and flanges

of girders and beams. By analyzing changes in wave propagation, these
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Figure 1: Lamb wave modes and dispersion curves. (a) A thin plate of thickness 2d. (b)
and (¢) Mode shapes of the fundamental symmetric and antisymmetric Lamb wave modes,
respectively. (d) Top 5-mode dispersion curves for a concrete slab with elastic properties
representative of normal-strength concrete. The slab has a Young’s modulus of 25 GPa, a
Poisson’s ratio of 0.17, a density of 2400 kg/m3, and a total thickness of 1 m (d=0.5 m).

techniques detect cracks, delamination, and other localized structural defects.
At lower frequencies (e.g., below 100 Hz), where the wavelength exceeds the
thickness of the box girder, the entire box girder behaves as a hollowed plate,
as shown in Figure 2 (a). In this regime, Lamb waves propagate through
the entire box girder rather than being confined to individual components.
This characteristic enables their use for global bridge assessment, capturing
structural responses over long distances, and identifying large-scale structural
changes and damage.

To examine Lamb wave propagation across the entire box girder, we ap-
proximate the hollow box girder as a Bernoulli-Euler (thin) beam with a uni-

form rectangular cross-section. Figure 2 (b) illustrates a typical box girder



cross-section, while Figure 2 (c¢) presents the cross-section of the simplified
beam model, assumed to behave as a thin plate. The effective Young’s mod-

ulus, F, is estimated using the fundamental mode resonant frequency:

" (27ng2ij4, (4)
where fo, m, L, and I represent the fundamental mode resonance frequency,
mass per unit length, span length, and moment of inertia of the box girder,
respectively. The parameter a is a constant determined by both the cross-
section and boundary conditions. Three types of boundary conditions for
a uniform cross-section are considered, as shown in Table 3. The detailed

derivation of a can be found in [30]. The effective density, p, is given by:

p=5 (5)

where w is the width and d is half the depth of the box girder.

Table 1: Values of a for different boundary conditions.

Boundary Hinged and hinged Fixed and hinged Fixed and fixed

Schematic
a T 3.927 4.739

Resonance is a fundamental property of structural dynamics in plates,
occurring when left- and right-propagating waves superpose at finite speeds
to form standing waves [31, 32]. At resonance, constructive interference am-

plifies vibration amplitudes, producing standing waves that oscillate in place

9
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Figure 2: The box girder as a plate. (a) and (b) show a three-dimensional view and
cross-section of a box girder. (c) illustrates the cross-section of the simplified beam model,
where the box girder is approximated as a thin plate. (b) also shows the conduit carrying

telecom fibers coupled to the box girder, representing the setup of tested Bridge 2 in this
study, with details provided in Section 5.

rather than propagating through the structure. These waves reflect off struc-
tural boundaries and interact with incoming waves, creating interference pat-
terns that define the system’s dynamic response. As frequency increases and
wavelengths shorten, the system reaches specific resonant frequencies where
wave interactions lead to either destructive interference (anti-resonance),
causing amplitude cancellation, or constructive interference (resonance), re-
inforcing wave amplitudes. The resonance conditions for a simplified bridge
structure, modeled as a Bernoulli-Euler (thin) beam, are determined by the
relationship between the bridge’s span length and the wavelength of propa-

gating waves. Resonance occurs when the span length is an integer multiple
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of half the wavelength:

L=n-, n=12... (6)

where the wavelength is given by A = v/f with n representing the mode
number, L the span length, v the wave velocity, and f the wave frequency.
This leads to the following relationship between wave velocity and resonance

frequency for the fundamental mode:

v=2fL. (7)

This modeling framework provides the basis for understanding the prop-
agation of both propagating and standing Lamb waves in box girder bridge
superstructures at low frequencies. However, as frequency increases and the
wavelength becomes smaller than the girder thickness, material anisotropy
and structural complexities become more pronounced, leading to deviations

from these simplified assumptions.

4. Constructing Lamb wave virtual shot gathers

Unlike traditional ultrasonic testing, which uses high-frequency trans-
ducers to generate Lamb waves, capturing low-frequency flexural-mode Lamb
waves (e.g., below 100 Hz) in operational bridges poses significant challenges.
Effectively measuring their wavefield changes requires a dense sensing array

to track wave propagation accurately. Moreover, generating active seismic

11



sources, such as vibroseis trucks, on an operational bridge is impractical due
to safety concerns and potential traffic disruptions.

To address these limitations, we use DAS to transform pre-existing tele-
com fiber-optic cables into ultra-dense dynamic-strain-sensing arrays, en-
abling continuous wavefield recording without additional sensor deployment.
Instead of relying on active sources, we harness traffic-induced vibrations as
passive seismic sources. To extract coherent wavefields from these ambient
vibrations, we construct Virtual Shot Gathers (VSGs), which synthesize wave
propagation from a virtual source location. It yields VSGs from the chosen
source with other locations as receivers, effectively retrieving the empirical
Green’s function without using an active source survey.

VSGs are constructed using ambient noise interferometry [33, 34|, a tech-
nique widely applied in passive seismology to extract coherent wavefields from
continuous seismic recordings at different sensor locations. Mathematically,
this method is based on the cross-correlation of recorded wavefields. Let
u(z,t) represent the recorded DAS dynamic strain data at a sensor location
x and time ¢. The empirical Green’s function between two sensor locations
x; and x; is approximated by the cross-correlation of the wavefields recorded

at the two sensors over a time window T":

1 T
G(x;, xj) ~ f/o u(zg, t)u(x;, t + 7)dt, (8)

where 7 is the time lag. The empirical Green’s function represents an es-

12



timate of the system’s impulse response, characterizing wave propagation
between two points, including travel time, dispersion, and structural inter-
actions.

Figure 3 illustrates the cross-correlation process in ambient noise inter-
ferometry. The bridge, represented by the rectangular box, is continuously
subjected to various noise sources. Traffic-induced vibrations serve as dom-
inant wave sources, generating consistent energy recorded at DAS channels.
Other background noise (depicted as stars) introduces scattered ambient vi-
brations from the surrounding environment. The red triangles mark two DAS
channels at x; and x5 along the telecom cable, represented by the black line.
The recorded waveforms at x; and z5 contain both traffic-induced vibrations
and background noise. To extract meaningful wave propagation character-
istics, the signals recorded at these DAS channels are cross-correlated. By
stacking (summing) the cross-correlations from multiple noise sources over
time, energy from the stationary zone that has traveled along the path be-
tween x; and x5 adds constructively, while uncorrelated energy outside the
stationary zone is suppressed due to destructive interference. As a result, the
retrieved signal approximates the Green’s function between x; and x5, as if
one of these locations were an active source. This extracted Green’s function
effectively acts as a seismogram from a virtual source at the location of one
of the receivers [35]. Applying this approach to virtual source locations on
or near the bridge enables us to reconstruct and analyze propagating waves

along the bridge superstructure as captured by DAS.
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Figure 3: Ambient noise interferometry. The bridge, represented by the rectangular box,
is continuously subjected to various noise sources, including traffic-induced vibrations and
random background noise (depicted as stars). The triangles mark two DAS channels
located at x; and xo along the telecom cable, represented by the black line. The shaded
areas indicate stationary zones, where traffic-generated signals dominate the recorded
wavefield.

5. DAS data description and preprocessing

The data for this study were collected in San Jose, California, in Septem-
ber 2023 [10], using a QuantX interrogator from Luna-OptaSense [36] op-
erating at a maximum sampling frequency of 200 Hz. The telecom fiber-
optic cables are coupled along the bottom flange of the box girders in both
bridges, as illustrated in Figure 2 (b). The two monitored structures, Mc-
Kee Road over U.S. Highway 101 Overpass (referred to as Bridge 1) and
Yerba Buena Road over Coyote Creek (Bridge 2), are prestressed concrete
continuous bridges with box girder spans (Figure 4). Both bridges feature

monolithic girder-pier connections, where the superstructure and substruc-
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ture are rigidly connected without bearings. Bridge 1 consists of two spans
measuring 41 meters and 44 meters, with a total length of 84 meters, while
Bridge 2 has three spans measuring 29 meters, 39 meters, and 28 meters,
totaling 97 meters. Table 2 summarizes key structural properties, including
moment of inertia, mass per unit length, and box girder dimensions. Bridge
2’s properties were obtained from design drawings, whereas Bridge 1’s prop-
erties were estimated by assuming a similar box girder cross-section with
variations in width and depth, inferred from street-view images due to the

absence of design drawings.

(b)

Figure 4: Street view images (Google Maps) of (a) Bridge 1, McKee Road over U.S.
Highway 101 Overpass and (b) Bridge 2, Yerba Buena Road over Coyote Creek Bridge.

For data collection, the DAS channel spacing for both bridges was set to 1
meter. Bridge 1 was monitored for two days with a gauge length of 2 meters,

while Bridge 2 was monitored for six days with a gauge length of 10 meters. In
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DAS, gauge length determines the spatial averaging of strain measurements,
influencing both resolution and sensitivity. A shorter gauge length offers
higher spatial resolution but lower sensitivity, whereas a longer gauge length
enhances sensitivity at the cost of resolution. The difference in gauge length
was dictated by constraints on data storage capacity and the duration of the
collection period. Figure 5 presents one-minute samples of DAS data from
both bridges, where vehicle-induced signals appear as distinct trajectories
with increased amplitude. The dotted lines indicate bridge joints and piers.
To validate DAS measurements, conventional accelerometers were deployed
on the bridge decks to record structural vibrations. Figure 6 compares the
power spectral density (PSD) obtained from DAS and accelerometer data,
showing consistent dominant frequencies across both sensing systems. The
fundamental mode resonance frequencies were identified as 2.50 Hz for Bridge
1 and 2.75 Hz for Bridge 2.
Table 2: Bridge properties.
I (m*) m(kg/m) w (m) 2d (m)

Bridge 1 3.97 20,712 21 1.70
Bridge 2 3.08 16,464 16 1.70

The DAS data are preprocessed to enhance the signal quality. This pro-
cess includes removing the mean and linear trend, applying a high-pass filter
at 0.01 Hz to eliminate static signals, performing time-domain normalization,
and applying spectral whitening at the frequency domain [37] to mitigate

the effects of anomalous frequency signals. Next, the seismic data are di-
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Figure 5: One-minute DAS data for (a) Bridge 1 and (b) Bridge 2. The trajectories
observed in the DAS data are quasi-static signals resulting from deformation induced by

vehicle loads [13].
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Figure 6: Comparison of Power Spectral Density (PSD) between DAS and accelerometer
(Acc) measurements for (a) Bridge 1 and (b) Bridge 2. The color version of this figure is
available in the electronic edition only.

vided into one-minute segments for each channel. These segments are then
cross-correlated, normalized, and stacked over the entire recording period to

produce the final cross-correlation function.
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6. Results

This section first examines standing and propagating wave patterns ob-
served in VSGs and then analyzes their dispersion properties by comparing

measured phase velocities with theoretical models from Section 3.

6.1. Characterizations of flexural-mode Lamb waves

Distinct propagating and standing flexural-mode Lamb waves are ob-
served in the constructed VSGs. Figure 7 presents the VSG results for
both bridges across the full frequency band. The virtual source locations,
marked by yellow triangles, are positioned near bridge joints to capture wave
propagation across the entire superstructure. The horizontal, phase-aligned
signals correspond to standing wave patterns, representing the bridge’s reso-
nance vibrations. These standing waves arise from constructive interference
of multiple reflections within each span, forming a stationary oscillation pat-
tern. The spatial variation of standing waves exhibits alternating red and
blue oscillation patterns corresponding to the number of spans in each bridge.
These color variations indicate phase differences in resonance vibrations, with
nodal points forming near the bridge piers and joints due to wave interfer-
ence. In Bridge 1 (Figure 7 a), two standing wave phases emerge, reflecting
its two-span structure, while Bridge 2 (Figure 7 b) exhibits three standing
wave phases, aligning with its three-span configuration.

Filtering out resonance frequencies enhances the visibility of propagating

Lamb waves. Figure 8 presents the VSGs after applying a notch filter (band-

18



rejection filter) at the natural frequencies to remove resonance signals. We
can observe propagating waves propagate at approximately 400 m/s at 12
Hz for Bridge 1 and 350 m/s at 15 Hz for Bridge 2. Wave reflections are also
clearly observed at bridge piers and joints, where abrupt structural changes
cause partial wave energy to reflect back toward the source. These reflec-
tions provide valuable insights into potential structural discontinuities and
variations in boundary conditions or material properties. Furthermore, Lamb
waves do not propagate beyond the bridge joints leading to the ground ramps,
indicating a discontinuity in wave transmission at these structural transi-
tions. This highlights the sensitivity of flexural-mode Lamb waves to bound-
ary conditions and structural connectivity. Additionally, waves observed on
the ground surface (before the left joint and after the right joint) exhibit dif-
ferent propagation characteristics, suggesting they are surface waves rather
than flexural Lamb waves. These surface waves are likely influenced by soil-

structure interactions, subsurface structures, and ground coupling effects.

6.2. Lamb wave dispersion analysis

Lamb waves are dispersive, where phase velocities vary with frequency.
To obtain stable dispersion spectra for the flexural-mode Lamb waves in
the box girder, we construct VSGs using virtual source locations within 15
meters on either side of bridge joints. Setting virtual sources near the bridge
entry ensures that VSGs capture propagating waves across the entire box

girder. Dispersion spectra for each VSG location are then derived using the
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Figure 7: Virtual shot gather results for (a) Bridge 1 and (b) Bridge 2, using signals across
the full frequency band. Dotted lines indicate the locations of bridge joints and piers, while
yellow triangles mark the virtual shot locations. The color version of this figure is available
only in the electronic edition.

phase-shift method [38]. To further improve signal clarity, dispersion spectra
from different virtual source locations for each bridge are stacked, effectively
reducing random noise. Figure 9 presents the measured dispersion spectra
for the two bridges. Panels (a) and (b) show raw spectra, while (c¢) and (d)
display frequency-normalized spectra, highlighting wave energy distributions
across frequency bands. The white lines mark the wavelengths corresponding
to the gauge length, below which spatial high-cut filtering occurs due to the
finite gauge length.

Theoretical dispersion curves for flexural-mode Lamb waves are modeled
using the method described in Sections 2 and 3. The box girders are approx-

imated as thin beams with rectangular cross-sections. Since both bridges

20
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Figure 8: Virtual shot gather results for Bridge 1 (a and c¢) and Bridge 2 (b and d)
after applying a notch filter (band-rejection filter) to remove resonance frequency signals.
Dotted lines indicate the locations of bridge joints and piers, while yellow triangles mark
the virtual shot locations. The color version of this figure is available only in the electronic
edition.

feature monolithic girder-pier connections, appropriate boundary conditions
are applied, as illustrated in Figure 10. Bridge 1 is modeled with fixed-

hinged boundary conditions for both spans, while Bridge 2 is modeled with a

21



fixed-fixed condition for the middle span and fixed-hinged conditions for the
outer spans. These boundary conditions define the parameter a required for
calculating the effective Young’s modulus, as listed in Table 3. Structural
variations between the two bridges, such as different span lengths, are also
incorporated into the model. Material properties of the two bridges — includ-
ing the range of effective Young’s modulus, effective density, and Poisson’s
ratio — are estimated using Equations (4) and (5), based on the structural pa-
rameters listed in Table 2 and the fundamental mode resonance frequencies
identified from DAS and accelerometer measurements. The corresponding
pressure wave velocity (Vp) and shear wave velocity (Vs) are derived using
Equations (2) and (3), with values listed in Table 4. These velocity esti-
mates are used to model the Lamb wave dispersion curves, shown as the

shaded region in Figure 9.

Table 3: Estimated effective material properties of the bridges.

E (Pa) p (kg/m®)  n
Bridge I [1.46 x 10°,2.01 x 10°] 580  0.17
Bridge 2 [7.15 x 10°,4.31 x 10] 605  0.17

Table 4: Estimated wave velocities for the two bridges.
Vp (m/s) VS (m/s)
Bridge 1 [5195, 6104] [2985, 3507]
Bridge 2 [2765, 3564] [1589, 2047]

The measured dispersion spectra closely align with the modeled disper-
sion curves up to approximately 70 Hz for both bridges, demonstrating con-

sistency between observed and theoretical wave behavior. However, at fre-
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quencies above 70 Hz, discrepancies emerge, likely due to the limitations
of the isotropic and homogeneous assumptions in the modeling. As wave-
lengths shorten at higher frequencies, the heterogeneous nature of the box
girder—including material anisotropy and structural details—becomes more
influential, deviating from the simplified theoretical model. Additionally,
Bridge 1 exhibits cleaner dispersion spectra compared to Bridge 2, which
may be attributed to differences in gauge length. The longer gauge length
in Bridge 2 results in lower spatial resolution, leading to increased spectral
smearing and reduced precision in capturing fine dispersion features. This
highlights the trade-off between gauge length and spatial resolution in DAS-
based measurements. In the 1.5-5 Hz frequency band, Figure 9 (e) and (f)
show the modeled standing wave velocity derived from Equation (7), overlaid
with the estimated frequency for the first span of both bridges. The agree-
ment between modeled and measured wave behavior validates that standing
waves arise from the superposition of left- and right-propagating Lamb waves,
satisfying the Equation (6). The discrepancy between the measured disper-
sion spectra and the modeled dispersion mode in the 1-5 Hz frequency range
for Bridge 2 may be due to its long gauge length measurements or complex

span configuration.

7. Discussion

This study presents the successful measurement of wavefields of low-

frequency (1-70 Hz) flexural-mode Lamb waves propagating through box
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Figure 9: Dispersion measurements for Bridge 1, McKee Road over U.S. Highway 101
Overpass (a,c, and e) and Bridge 2, Yerba Buena Road over Coyote Creek Bridge (b, d,
and f). Panels (a) and (b) show the dispersion spectra without normalization, while (c)
and (d) present the spectra normalized by frequency. The white lines mark the wavelengths
corresponding to the gauge length, below which spatial high-cut filtering occurs due to the
finite gauge length. Panels (e) and (f) provide a zoomed-in view of the dispersion spectra,
focusing on the 0-400 m/s phase velocity range and 1.5-5 Hz frequency range. The color
version of this figure is available only in the electronic edition.
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Figure 10: Schematic representations of (a) Bridge 1 and (b) Bridge 2. Numbers indicate
the respective span lengths.

girder bridges. By using pre-existing telecom fiber-optic cables as dense
sensing arrays with DAS, we achieve high-resolution wavefield measurements.
The integration of DAS with ambient noise interferometry enables the ex-
traction of wave propagation characteristics from traffic-induced vibrations,
eliminating the need for external excitation.

Despite these promising findings, several limitations merit future works:

e The DAS system used in this study operates at a maximum sampling
frequency of 200 Hz, limiting our ability to observe higher-mode Lamb
waves. Future research should explore higher-frequency wave prop-
agation using DAS, which could introduce additional constraints for
structural property inversion and enable more refined and localized as-

sessments of bridge conditions.

e Our current modeling approach approximates the box girder as an elas-
tic isotropic plate and a Bernoulli-Euler beam. While this simplification
is effective at low frequencies—where the wavelength exceeds the girder
thickness—it may not hold at higher frequencies, where geometric and
material heterogeneity becomes more significant. Future work should

incorporate finite element modeling to account for complex wave in-
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teractions and structural details, improving the accuracy of simulated

wave propagation in bridge superstructures.

e An important next step is to develop inversion techniques for estimating
structural properties from measured dispersion curves. Validating these
approaches in both controlled laboratory experiments and real-world
bridge settings, particularly under known structural modifications or
damage conditions, will be crucial for assessing their reliability. A
systematic study of how different structural changes influence Lamb
wave characteristics will further refine their application for structural

health monitoring.

e Uncertainties related to fiber-optic cable coupling, conduit materials,
and installation conditions may impact measurement accuracy. Future
studies should quantify these factors, assess their effects on long-term
monitoring stability under varying environmental and operational con-
ditions, and implement corrections based on analysis of long-term field

data recordings.

e This study focuses on box girder bridges, but future work should ex-
plore other bridge types and structural forms, such as truss, arch, and
cable-stayed bridges. Investigating how different structural configura-
tions influence wave propagation will help generalize our approach to

a wider range of bridge infrastructure.

e Establishing damage-sensitive metrics based on Lamb wave measure-
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ments will be essential for integrating this approach into practical
bridge health monitoring systems. By correlating observed wave prop-
agation changes with structural deterioration, we can develop early
warning indicators to support proactive maintenance and risk mitiga-

tion efforts.

8. Conclusions

This study demonstrates the feasibility of using DAS to measure wave-
fields of low-frequency (1-70 Hz) flexural-mode Lamb waves in box girder
bridges. By leveraging pre-existing fiber-optic infrastructure, we establish a
dense sensing network capable of capturing wave propagation in operational
bridges without requiring additional sensor deployment. Our method con-
structs virtual shot gathers from ambient traffic vibrations, avoiding disrup-
tions to regular traffic. Additionally, we introduce a simplified yet effective
modeling framework that approximates the box girder as an elastic isotropic
plate, offering a foundation for characterizing low-frequency Lamb waves.
Our approach was successfully validated on two box girder bridges, where
the measured dispersion curves closely aligned with theoretical modeling re-
sults. These findings highlight the potential of low-frequency Lamb wave
measurements using DAS as a novel, non-intrusive technique for continuous

bridge health monitoring.
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