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A B S T R A C T

Data routinely collected from distributed fiber-optic cables embedded in civil structures can be repurposed as 
measurements for structural health monitoring (SHM). However, effectiveness depends critically on fiber- 
structure coupling and on the ability to infer meaningful structural parameters from the recorded signals. This 
proof-of-concept study proposes a framework to transform fiber-optic signals, acquired by a recently developed 
coherent Laser Interferometry (LI) technique, into distributed structural stress fields by combining a calibrated 
digital twin with surrogate modeling. A finite-element (FE) model is first calibrated using fiber-derived natural 
frequencies and fiber-averaged strain histories under different fiber-structure coupling conditions, providing a 
physics-based reference for subsequent strain-to-stress inference. Based on the calibrated FE response, surrogate 
models are identified via a local response function approach to map fiber-averaged strain to the stress distri
bution along the beam. Numerical damage scenarios show sensitivity to localized stiffness loss, with the sur
rogate model reconstructing damage-induced stress redistributions and phase shifts from the fiber signal alone. 
The proposed framework highlights the potential of repurposing existing communication fiber networks to 
recover distributed strain and stress fields over large-scale structures when combined with appropriate digital 
surrogate modeling.

1. Introduction

Monitoring the dynamic response of civil infrastructure through vi
bration response is a well-established route in modern structural health 
monitoring (SHM) to infer stiffness changes and track degradation using 
modal parameters (natural frequencies, damping ratios, and mode 
shapes) [1–3]. High-sensitivity accelerometer networks for ambient vi
bration monitoring enable precise modal identification, long-term 
tracking, and early-stage damage detection [4,5]. In practice, howev
er, high-density monitoring networks remain difficult to scale: 
installing, powering, and maintaining large networks of conventional 
sensors can be costly and logistically intrusive, especially in existing 
buildings. A key point is scalability at the level of infrastructure. Even 
where fiber-optic (FO) sensors are adopted instead of accelerometers, 

they are usually installed on a structure-by-structure basis and tailored 
to each asset. At the same time, urban environments are already tra
versed by FO telecommunication cables for internet services [6], as 
illustrated in Fig. 1a. If these fibers can be used as sensing backbones, 
they could enable wider spatial coverage with minimal additional 
hardware and disruption.

Optical fiber sensing (OFS) has emerged as a promising candidate for 
SHM and motivated a broad range of civil engineering applications, 
including the monitoring of bridges, tunnels, dams, pavements, and tall 
buildings [7–14]. Comprehensive reviews [15–17] describe the main 
sensing principles and classify OFS technologies into three primary 
families: (i) point sensors, such as fiber Bragg gratings (FBGs); (ii) 
distributed fiber optic sensors (DFOS), and (iii) interferometric systems, 
which detect nanometric or sub-nanometric deformations by measuring 
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phase differences along distinct optical paths.
Within this landscape, distributed acoustic sensing (DAS) [18–20]

and FBG systems [21–23] have developed particularly rapidly and offer 
dense spatial sampling along the fiber. This enables dynamic monitoring 
over tens of kilometers with meter-scale spatial resolution, and has been 
successfully demonstrated for applications such as traffic and bridge 
vibration monitoring [24], pipeline leak detection [25], and seismic or 
microtremor recording using dark fibers [26]. However, for civil struc
tures it can face practical limitations related to strain sensitivity and 
low-frequency fidelity, depending on deployment and processing 
choices. DFOS can achieve very high displacement/strain sensitivity 
over the bandwidth relevant to structural dynamics, while operating 
remotely on installed fibers [27–30]. These characteristics make DFOS 
attractive for extracting dynamic information from telecom-grade fibers, 
provided that coupling effects and model interpretation are handled 
carefully. These systems can achieve sub-nanostrain resolution with 
bandwidths extending well beyond the typical frequency range of civil 
structures (0.1–100 Hz). Their relatively simple optical architecture, 
compactness, and potential for multiplexing make interferometric sys
tems strong candidates for real-world vibration monitoring [31,32].

A key distinction must be made between purpose-installed fiber 
sensors (e.g., surface-bonded or embedded sensors designed for strain 
transfer) and existing telecom fiber deployments. Most prior work either 
uses dedicated fibers under controlled bonding conditions or treats tel
ecom cables as generic sensors without explicitly addressing the un
certain mechanical coupling that governs measurement fidelity in 
realistic installations. In Fiber-To-The-Home (FTTH) deployments, 
where fibers are loosely routed, housed in conduits, or otherwise sepa
rated from the structural surface, the coupling between the host struc
ture and the optical core is often spatially variable, nonlinear, and 
poorly characterized, introducing uncertainty in how structural motion 
appears in the optical signal. This imperfect coupling effectively acts as a 
mechanical filter, attenuating amplitudes and introducing phase lags 
that can bias modal estimates. Shear-lag and multilayer models [33–35]
show that strain transfer depends strongly on coating and adhesive 
properties, bonding length, and strain wavelength, while distributed 
systems are further complicated by spatial variability in coupling stiff
ness, which can measurably affect apparent damping and modal am
plitudes [34–36].

Once reliable FO measurements are available, a central challenge is 
to reconstruct engineering quantities of interest (stresses, strains, and 
damage indicators) from sparse or distributed sensor data in (near) real 
time. Surrogate modelling offers an effective route to this goal, 
enhancing the scalability of SHM by replacing computationally expen
sive high-fidelity simulations with fast predictors. Recent contributions 
have shown how reduced-order and hybrid physics–data approaches can 
be exploited in this context: Torzoni et al. [37] proposed a non-intrusive 
framework that combines model order reduction with deep neural net
works for real-time simulation under different damage scenarios; 

Rosafalco et al. [38] used parametric model order reduction and fully 
convolutional networks for online damage localization; Torzoni et al. 
[39] extended these ideas to account explicitly for temperature effects in 
damage classification; and Menghini et al. [40–42] introduced Local 
Response Function (LRF) surrogates and hybrid virtual-sensing strate
gies to reconstruct stress histories and stress ranges at non-instrumented 
locations. Unlocking the potential of telecommunication infrastructure 
for structural monitoring thus requires a staged validation strategy. 
Before field deployment on operational structures with active data 
traffic and unknown coupling conditions, the relationships between 
fiber attachment configuration, coupling stiffness, and measurement 
accuracy must be systematically characterized under laboratory condi
tions, where boundary conditions, material properties, and excitation 
can be precisely specified. Such controlled investigations provide the 
physical insight needed to interpret complex fiber signals from real 
buildings and infrastructure, as well as the basis for robust data pro
cessing and modeling frameworks.

In this study, a coherent Laser Interferometry (LI) technique, previ
ously applied to underground deployed telecom fibers for seismicity 
detection [43], is used for structural vibration monitoring. The inter
ferometer provides a demodulated optical phase time history, which can 
be converted into an equivalent axial strain response integrated along 
the fiber path. This measurement reflects deformation accumulated over 
the routed cable trajectory and depends on how the cable is mechani
cally coupled to the host structure. In existing telecom deployments, the 
optical fiber is embedded within non-structural infrastructure (jackets, 
ducts, fixations, service loops, and local discontinuities), and the 
measured signal may include amplitude filtering and phase lag that are 
not purely structural. This limitation reduces the current technology 
readiness level (TRL) of any “dual-use telecom fiber” SHM concept and 
motivates conservative claims and staged validation.

In this context, prior controlled laboratory experiments were per
formed to quantify how FO cable and conduit attachment strategies 
affect LI-based measurements [44–46]. In the experimental campaign of 
[46], a simply supported timber beam was instrumented with a dark 
fiber and accelerometers, and impact tests showed that the interfero
metric FO system reproduces modal frequencies and strain responses in 
close agreement with the accelerometers across the investigated 
coupling configurations, including cases of strong and weak coupling 
[44–46]. Building on these results, the present study extends the 
investigation to different coupling configurations to characterise the 
sensitivity of the proposed strain-to-stress framework to the degree of 
mechanical coupling between the fiber and the host structure. To this 
end, a finite element (FE) model of the timber beam is constructed and 
compared against the experimental acceleration and strain data, and 
then used to construct a local-response-function surrogate model [40]
that maps interferometric FO signals to structural stress fields, enabling 
extraction of engineering-relevant quantities from fiber-averaged strain 
measurements.

Fig. 1. (a) Global FO network (≈3,885,787 km) overlaid with population density [6] and (b) a schematic of dual use of FTTH infrastructure for both internet traffic 
and structural health monitoring.
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Despite uncertainties in material properties and boundary condi
tions, the numerical model reproduces the measured natural frequencies 
of the first three bending modes and the longitudinal average strain 
recorded by the dark fiber with discrepancies below 7%. Within this 
numerical framework, the surrogate model enables the efficient con
version of FO signal data into engineering quantities of interest, such as 
stresses and vertical/horizontal strain components. A key advantage of 
the proposed framework is its capability to detect and quantify struc
tural damage through changes in stress distributions and dynamic 
response patterns. To demonstrate this damage sensitivity, a numerical 
damage scenario was implemented on the numerical beam model, 
simulating localized stiffness degradation such as timber deterioration 
due to moisture ingress or crack formation.

Beyond validating the proposed surrogate-model-based methods 
under controlled conditions, the findings provide quantitative evidence 
that FO infrastructure (when appropriately coupled to structures) can be 
exploited to derive parameters that are critical for structural assessment.

2. Methodology

While the present study focuses on a single fiber path in a controlled 
laboratory setting, the methodology is intended to scale to multi- 
channel implementations using multiple branches of existing in- 
building telecom fibers used for internet connectivity. This configura
tion is typical of FTTH networks where optical cables route through 
multiple floors and sections to deliver internet services to individual 
apartments or offices. LI can remotely detect sub-micrometric changes in 
the length of deployed FO cables, achieving a resolution lower than 1 μm 
[43]. Fig. 2 provides the motivation and sensing context for this dual-use 
concept of existing telecom fibers embedded in the built environment, 
which are employed as distributed strain sensing paths. The measured 
fiber response is then linked to a refined FE model for structural in
terpretations. In earlier work from this study [44–46], an LI–based 
measurement scheme was presented in which the sensing laser is 
divided into a reference arm and a measurement arm. The measurement 
beam is injected into the FO cable and multiplexed with standard data 
traffic (Fig. 1b). By processing the resulting interference signals, phase 
variations of the propagating light are recovered and converted into 
strain integrated along the fiber path [43–46].

The acquisition unit is local and allows data transmission, storage, 
and processing, enabling continuous strain monitoring of the hosting 
structure. The recorded strain time histories are subsequently analysed 
to extract multiple complementary indicators of structural condition. 
These include global dynamic properties derived from the response (e. 
g., natural frequencies and damping ratios) as well as local response 
measures, such as the fiber-averaged strain and the reconstructed stress 

fields at structural details of interest. The work presented here develops 
a surrogate-based numerical modelling strategy for exploiting LI mea
surements in SHM. The existing experimental campaign on the simply 
supported timber beam is used as a testbed: integrated strain responses 
are derived from experimentally and numerically computed deforma
tion fields to examine the capability of interferometric measurements to 
capture structurally relevant information across multiple coupling 
configurations, as detailed in the flowchart in Fig. 3. The measured FO 
phase signals are converted into strain time series and combined with 
numerically obtained local response functions, enabling surrogate pre
dictions of structural stresses at locations not directly monitored.

Local-response-function-based surrogate models can be embedded 
within a multiscale framework that links a global FE model to locally 
refined submodels through the displacement field. In this setting, the 
global FE model is calibrated at the structural scale by comparison with 
fiber-derived modal parameters (in particular, natural frequencies and, 
when reliably identifiable, damping ratios). The corresponding nodal 
displacements (translations and rotations) are then extracted and 
imposed at the master nodes of the refined substructures to recover local 
structural parameters of interest for assessment. By coupling interfero
metric measurements with FE simulations, the proposed framework 
provides a practical basis for scalable, reliable, and cost-efficient dam
age assessment in civil structures.

3. Experimental campaign

The experimental campaign was conducted on a simply supported 
timber beam designed to serve as a reference test structure for the in
vestigations. A detailed description of the experimental campaigns can 
be found in Ceylan et al. [46]. The test specimen consisted of a softwood 
beam with a rectangular cross-section of 100 mm × 25 mm and a total 
length of 3 m. The beam was supported at both ends using a hinge and 
cylindrical steel rollers with a clear span length of 2.87 m in order to 
approximate ideal simply supported boundary conditions while mini
mizing rotational restraint (Fig. 4).

Fig. 5 summarizes sensor locations and hammer impact points on the 
timber beam. Three PCB accelerometers have been distributed asym
metrically at 0.63, 1.30 and 2.30 m from the left support to maximize 
observability of the first three bending modes while avoiding nodal 
positions. For all tests, the FO cable and accelerometers were installed 
along the top surface of the beam to maintain a consistent curvature-to- 
strain sign convention. Excitation was applied with an instrumented 
impact hammer fitted with a soft tip. Five impact points were defined 
along the span (Fig. 5). At each point, 10 impacts were delivered at ~ 15 
s intervals to support repeatability and coefficient-of-variation (c.o.v.) 
estimates.

Fig. 2. Motivation and sensing context (dual use of existing telecom fibers as distributed strain sensor) with a representative building linked to a refined FE nu
merical model.
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The present study considers two reference configurations repre
senting different fiber–structure coupling conditions, which are used 
consistently in all subsequent analyses. In Configuration 1, the FO cable 
is taped directly onto the timber beam using strips spaced at approxi
mately 10 cm along the length. In addition, the head connectors at the 
left and right fiber ends are fixed to the beam with wax, as shown in 
Fig. 6. This setup provides a controlled and repeatable coupling condi
tion for assessing the performance of the interferometric fiber-optic 
measurements. In Configuration 2, the FO cable is laid freely on the 
timber beam without any tape bonding; it is secured only at the pin- 
supported end to prevent it from slipping or falling off the specimen. 
The head connectors are also left free in this setup, as shown in Fig. 7. 
Configuration 2 is used only for comparison purposes to show the strain 
transfer performance for the free fiber layout.

Fig. 8 summarizes the complete measurement chain used in the 
laboratory tests, from the optical interferometer to the timber beam. A 
narrow-linewidth laser source feeds the interferometric device (pro
duced in-house for the purpose of research) in which the optical power is 
split into a reference arm (internal to the interferometer) and a sensing 
arm consisting of the deployed dark-fiber segment attached to (and 

routed through) the timber beam. At the end of the sensing arm, light is 
reflected back and travels the fiber in the backward direction. It is finally 
recombined to the reference arm and the resulting interference signal is 
detected by a photodiode. The photodetector output is digitized using a 
DAQ/PC acquisition system. The primary measurement provided by the 
LI setup is a time history of optical phase variation Δϕ(t), which reflects 
strain-induced changes of the optical path length integrated along the 
sensing fiber. Δϕ(t) is demodulated/unwrapped and converted to an 
equivalent fiber-averaged axial strain history ε(t), which is the quantity 
used in the strain-to-stress reconstruction framework. ε(t) is obtained as 
follows: 

ε(t) = Δϕ(t)
2π

λ
2n0

1
L0(1 − p0)

(1) 

where Δϕ(t) denotes the phase variation (in radians) induced by defor
mation of the optical fiber, and L0 is the fiber’s undeformed length (2 m 
in this study). The parameter λ is the laser wavelength, set to 1.542 μm. 
The refractive index of n0 is taken as 1.468, while p0 represents the 
strain-optic coefficient, assumed to be 0.2 [47].

Fig. 9 and Fig. 10 present the time histories of the hammer-impact 

Fig. 3. Methodology flowchart.

Fig. 4. Laboratory setup of the simply supported timber beam test specimen.
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tests for the impact points HP-2 and HP-4, respectively, for Configura
tion 1 (coupled, fiber taped). Fig. 9a and Fig. 10a show the input forces 
measured by the instrumented hammer, with 10 clearly separated im
pulses of comparable amplitude applied at intervals of roughly 15 s. 
Fig. 9b and Fig. 10b report the corresponding acceleration responses 
recorded by the accelerometer Acc-2, which exhibit repeatable transient 
peaks of about ± 10 m/s2 and ± 5 m/s2 following each impact, 
respectively, indicating stable and essentially linear dynamic behaviour 

during the impact sequence. Fig. 9c and Fig. 10c present the interfero
metric FO time histories in terms of axial strain: the red curve shows the 
raw demodulated strain signal, while the blue curve shows the processed 
(shifted) strain used in the subsequent analyses in this paper. The raw 
trace generally displays a slowly varying offset; however, in Fig. 9c a 
step-like jump appears in the mean level at around t ≈ 90 s, consistent 
with a change in the interferometer operating point (e.g., abrupt 
movement of head connectors or strain relaxation of the fiber cable due 
to loosening of some bonded tapes) that modifies the quasi-static 
reference strain without affecting the dynamic component. To obtain a 
physically consistent strain history, the raw strain signals were therefore 
recentered by removing the segment-wise mean and correcting for the 
offset, yielding the shifted strain in blue, whose transient content aligns 
with the hammer impacts and the accelerometer responses. A slow- 
varying offset is estimated using moving-median smoothing and 
change-point segmentation and subtracted from the signal. Finally, a 
high-pass Butterworth filter (0.5 Hz) removes residual quasi-static 
components, centering the strain around zero and retaining only the 
dynamic response. The strain measured during the test on HP-2 varies 
between approximately − 1.78 × 10⁻5 and + 1.22 × 10⁻5, with an 
average amplitude of Δε ≈ 4.99⋅10− 6 ≈ 5 με. Further, the strain 
measured during the test on HP-4 varies between approximately − 6.27 
× 10⁻6 and + 4.51 × 10⁻6, with an average amplitude of Δε ≈ 1.76 ×
10− 6 ≈ 1.8 με.

The interferometer outputs a demodulated phase time history, which 
is converted into the fiber-averaged axial strain ε(t) by using Eq. (1). 

Fig. 5. Configuration of accelerometer positions and hammer impact points along the beam.

Fig. 6. Configuration 1: Layout of the fiber-optic cable bonded to the bare beam with 10 cm tape spacing.

Fig. 7. Configuration 2: Layout of the fiber-optic cable without tape bonding, 
just taped at the pin supported end.
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Fig. 11 shows the power spectral density (PSD) of the FO phase signal, 
for hammer impact points HP-2 and HP-4, corresponding to the raw 
strain traces provided in Fig. 9c and Fig. 10c, respectively. The PSDs are 
computed from the entire recorded time history for each impact-point 
test. The PSD of the FO phase is estimated using Welch’s method after 
resampling to 200 Hz. As an example for HP-2, the original record 
consists of 160,000 samples at 1000 Hz (160 s), corresponding to 32,000 
samples after resampling. Welch’s method uses a Hann window of 3,200 
samples with 50% overlap and number of FFT points 3,200, resulting in 
a frequency resolution Δf = 200 Hz/3200 ≈ 0.0625 Hz and 19 

averaged segments. All the PSDs are computed with the same approach 
in this study. Modal frequencies are identified for each hammer test via 
peak picking of the dominant PSD peaks. Table 1 shows the first three 
modal frequencies and damping ratios obtained from FO phase data at 
each hammer test in Configuration 1, with the average and c.o.v. The 
average values are compared with those identified from the acceler
ometer data in Table 2. Results show very good agreement between the 
identified modal frequencies.

Fig. 8. Full experimental and acquisition setup for interferometric dark-fiber measurements on the timber beam. Top Left: schematic of the interferometric 
acquisition device (laser source, splitter, circulator, photodiode, and DAQ) and signal flow. Top Right: sensing fiber routed through the timber beam (deployed fiber 
length is 2 m; beam clear span 2.87 m). Bottom: photographs of the laser source, interferometric acquisition device and the fiber entering to the timber beam.

Fig. 9. Configuration 1: (a) Hammer impact loadings at the impact point of HP-2, (b) acceleration time history measured by the accelerometer Acc2, and (c) axial 
fiber strain time history for a time period of 20–180 s (red line: raw strain response, blue line: processed strain response).
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4. Numerical modelling for prediction of structural parameters

A numerical beam model was developed in MIDAS Gen [48] to 
provide a digital representation of the experimental setup and to support 
stress-field reconstruction from fibre-path–averaged strain measure
ments. The model serves two purposes: (i) reproducing the measured 
dynamic response of the simply supported timber beam, and (ii) 

generating consistent input–output datasets for calibrating a local 
response function (LRF) surrogate that maps interferometric fibre strain 
to local structural stress histories. Accordingly, the experiments/FE 
comparison is introduced as a validation step to establish a digital twin 
suitable for subsequent strain-to-stress surrogate identification.

4.1. Finite element model of the timber beam

The numerical model reproduces the geometry, boundary condi
tions, and loading configuration described in Section 3. Linear elastic, 
homogeneous, and isotropic behaviour is assumed for the timber. The 
density is taken as ρ = 500 kg/m3, while the Young’s modulus E =

10 GPa. The beam is discretised using one-dimensional Euler–Bernoulli 
beam elements with uniform cross-section along the span. The mesh 
density is chosen such that the element length is sufficiently small to 
accommodate the bending wavelength associated with the third mode, 
ensuring an accurate representation of the first three bending modes. 
The supports are modelled as an ideal pin at one end and a roller at the 
other, reproducing the hinge–roller configuration used in the laboratory 
and approximating simply supported boundary conditions with minimal 
rotational restraint. Time-history analyses were performed using the 
implicit Newmark-β scheme (β = 1/4, γ = 1/2) with a constant time 
step Δt = 0.001 s. This choice ensured numerical stability and adequate 
resolution of the dynamic response up to 500 Hz.

Damping is included to reproduce the experimentally observed 
decay rate of the transient response and to support a consistent time- 
history-based strain-to-stress mapping. The first three bending-mode 

Fig. 10. Configuration 1: (a) Hammer impact loadings at the impact point of HP-4, (b) acceleration time history measured by the accelerometer Acc2, and (c) axial 
fiber strain time history for a time period of 20–180 s (red line: raw strain response, blue line: processed strain response).

Fig. 11. Power spectral density of the FO cable phase signal for HP-2 and HP-4 hammer impact points [44].

Table 1 
First 3 modal frequencies f (Hz) and modal damping ratios ζ (%) obtained from 
FO phase at each hammer test.

Impact Point Mode 1 Mode 2 Mode 3
f1 ζ1 f2 ζ2 f3 ζ3

HP-2 6.17 0.71 − − 51.05 0.50
HP-4 6.17 0.72 23.66 0.46 51.17 0.43
Mean (all HP points) 6.17 0.78 23.65 0.48 51.08 0.43
c.o.v (%) 0.09 9.90 0.02 2.68 0.13 11.29

Table 2 
Comparison of modal frequencies (Hz) identified from acceleration and FO 
phase data.

Accelerometers FO phase data (LI) Relative Difference (%)

Mode 1 6.17 6.17 0
Mode 2 23.65 23.65 0
Mode 3 51.08 51.08 0
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damping ratios identified from the FO phase data (Table 1) are adopted 
(mean values): ζ1 = 0.78%, ζ2 = 0.48%, ζ3 = 0.43%. These ratios are 
implemented as classical viscous (modal) damping: an equivalent 
damping matrix is constructed in physical coordinates so that the 
selected modes exhibit the assigned ζi, and the resulting system is then 
integrated in time using the Newmark scheme in the nodal (physical) 
basis.

To simulate the impact tests, the hammer excitation at a given 
hammer point (e.g. HP-2) is represented as a vertical concentrated load 
applied at the corresponding node of the beam model. A load of 1 N, 
consistent with the measured input force, is applied using a triangular 
time history with a total duration of 0.02 s, reaching its peak value at 
t = 0.01 s. An eigenvalue analysis of the calibrated model yields the first 
three bending modes with natural frequencies f1 = 6.09 Hz, f2 =

24.37 Hz, and f3 = 54.06 Hz (Fig. 12). These values are in good 
agreement with the mean frequencies identified from FO phase data, 
fexp
1 = 6.17 Hz, fexp

2 = 23.65 Hz and fexp
3 = 51.08 Hz (Table 1), with 

relative discrepancies of approximately − 1.3%, +3.0% and + 5.9%, 
respectively. The corresponding numerical mode shapes, shown in 
Fig. 12, closely resemble the experimental shapes obtained from accel
erometer measurements as discussed in [46].

Fig. 13a–c compares the measured acceleration from the installed 
accelerometer Acc2 due to HP-2 (Fig. 13-a), and the strain obtained from 
the FO signal data of Configuration 1 (taped fiber, coupled) with the 
corresponding responses predicted by the FE model due to HP-2 and HP- 
4 (Fig. 13-b–c), showing good overall agreement. The error in terms of 
maximum peak strain is approximately 7%. Fig. 14 compares the FE 
results and experimental measurements from Configuration 2 (free fiber, 
uncoupled) in terms of strain due to HP-2. Fig. 15-a (HP-2) and Fig. 15-b 
(HP-4) report the PSD of the strain time history provided in Fig. 13-b-c 
and Fig. 14, where the first and third natural modes of the structure are 
clearly identified. The largest discrepancy is observed for the third 
mode, with an experimental frequency of 51.08 Hz compared to 54.06 
Hz predicted by the FE model; however, this difference remains below a 
maximum error of 6%. This threshold is considered acceptable in light of 
typical uncertainties in material properties, boundary conditions, and 
measurement precision. The maximum modal frequency errors obtained 
for the second configuration (free fiber, uncoupled) are 3.1%, 5.0%, and 
7.4% for the first, second, and third bending modes, respectively 
compared to taped configuration. The progressive increase in discrep
ancy with mode order is consistent with the reduced coupling stiffness in 
this configuration: the absence of tape bonding allows minor local fiber 
displacements, which attenuate high-frequency strain components more 
severely than low-frequency ones, leading to a gradual degradation of 
agreement with the FE predictions relative to the taped configuration. It 
is worth noting that, in a general continuous monitoring scenario where 
PSDs are estimated from strain time histories spanning multiple exci
tation events, the frequency error associated with a free-fiber deploy
ment is partly stochastic (varying with the instantaneous contact 
condition at each event) and would therefore be progressively reduced 
by averaging modal frequencies across successive events, improving 
agreement with a fully coupled configuration.

In this laboratory benchmark, material properties are assigned as 
fixed values (e.g., ρ = 500 kg/m3, while E = 10 GPa) to reflect the 
controlled specimen and to isolate the performance of the proposed 
strain-to-stress reconstruction workflow. At structural scale for field 

applications, material parameters and boundary-condition stiffness are 
generally uncertain and should therefore be introduced as bounded 
variables informed by engineering priors (design documentation, code- 
based ranges, and/or limited in-situ information). In that case, the 
global FE model can be calibrated probabilistically against measured 
dynamic features (e.g., modal frequencies and response characteristics 
extracted from the FO signal, possibly complemented by auxiliary sen
sors) using, for example, Bayesian model updating with uncertainty 
quantification. The resulting parameter uncertainty can then be propa
gated through the FE–surrogate mapping to report reconstructed stress 
quantities with uncertainty bounds rather than as single deterministic 
estimates.

The beam is selected as a low-order simple benchmark to clearly 
demonstrate the end-to-end workflow, focusing on the frequency band 
in which the LI-derived response exhibits high fidelity and the modal 
content is clearly identifiable.

The strain signal derived from Configuration 2 (fiber cable is free) is 
also plotted against the numerical results in Fig. 14. Although a shift is 
observed between the peak strain values, the overall signal magnitudes 
remain in reasonable agreement with the FE predictions, suggesting that 
the proposed framework retains its applicability to uncoupled or loosely 
coupled fiber-optic deployments — a particularly relevant finding in the 
context of existing FTTH infrastructure, where controlled bonding 
conditions are generally unavailable. For higher-order complex struc
tures with higher-frequency ranges, increased modal density, reduced 
measurement signal to noise ratio, and coupling-induced filtering can 
complicate identification and may influence local stress gradients. In 
such cases, peak picking may be insufficient. Practical implementation 
would therefore rely on a reliable operational bandwidth and use band- 
limited, parametric identification methods together with reduced-order 
modeling to retain the modes that contribute materially to surrogate- 
based stress reconstruction. A systematic treatment of dense-modal 
and high-frequency regimes is left for future work.

5. Local response function for stress reconstruction

While the interferometric system directly provides a time history of 
fibre-averaged axial strain along the dark fibre path, structural assess
ment often requires local quantities such as bending stresses at specific 
sections or details. To bridge this gap, a local response function (LRF) 
approach, proposed by Menghini et al. [40–42], is adopted to relate the 
fibre-averaged strain to local stresses computed from the FE model. In 
general, the LRF assumes that the local stress σ(t) at time t can be 
approximated as: 

σ̂(tk) = f(x(tk))+ ξ(tk), k = 1,⋯,N, (2) 

where x(t) is the chosen control variable (vector-valued), f(⋅) is an un
known response function, and ξ(t) is a residual error term assumed to 
follow a normal distribution with zero mean. In this work, the optic 
fiber-averaged strain εFO(t) is identified as the control variable, so that 
x(t) = εFO(t). f(⋅) can be then approximated using a low-order poly
nomial, i.e., an LRF of the form: 

σ(tk) ≈ f(εFO(tk)) = β0 + β1 εFO(tk)+ β2 ε2
FO(tk)+⋯+ βm εm

FO(tk), (3) 

where βj are unknown coefficients to be identified. In the present study, 
we use a quadratic model (m = 2), namely 

Fig. 12. Numerical mode shapes. (a) Bending mode 1 (f1 = 6.09 Hz); (b) Bending mode 2 (f2 = 24.37 Hz), (c) Bending mode 3 (f3 = 54.06 Hz); (d) impact load equal 
to 1.00 N on HP-2 point (t = 0.25 s).
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σ(tk) ≈ β0 + β1 εFO(tk)+ β2 ε2
FO(tk). (4) The coefficients β = [β0 β1 β2]⊤ are estimated by least squares, using the 

Fig. 13. Configuration 1: Comparison between FE results and experimental measurements with taped coupling: (a) acceleration HP-2; (b) Strain HP-2; (c) Strain HP- 
4 ringdown segment after a single impact.

Fig. 14. Configuration 2: Comparison between FE results and experimental measurements without taped coupling (fiber is free on the beam, taped at the pin 
supported end only) in terms of Strain HP-2 for a single impact.
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time histories of stress from the local FE model as calibration data and 
the corresponding numerically computed fiber strain under the same 
hammer excitation. Defining the vector of FEM stresses: 

σFEM =

⎡

⎣
σFEM(t1)

⋮
σFEM(tN)

⎤

⎦, (5) 

and the regression matrix for the quadratic model: 

X =

⎡

⎢
⎢
⎣

1 εFO(t1) ε2
FO(t1)

⋮ ⋮ ⋮
1 εFO(tN) ε2

FO(tN)

⎤

⎥
⎥
⎦, (6) 

The calibration problem can be written in compact form as: 

σFEM = X β+ ξ, (7) 

so that the least-squares estimate is: 

β = (X⊤X)− 1X⊤σFEM. (8) 

This corresponds to the polynomial fit on a selected time window with 
high signal-to-noise ratio. The goodness of fit is quantified by the coef
ficient of determination R2, the root mean square error (RMSE), and the 
Pearson correlation coefficient between FEM and reconstructed stress. 
Once the LRF has been identified, the stress history is reconstructed 
directly from the experimental fiber strain measurements εexp

f (t) as: 

σLRF(t) = β0 + β1 εexp
FO (t)+ β2

(
εexp

FO (t)
)2
, (9) 

providing an estimate of the stress in the structural detail of interest 
from a single FO measurement and the calibrated numerical model. 
Fig. 16-a-b shows the predicted stress by surrogate models and by FEM 

showing a good agreement for HP-2 and HP-4, respectively.
Notably, Fig. 16-c illustrates the correlation between numerical 

stress and the measured average FO strain. This correlation is very high 
(ρ > 0.9) for the first signal, in the time window between 15 s and 25 s. 
However, the Pearson correlation coefficient is highly sensitive to noise 
in the data, and when all samples are used to construct the surrogate 
model, the resulting correlation can decrease, reducing the accuracy of 
the final results. In particular, when the relationship between variables 
is very complex, the LRF approach, which assumes a polynomial relation 
between a response parameter and a control variable, may be insuffi
cient. This limitation becomes more pronounced when the measured FO 
signal represents a spatially averaged strain over a finite influence 
length, while the structural response varies over shorter characteristic 
lengths (e.g., near concentrated loads, supports, or local stiffness 
changes). In such cases, the strain-to-stress mapping becomes effectively 
nonlocal and may require explicit treatment of the spatial filtering (e.g., 
convolution/regularization) or more expressive surrogates. In such 
cases, it becomes necessary to integrate more expressive models, such as 
Convolutional or Temporal Neural network (CNN/TCN)-based archi
tectures [42,49] or Physics-Informed Neural Networks (PINNs), to 
reconstruct the underlying temporal correlations in a more accurate and 
robust approach [50]. The results of this approach show that structural 
stresses at unmonitored locations can be predicted from the FO signal by 
using numerically estimated LRFs. From a practical perspective for real 
buildings, the FO signals can be converted into structural stresses 
through a surrogate model of the structure.

More generally, the use of surrogate models to predict stresses and 
strains can be integrated into a broader multi-scale framework. In such a 
scheme, the calibrated global FE model is driven by fibre-derived 
quantities, and its nodal displacements are used as boundary condi
tions for refined local submodels of structural details. Surrogate models 
can then be identified between the global response (e.g. fibre strain or 

Fig. 15. Comparison between the PSDs of the FE results and experimental measurements for a) HP-2; b) HP-4 under coupled (Configuration 1, taped fiber) and 
uncoupled (Configuration 2, free fiber) conditions.
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Fig. 16. Comparison between FE results and experimental measurements: (a) bending stress in the upper midspan timber fibre HP-2; (b) bending stress in the upper 
midspan timber fibre HP-4; (c) time-history correlation between predicted FE stress and measured strain.

Fig. 17. Predicted stress histories along the dark fiber obtained from surrogate models (HP-2).
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nodal displacements) and the internal forces or stresses in these sub
models, enabling efficient reconstruction of stress and strain compo
nents at locations that are not directly instrumented. This provides a 
computationally efficient pathway to exploit interferometric fibre 
measurements for structural assessment of more complex buildings and 
infrastructure systems. Once the global FE time-history is available, the 
surrogate coefficients can be identified in batch for multiple sections/ 
details with negligible additional computational cost. In operation, co
efficients calibrated for the baseline (undamaged) state provide a 
reference predictor, and persistent deviations between predicted and 

measured fibre-derived responses can be used to flag potential stiffness 
changes and trigger model updating. To evaluate how sensitive the 
inferred stresses (from dark–FO measurements and surrogate models) 
are to local damage, the cross–section located 0.86  m from the pin 
support was intentionally reduced from 25 × 100  mm to 18 × 100  mm 
over a 0.14  m segment, simulating a localized stiffness loss. The selected 
28% section reduction represents a stiffness-loss scenario introduced for 
proof-of-concept purposes; quantifying detection thresholds for more 
subtle damage mechanisms is left to future work. This configuration is 
illustrated globally in Fig. 17, where the blue curves show the stress time 

Fig. 18. Predicted stress histories from surrogate models. (a) x = 0.57 m section; (b) x = 0.86 m section (damaged section); (c) x = 1.15 m section; (d) x = 1.44 m 
section (midspan section).
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histories along the FO cable for all segments into which the cable has 
been subdivided, and the red curves show the corresponding stress time 
histories under the damaged condition (reduced resistant section 18 ×
100 mm).

Fig. 18 shows the predicted stress time histories at several cross- 
sections along the beam: (a) x = 0.57 m, (b) x = 0.86 m (damaged 
section), (c) x = 1.15 m, and (d) x = 1.44 m (midspan). Fig. 18-b cor
responds to the damaged cross-section. In addition to the marked stress 
reduction at the damaged section, a frequency shift of the stress histories 
can be observed at all locations (Fig. 18a-d). These results indicate that 
the proposed method can be used for structural integrity monitoring and 
is able to quantify the changes in key mechanical parameters induced by 
damage. Although demonstrated here on a simply supported timber 
beam, extension to large-scale applications will require site-specific 
coupling characterization and coupling uncertainty modeling of the fi
bers, adapting the method for arbitrary multi-branch FTTH routing, 
probabilistic model updating on building-scale models that involves 
uncertainty quantification, robust identification in dense-modal cases of 
complex structures, and progressive validation on building specimens 
and field deployments before realistic degradation mechanisms can be 
interpreted with confidence. The comparison between intact and 
damaged configurations reveals multiple damage-sensitive features. 
Indeed, a clear frequency shift of approximately 166 Hz is observed in 
the stress histories at both the damaged section and midspan (Fig. 18a- 
d). This frequency indicates altered wave propagation characteristics 
and modified modal response, which persist even at locations remote 
from the damage. A key practical implication is that such damage- 
induced deviations are inherently time-localized: unlike systematic 
discrepancies arising from modeling imperfections or parameter un
certainty, which remain approximately constant over the monitoring 
period, damage-related signatures emerge at a specific point in time and 
persist thereafter, making them distinguishable from stationary baseline 
errors in the surrogate predictions. Moreover, the peak stress at midspan 
increased by 89%, suggesting load redistribution from the weakened 
section, a classic indicator of structural damage that can be captured 
through the fiber-averaged strain alone.

The surrogate model successfully reconstructs all these damage- 
induced changes from the FO measurements, demonstrating that the 
computational framework preserves damage-sensitive information 
throughout the strain-to-stress transformation. Notably, these indicators 
emerge without requiring high-density sensor arrays: a single fiber path 
combined with the calibrated numerical model suffices to identify both 
the presence and approximate location of damage through the charac
teristic stress redistribution pattern. The along-fiber representation in 
Fig. 17 is used for visualization; near structural discontinuities the 
methodology should be applied piecewise with dedicated local sub
models/surrogates.

6. Conclusion

This work presented a numerical framework for stress-field recon
struction from dark-fiber strain measurements, combining a calibrated 
finite element (FE) digital twin with a quadratic local response-function 
(LRF) surrogate. The approach uses fiber-averaged strain as input to 
infer bending-stress histories at monitored and non-instrumented sec
tions, enabling a distributed interpretation of structural response from 
sparse fiber instrumentation. 

• The calibrated FE model provides an adequate digital twin for in
verse stress reconstruction.

• The quadratic LRF surrogate recovers bending-stress time histories at 
monitored sections and supports extrapolation of stresses (and 
directional strain components) to locations not directly instru
mented, yielding a distributed stress representation along the beam.

• Damage sensitivity was assessed through a 28% cross-sectional 
reduction, which produced consistent signatures in reconstructed 

indicators (stress amplitude changes, phase shifts, and load redis
tribution), detectable also away from the damaged section and 
therefore compatible with system-level detection under sparse 
sensing.

• Compared with frequency-only monitoring, the reconstructed stress/ 
strain information provides directly interpretable demand measures 
(time histories and redistribution patterns) that complement global 
modal shifts and improve the engineering interpretation of 
degradation.

The present study is subject to certain limitations that should be 
mentioned. First, the numerical model has been validated only for the 
intact structural configuration; its predictive accuracy under damage 
conditions remains to be experimentally verified. Second, the surrogate 
performance is inherently tied to the fidelity with which the numerical 
model captures the structural complexity, which may lead to optimistic 
accuracy estimates for localized features. Furthermore, the reasonable 
agreement observed between the numerical predictions and the strain 
signal from the uncoupled configuration indicates that the method may 
extend beyond controlled bonding conditions, motivating future sys
tematic investigation of coupling-independent or weakly coupled de
ployments relevant to real FTTH infrastructure.

Future work should therefore include: (i) experimental testing of 
damaged configurations to validate model predictions under various 
degradation scenarios; (ii) experimental and numerical investigation of 
alternative conduit layouts, including coupled and series arrangements, 
to assess the method's sensitivity and spatial resolution; and (iii) 
extension to more complex damage patterns and environmental condi
tions, in order to establish the robustness of the framework for real- 
world structural health monitoring (SHM) applications.

More broadly, future developments will aim to extend this approach 
to full-scale buildings and more complex structural systems, incorpo
rating long-term monitoring under environmental variability as well as 
fiber networks embedded within existing telecommunication infra
structure. In such full-scale deployments, robust calibration of the global 
model under uncertain material properties and boundary conditions will 
be essential, and reconstructed stress fields should be reported with 
uncertainty bounds obtained by propagating these uncertainties through 
the FE–surrogate chain.
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