
UC Berkeley
UC Berkeley Previously Published Works

Title
State‐of‐the‐Art Review of Vibration‐Based Health Monitoring of Piles

Permalink
https://escholarship.org/uc/item/3t76w411

Journal
Structural Control and Health Monitoring, 2026(1)

ISSN
1545-2255

Authors
Das, Sukanta
Goudarzy, Meisam
Matsumura, Satoshi
et al.

Publication Date
2026

DOI
10.1155/stc/8472089

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NoDerivatives License, available at https://creativecommons.org/licenses/by-nd/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3t76w411
https://escholarship.org/uc/item/3t76w411#author
https://creativecommons.org/licenses/by-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


 SPECIAL ISSUE 

REVIEW ARTICLE OPEN ACCESS

State-of-the-Art Review of Vibration-Based Health
Monitoring of Piles
Sukanta Das1 | Meisam Goudarzy2 | Satoshi Matsumura1 | Robert Kayen3 | Avik Kumar Das4

1Foundations Group, Port and Airport Research Institute, Yokosuka, Japan | 2Soil Mechanics and Foundation Engineering, Ruhr-Universität Bochum,
Bochum, Germany | 3Department of Civil and Environmental Engineering, University of California Berkeley, Berkeley, California, USA | 4School of
Civil Engineering, Tsinghua University, Shenzhen, China

Correspondence: Sukanta Das (sukanta.das@p.mpat.go.jp)

Received: 1 April 2025 | Revised: 10 February 2026 | Accepted: 27 March 2026

Guest Editor: Young-Jin Cha

Keywords: dynamic response | pile foundation | sensors | soil–pile interactions (SPI) | structural health monitoring (SHM) | vibration-based health
monitoring (VHM)

ABSTRACT
Vibration-based health monitoring (VHM) has emerged as a promising technique for assessing the integrity of deep foundations by
interpreting variations in dynamic response governed by soil–pile interaction. This review presents the theoretical background of
foundation failure mechanisms, sensing technologies, and numerical approaches that underpin VHM for pile foundations, with
emphasis on recent advances in fber-optic sensing, piezoceramic transducers, and acoustic emissionmeasurement. Developments
in optimal sensor placement, high-rate data acquisition, and advanced signal-processing techniques including time- and
frequency-domain analysis and machine-learning-based interpretation are examined in relation to their capability to identify
damage mechanisms such as cracking, scouring, buckling, degradation of bearing capacity and shaft resistance, and post-
earthquake damage. A critical evaluation of physical model tests, feld studies, and numerical investigations highlights the strong
infuence of pile geometry, embedment depth, material type, excitation method, and sensor confguration on the sensitivity of
vibration-based indicators. While VHM has demonstrated strong potential during installation and under controlled monitoring
conditions, its application to existing and aging foundations, particularly deeply embedded and large-diameter piles, remains
limited. The fndings underscore the need for unifed VHM protocols, scalable and nonintrusive sensing strategies, and feld-
validated diagnostic indicators that explicitly account for soil–pile interaction to support reliable long-term performance as-
sessment of pile foundations, especially for postdisaster damage evaluation.

1 | Introduction

Pile foundations are essential load-bearing components used in
a wide range of civil infrastructure systems, including bridges,
high-rise buildings, port facilities, wind turbines, transmission
towers, power plants, and many other heavily loaded critical
structures. Their performance directly infuences overall struc-
tural safety and serviceability, making structural integrity as-
sessment a critical engineering priority. Throughout their service
life, piles are exposed to severe mechanical, environmental, and

geohazard-induced conditions including scour, corrosion, cyclic
loading, and seismic excitation that can progressively modify
their structural capacity and soil–pile interaction (SPI). The
infuence of scour on the dynamic behavior of bridge foundations
is illustrated by the work of Foti and Sabia [1] and Kariyawasam
et al. [2], whileMelchers [3] provides insights into long-term steel
degradation under corrosive environments. Seismic efects on
pile response form an integral component of geotechnical
earthquake engineering [4], and the interaction between scour
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and corrosion on deep foundation performance is examined in
recent numerical studies [5].

Numerous postearthquake investigations have shown that pile
damages can lead to excessive settlement, reduced bearing ca-
pacity, and even catastrophic superstructure failure during major
earthquakes and ground movement events [6–9]. Similar vul-
nerabilities have been observed in infrastructure supported on
piles in liquefable soils [8–10]. These outcomes collectively
underscore the urgent need for reliable monitoring techniques
capable of detecting both structural damage and changes in SPI.

Conventional nondestructive testing (NDT) techniques such as
low-strain pile integrity testing (PIT), cross-hole sonic logging,
thermal integrity profling, and gamma–gamma density logging
remain standard practice during construction and rehabilitation
phases [11–17]. These methods form the core of deep foundation
integrity evaluation recommended by Engineers and are gov-
erned by widely used standards including ASTM D5882 [11] for
low-strain integrity testing, ASTM D6760 [12] for cross-hole
sonic logging, and ASTM D7949 [13] for thermal integrity pro-
fling. Although efective for identifying major sectional anom-
alies, these techniques generally require direct access to the pile
head or embedded instrumentation and therefore provide only
discrete snapshots of foundation condition. Their diagnostic
capability is further reduced for long piles (L/D > 30), large-
diameter drilled shafts, and pile groups, particularly when
foundations are embedded in spatially variable or liquefable
soils [18, 19]. As a result, conventional NDT methods often
struggle to capture progressive or deeply embedded de-
terioration, highlighting the need for complementary monitoring
strategies.

Vibration-based health monitoring (VHM) has therefore
emerged as a powerful complementary approach for continuous
or periodic condition assessment. By interpreting dynamic
characteristics such as natural frequencies, modal curvature, and
impedance, the VHM can detect changes attributable to cracking,
debonding, scour progression, soil degradation, or stifness loss
induced by seismic events [2, 20–25].

Rapid advances in sensing technologies have expanded the
feasibility and precision of VHM. Piezoceramic transducers

(PZT) facilitate high-frequency stress-wave interrogation
[26–29], while FBG sensors and distributed fber-optic sensing
(DFOS) systems enable depth-resolved strain measurements and
detection of SPI changes, cracking, or toe anomalies [30–33].
Wireless and MEMS-based sensor networks have further sup-
ported scalable feld deployment [34]. Parallel advancements in
signal processing such as wavelet transforms, Hilbert–Huang
transforms (HHTs), operational modal analysis (OMA), and
frequency-response-based techniques have improved feature
extraction under noisy, nonstationary conditions [35–38]. Ma-
chine learning (ML) and deep learning (DL) approaches now
enhance diagnostic automation through pattern recognition,
environmental normalization, and high-dimensional data fusion
[39–42].

Despite these advances, widespread adoption of VHM remains
limited by challenges in calibration, environmental compensa-
tion, numerical model updating, and standardization. This re-
view synthesizes theoretical foundations, sensing and DAQ
technologies, numerical modeling techniques, and feld appli-
cations that collectively defne the state of the art in VHM for
deep foundations. It further identifes key research gaps that
must be addressed to advance VHM toward standardized practice
and broader implementation.

2 | Damage Mechanisms in Pile Foundations

Pile foundations deteriorate through interacting structural,
material, and construction-related mechanisms (Figure 1), each
contributing distinctive changes in stifness, mass distribution,
damping, and SPI parameters that directly infuence vibration
response and thus VHM detectability. Understanding these
mechanisms is essential for interpreting dynamic signatures
associated with pile degradation.

Structural damage (Figure 1(a), I–III) arises when service or
extreme loads exceed the axial, fexural, or shear capacities of the
pile. High axial compression can induce crushing or local toe
damage, while lateral or combined loading promotes fexural
cracking and yielding, as well as global buckling, particularly
near the pile head or other regions of elevated bending demand
[43]. Driving-induced impacts introduce initial defects such as

(I)

Axial: concrete Axial: steel Lateral load

(II) (III)

(a)

Concrete
deterioration Corrosion

(IV) (V)

(b)

Cracks/void Dent

(VI) (VII)

(c)

FIGURE 1 | Classifcation of pile damage mechanisms: (a) structural damage caused by compression, tension, and bending; (b) material deg-
radation including concrete deterioration and corrosion; and (c) installation-related defects such as cracks, voids, and dents.
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internal cracking in concrete or localized yielding in steel piles,
which can propagate under cyclic loading [44].

During seismic excitation, liquefaction reduces lateral confne-
ment, increasing efective slenderness and predisposing piles to
bending instability [9]. Centrifuge and full-scale observations
indicate that bending initiates within the liquefed zone and may
transition to global buckling as unsupported length increases
[45]. These degradation processes reduce axial and lateral stif-
ness, degrade energy dissipation characteristics, and compromise
load-transfer efciency [46], making them critical targets
for VHM.

Material degradation mechanisms ((Figure 1(b), IV–V)) alter the
pile’s mechanical properties and accelerate stifness loss. Steel
piles are particularly susceptible to electrochemical corrosion in
chloride-rich or oxygenated marine environments, leading to
section loss and reduced load-carrying capacity [3, 47]. Rein-
forced concrete piles experience deterioration due to chloride-
induced reinforcement corrosion, sulfate attack, alkali–silica
reaction, and leaching, all of which promote cracking, spalling,
microstructural weakening, and bond degradation [48, 49].

Environmental cycles such as wetting–drying or freeze–thaw
further exacerbate deterioration. In seismic or laterally
deforming soils, increased bending and shear demands accel-
erate cracking, corrosion progression, and interface degradation
[7, 50]. Scour may expose deeper pile segments, enhancing
corrosion rates and cyclic fatigue efects [1]. These processes
produce measurable dynamic signatures, including stifness
reduction, increased damping, and altered curvature profles.

Construction-induced defects (Figure 1(c), VI–VII) frequently act
as initiators of long-term deterioration. Common anomalies
include concrete segregation, necking, voids, inclusions, and
misalignment in cast-in-place piles, as well as weld defects, dents,
and geometric imperfections in steel piles [51]. These irregu-
larities distort stress distributions, introduce eccentricity, and
create localized stress concentrations that can precipitate pre-
mature cracking or buckling [35]. Postinstallation soil dis-
turbances—such as heave or reconsolidation—further alter shaft
friction and end-bearing resistance, compounding the impact of
initial faws. Under repeated cyclic or seismic loading, these
defects may propagate, leading to signifcant stifness degrada-
tion or loss of bearing capacity [52].

3 | VHM of Piles: Past Studies and Relevant
Formulations

VHM of piles has evolved markedly over the past 2 decades, from
early frequency- and impulse-based approaches to advanced
distributed sensing, guided-wave methods, and ML-assisted di-
agnostics. This section reviews key studies on pile dynamics,
sensing strategies, and defect characterization and summarizes
the theoretical formulations underpinning modern VHM.

3.1 | Past Studies

Adiverse body of experimental, numerical, and feld research has
investigated the dynamic response of piles subjected to structural
defects, soil degradation, or boundary-condition changes
[1, 20–23, 25, 53–71]. Further, Table 1 provides a consolidated
listing of major contributions, demonstrating the wide variability

in materials, geometries, sensing systems, and analytical
methods used across studies.

Initial VHM studies primarily employed accelerometers and low-
strain excitation to estimate global dynamic characteristics such
as natural frequencies, amplitude, and strains [1, 20–23, 67, 68].
While efective for detecting large stifness losses, these global
indicators lacked sensitivity to localized anomalies such as
cracks, necking, bulging, voids, or soil–pile debonding
[20–23, 71]. Numerical and experimental studies confrmed that
low-frequency modes tend to mask high-gradient local defects
[20–23, 71].

To address these limitations, contemporary VHM research in-
creasingly employs high-resolution and multimodal sensing
systems capable of capturing fne-scale dynamic response that
traditional accelerometer-based approaches cannot resolve. PZT
transducers enable both guided-wave interrogation and high-
frequency damage detection, allowing identifcation of cracks,
debonding, and impedance changes along the pile shaft
[26, 28, 29, 63, 64]. FBG sensors provide quasi-distributed strain
measurements with high accuracy, making them efective for
monitoring toe–soil interaction, bending behavior, and strain
localization in embedded pile segments [31, 33, 50, 82]. DFOS
technologies based on Brillouin or Rayleigh backscattering ex-
tend this capability to full-length, millimetre-scale strain reso-
lution, enabling continuous profling of SPI, scour efects, and
progressive deterioration [74–76, 78, 83, 84]. Additional plat-
forms such as acoustic emission (AE) systems capture transient
energy releases associated with microfracture activity [42, 85],
while PVDF flm sensors ofer lightweight and fexible high-
frequency response suitable for laboratory-scale studies [86].
Increasingly, researchers are integrating these technologies into
hybrid sensing networks, which combine optical, piezoelectric,
acoustic, and inertial measurements to establish multispectral
and multiphysics diagnostic signatures, thereby enhancing the
reliability and resolution of VHM systems.

Parallel advancements in numerical modeling and computation
have enabled detailed simulation of wave propagation, modal
behavior, and SPI under damaged conditions. Studies by Meng
et al. [56], Liao et al. [25], and Xu et al. [59, 60] demonstrate
efective integration of numerical analysis for interpreting sensor
response and designing experimental protocols.

ML contributions have accelerated in recent years. Abdeljaber
et al. [39] and Wu et al. [58] showed that artifcial neural net-
works, convolutional neural networks (CNNs), and feature-
learning algorithms can classify damage states and extract sen-
sitive vibration features, including under operational and envi-
ronmental variability [40]. Spencer et al. [87] and Das et al.
[88, 89] further demonstrated the efectiveness of ML/DL for
integrating large sensor datasets, enabling automated structural
health monitoring (SHM) workfows. Moreover, the integration
of advanced sensing and ML provides comprehensive damage
prediction capabilities, including optimization of sensor place-
ment for improved detectability [90–94].

Figures 2, 3, and 4 illustrate themultidisciplinary growth of VHM
research, the predominance of concrete piles in experimental
programs, and the geometric heterogeneity of test specimens.
The lack of standardization in geometry, boundary conditions, or
loading protocols presents challenges for cross-study comparison
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and highlights the need for scaling efects and more universal
interpretive strategies [20–23, 37, 91, 95].

Concrete piles dominate the literature, comprising nearly 70% of
reported investigations, consistent with their widespread use in
civil infrastructure [50, 53, 83]. Steel, aluminum, timber, and
composite piles are represented mainly in laboratory studies
[86, 96]. Reported pile lengths span from small-scale specimens
less than 1m to full-scale foundations exceeding 70m [76, 78].

3.2 | Relevant Formulations

VHM interprets changes in the dynamic response of pile–soil
systems to infer deterioration in structural or geotechnical
components. A pile behaves as a continuous beam embedded in
a deformable and dissipative soil medium, where fexural stif-
ness, mass distribution, boundary conditions, and soil restraint
collectively govern the measured response. Damage mechanisms

such as cracking, section loss, corrosion, scour, toe–soil decou-
pling, or liquefaction-induced softening alter these governing
parameters, resulting in observable changes in modal properties,
deformation patterns, wave propagation characteristics, and
energy transmission behavior [71, 97].

3.2.1 | Beam-on-Elastic-Foundation

The classical Winkler foundation model represents the soil as
a set of independent linear springs, in which the foundation
reaction is proportional to the local beam defection, leading to
the governing equation (1)

EI  d
4w
dx4

+ k w = q(x), (1)

where w(x, t) is the transverse beam defection, E is the Young’s
modulus of the beam material, I is the second moment of area, k
is the Winkler foundation modulus representing normal soil

TABLE 1 | Representative studies on vibration-based health monitoring (VHM) of pile foundations.

Sl. Authors Mat. L/D L (m) Sensors Monitoring objective
1 Davis and Dunn [65] RC — ∼10–20 ACC Integrity
2 Rausche and Goble [72] RC — — PIT Integrity
3 Rausche et al. [17] RC — — PIT Integrity
4 Rausche et al. [73] RC — — PIT Comparison
5 Chow et al. [66] RC ∼20–30 ∼20–40 PIT, ACC 3D Efect
6 Ni et al. [18] RC — — PIT Integrity
7 Klar et al. [74] RC ∼25 ∼18 DFOS Strain monitoring
8 Bennett et al. [30] RC ∼20–30 ∼15–25 DFOS Strain monitoring
9 Glisic et al. [50] RC ∼29 ∼35 OF Load response
10 Lu et al. [75] RC ∼20 ∼12–20 DFOS Field monitoring
11 Wang et al. [29] RC ∼24 ∼3.7 PZT Damage detection
12 Feng et al. [26, 28] RC — — PZT Damage detection
13 Hong et al. [32] RC ∼30 ∼20 OF Axial response
14 Kou et al. [33] T/RC/AL ∼14 ∼1.0 FBG Stress monitoring
15 Monsberger et al. [76] ST ∼25 ∼25 DFOS Field monitoring
16 Wang et al. [77] RC ∼34 ∼42 DFOS Integrity profling
17 Zheng et al. [78] RC ∼43 ∼52 DFOS Ofshore monitoring
18 Zhu et al. [63, 64] RC ∼38 ∼1.5 PZT Bond condition
19 Prendergast [79] ST ∼12.6 ∼1.26 ACC, PMT Scour monitoring
20 Prendergast and Gavin [80] ST ∼15 ∼1.0 ACC Scour monitoring
21 Zarafshan et al. [61] RC ∼20–30 ∼10–20 FBG Scour monitoring
22 Foti and Sabia [1] RC ∼25 ∼15 ACC Dynamic response
23 Dackermann et al. [49] T/RC ∼12 ∼3.0 ACC, ML Damage detection
24 Gelman and Kırlangıç [24] RC ∼28 ∼10 NA, OMA Frequency change
25 Liu et al. [69] ST — — NA Wave propagation
26 Pasqual and Kormann [70] RC — — NA Integrity analysis
27 Ma et al. [55] RC ∼50 ∼40 NA Damage imaging
28 Wu et al. [58] RC ∼40 ∼20 ACC, ML Damage detection
29 Jiang et al. [38] RC — — NA Damage imaging
30 Ying et al. [81] RC ∼1.25 ∼1.0 PZT, FBG Axial monitoring

Note: ST = steel; AL = aluminium; T = timber; COMP= composite. ACC= accelerometer; PZT = piezoelectric transducer. (All dimensions are in meter).
Abbreviations: DFOS = distributed fber-optic sensing, FBG= fber Bragg grating, ML =machine learning, NA= numerical analysis, OMA= operational modal analysis,
PIT = pile integrity test, PMT= physical model test, RC = reinforced concrete.
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stifness per unit length, x is the beam axis, and q(x) is the applied
load per unit length [98, 99]. Since the Winkler model neglects
soil continuity, the Pasternak foundation model introduces shear
interaction between adjacent soil springs, yielding (equation (2))

EI  d
4w
dx4

+ k w − Gp  
d2w
dx2

= q(x), (2)

where Gp is the Pasternak shear parameter accounting for lateral
soil interaction [97]. The Vlasov foundation model is derived
from elastic continuum theory by assuming a depth-dependent
soil displacement feld, resulting in foundation stifness pa-
rameters directly related to soil elastic modulus and layer
thickness [100]. The Kerr foundation model further extends this

concept by introducing multiple spring layers and an in-
termediate shear layer to represent depth-dependent stifness
and soil stratifcation [101]. For vibration and seismic applica-
tions, dynamic beam-on-elastic-foundation models incorporate
inertia and damping efects, leading to

EI  d
4w
dx4

+ k w − Gp
d2w
dx2

+ m ∂
2w
∂t2

+ c ∂w
∂t

= q(x, t), (3)

where m is the mass per unit length of the beam–foundation
system, c is the damping coefcient, t is time, and q(x, t) is the
time-dependent external load, enabling realistic analysis of dy-
namic and seismic soil–structure interaction [102].

3.2.2 | Modal Curvature as a Damage Indicator

For a linear system, the dynamic response can be decomposed
into vibration modes. The curvature associated with the i-th
mode shape ϕi(x) is defned as (equation (4))

κi(x) =
d2ϕi(x)

dx2
, (4)

which is directly proportional to bending strain and therefore
highly sensitive to local stifness variations. Since curvature
amplifes spatial gradients in deformation, localized damage
such as cracking, necking, or material degradation produces
pronounced changes in curvature distribution. Consequently,
modal curvature provides a physically meaningful feature for
detecting and localizing damage in piles within a vibration-based
monitoring framework [23, 57, 103].

3.2.3 | Wave-Based Interpretation and Impedance
Mismatch

Dynamic excitation also induces stress-wave propagation along
the pile, allowing the system to be interpreted as a one-
dimensional waveguide. For axial wave motion, the governing
equation is equation (5).

∂2u(x, t)
∂t2( )

= c2  ∂
2u(x, t)
∂x2

, (5)

where u(x, t) is the axial displacement and c =
̅̅̅̅̅̅̅
E/ρ

√
is the wave

velocity, with E denoting Young’s modulus and ρ the material
density. The axial impedance of the pile is defned as in equation
(6a)

Z =
EA
c

, (6a)

where A is the cross-sectional area. Structural or geotechnical
defects introduce impedance discontinuities along the pile,
leading to partial wave refection and transmission. The re-
fection coefcient at a defect is given by equation (6b)

R =
Zd − Z0
Zd + Z0

, (6b)

where Z0 and Zd denote the impedances of the intact and
damaged sections, respectively. Cracks, toe voids, and pile–soil
debonding produce characteristic refection signatures that in-
fuence the frequency content and amplitude of the measured
response, forming the basis of stress-wave–based and active
sensing approaches [26, 38, 104].
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3.2.4 | Frequency Response and Energy-Based
Indicators

The combined efects of SPI, modal behavior, and wave propa-
gation are commonly examined using frequency-domain rep-
resentations. The frequency response function (FRF) is defned
as

H(ω) =
X(ω)

F(ω)
, (7)

where F(ω) is the applied excitation and X(ω) is the measured
response at angular frequency ω. Changes in stifness, damping,
or boundary conditions manifest in FRFs as shifts in resonant
frequencies, variations in modal amplitudes, and increased en-
ergy dissipation [77, 105]. From an energy perspective, damage
modifes the ability of the pile–soil system to transmit and store
vibrational energy, resulting in increased attenuation and re-
distribution of response energy across frequency bands. These
frequency- and energy-based characteristics provide physically
interpretable indicators for vibration-based damage monitoring
without reliance on purely empirical damage indices.

4 | Advancement in VHM

This section presents recent advances in sensors, sensor place-
ment, data acquisition (DAQ) and processing, the application of
ML and artifcial intelligence, as well as the use of numerical
analysis, are discussed, with emphasis on their current
developments.

4.1 | Advanced Sensor Technologies

VHM has advanced signifcantly over the past 2 decades, en-
abling more reliable and noninvasive evaluation of pile foun-
dations. These developments encompass sensing technologies,
DAQ systems, signal processing techniques, and numerical
methods [20–23, 53, 87, 95]. Based on the compiled dataset in
Table 1 and a few other studies, Figure 5(a) summarizes the
distribution of sensors adopted in previous studies. Accelerom-
eters remain the most widely used sensing devices due to their
robustness, low cost, and direct applicability to modal- and
vibration-based assessment methods [20–23, 25, 67, 68].

Statistical trends in Figure 5(b) indicate that accelerometers
account for approximately 38% of sensor deployments, followed
by PZT transducers (∼19%) and FBG sensors (∼16%). Other
sensing platforms include PIT instrumentation
[11, 17, 18, 66, 73], polyvinylidene fuoride (PVDF) flms [86],
tactile transducers [49], and DFOS systems [74–76, 78, 83, 84],
which appear less frequently overall, although DFOS usage has
increased rapidly in recent feld applications [76, 78, 84].

While Figure 5 summarizes the prevalence of sensor usage in
previous studies, sensor selection in VHM is governed not only by
adoption frequency but also by sensing capability and diagnostic
objectives. Figure 6 provides a comparative overview of com-
monly used sensor technologies, highlighting their comple-
mentary roles in global vibration monitoring, localized damage
detection, SPI assessment, and long-term feld deployment. This
comparison establishes a structured framework for interpreting
the sensor-specifc studies discussed in the following sections.

Early VHM implementations relied primarily on accelerometers
and geophones to capture low-strain vibration responses, par-
ticularly for identifying global stifness changes and modal pa-
rameter variations in piles [25, 67, 68]. While these point-based
sensors are robust and cost-efective, their sensitivity to localized
defects—such as cracking, section loss, or deep-seated damage
along the pile shaft—is limited [22, 71]. In addition,
accelerometer-based measurements can be adversely afected by
environmental noise and provide only discrete information,
ofering limited insight into the spatial distribution of SPI efects
[34, 37].

To address these limitations, recent research has increasingly
adopted high-resolution sensing technologies capable of
detecting localized stifness degradation, impedance disconti-
nuities, and high-frequency stress-wave phenomena. PZT
transducers are widely employed in both active (wave excitation)
and passive (response sensing) confgurations, enabling identi-
fcation of cracks, toe–soil separation, and debonding through
wave scattering, refection, and impedance contrast mechanisms
[26, 28, 29, 63, 64]. AE sensors further complement PZT-based
approaches by capturing transient microfracture events associ-
ated with material degradation and progressive damage [42, 85].
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20–30 m
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1.0–1.4 m

0.5–0.9 m
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FIGURE 4 | Pile dimension used in past studies (a) length and (b) diameter.
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Fiber-optic sensing technologies provide an alternative and in-
creasingly powerful monitoring paradigm. FBG sensors ofer
quasi-distributed, high-precision strain measurements along
instrumented sections of piles, facilitating detection of curvature
anomalies, neutral-axis shifts, and localized stifness loss
[31, 33, 82]. DFOS systems—based on Brillouin or Rayleigh
scattering—extend these capabilities to full pile length, enabling
continuous strain profling under operational loading, seismic
excitation, or scour-induced soil loss [76, 78, 84]. These systems
ofer exceptional durability and performance in harsh environ-
ments, making them particularly attractive for long-term geo-
technical monitoring.

PVDF flms, commonly used in laboratory-scale investigations,
provide lightweight and fexible transducers capable of capturing
high-frequency strain variations [86]. MEMS-based sensors in-
troduce compact, multiparametric measurement capabilities,
allowing simultaneous monitoring of acceleration, inclination,
pore pressure, and temperature, often within wireless sensor
networks (WSNs) [34].

4.2 | Optimal Sensor Placement (OSP)

Because SPI strongly modulates measurable response, OSP plays
a crucial role in ensuring diagnostic sensitivity and minimizing

Distribution of sensors used in pile monitoring
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FIGURE 5 | (a) Distribution of sensors adopted in vibration-based health monitoring (VHM) of piles and (b) percentage statistics of sensor usage in
previous studies.
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uncertainty. Classical OSP approaches include the Efective In-
dependence method [92], D-optimality, and modal assurance
criterion–based optimization, which target improved observability
of desired vibration modes. OSP approaches, including efective
independence and metaheuristic optimization, also enhance
damage detectability by positioning sensors at locations of high
modal curvature, strain energy, or wave-refection sensitivity [94].
Dense sensing platforms such as FBG arrays, DFOS, and PZT
networks increasingly use WSNs and edge processing to manage
large data volumes and support real-time diagnostics [34]. Mul-
tisensor systems require precise temporal synchronization using
GPS or network protocols to ensure phase consistency essential for
modal, wave-based, and interferometric analyses [37].

More recently, metaheuristic algorithms, including genetic al-
gorithms, particle swarm optimization, and hybrid evolutionary
strategies, have been adopted to accommodate nonlinear SPI,
multiple objectives, and high-dimensional search spaces [90, 93].
These methods can strategically position accelerometers, PZT
patches, or FBG arrays at locations of high modal curvature,
strain-energy density, or wave-refection sensitivity, thereby
enhancing the detectability of cracks, toe anomalies, or
debonding zones.

For dense sensing systems such as DFOS or distributed PZT
clusters, OSP frameworks ensure efcient data representation,
limit redundancy, and enable cost-efective deployment. In
WSNs, OSP is equally critical for minimizing communication
overhead and enabling edge-based processing [34].

4.3 | DAQ and Signal Processing

Modern DAQ systems record analog outputs from accelerome-
ters, PZT transducers, FBGs, and DFOS with high accuracy [34].
Sampling rates typically 50–100 kHz are required to preserve
high-frequency stress-wave components associated with defects,
impedance mismatches, and soil–pile debonding [28, 63, 64].
High-resolution 16–24 bit A/D converters improve sensitivity to
weak refections and low-amplitude vibrations in long or de-
teriorated piles. Signal conditioning gain control, impedance
matching, and antialias fltering reduce electronic and envi-
ronmental noise, ensuring accurate digitization [37].

Signal processing extracts damage-sensitive features from
recorded responses. Time-domain methods—root-mean-square
(RMS), kurtosis, autoregressive (AR), and AR moving average
(ARMA) models—enable anomaly detection but are sensitive to
nonstationary conditions [37]. Frequency-domain approaches
remain fundamental for estimating natural frequencies, damp-
ing, and spectral energy distribution, which change with stifness
degradation and soil softening [22, 35]. Given the transient and
nonlinear nature of SPI, time–frequency analyses provide su-
perior performance. The short-time Fourier transform (STFT)
ofers joint temporal–spectral resolution, while continuous
wavelet transforms (CWT), discrete wavelet transform (DWT),
and wavelet packet transform (WPT) efectively identify abrupt
stifness changes, crack initiation, and wave-scattering signa-
tures [35, 36]. The HHT and empirical mode decomposition
(EMD) are particularly efective for nonlinear phenomena such
as breathing cracks or progressive debonding [38]. Modal-based
methods including OMA and Stochastic Subspace Identifcation
(SSI) estimate modal parameters under ambient excitation.
Derived indicators such as modal curvature and fexibility re-
main highly sensitive to localized stifness loss [71].

4.4 | ML and DL Techniques

ML has broadened the scope of VHM by enabling automated
interpretation of high-dimensional vibration, strain, and wave-
based signals. Classical ML algorithms—such as Support Vector
Machines, Random Forests, and k-Nearest Neighbours—have
demonstrated strong performance in damage classifcation and
anomaly detection when paired with carefully engineered modal
or time–frequency features [40, 49, 106].

DL methods further enhance diagnostic capability by learning
representative features directly from raw sensor input. CNNs
excel in capturing spatial patterns in FRFs or spectrograms
[39, 96]. Recurrent neural networks (RNNs) and long short-term
memory architectures model temporally evolving responses and
are highly suited for long-term VHM datasets [47]. Autoencoders
and variational autoencoders (VAEs) support unsupervised
anomaly detection when baseline damaged-state data are
unavailable.

Piezoceramic
(PZT/smart aggregates)

Acoustic
emission (AE)

FBG
sensors

DFOS

PIT/PDA/IR

Global
vibration
response

Localized
damage

detection

Soil-pile
interaction/

scour

Distributed
strain

monitoring

Long-term
field

monitoring

Accelerometers/
geophones

High

Moderate

Low

FIGURE 6 | Comparison of commonly used sensors in vibration-based health monitoring of piles based on their monitoring capability and
application scope.
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Recently explored architectures including transformers, graph
neural networks, and physics-informed neural networks ofer
promising avenues for modeling spatially distributed SSI efects
and environmental variability. However, challenges remain re-
garding dataset size, generalizability, and feld implementation
[40, 87].

4.5 | Numerical Modeling

Numerical modeling forms the analytical backbone of VHM
because it enables controlled simulation of SPI, damage evolu-
tion, and dynamic response across a wide range of spatial and
temporal scales. Among available modeling strategies, fnite
element modeling (FEM) remains the most widely adopted due
to its ability to incorporate nonlinear soil behavior, detailed
material deterioration mechanisms, and wave-propagation ef-
fects in a unifed framework [46, 55, 56, 107, 108]. For concrete
piles, deterioration is often represented using concrete damage
plasticity (CDP), smeared cracking, or cohesive-zone models,
which capture tensile cracking, compressive softening, stifness
reduction, and progressive section loss [55, 60]. Steel piles are
typically modeled using elastoplasticity with kinematic or iso-
tropic hardening, enabling representation of yielding, buckling,
low-cycle fatigue, and corrosion-induced wall thinning
[44, 45, 76].

Because pile dynamics are strongly governed by the surrounding
soil, accurate modeling of SPI is essential. Contemporary VHM-
oriented numerical models employ several strategies to represent
interfacial behavior: interface elements with nonlinear shear and
normal stifness capture slipping, gapping, and soil–pile
debonding [56, 63, 64], allowing simulation of partial or full loss
of contact under cyclic or seismic loading. Contact algorithms
simulate separation–reclosure cycles that contribute to nonlinear
damping and wave distortion. t–z and p–y springs, or more
advanced constitutive soil models, represent degradation of shaft
friction, lateral stifness loss, and liquefaction-induced softening.
Fully coupled soil continua allow simulation of pore-pressure
buildup, lateral spreading, or scour-induced loss of confnement
[59, 67].

Beyond FEM, boundary element methods (BEM) and hybrid
FE–BE formulations provide computationally efcient solutions
for simulating far-feld wave propagation and radiation damping
[102]. Spectral element methods (SEM) and fnite-diference
time-domain (FDTD) schemes ofer high accuracy for model-
ing guided-wave propagation and stress-wave refections arising
from cracks, necking, toe anomalies, or stifness discontinuities
[55, 69, 109].

5 | Applications of VHM in Foundations

The present applications reviewed here show that VHM can be
tailored to specifc performance and safety challenges in deep
foundations. Although all methods rely on interpreting dynamic
response characteristics, each use case such as scour detection,
capacity evaluation, buckling assessment, and damage identif-
cation exhibits distinct diagnostic indicators. By targeting

problem-specifc dynamic features, VHM provides actionable
insights that strengthen broader SHM frameworks.

5.1 | Scour Monitoring

Scour reduces the efective embedded length and lateral con-
fnement of piles, causing measurable changes in their dynamic
response. Experimental and numerical investigations have
consistently shown that the frst bending natural frequency
decreases with progressive scour, refecting loss of soil stifness
and reduced boundary restraint [1, 54, 61, 67]. Prendergast [79],
Zhan et al. [67], and others [61, 80] demonstrated through feld
and vibration-monitoring studies that scour induces distinct
curvature anomalies, with infection points forming at the scour
boundary due to compromised SPI.

Stress-wave diagnostic behavior also changes under scour. Re-
duced stifness leads to delayed and attenuated toe refections in
impact-based testing [66, 70, 110], while DFOS captures localized
increases in strain curvature along scour-afected regions
[76, 78, 84]. These depth-resolved strain gradients provide real-
time identifcation of scour efects even in deep foundations
where direct inspection is not feasible. Overall, VHM methods
ofer reliable scour detection through a combination of modal-
frequency analysis, curvature evaluation, and wave-propagation
monitoring [54, 57, 67].

5.2 | Bearing Capacity and Shaft Resistance
Monitoring

Dynamic-response techniques serve as powerful tools for
assessing shaft friction and end-bearing resistance in deep
foundations. High-strain PDA testing remains widely used for
estimating mobilized resistance through stress-wave propagation
and impedance matching [17, 48, 72, 111, 112]. Low-strain
impulse-response and mobility analyses provide complemen-
tary insights [18, 66, 73].

Finite-element studies by Meng et al. [56] and experimental
investigations validated that degradation in soil–pile bonding or
shaft friction manifests as reductions in dynamic stifness and
changes in damping characteristics [63, 64, 66]. These infuence
both low-frequency mobility and high-frequency refection
patterns. Alterations in toe-refection amplitude under low-strain
excitation further correlate with end-bearing condition, enabling
VHM systems to capture capacity loss or recovery without re-
quiring conventional static load tests [73, 112]. Thus, VHM
provides a practical, noninvasive pathway for monitoring bearing
performance throughout a pile’s service life.

5.3 | Buckling Monitoring

Buckling vulnerability in slender or partially unsupported piles is
efectively refected in their vibration characteristics. As axial
load approaches critical values or lateral confnement decreases,
the pile’s fexural stifness drops, resulting in measurable re-
ductions in the frst bending natural frequency [43, 44]. Modal
curvature responds even more sensitively, showing localized
curvature amplifcation near the onset of instability [71].

Structural Control and Health Monitoring, 2026 9 of 16
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Advanced sensing systems enhance this capability by capturing
evolving strain patterns. Kou et al. [33], Soga and Luo [84], and
Pelecanos & Soga [113] demonstrated that fber-optic sensing
embedded along piles provides high-resolution measurements of
axial stress redistribution that may precede fexural instability.
Zhu et al. [63, 64] further showed that dynamic excitation can
reveal nonlinear signatures associated with pile–soil debonding
and bonding degradation, including waveform distortion and
response modulation, which may serve as early indicators of
instability-related damage. These patterns closely resemble the
distorted impulse-response functions observed in defective pile
waveforms. Taken together, VHM ofers a powerful framework
for detecting prebuckling behavior in deep foundations under
combined axial and lateral demands.

5.4 | Localized Damage and Crack Monitoring

Wave-based VHM methods, particularly low-strain PIT and
impulse-response (IR) testing, are highly sensitive to localized
defects such as necking, bulging, cracking, voids, and section loss
[18, 66, 73, 110]. The time-domain velocity trace presented in the
frst fgure demonstrates classic diagnostic behavior: after the
incident wave, a negative-phase refection indicates necking due
to reduced impedance, whereas a positive-phase refection in-
dicates bulging from localized stifness increase. These polarity
diferences have been validated experimentally and numerically
by Rausche et al. [73], Chow et al. [66], and Pasqual and Kor-
mann [70]. The arrival times allow direct depth calculation for
the defect and pile toe, respectively, while refection amplitude
scales with defect severity.

Frequency-domain mobility analysis strengthens these obser-
vations. Defects introduce additional resonant peaks or modify
the spacing of existing ones. Modern studies have shown that
swept-frequency excitation and advanced processing can en-
hance detectability of subtle defects, with defective piles showing
early secondary peaks, phase distortion, and altered toe-
refection characteristics [24, 38]. Modern sensing approaches
such as DFOS and PZT-based active sensing extend this capa-
bility by detecting high-frequency scattering, localized response
disturbances, and nonlinear defect signatures
[29, 63, 64, 76, 78, 83]. These combined indicators yield a highly
robust framework for identifying and characterizing localized
damage in deep foundations.

5.5 | Postearthquake-Induced Damage and Soil
Degradation Monitoring

Seismic loading induces complex deterioration in both pile
structures and surrounding soils, producing clear shifts in dy-
namic response parameters. Natural frequencies typically de-
crease after signifcant shaking due to structural cracking or soil
softening, while damping ratios increase as soils enter nonlinear
or partially liquefed states [4, 9]. Such changes can be captured
through ambient vibration surveys, impulse-response tests, or
real-time monitoring systems.

Gelman and Kırlangıç [24] provided a quantitative correlation
framework showing that damage severity correlates strongly
with reductions in natural frequency and increases in damping
and peak acceleration sensitivity. Although not related to scour,
their fndings confrm the reliability of frequency- and damping-
based VHM indicators for general structural deterioration.Wave-

propagation analysis also reveals seismic-induced degradation;
reductions in wave speed and weakened toe-refection signatures
associated with interface debonding or soil softening have been
demonstrated through numerical and experimental studies
[63, 64, 114]. For foundations without preinstalled sensors,
portable accelerometers and impact-based methods allow rapid
postevent evaluation [65, 73]. Together, these fndings highlight
VHM as an efective mechanism for postearthquake assessment,
enabling rapid detection of hidden damage in pile-supported
structures.

6 | Discussion on SHM Techniques

A wide spectrum of SHM and NDT methods are available for
assessing the integrity of deep foundations, each ofering distinct
diagnostic capabilities, operational requirements, and limita-
tions. Most established methods, such as low-strain integrity
testing (ASTM D5882, 11), cross-hole sonic logging (ASTM
D6760, 12), thermal integrity profling (ASTM D7949, 13), and
gamma–gamma density logging, have been extensively applied
during construction and rehabilitation phases to verify material
continuity, detect major anomalies, and assess construction
quality [14–16, 115]. These code-recognized procedures reliably
identify defects such as voids, inclusions, necking, segregation, or
poor concrete zones. However, their reliance on direct access to
the pile head, embedded access tubes, or preinstalled in-
strumentation restricts their applicability for long-term assess-
ment once the structure is operational.

In contrast, VHM ofers a fundamentally diferent capability by
evaluating the global dynamic behavior of the combined pile–soil
system rather than solely assessing internal material continuity.
Dynamic parameters including natural frequencies, damping
ratios, modal curvatures, frequency-response characteristics, and
wave-propagation signatures are sensitive to both structural and
geotechnical degradation. Thus, changes in soil stifness, loss of
lateral confnement, scour-induced exposure, cracking, or in-
terface debonding can be detected indirectly through shifts in
vibration response [1, 2, 69, 116]. Because VHM can be applied
under ambient, operational, or low-strain excitation, it is
uniquely suited for repeated measurements, temporal trend
analysis, and long-term monitoring in buried or inaccessible
environments.

Nevertheless, vibration-based methods face challenges related to
environmental and operational variability, including tempera-
ture changes, hydrological cycles, and fuctuations in operational
loads. These efects may mask or mimic damage-induced
changes, necessitating careful normalization, environmental
fltering, or the integration of ML-based compensation schemes
[39, 40, 96, 117–119]. Additionally, while VHM excels in
detecting global stifness changes or boundary-condition shifts,
its ability to identify certain localized defects—such as small
voids or reinforcement-level faws—may remain limited without
complementary high-resolution sensing systems (e.g., PZT,
DFOS, FBG).

The diagnostic capability of vibration-based parameters is
underscored by the correlation analysis derived from Kırlangıç
and Gelman [24] and illustrated in Figure 7. The strong negative
correlation between damage level and natural frequency (�0.65)
aligns with the well-established principle that stifness
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reduction—whether due to structural cracking, scour, or soil
degradation—produces modal frequency drops. The positive
correlation with damping ratio (1.00) refects increased energy
dissipation associated with cracking, interface softening, or
nonlinear soil response. The strong inverse correlation with peak
acceleration (�0.95) further indicates diminished vibrational
amplitude as damage severity increases. Importantly, these
trends appear consistently across both FRF curve-fttingmethods
and wave-speed-based evaluations, demonstrating the robust-
ness of dynamic indicators for SHM of deep foundations.

7 | Conclusions

This review has integrated the theoretical foundations, sensing
technologies, analytical models, and application domains that
defne VHM for deep foundations, with particular emphasis on
the role of SPI in governing measurable dynamic response. The
collective evidence demonstrates that VHM ofers a robust,
noninvasive means to detect structural deterioration, soil–pile
stifness changes, toe and shaft anomalies, and localized defects
that conventional NDT methods often overlook, especially in
long, deeply embedded, or inaccessible piles.

Across applications including scour assessment, axial capacity
and shaft resistance monitoring, buckling detection, post-
earthquake degradation, and crack identifcation dynamic fea-
tures such as natural frequency, modal curvature, peak
acceleration, and impedance variations consistently emerge as
reliable markers of deterioration. Importantly, the reviewed
studies indicate that the sensitivity of these indicators depends
strongly on pile geometry, embedment depth, boundary condi-
tions, and excitation characteristics, underscoring the need to
interpret vibration signatures within an SPI framework rather
than as purely structural responses.

Despite signifcant advancements in sensing technologies and
analytical methods, major barriers remain for the widespread
feld adoption of VHM in pile foundations. While many sensing
approaches—such as embedded PZT and fber-optic system-
s—can be efciently deployed during the construction phase of

new piles, their application to existing and aging foundations,
particularly large-diameter piles and ofshore monopiles, re-
mains challenging due to accessibility constraints, retroft lim-
itations, sensor survivability, and reduced signal quality.
Moreover, most reported VHM implementations are still labo-
ratory- or pilot-scale, and the performance of these techniques
under realistic environmental and operational variability has not
been sufciently explored. The lack of standardized testing
protocols, robust environmental normalization strategies, and
practically calibrated diagnostic thresholds continues to limit the
transition of VHM from research-oriented studies to routine feld
deployment.

To advance VHM toward reliable feld application, priority needs
include (i) establishing dynamic reference baselines that ex-
plicitly account for SPI and site variability; (ii) developing cali-
brated relationships between specifc damage mechanisms and
measurable vibration signatures; (iii) creating nonintrusive
sensing solutions suitable for existing foundations; (iv) in-
tegrating soil–pile dynamic interaction explicitly into diagnostic
and numerical models; and (v) building hybrid NDT–VHM
frameworks that enable cross-validation with established in-
tegrity testing methods [120–131].
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