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Abstract

Concrete sleepers are essential components of railroad infrastructure, yet their service
life has been reduced by one-third due to deterioration caused by internal swelling re-
actions (ISR), leading a major Brazilian railroad to replace millions of sleepers within a
decade. This study investigates the reliability of various non-destructive testing (NDT)
techniques to estimate damage levels in concrete sleepers. The methods evaluated include
surface hardness testing, stress wave propagation, electromagnetic wave propagation us-
ing ground-penetrating radar (GPR), electrical resistivity, and resonant frequency. These
techniques were applied to assess sleepers diagnosed as affected by alkali-silica reaction
(ASR) and delayed ettringite formation (DEF) at different deterioration degrees. Although
findings indicate that most NDT methods are limited and unreliable for quantifying ISR-
induced damage, resonant frequency testing combined with energy dissipation analysis
provided the highest accuracy across all damage stages and was able to capture microstruc-
tural changes before significant expansion occurred. These results support the use of
vibration-based screening tools to enhance early detection and guide condition assessment
of railroad infrastructure, helping to reduce the premature replacement of ISR-affected
concrete sleepers.

Keywords: internal swelling reactions (ISR); damage extent; early-stage deterioration;
non-destructive testing (NDT); resonant frequency; modal analysis; prestressed concrete
sleepers

1. Introduction

Concrete sleepers are essential components of railroad infrastructure, responsible
for transferring loads from the rails to the ballast while ensuring proper alignment and
structural stability. Due to their superior mechanical performance and durability compared
to wood and steel alternatives, prestressed concrete sleepers are widely adopted across
modern rail networks [1]. Prestressing is typically achieved through pre-tensioning, and
the structural performance of sleepers strongly depends on their ability to maintain tendon
tension over time [2,3].

Although designed for a 30-year service life, premature deterioration associated with
internal swelling reactions (ISR), such as alkali-silica reaction (ASR) and delayed ettrin-
gite formation (DEF), has been increasingly reported worldwide over the years [4-14].
These mechanisms reduce the expected lifespan of concrete sleepers, particularly affecting
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their stiffness, which is critical for structural performance [2,3,15]. Existing studies have
primarily focused on identifying the deterioration mechanism (i.e., cause), with limited
emphasis on quantifying the degree of damage (i.e., extent) or evaluating its impact on
mechanical behavior.

Most cases reported in the literature involve sleepers already exhibiting moderate to
severe deterioration [4-13], with visible signs of damage detectable to the unaided eye [16].
Consequently, ISR-affected sleepers are often replaced based solely on visual indicators. In
the absence of well-defined condition assessment protocols for early-stage detection of ISR-
induced damage, railroad operators have implemented highly conservative replacement
strategies. In Brazil, for instance, over one million sleepers were replaced within the past
decade on one of the most important freight railroads in South America after superficial
cracking was identified during visual inspections [17]. While this strategy has helped
to prevent catastrophic failures, it has drastically shortened the service life of sleepers,
imposing considerable financial and environmental burdens.

Nondestructive testing (NDT) methods have been used to assess the condition of
concrete sleepers once signs of deterioration have been observed [18]. However, most
applications target severely damaged sleepers, with limited effort directed toward detecting
early stage degradation. Early diagnosis is particularly important for prestressed sleepers,
where loss of stiffness can compromise the ability to maintain rail geometry and load
transfer. Enhancing condition assessment protocols to capture the onset of ISR-related
damage can strengthen inspection programs, minimize unnecessary replacements, and
extend sleeper service life.

In this context, there is a need for a comprehensive evaluation of the reliability and
effectiveness of the most prominent NDT techniques reported in the literature. These
techniques are typically applied to assess the quality, homogeneity, and internal integrity
of concrete, which can be compromised by various deterioration mechanisms, including
overload, delamination, and loss of cohesion. Each NDT method operates based on a
distinct physical principle, including mechanical impact response, electrical conductivity,
stress wave propagation, electromagnetic wave propagation, etc. While these techniques
are well-established for evaluating conventional types of damage (i.e., overload, impact,
delamination, etc.), their reliability in detecting deterioration caused by internal swelling
reactions (ISR) remains under debate. A better understanding of their effectiveness in
identifying ISR-induced damage, particularly at early stages, is essential to support the
development of more sustainable condition assessment strategies for managing ISR-affected
sleepers and extending their service life.

2. Background

2.1. Deterioration of Concrete Due to Internal Swelling Reactions
2.1.1. Alkali-Silica Reaction

ASR is a chemical reaction that occurs between unstable siliceous mineral phases
in the aggregates, whether coarse or fine, and the alkali hydroxides present in the pore
solution of the concrete. In the early stages, the high pH ionizes the reactive silica by
breaking silanol groups. Then, hydroxyl ions attack and disrupt siloxane bonds. The
alkalis stabilize these ionized sites, leading to the formation of alkali-silicate-hydrate
phases [19,20]. Recent findings indicate that the pressure buildup associated with ASR
expansion is primarily linked to the precipitation of negatively charged reaction products in
confined aggregate pores, rather than to the water absorption capacity of the gel. As these
ASR products accumulate, repulsive electrostatic forces develop between the negatively
charged reaction solids and the surrounding silicate surfaces. This interaction generates
solidification pressure that can reach values between 6 and 13 MPa, which is sufficient to
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force apart aggregate walls and initiate microcracking, even in the absence of significant
moisture gradients or gel swelling [21].

At early expansion levels (0.00-0.05%), cracks are typically confined to the aggregate
particles. As expansion reaches moderate levels (around 0.12%), the initial cracks extend
into the surrounding cement paste, while additional cracks also form in the aggregates.
When the expansion increases to approximately 0.20%, most existing cracks propagate
further into the cement paste, although the formation of new cracks becomes less frequent.
At 0.30% expansion, these cracks begin to interconnect, resulting in a continuous crack net-
work [21,22]. As ASR progresses, the modulus of elasticity exhibits an initial sharp decline,
followed by a more gradual reduction at higher expansion levels. This behavior reflects
the deterioration of the coarse aggregate, which significantly contributes to the overall
stiffness of the concrete. A similar pattern is observed in tensile strength, which levels
off at around 0.20% expansion, as it is primarily affected by the degree of cracking. The
loss in compressive strength becomes more pronounced when cracks reach the interfacial
transition zone (ITZ) and extend into the bulk cement paste, typically at or beyond 0.20%
expansion [23].

2.1.2. Delayed Ettringite Formation (DEF)

DEF is a form of internal sulfate attack that occurs when concrete is exposed to elevated
temperatures, typically above 65 °C, during the early stages of hydration [24,25]. These high
temperatures decompose the primary ettringite initially formed during cement hydration.
Once the internal temperature of the concrete decreases, ettringite re-forms in a delayed
manner, leading to expansive pressures and deterioration of the hardened material [26,27].
This temperature rise can result from the heat of hydration in massive concrete elements
with limited heat dissipation, or from accelerated curing methods, such as steam curing in
precast concrete production [28,29].

Cracking due to DEF typically initiates within the interfacial transition zone (ITZ),
especially at low to moderate expansion levels (up to 0.12%). As expansion increases,
the cracks grow, connect, and form a network that extends into the bulk cement paste.
At expansions between 0.20% and 0.30%, this cracking becomes more pronounced and
continuous. When expansion exceeds 0.50%, aggregate particles may begin to debond and
separate from the surrounding paste.

As DEF progresses, both the modulus of elasticity and compressive strength undergo
substantial reductions. The early formation of cracks in the ITZ significantly impacts
stiffness. While the modulus of elasticity tends to stabilize at later stages, the reduction in
compressive strength continues throughout the expansion process [30].

2.1.3. ASR and DEF Coupled

ASR and DEF may exhibit chemical interactions that contribute to their co-occurrence
in concrete. One proposed mechanism involves the reduction in pore solution pH due to the
formation of alkali-silica gel during ASR. This pH shift can increase ionic mobility, creating
favorable conditions for DEF development. It is hypothesized that in combined cases, ASR
tends to initiate first when concrete is subjected to curing temperatures above 65 to 70 °C.
The expansion and cracking caused by ASR then facilitate the onset and progression of
DEF-related distress [27].

The severity and progression of ASR + DEF damage may be influenced by the size
and nature of the reactive aggregate. When the reaction originates from fine aggregates,
expansion levels as high as 0.50% have been observed. In contrast, when coarse aggregates
are involved, expansion levels up to 0.30% have been reported for both DEF alone and
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ASR + DEF cases. Beyond this point, DEF-affected concrete tends to present greater
expansion [30].

Although the physicochemical aspects associated with ASR and DEF mechanisms
are well understood, their occurrence in field structures is often complex, variable, and
difficult to detect at early stages. The co-occurrence of these mechanisms exacerbates
internal deterioration, leading to microstructural damage that may precede visible dam-
age “signatures” (e.g., cracking). As a result, early identification of ISR-induced distress
remains a challenge, especially when damage is not yet visually apparent. This challenge
underscores the importance of employing condition assessment tools capable of detecting
subtle changes in the physical, electrical, or dynamic properties of concrete. In this context,
non-destructive testing (NDT) methods may potentially prove to be promising techniques
for detecting ISR-related degradation at early stage in concrete structures.

2.2. Non-Destructive Testing Methods to Assess Concrete Condition

Several nondestructive methods have been widely used to assess concrete conditions
(i.e., quality, homogeneity, and internal integrity). These methods are based on physical
principles, including motion, energy, and electricity. The most commonly used methods to
appraise the current condition of concrete are the surface hardness test, stress and electro-
magnetic wave propagation, resonant frequency, and electrical resistivity. The concept of
the methods, principles, and practical usage are discussed in the following sections.

2.2.1. Surface Hardness Test

The surface hardness test is based on the physical principle that materials with higher
stiffness and compressive strength exhibit less surface deformation when subjected to
impact. This response reflects the material’s ability to absorb and return mechanical
energy, which can be indirectly linked to its mechanical properties, such as strength and
uniformity [31-33].

In practical terms, this method is typically carried out using the Schmidt hammer,
which applies a controlled impact to the concrete surface by releasing a spring-loaded mass.
After striking the surface, the mass rebounds, and the rebound distance is measured to
obtain the rebound number (Figure 1). This value increases with material stiffness and
strength and decreases when the concrete is softer or more deteriorated. The device consists
of a plunger, an internal spring, and a rider mechanism that records the rebound on a
calibrated scale.

(a) (b) (o) (d)

Hammer ready Hammer pushed Hammer Hammer
for test against test object released rebounds
0 Body

Indicator
| -Latch

Spring

Plunger

Figure 1. Illustrative sketch of rebound hammer operation.

This method is widely used for evaluating the surface consistency of concrete, iden-
tifying zones with possible degradation, and estimating the in situ compressive strength
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through empirical correlations. However, these correlations are not universal and must be
calibrated for each concrete under study [33,34]. It is important to note that the Schmidt
hammer test does not replace destructive testing but rather serves as a complementary tool
for condition assessment and quality control [32].

2.2.2. Wave Propagation

The wave propagation method is based on the principle that the velocity of a mechani-
cal wave, such as compressive, transverse, Rayleigh, or Lamb waves, is governed by the
elastic properties and density of the medium. In the context of concrete, these relationships
allow for non-invasive assessment of stiffness, continuity, and material integrity. Higher
wave velocities are typically associated with stiffer and denser concrete, while lower veloci-
ties can indicate internal flaws, such as cracking or voids. The test may be performed in
three different wave propagation modes (Figure 2) [35].

(b) (c)

Direct Semidirect

T - Transmitting transducer R - Receiver transducer

Figure 2. Illustrative sketch of UPV testing based on the different wave propagation modes.

In practice, this principle is applied using the ultrasonic pulse velocity (UPV) tech-
nique. A pulse generator and transmitter introduce a short-duration mechanical wave
that propagates through the concrete, and a receiver detects the wave’s arrival at a known
distance. The time taken for the wave to travel this distance is measured and used to
calculate the pulse velocity. This value is influenced by several parameters, including the
modulus of elasticity, Poisson’s ratio, and density of the material, as well as the geometry
and boundary conditions of the tested element [36].

The UPV technique is widely used to evaluate the concrete quality, detect internal
defects, such as cracking and delamination, and monitor degradation due to mechanisms,
such as freeze-thaw cycles [37]. Because the method does not damage the material and can
be repeated at the same location over time, it is well-suited for long-term monitoring of
structures. However, wave velocity results should be interpreted with caution since they
may also be affected by factors such as the moisture content, temperature, or the presence
of steel reinforcement [38].

2.2.3. Electromagnetic Wave Propagation

Electromagnetic wave propagation in concrete is governed by the material’s dielectric
properties, particularly its ability to store and transmit electrical energy. Variations in
the dielectric constant occur at interfaces where the composition, moisture content, or
density changes. These contrasts affect the speed and reflection of electromagnetic waves,
making them useful for identifying internal flaws or anomalies in heterogeneous materials,
such as concrete.

Ground-penetrating radar (GPR) applies this principle by transmitting high-frequency
electromagnetic waves into the concrete through a specialized antenna. When the waves en-
counter internal interfaces, such as between the cement paste and reinforcement bars
or between intact zones and voids, part of the wave is reflected back to the surface.
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These reflected signals are recorded by a receiver and analyzed based on their travel
time, amplitude, and frequency to identify internal heterogeneities or embedded objects
(Figure 3) [39].

----- Transmitted Pulse
————— Reflected Pulse

Rebar W,

Concrete N
7\Flaw

Figure 3. Illustration of GPR testing based on the electromagnetic wave propagation.

GPR equipment typically includes a transmitting and receiving antenna, a control unit,
and data processing software. The system is capable of generating continuous waveforms
across a range of frequencies and interpreting the reflected signals to generate a dielectric
profile of the scanned area. In concrete structures, GPR is widely used for locating rein-
forcement, identifying voids, and detecting delaminations. The dielectric contrast between
materials and the moisture content of the concrete strongly influences its effectiveness.
Higher moisture levels increase the dielectric constant, enhance signal attenuation, and
reduce penetration depth, which must be considered during interpretation [40].

2.2.4. Surface Resistivity

Surface resistivity testing is based on the electrical properties of concrete, particu-
larly its capacity to resist ionic current flow across the surface. The resistivity is directly
influenced by the pore structure, the conductivity of the pore solution, and the degree of
saturation [41]. In general, lower resistivity values are associated with a higher moisture
content or greater ionic mobility, while higher resistivity suggests drier or less connected
pore networks.

In practice, the test involves applying an alternating current (AC) to the concrete
surface using electrodes and measuring the voltage drop. The surface resistivity is then
calculated using Ohm’s law, factoring in the electrode spacing and specimen geometry. The
result reflects the concrete’s ability to conduct electricity across its surface [39].

The most widely adopted configuration is the Wenner probe system (Figure 4), which
uses four linearly aligned, equally spaced electrodes. The two outer electrodes inject current,
and the two inner electrodes measure the resulting potential difference. This setup allows
for efficient, repeatable measurements with minimal surface preparation [40].

Current Applied

| Potencial [measured
|

—FElectrodes

Current flow lines

Equipotential lines

Figure 4. Sketch of surface resistivity testing setup—Wenner probe.

Surface resistivity testing is commonly used to estimate concrete permeability and
assess the risk of reinforcement corrosion. It is particularly suitable for comparative assess-
ments across different zones or mixtures. However, interpretation of results must account
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for surface moisture, temperature, and the presence of surface coatings or carbonation, all
of which can significantly influence the measurements.

2.2.5. Resonant Frequency

The resonant frequency method is based on the dynamic behavior of materials, in
which the natural vibration frequencies are directly related to the geometry, mass, and
elastic properties of the specimen. These frequencies are highly sensitive to stiffness and
structural integrity, making them useful for detecting internal damage or degradation in
concrete. As the material deteriorates, changes in stiffness lead to shifts in its resonant
frequencies, which can be measured and tracked over time [42].

In practical terms, the test involves exciting a concrete element with a controlled
mechanical impulse, such as that generated by an impact hammer or piezoelectric shaker.
Sensors, including accelerometers or microphones, are positioned on the specimen to record
the vibrational response. A frequency analyzer processes the resulting signal to identify the
natural frequencies associated with different vibration modes (e.g., longitudinal, torsional,
or flexural) (Figure 5) [43].

(b) (c)

Transverse Mode Longitudinal Mode Torsional Mode
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=

Impact 0.13>I< /
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[‘L 0.224 L
-

05L

it l[l\

(d)
Signal Analysis
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5 10 15 20 25
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Z="an
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Figure 5. Sketch of resonant frequency with vibration generated by the impact of a hammer. (a) Trans-
verse mode. (b) Longitudinal mode. (c) Torsional mode. (d) Signal analysis.

Beyond identifying peak frequencies, the resonant frequency test provides input for
modal analysis, which enables a deeper evaluation of the structure’s dynamic properties.
Modal analysis interprets the measured response to extract not only the natural frequencies
but also the associated mode shapes and damping ratios. These parameters help determine
how different regions of the material contribute to the overall vibrational response and can
reveal localized variations in stiffness and damage [44]. In concrete affected by deteriora-
tion mechanisms, modal analysis offers a comparative framework for evaluating damage
progression, especially by tracking changes in vibrational behavior over time or between
test locations [45,46]. Notably, this technique has demonstrated effectiveness in identifying
early stage damage since shifts in modal properties often precede the appearance of visible
cracks or measurable strength loss [47].

While various NDT techniques have been widely applied in concrete infrastructure
assessment, their effectiveness in capturing early stage deterioration due to ISR remains
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uncertain. The interaction between NDT principles and ISR-induced changes, such as
microcracking filled with reaction products, may compromise test sensitivity or lead to
misleading results. Therefore, there is a need to evaluate ISR-affected concrete in field
conditions using NDT methods and to compare the results with those obtained through a
validated multi-level assessment protocol. This comparison is essential for verifying the
ability of NDT to capture damage progression, specifically at early stages, and support
condition assessment strategies for affected infrastructure.

3. Scope of the Work

As previously discussed, there is a need to better understand the reliability of non-
destructive testing (NDT) techniques in identifying early deterioration associated with
internal swelling reactions (ISR), with the potential to support routine inspection protocols
for prestressed concrete sleepers. This study aims to identify which NDT methods provide
reliable differentiation across damage stages, especially in early ISR progression. To this
end, the effectiveness of several conventional NDT methods in detecting damage in field-
exposed prestressed sleepers was investigated. The techniques evaluated include Schmidt
hammer, ultrasonic pulse velocity (UPV), surface resistivity, corrosion potential, ground-
penetrating radar (GPR), and resonant frequency measurements. The assessment focuses
on concrete sleepers affected by the combined action of alkali-silica reaction (ASR) and
delayed ettringite formation (DEF), representing a range of deterioration levels along a
major Brazilian freight railroad.

The performance of these NDT methods is evaluated against damage levels previously
established through a validated multi-level assessment protocol developed by Sanchez
et al. [30,48], providing a consistent benchmark for analyzing their sensitivity and reliability
in capturing ISR-induced deterioration across different stages.

4. Materials and Methods

Concrete sleepers from a northern Brazilian railroad presenting an isosceles trapezoid
cross-section (225 mm [top side], 265 mm [bottom side], 250 mm [height], and 2800 mm
[length]) (Figure 6) were selected for this study. The groups of sleepers were determined
based on the level of deterioration, determined based on the multi-level assessment protocol
encompassing microscopic (i.e., damage rating index—DRI) and mechanical (i.e., stiffness
damage test—SDT) testing. Thus, four groups, each comprised of 8 concrete sleepers, were
selected for this study.

Lateral B

Figure 6. Schematic representation of the pre-tensioning prestressed concrete sleepers investi-
gated [14].
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4.1. Multi-Level Assessment Protocol

The combined use of SDT and DRI results forms the cornerstone of a multi-level

damage assessment protocol. Building on this approach, Sanchez et al. [30] developed a
benchmark database encompassing mechanical and microscopic indicators for evaluating
ISR-affected concrete.

The damage rate index (DRI) is a microscopic procedure widely used to assess concrete
distressed by internal swelling reaction mechanisms. The method consists of a well-
trained operator counting the different distress features (i.e., cracks) in a polished
concrete section of at least 100 cm? using a stereomicroscope under 16 x magnification.
These counts are then weighed by specific weighting factors, summed, and normalized
to 100 cm?, yielding the DRI number [22].

The stiffness damage test (SDT) is a mechanical test based on 5 cycles at 0.1MPa/s to a
maximum stress of 40% of the sound concrete under investigation. The stress—strain
curve is then analyzed to provide the SDT parameters: i) the stiffness damage index
(SDI) representing the ratio of dissipated energy to total energy applied during the
test; ii) the plastic deformation index (PDI) quantifying the ratio of plastic deformation
to total deformation; iii) the non-linearity index (NLI) providing insights into the
cracking pattern within the material, and iv) the modulus of elasticity (E) representing
the secant modulus based on the 2nd and 3rd loading cycles [49,50].

Table 1 demonstrates the established critical correlations between expansion, stiff-

ness loss, reductions in compressive and tensile strength, and microscopic features (e.g.,

DRI number), providing a robust framework for assessing the current condition of ISR-
affected concrete.

Table 1. Benchmark table of ISR-induced development on affected concrete [30].

Damage Results

Distress Classification of = Reference Level of . Compressive Tensile
Mechanism  Damage Degree Expansion (%) Stlffneoss Strength Strength SDI DRI
Loss (%) Loss (%) Loss (%)
Negligible 0.00-0.03 - - - 0.06-0.16 100-155
Marginal 0.04 £+ 0.01 5-37 (—)10-15 15-60 0.11-0.25  210-400
ASR Moderate 0.11 +£0.01 20-50 0-20 40-65 0.15-0.31 330-500
High 0.20 £ 0.01 35-60 13-25 45-80 0.19-0.32  500-765
Very high 0.30 to 0.50 & 0.01 40-67 20-35 - 0.22-0.36 600-925
Ultra-high 0.50 to 1.00 £ 0.01 - - - - -
Negligible 0.00-0.03 - - - 0.11 110-147
Marginal 0.04 + 0.01 - - - - -
DEF and DEF M;)_(I:l.erate 0.11 +£0.01 35-56 9-34 - 0.17-020  355-599
igh 0.20 £ 0.01 - - - - -
+ ASR Very high 0.30 to 0.50 & 0.01 55-62 29-43 - 0.19-0.28 623-710
Ultra-high 0.50 to 1.00 = 0.01 56-77 40-47 - 0.27-043  828-1022
- >1.00 £ 0.01 60-86 40-50 - 0.30-0.54  841-1363

2 These levels of expansion should not be considered as strict limits among the various damage degrees but rather
indicators/reference levels of the three different mechanisms.

The multi-level assessment protocol has been validated to evaluate the current condi-

tion of various structures, including bridges [48] and sleepers [14,15].

4.2. The Current Condition of the Sleepers

The sleepers investigated in this research were evaluated using a multi-level assess-

ment protocol, where the microscopic test (i.e., DRI) was performed on two samples
(100 x 200 mm) and the mechanical test (i.e., SDT) was performed on three samples
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(50 x 100 mm) per sleeper group. It was found that alkali-silica reaction (ASR) and delayed
ettringite formation (DEF) were the mechanisms distressing the sleepers. The combina-
tion of DRI and SDT results compared to the benchmark results presented in Table 1
yielded distinct deterioration levels for all four groups (Table 2), where group A presented
a negligible (i.e., 0.0-0.03%), group B showed a marginal (i.e., 0.04 £ 0.01%), group C
displayed a moderate (i.e., 0.11 £ 0.01%), and group D exhibited ultra-high (i.e., > 1.00%)
damage level.

Table 2. Global assessment and damage classification of the investigated sleepers’ groups.

Sleeper Age Microscopic Mechanical Damage Degree
Group  (Years)  DRIN® SDI PDI NLI ME Estimation
A 1 112 0.05 0.02 0.65 28.78 0.00-0.03% Negligible
B 6 260 0.15 0.17 0.62 23.38 0.04 + 0.01% Marginal
C 11 494 0.18 0.18 1.00 14.8 0.11 £ 0.01% Moderate
D 12 1310 0.29 0.41 1.02 6.5 >1.00 1 Ultra-high

DRI—Damage rate index. SDI—Stiffness damage index. PDI—Plastic deformation index. NLI—non-linear index.
ME—Modulus of elasticity.

4.3. Non-Destructive Testing

All non-destructive tests, except for the resonant frequency analysis, were conducted
directly on the full-size concrete sleepers prior to core extraction for complementary in-
vestigations. Due to logistical constraints during field access, resonant frequency testing
was instead performed on cores extracted from the same sleeper population. Considering
the sensitivity of the NDT tools used to assess the ISR-affected concrete to moisture and
temperature, all the tests were performed under an ambient temperature of 30 & 3 °C and
relative humidity of 50 4= 5%.

Corrosion potential was measured using a copper/copper sulfate half-cell electrode
with an accuracy of £1 mV. A total of 16 measurements were collected to compute the
region’s average potential value.

Schmidt hammer testing was carried out using impact energies of 2.207 Nm (N-type)
and 0.735 Nm (L-type). Each region under evaluation received 16 hammer impacts. The
highest and lowest 10% of the values were excluded to calculate a representative average.
Two regions per sleeper were tested.

Ultrasonic pulse velocity (UPV) measurements were obtained using a system capable
of 0.1 ps resolution, a configurable pulse voltage range (100 to =450 V), and a receiver gain
adjustable from 1 to 10,000 (equivalent to 0 to 80 dB). The 54 kHz transducers were applied
in both direct and indirect (surface) transmission configurations, with 16 measurements
per sleeper taken in each mode to compute the average.

Surface resistivity was measured using a Wenner probe array with 50 mm spacing,
operating within a range of 1 to ~1000 k)-cm and with an accuracy between £0.2 and
£2 kQ)-cm. Measurements were taken at two positions along each sleeper, and the average
value was calculated accordingly.

Ground-penetrating radar (GPR) assessments were performed using a stepped-
frequency continuous-wave system operating between 200 and 4000 MHz, with penetration
depths reaching up to 85 cm. Frequency modulation was managed by an embedded Al-
based algorithm. The dielectric constant was averaged from measurements conducted on
two different faces of each sleeper.

Resonant frequency tests were conducted on cylindrical cores to characterize the
longitudinal, transverse, and torsional vibration modes. For each mode, 16 specimens
were tested, and each specimen underwent three measurements. A piezoelectric ac-
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celerometer with an operational bandwidth of 20 Hz to 20 kHz was used to capture
the dynamic response.

4.4. Modal Analysis

In this study, the damping behavior of concrete samples was estimated based on
experimental frequency response curves obtained from dynamic tests. The data processing
was conducted using MATLAB-R2024a, which automatically identified the first natural
frequency of each sample using the findpeaks function. Due to the low to moderate damping
typically observed in concrete and the potential influence of boundary effects or noise on
higher-order modes, only the first resonance peak was considered for damping estimation.

The damping ratio (§) was determined using the half-power bandwidth method
(—3 dB), a widely used and reliable technique for systems with damping ratios up to
approximately 5%, as typically observed in concrete materials [51,52]. This method consists
of the following steps:

1.  Determination of —3dB frequencies:

The maximum amplitude of the frequency response curve, denoted as Ay, is first
identified. The frequencies fj and f, are then determined, where the amplitude drops to
% of Ayax (Equation (1)):

1
A 348 = Apmax X — 1
3dB max \ﬁ 1)

These points define the bandwidth within which energy is dissipated around the resonance.
2. Calculation of the bandwidth (Af)
The bandwidth is then calculated as the difference between the two frequencies, as
per Equation (2):
Af=fa—h 2
3.  Estimation of the damping ratio (&):
Finally, the damping ratio is then calculated as per Equation (3):
_ A
2fn

where f;, is the frequency corresponding to the peak amplitude.

¢ )

Figure 7 illustrates the analysis of the resonant frequency, highlighting the parameters
used to determine the damping.

This method assumes a single-degree-of-freedom (SDOF) response near the resonance,
which is a valid simplification when the vibrational mode is well separated. Although
concrete elements exhibit multi-degree-of-freedom (MDOF) behavior, their dynamic re-
sponse near a distinct peak is typically dominated by a single mode [51]. In such cases, the
influence of adjacent modes is negligible, justifying the SDOF approximation. In such cases,
the influence of adjacent modes is negligible, justifying the use of the SDOF approximation.
This assumption is particularly effective when the resonance is clearly identifiable and
unaffected by mode coupling or noise [53]. The half-power bandwidth method remains a
practical and accurate approach for estimating damping in concrete structures.
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Figure 7. Sketch illustrating the analysis of the resonant frequency, highlighting the parameters used

Frequency

to determine the damping.

5. Results

The results obtained from the different NDT techniques performed on sleepers are
presented in Figures 7-12. Each average and median presented was obtained from
30 measurements.

The corrosion potential results (Figure 8) demonstrate a shift toward increasingly nega-
tive values from Group A to Group D, aligning with the deterioration gradient observed in
other tests. According to ASTM C876, values more positive than —200 mV (Cu/CuSOy) in-
dicate a greater than 90% probability of no corrosion activity, whereas values more negative
than —350 mV suggest a greater than 90% probability that corrosion is actively occurring.
Values in between are considered uncertain and require further investigation. Group A
shows a median potential around —42 mV, with the upper whisker extending into the
positive range, indicating that most samples fall within the passive or uncertain region. The
relatively narrow interquartile range (IQR) and short whiskers suggest a homogeneous and
corrosion-inactive condition, consistent with concrete with limited ionic mobility. In con-
trast, Group B already displays a median around —58 mV, with a noticeable spread toward
more negative values. Although still largely within the uncertain range, the extension of
the lower whisker beyond —200 mV indicates that a portion of the samples may already be
experiencing incipient corrosion activity. Group C exhibits a median near —101 mV, with
its lower quartile (Q1) falling below —120 mV, and whiskers approaching the —200 mV
threshold, suggesting that corrosion is becoming increasingly probable in several specimens.
The wider IQR and extended lower whisker support the interpretation of non-uniform
corrosion behavior, likely linked to localized damage and increased moisture penetration.
Group D presents the most concerning profile. The median potential is around —167 mV,
with the Q1 well below —217 mV and the lower whisker extending beyond —398 mV,
well into the region of high corrosion probability per ASTM C876. The broad IQR and
extremely low values indicate severe and widespread corrosion activity, likely driven by a
compromised concrete microstructure, high internal moisture levels, and increased ionic
conductivity. This group exhibits the most heterogeneous condition, as reflected by its wide
statistical spread and extensive lower tail. Although corrosion potential was not explored
further in the subsequent sections, it is included here for completeness.
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Figure 8. Corrosion potential via half-cell.

The Schmidt hammer results (Figure 9) show relatively stable rebound values across
all sleeper groups, with only slight variations in the median and interquartile range (IQR)
from Group A to Group D. Median values remain close, ranging from 67.13 (Group A)
to 69.41 (Group D), while Q1 values range between 66.06 (Group A) and 67.42 (Group
D), and Q3 values from 68.14 (Group A) to 71.14 (Group D). The IQRs are consistently
narrow across all groups, and overlapping interquartile ranges suggest a comparable
distribution of surface hardness values. Although a modest increase in the upper quartile
can be observed in Group D, this is not accompanied by a distinct separation from the other
groups. The minimum and maximum values remain within a narrow band across groups,
and the whisker lengths do not display a pattern of progressive increase or decrease. These
observations suggest a uniform distribution of rebound values across the groups, without
sharp contrasts that would indicate marked surface degradation or variability.

From a comparative standpoint, the Schmidt hammer measurements reveal a tight
clustering of values among all groups, with overlapping quartiles and similar data spreads.
The discussion section considers these patterns further, examining their relevance to internal
swelling reaction (ISR)-related deterioration.
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Figure 9. Surface hardness through the Schmidt hammer.



Buildings 2025, 15, 2975

The ultrasonic pulse velocity results, obtained through both direct (Figure 10a) and
indirect (Figure 10b) transmission methods, reveal consistent median values across all
sleeper groups, with limited distinction between their respective quartile ranges. In the
direct method, median velocities range from 5.07 m/s in Group A to 4.93 m/s in Group D,
while Q1 and Q3 values remain closely space; for instance, Q1 values range from 5.01 m/s
(Group A) to 4.86 m/s (Group D), and Q3 values from 5.14 m/s (Group A) to 5.04 m/s
(Group D). A similar trend is observed in the indirect method, where medians range from
3.79 m/s in Group A to 3.81 m/s in Group D, and the Q1-Q3 intervals display substantial
overlap among all groups. For example, Q1 in Group D is 3.44 m/s, compared to 3.27 m/s
in Group A, and Q3 in Group C reaches 4.03 m/s, comparable to 3.93 m/s in Group B.

While minor shifts are present, such as slightly broader IQRs in Groups C and D, these
variations do not result in clearly distinguishable distributions among the groups. The
whisker lengths, which reflect the overall data spread, are also broadly comparable, and no
group displays significantly more extreme values than the others in a consistent manner.
This is particularly evident in the indirect method, where greater data dispersion is observed
across all groups, especially Group D, but without a distinct change in central tendency.

According to the classification thresholds for concrete homogeneity referenced in
CEB-FIB [54] and Whitehurst [55], where UPV values above 4.5 m/s are associated with
high-quality homogeneous concrete, values between 3.5 and 4.5 m/s indicate moderate
quality, and values below 3.5 m/s suggest low quality or heterogeneity, most results
across all groups remain within the moderate-to-high range. In both UPV methods, the
distributions for each group predominantly fall between 3.5 and 5.2 m/s, with no group

consistently entering the lower-quality range defined by these guidelines.

When considering the full dataset, the observed results highlight a high degree of
overlap in the central and interquartile values across all groups and measurement methods.
These patterns provide a basis for further discussion regarding the applicability of UPV—
both direct and indirect—for distinguishing the internal condition of concrete affected by
internal swelling reactions (ISR), which will be explored in detail in the discussion section.
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Figure 10. Ultrasonic pulse velocity. (a) UPV direct. (b) UPV indirect.

The ground-penetrating radar (GPR) dielectric constant results (Figure 11) exhibit a
progressive increase in central values from Group A to Group D, accompanied by notable
changes in interquartile spread. Group A shows the lowest median dielectric constant
at 8.36, followed closely by Group B with a median value of 8.34. Group C presents a
noticeable increase, with a median of 9.12, while Group D exhibits the highest median at
12.53. Beyond the upward trend in central tendency, the pattern is reinforced by the upward
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shift of the entire interquartile range (IQR). The values for Q1 and Q3 in Group A are 8.20
and 8.56, respectively. These remain similar in Group B (Q1 = 8.03, Q3 = 8.53), before
increasing in Group C (Q1 = 8.68, Q3 = 9.53). In Group D, the dielectric constant values
rise sharply, with Q1 at 12.30 and Q3 at 12.84. These non-overlapping IQRs, particularly
between Groups A/B and D, highlight a clear distinction in the radar response among
the groups. The spread of the data also varies across the groups. Groups A and B exhibit
narrower IQRs, suggesting consistent dielectric properties within each group. Group C
shows greater variability, while Group D, although elevated in values, maintains a relatively
tight distribution. This trend may reflect increasing internal moisture and microstructural
changes associated with ISR advancement.

Overall, the dielectric constant values obtained from GPR present a clear and struc-
tured shift in both median values and distribution from Group A to Group D. The de-
scriptive trends across quartiles, medians, and data dispersion form the basis for further
exploration regarding the sensitivity of GPR as a nondestructive evaluation tool for ISR-
affected concrete, which is addressed in the discussion section.

14
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Dielectric constant

A B C D
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Figure 11. Ground radar penetration (GPR).

The surface resistivity results (Figure 12) display a consistent decrease in central
values from Group A to Group D, with corresponding shifts in interquartile ranges (IQRs).
Group A shows the highest median resistivity at 39.84 kQ2-cm, with an interquartile range
extending from 39.16 kQ)-cm (Q1) to 40.52 kQ2-cm (Q3). Group B follows with a median of
36.34 k()-cm, and quartiles at 35.45 k()-cm (Q1) and 37.52 kQ2-cm (Q3). Group C presents
a further decrease, with a median of 30.98 kQ2-cm, and quartile values of 29.44 kQ)-cm
and 31.94 kQ)-cm. The lowest values are recorded in Group D, where the median drops to
21.02 kQ)-cm, and the Q1-Q3 range spans from 16.64 to 23.21 kQ)-cm.

The IQR increases progressively across the groups, from 1.36 kQ)-cm in Group A to
6.57 kQ)-cm in Group D, indicating increasing dispersion in electrical resistivity. While
Groups A and B exhibit narrow and well-defined distributions, Groups C and D show
broader spreads in values, particularly in Group D, suggesting greater heterogeneity in
surface conductivity conditions within that group.

Although the trend from A to D is downward, the overlap between the upper quartiles
of one group and the lower quartiles of the next is limited. For example, Q3 in Group B
(37.52 kQ)-cm) remains clearly above Q1 in Group C (29.44 kQ)-cm), and Group D’s values
are well separated from those of all other groups. These groupwise shifts and widening
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spreads will be further examined in the discussion section in relation to their potential
connection with ISR-related damage progression.
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Figure 12. Surface electrical resistivity.

The cores extracted to perform the multi-level assessment were evaluated by the
impact resonant frequency test in three modes (i.e., longitudinal, transverse, and torsional).
The results obtained in all three vibration modes present marked differences in central
tendency and data spread across the sleeper groups. For the longitudinal mode (Figure 13a),
Group A exhibits the highest median frequency at 7220 Hz, with a narrow interquartile
range (IQR) bounded by Q1 = 7204 Hz and Q3 = 7238 Hz. In contrast, Groups B and C
present moderately lower medians at 5060 Hz and 4940 Hz, respectively, with slightly
wider IQRs. Group D displays the lowest median frequency of 1990 Hz, accompanied by a
considerably broader distribution, with Q1 and Q3 spanning from 1949 Hz to 2019 Hz. The
distinct separation of quartile ranges between Group D and the others is visually evident.

In the transverse mode (Figure 13b), a similar trend is observed. Group A maintains
the highest median at 2990 Hz (Q1 = 2979 Hz; Q3 = 3002 Hz), followed by Group B (2810 Hz)
and Group C (2730 Hz). Group D again registers the lowest values, with a median of 1990
Hz and a significantly wider IQR, ranging from 1930 Hz to 2028 Hz. While some overlap is
present between the upper quartile of Group D and the lower quartiles of Groups B and C,
the central values remain distinctly separated.

In the torsional mode (Figure 13c), the values follow the same descending order of
magnitude across groups. Group A reports a median frequency of 3100 Hz, with a tight
IQR (Q1 = 3097 Hz; Q3 = 3104 Hz), while Group B and Group C present lower median
values of 2520 Hz and 2210 Hz, respectively. Group D again shows the lowest median
torsional frequency (990 Hz) and the widest IQR, from 958 Hz to 1015 Hz.

Across all three modes, the results reveal a consistent reduction in resonant frequency
values from Group A to Group D, accompanied by increasing variability. The interquartile
ranges of Group D are distinctly wider and do not overlap with those of Group A in
any mode, while Groups B and C remain intermediate. These group-wise differences in
frequency distributions are explored further in the discussion section.
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Figure 13. Resonant frequency: (a) longitudinal; (b) transverse; (c) torsional.

6. Discussion

Non-destructive test (NDT) methods, based on diverse physical principles—including
mechanical responses (Schmidt hammer), stress wave propagation (ultrasonic pulse veloc-
ity [UPV] and resonant frequency), electrical properties (surface resistivity and corrosion
potential), and electromagnetic responses (ground-penetrating radar [GPR])—have been
widely employed to assess the condition of concrete structures. While these methods
demonstrate potential for detecting structural integrity loss and reinforcing steel deteriora-
tion, their effectiveness in accurately estimating damage associated with internal swelling
reactions (ISR) remains under continuous evaluation. This study contributes to this field by
examining the reliability of these NDT techniques in appraising deterioration severity as
benchmarked against a validated multi-level assessment protocol.

6.1. Accuracy and Reliability of NDT Methods in Estimating ISR-Induced Damage Level

Figure 14 presents the evolution of key multi-level assessment parameters (i.e., DRI,
SDI, PD], and expansion) as a function of each NDT technique. Results for the Schmidt
hammer and UPV methods (both direct and indirect) exhibited substantial overlap in
standard deviation ranges, indicating high intra-group variability. While one-way ANOVA
results (Table 3) for Schmidt hammer (p = 2.43 x 10~7) and UPV direct (p = 2.70 x 10~?)
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suggest statistically significant differences between groups, the practical resolution of these
techniques is limited. Tukey HSD analysis (Figure 15) revealed that for both Schmidt
hammer and UPV direct, only Group D (ultra-high damage) differed significantly from
the other groups. These methods failed to detect damage levels below moderate, and
overlapping confidence intervals in the Tukey plots further highlight their inaccuracy for
early stage ISR detection. UPV indirect, in particular, was statistically non-significant
(p =3.90 x 1071), confirming its limited sensitivity to ISR-induced deterioration at any
level within the range of damage degree evaluated in this experimental program.

In contrast, the GPR dielectric constant (p = 2.97 x 10*%) and surface resistivity
(p = 1.90 x 10~7#) demonstrated clear statistical separation among the groups. GPR was
especially effective in identifying sleepers with ultra-high deterioration (Group D), which
it consistently distinguished from Groups A, B, and C. While this makes GPR a reliable
tool for binary classification (i.e., damaged vs. non-damaged), it lacks the sensitivity to
distinguish between intermediate stages, such as marginal and moderate damage. Surface
resistivity provided finer resolution across most group comparisons. However, it was
unable to differentiate between Group A (negligible) and Group B (marginal), as indicated
by the non-significant Tukey p-value of 0.398. This limitation restricts its usefulness in
capturing the onset of ISR-related deterioration.

Resonant frequency testing, applied to cores extracted from the field sleepers, pro-
duced the most consistent and accurate alignment with the multi-level assessment param-
eters. The longitudinal mode exhibited an interesting estimation of the stiffness damage
index (SDI), while the torsional mode aligned closely with the plastic deformation in-
dex (PDI). ANOVA p-values were remarkably low—3.12 x 10~1% for longitudinal and
2.37 x 1071 for torsional, highlighting these modes’ strong reliability to distinguish across
all levels of deterioration. Tukey analysis further confirmed that both modes could differ-
entiate between all four damage categories: negligible (A), marginal (B), moderate (C), and
ultra-high (D). The transverse mode, while still statistically significant (p = 4.67 x 107113y,
showed reduced reliability to distinguish between Groups B and C, limiting its resolution
at early to moderate damage stages.

Table 3. One-way ANOVA of the NDT techniques.

Source SS df MS F_Value F_0.05 p_Value Significant
Schmidt Hammer 111.37 3 37.12 12.61 2.68 3.43 x 1077 Yes
Residual 341.57 116 2.94
UPV Direct 6.57 3 2.19 17.17 2.68 2.70 x 1072 Yes
Residual 14.80 116 0.13
UPV Indirect 0.89 3 0.30 1.01 2.68 390 x 10! No
Residual 33.90 116 0.29
Surface Resistivity 380.41 3 126.80 710.13 2.68 1.90 x 10774 Yes
Residual 20.71 116 0.18
GPR Dielectric 7289.66 3 2429.89 178.11 2.68 297 x 10~% Yes
Constant
Residual 1582.55 116 13.64
RF—Longitudinal 417,835,754.94 3 139,278,584.98  22,533.68 2.68 3.12 x 10160 Yes
Residual 716,985.33 116 6180.91
RF—Transverse 17,446,495.93 3 5,815,498.64 3430.24 2.68 467 x 107113 Yes
Residual 196,662.22 116 1695.36
RF—Torsional 71,284,419.33 3 23,761,473.11 71,681.93 2.68 2.37 x 107189 Yes

Residual

38,452.24 116 331.48

Legend: SS—Sum of squares. df—Degrees of freedom. MS—Mean square. RE—Resonant frequency.
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Figure 14. Scatter plot of (a) Schmidt hammer, (b) UPV direct, (c) UPV indirect, (d) ground radar
penetration (GPR), (e) surface electrical resistivity, (f) resonant frequency—longitudinal, (g) res-

onant frequency—transverse, (h) resonant frequency—torsional versus DRI number, SDI, PDI,

and expansion.
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Figure 15. Tukey honestly significant difference (HSD) of (a) Schmidt hammer, (b) UPV direct,
(c) UPV indirect, (d) ground radar penetration (GPR), (e) surface electrical resistivity, (f) resonant
frequency—longitudinal, (g) resonant frequency—transverse, (h) resonant frequency—torsional.

Considering the overall results, resonant frequency, particularly in the longitudinal
mode, emerges as the most reliable NDT method for estimating the extent of ISR-induced
damage in prestressed concrete sleepers. Surface resistivity and GPR also offer valuable
diagnostic capabilities, especially when used in combination within a multi-method con-
dition assessment strategy. Despite their statistical significance in ANOVA, the Schmidt
hammer and UPV methods are constrained by high variability and limited discrimination
power at lower damage levels, making them less effective for early-stage evaluation.

The level of accuracy and sensitivity in detecting ISR-induced damage is further
discussed in 6.2 based on the fundamental behavior concepts of each NDT method.

6.2. Understanding the Sensitivity of NDTs to Detect the Early Stage of ISR-Induced Damage

The effectiveness of non-destructive testing (NDT) techniques in detecting early stage
deterioration depends strongly on the fundamental principle, whether physical or chemical,
underlying each method, and how it interacts with the evolving microstructure in con-
crete affected by internal swelling reactions (ISR). The limited sensitivity observed for the
Schmidt hammer and ultrasonic pulse velocity (UPV), in both direct and indirect modes, is
explained by their inherent insensitivity to incipient microcracking and subtle modulus
changes. In ISR-affected concrete, deterioration of the cement paste and aggregate particles
occurs with the formation of microcracks that are often filled with reaction products, such
as alkali-silica reaction (ASR) gel and delayed ettringite. The presence of these products
reduces both acoustic reflection and impact energy dissipation, two mechanisms that are
essential for wave- and rebound-based damage detection.

Specifically, the presence of ASR gel or delayed ettringite within ISR-induced cracks
attenuates the acoustic contrast typically exploited by wave propagation techniques, like
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UPV. These filling materials can partially bridge or mask microstructural discontinuities,
preserving high wave velocities even in the presence of internal damage. Consequently,
the signal may appear deceptively stable in velocity-based measurements. This highlights
the importance of understanding wave-material interaction mechanisms across ISR stages,
especially when early detection is needed to inform preventive maintenance. Similarly;,
during Schmidt hammer testing, the presence of reaction products within the cracks
reduces the energy absorbed by the damaged concrete. As a result, the rebound value of
the impact remains largely unaffected, leading to inaccurate assessments in the early stages
of deterioration.

By contrast, surface resistivity and ground-penetrating radar (GPR) are more re-
sponsive to ISR-induced microstructural changes, as they operate based on electrical and
dielectric properties influenced by moisture ingress, ionic mobility, and pore connectivity.
These characteristics tend to evolve throughout the progress of ISR-induced damage, even
before visible cracking develops. In the dataset analyzed, both surface resistivity and
GPR successfully differentiated Group D (i.e., ultra-high damage) from the other groups,
with surface resistivity also distinguishing moderate deterioration. However, the overlap
observed between Groups A (i.e., negligible) and B (i.e., marginal), where expansion ranged
from 0.00-0.03% to 0.04 £ 0.01%, respectively, indicates a resolution gap in capturing the
most incipient damage.

Resonant frequency, on the other hand, testing demonstrated greater accuracy across
all damage levels by detecting reductions in dynamic stiffness associated with internal
microcracking. As shown in Figure 14, as damage progresses (from 0.05% to >1.00%
expansion), the frequency of vibration gradually decreases due to stiffness loss. The
frequency shift is related to the envelope of the free vibration amplitude decay, which
captures changes in the internal energy dissipation capacity of the material (Figure 15).
This enables the technique to detect subtle changes in mechanical integrity even before
significant expansion.

Quantitative indicators across sleeper groups reinforce this sensitivity. From Group A
(1 year old, negligible damage) to Group D (12 years old, ultra-high damage), the damage
progression was marked by an increase in DRI (from 112 to 1310), SDI (from 0.05 to 0.29),
and PDI (from 0.02 to 0.41). More notably, the modulus of elasticity (ME) decreased sharply,
from 28.78 GPa in Group A to 6.50 GPa in Group D, corresponding to a 77.4% reduction.
Intermediate stages followed the same trend: Group B (marginal) showed a ~18.8% ME loss,
while Group C (moderate) experienced a ~48.6% drop. These changes were successfully
captured by resonant frequency testing through decreases in free vibration frequency, even
in the absence of substantial expansion and despite the presence of cracks partially or fully
filled with reaction products. The decay of the free vibration signal, governed by internal
energy absorption, explains the method’s ability to detect ISR-induced damage even at
early stages when traditional indicators remain inconclusive.

In contrast, UPV-based methods rely on continuous excitation and do not allow
monitoring of free vibration decay. As illustrated in Figure 16, this limitation reduces their
ability to capture internal energy dissipation, particularly at early stages. For specimens
with negligible and marginal damage degrees (Groups A and B), the signal decay is
insufficient to indicate meaningful internal damage. Attenuation becomes measurable only
in later stages of deterioration. At this level, external cracks are visible to unaided eyes.

These findings emphasize the varying degrees of effectiveness among NDT methods
in detecting the subtle microstructural and mechanical changes associated with early ISR-
induced damage. While resonant frequency testing demonstrated superior sensitivity,
particularly through frequency shifts associated with the development of cracks filled
with reaction products, its sensitivity can still be refined. The next section explores how
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advanced interpretation of vibrational responses, particularly through modal analysis, can
further enhance the accuracy of damage quantification screening and improve classification
of early stage ISR deterioration.
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Figure 16. Schematic representation of dynamic response differences between resonant frequency
and wave propagation (UPV) methods in ISR-affected concrete. Red waves correspond to the signals
measured by the instrument. Each additional color represents a wave introduced into the concrete
material during testing, illustrating successive propagation events.

6.3. Enhancing the Sensitivity in Estimating the Damage Degree in the Early Stage of the
ISR-Affected Concrete

The reduction in the free vibration frequency observed in ISR-affected concrete can
be further interpreted by analyzing the rate at which this vibration decays over time. This
decay is directly associated with internal energy loss, which can be quantified through
the damping ratio, a parameter that reflects the material’s internal friction and capacity to
dissipate vibrational energy. This parameter is calculated using the half-power bandwidth
method, as detailed in Section 4.4, which estimates damping from the frequency response
curve obtained during resonant frequency testing. This method is particularly suitable
for concrete, which typically exhibits low damping ratios, and offers a robust, physically
grounded metric for assessing internal damage.

Damping provides a screening indication of microstructural changes by measuring
how quickly the amplitude of vibration decreases after excitation. It captures internal
energy dissipation due to microcracking, interfacial damage, and frictional effects, features
that emerge early in the ISR-induced deterioration process but may remain undetected
by other NDT techniques. Thus, damping is theoretically sensitive to the presence of
internal damage and has the potential to aid routine inspections via meaningful physical
interpretations linked to the dynamic behavior of the material.
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The ability of damping to differentiate between damage levels was confirmed through
one-way ANOVA and Tukey’s HSD post hoc analysis (Table 4). The ANOVA results
(p-value < 0.0001) indicate statistically significant differences in damping across the four
damage groups. The Tukey test further confirms that all group comparisons were statis-
tically significant at the 95% confidence level, including between Groups A (negligible)
and B (marginal), which many other techniques failed to distinguish. These findings rein-
force the method’s high resolution and its capacity to identify even the earliest stages of
ISR-induced deterioration.

Table 4. One-way ANOVA and Tukey HSD post hoc of damping.

One-Way ANOVA

Source SS df MS F_Value F_0.05 p_Value Significant
Damping 82.61 3 27.54 284.99 2.76 1.92 x 1073° Yes
Residual 5.80 60 1.00

Tukey HSD post hoc
Group 1 Group2  Mean Difference Lower Upper p_Value Significant
A B 0.7014 0.4110 0.9918 0.0005 Yes
A C 1.1594 0.8690 1.4498 0.0006 Yes
A D 3.0646 2.7742 3.3550 0.0006 Yes
B C 0.4580 0.1676 0.7484 0.0006 Yes
B D 2.3632 2.0728 2.6536 0.0006 Yes
C D 1.9052 1.6148 2.1956 0.0005 Yes
Legend: SS—Sum of Squares. df—Degrees of Freedom. MS—Mean Square. RE—resonant frequency.

The results presented in Figure 17 illustrate the correlation between damping and
multi-level assessment parameters: a) DRI and b) SDI. An important increasing trend is
observed in both plots, where higher damping values correspond to greater damage as
quantified by microscopic and mechanical testing results. As damping increases from
negligible to ultra-high levels, DRI rises from approximately 112 to 1310, and SDI increases
from 0.05 to 0.29. This alignment indicates that damping can serve as an effective damage
screening parameter, especially when deterioration is not yet extensive enough to manifest
through visual inspection and other NDT techniques.
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Figure 17. (a) DRI and (b) SDI as a function of damping.
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This finding supports the growing recognition that damping-related parameters offer
valuable insight into early stage damage, especially in ISR-affected concrete, where stiffness
alone may not sufficiently capture the extent or severity of deterioration. By integrating
modal damping characteristics with existing condition assessment protocols as a screening
tool, the sensitivity and accuracy of damage detection in field applications can be signifi-
cantly improved. It is important to note that this approach is not intended to replace any
existing test method; rather, it is designed to support routine inspection, providing reliable
damage quantification estimates that inform decision-making. When abnormal or elevated
damping is detected, a thorough condition assessment, such as the multi-level protocol
combining the Damage Rating Index (DRI) and the Stiffness Damage Test (SDT), must be
conducted to accurately determine the cause and extent of the deterioration.

7. Conclusions

This study investigated the reliability and sensitivity of several non-destructive testing
(NDT) techniques for detecting varying degrees of deterioration in prestressed concrete
sleepers affected by internal swelling reactions (ISR), specifically alkali-silica reaction
(ASR) and delayed ettringite formation (DEF). The evaluation was benchmarked against a
validated multi-level condition assessment protocol, incorporating both microscopic and
mechanical indicators. Statistical analyses were conducted to quantify the performance of
each NDT method. The results support the following conclusions:

o  Conventional methods, such as the Schmidt hammer and ultrasonic pulse velocity
(UPV), although commonly applied in concrete assessment, demonstrated limited
sensitivity and reliability in distinguishing ISR-induced damage. Their limited per-
formance is attributed to their reliance on wave transmission and impact rebound,
which are not significantly affected when cracks are partially or fully filled with
reaction products, such as ASR gel or delayed ettringite. These filling products pre-
serve materials’ continuity and acoustic transmission while preventing impact energy
absorption by the cracks, masking the early microstructural changes that precede
visible deterioration.

e  Electrical and electromagnetic-based techniques, including surface resistivity and
ground-penetrating radar (GPR), demonstrated sensitivity to certain levels of ISR-
induced deterioration. These methods respond to changes in pore structure, ion
mobility, and moisture content, parameters that evolve early in the damage process.
Although both were effective in identifying high levels of deterioration, only sur-
face resistivity was able to partially resolve moderate damage levels. Nonetheless,
both techniques exhibited limitations in detecting negligible or marginal damage,
highlighting a very limited sensitivity.

e  Resonant frequency testing emerged as the most reliable NDT method among those
investigated. By capturing reductions in natural frequency associated with internal
microstructural changes, this technique successfully distinguished between all four
levels of damage extent investigated. Furthermore, the decay of the vibration signal
provided additional insight into internal energy dissipation, and its quantification
through the damping ratio revealed an interesting correlation with key damage param-
eters such as DRI and SDI. The statistical analyses confirmed the ability of damping
to separate even closely related deterioration levels, making it a promising screen-
ing parameter for early detection of ISR-induced damage. It is essential to note that
validation in real-scale sleepers has yet to be performed.

Overall, this work highlights the complementary nature of NDT techniques and
supports the use of modal analysis, particularly damping-based assessments, as a frontline
screening tool in field inspections. When used in conjunction with established multi-
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level evaluation protocols, such approaches can significantly improve diagnostic accuracy
in early damage detection and support more effective asset management strategies for
concrete infrastructure affected by ISR, especially concrete sleepers of the type investigated
in this work.
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The following abbreviations are used in this manuscript:

Abbreviation Definition

ACI American Concrete Institute
ASR Alkali-Silica Reaction
DEF Delayed Ettringite Formation
DRI Damage Rating Index
GPR Ground-Penetrating Radar
ISR Internal Swelling Reactions
ME Modulus of Elasticity
NDT Non-Destructive Testing
NLI Non-Linearity Index
PDI Plastic Deformation Index
SDI Stiffness Damage Index
SEM Standard Error of the Mean
urv Ultrasonic Pulse Velocity
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