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ABSTRACT

Reflective cracking is one of the primary causes of premature deterioration in asphalt-overlaid
Portland cement concrete (PCC) pavements, reducing service life and increasing maintenance
costs. Because crack initiation begins within the underlying PCC layer before becoming visible
at the surface, conventional inspection methods have limited capability for early detection. This
project developed and experimentally validated a hybrid experimental-numerical framework that
integrates optical frequency domain reflectometry (OFDR)-based distributed fiber optic sensing
(DFOS), laboratory-scale three-point bending tests, and finite element (ABAQUS) modeling to
monitor and interpret bottom-up reflective cracking. Rectangular and semi-cylindrical asphalt-
overlaid PCC specimens were instrumented with surface-bonded distributed optical fibers in a
serpentine layout with 20-mm spacing. Controlled bending tests reproduced bottom-up crack
initiation and propagation, with cracks consistently originating at a predefined notch within the
PCC layer and propagating toward the asphalt overlay. The OFDR-based DFOS system
identified localized strain concentrations associated with crack development; and finite element
simulations reproduced the observed crack initiation location, propagation path, stress
redistribution, and global structural response. The close agreement among laboratory
observations, distributed strain measurements, and numerical predictions validates the
framework and demonstrates the potential of OFDR-based DFOS for structural health
monitoring and condition assessment of rehabilitated concrete pavements.
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LIST OF KEY TERMS

ABAQUS — Commercial finite element analysis software used for numerical simulation.

Distributed fiber optic sensing (DFOS) — A sensing method in which the optical fiber acts as a
continuous sensor along its length.

Finite element method (FEM) — A numerical method used to calculate stress, strain,
deformation, and damage in structures.

Optical frequency domain reflectometry (OFDR) — A high-resolution optical interrogation
method based on Rayleigh backscattering.

Portland cement concrete (PCC) — Hydraulic cement concrete commonly used in pavement
construction.

Reflective cracking — Cracking that propagates from an underlying pavement discontinuity
through an overlay.

Structural health monitoring (SHM) — Continuous or periodic monitoring used to assess
structural condition and detect damage.
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EXECUTIVE SUMMARY

This research addresses the need for early detection of reflective cracking in rehabilitated
asphalt-overlaid concrete pavements, where bottom-up cracks initiate within the underlying
concrete long before they become visible at the surface. The study develops and validates a
hybrid experimental-numerical framework that integrates optical frequency domain
reflectometry (OFDR)-based distributed fiber-optic sensing, laboratory three-point bending tests,
and finite-element modeling to monitor crack initiation and propagation. Distributed sensors
continuously captured localized strain evolution, while numerical simulations reproduced the
observed fracture behavior and stress redistribution. By linking distributed strain measurements
to experimentally validated finite element predictions, this research provides a reliable
foundation for structural health monitoring and condition assessment of rehabilitated concrete
pavements, supporting timelier, more cost-effective infrastructure preservation.
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1.  INTRODUCTION AND BACKGROUND

Portland cement concrete (PCC) pavements constitute a significant portion of highway
transportation infrastructure due to their high structural capacity, long service life, and ability to
withstand heavy traffic loads. As these pavements age, deterioration caused by repeated traffic
loading, environmental effects, and material aging gradually reduces their structural performance
[1, 2]. Rehabilitation is therefore an essential component of pavement management systems,
allowing agencies to restore serviceability while minimizing construction costs and traffic
disruption [3, 4]. Among available rehabilitation strategies, asphalt overlays remain among the
most widely adopted solutions because they can be constructed rapidly, improve ride quality, and
extend pavement service life without requiring complete pavement reconstruction [5, 6].

Despite these advantages, the long-term performance of asphalt-overlaid PCC pavements is
frequently limited by reflective cracking [7]. Reflective cracks originate from existing joints,
cracks, or other discontinuities in the underlying concrete pavement and progressively propagate
through the asphalt overlay under repeated traffic loading and environmental actions [8, 9]. Once
these cracks reach the pavement surface, they provide direct pathways for water infiltration,
accelerate structural deterioration, and substantially increase maintenance requirements [10, 11].
Although numerous rehabilitation techniques, including slab fracturing, crack-and-seat, and
rubblization, have been developed to reduce reflective cracking, complete elimination of this
distress remains difficult because crack propagation is governed by complex interactions among
pavement geometry, material properties, interface behavior, and cyclic loading [12, 13].

A fundamental challenge in mitigating reflective cracking is that damage initiates within the
underlying pavement structure long before it becomes visible at the pavement surface [14, 15].
Consequently, the ability to identify bottom-up crack initiation at an early stage is critical for
understanding pavement deterioration and developing effective maintenance strategies [16].
However, most pavement condition assessment techniques rely on surface observations and
therefore provide limited information regarding the internal mechanical response responsible for
crack development [2].

Conventional pavement inspection methods—including visual surveys, digital image processing,
laser scanning, infrared thermography, ground-based imaging systems, and, more recently, Al-
assisted crack detection—have significantly improved the efficiency and consistency of
pavement condition assessment [16]. Nevertheless, these approaches primarily identify surface
manifestations of distress after cracking has already developed. They cannot directly monitor the
localized strain accumulation or internal fracture processes that precede visible damage.
Embedded sensing technologies, such as electrical resistance strain gauges and fiber Bragg
grating (FBG) sensors, provide direct measurements of structural response but remain limited to
discrete sensing locations [17]. As a result, crack initiation may occur between adjacent sensors
without being detected, making continuous monitoring of crack evolution challenging.

Distributed fiber optic sensing (DFOS) has emerged as a promising technology for structural
health monitoring (SHM) because it enables continuous strain measurements along the entire
length of an optical fiber with high spatial resolution [18]. Optical frequency domain
reflectometry (OFDR)-based DFOS is particularly well suited for laboratory-scale structural
investigations because it can accurately capture highly localized strain concentrations associated
with crack initiation and propagation [19, 20]. Unlike conventional point sensors, distributed
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sensing does not require prior knowledge of the crack location, allowing the complete strain field
to be monitored throughout the loading process [21]. Although recent studies have demonstrated
the effectiveness of DFOS for monitoring concrete structures, composite materials, and
transportation infrastructure, most investigations have focused primarily on sensing performance
or strain measurement accuracy [22-24]. Comparatively fewer studies have integrated distributed
strain measurements with physics-based numerical models capable of explaining the underlying
fracture mechanisms responsible for crack development [12, 25-27].

Finite element modeling (FEM) provides a complementary tool for investigating internal stress
redistribution, crack-tip behavior, and fracture evolution that cannot be directly measured during
laboratory testing [28, 29]. When combined with experimental observations, numerical
simulation provides a mechanistic interpretation of measured strain localization and enables
direct investigation of the physical processes governing crack initiation and propagation [30, 31].
However, relatively few studies have established a comprehensive experimental-numerical
framework that systematically integrates distributed fiber-optic measurements, laboratory
observations, and finite-element predictions for rehabilitated asphalt-overlaid PCC pavements
[32-34].

Based on the existing literature, four important knowledge gaps remain. First, current pavement
monitoring techniques primarily identify damage after cracks become visible at the pavement
surface rather than during the early stages of internal crack development. Second, conventional
embedded sensors provide measurements only at discrete locations and therefore cannot
continuously characterize strain evolution during crack propagation. Third, although OFDR-
based DFOS offers continuous distributed strain measurements, its application to monitoring
bottom-up reflective cracking in rehabilitated pavement systems remains limited. Finally, few
studies have combined distributed fiber-optic sensing with experimentally validated finite-
element modeling to establish a mechanistic understanding of reflective crack initiation and
propagation.

To address these limitations, this study develops and experimentally validates a hybrid
experimental-numerical framework for monitoring bottom-up reflective cracking in rehabilitated
asphalt-overlaid PCC pavements. Laboratory-scale two-layer pavement specimens were
instrumented with OFDR-based distributed fiber optic sensors and tested under three-point
bending to monitor strain evolution during crack initiation and propagation. An experimentally
validated FEM was developed to investigate the corresponding stress redistribution and fracture
behavior. The central hypothesis of this study is that integrating DFOS with physics-based
numerical modeling provides a reliable and mechanistically interpretable framework for
detecting crack initiation, monitoring crack propagation, and elucidating the underlying fracture
mechanisms before significant surface crack manifestation.

The primary contributions of this work are fourfold. First, a hybrid experimental-numerical
framework integrating laboratory testing, OFDR-based DFOS, and FEM is developed to
investigate bottom-up reflective cracking in rehabilitated pavement systems. Second, the study
demonstrates the capability of DFOS to continuously monitor localized strain evolution
associated with crack initiation and propagation. Third, experimentally validated finite element
simulations are used to establish a direct relationship between measured strain localization and
the internal stress redistribution governing fracture development. Finally, the proposed
framework provides a scalable methodology for future field-scale SHM and condition
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assessment of rehabilitated pavement infrastructure. The physical mechanism governing bottom-
up reflective cracking in rehabilitated pavement systems, from crack initiation at the existing
PCC joint to crack propagation through the asphalt overlay under traffic loading, is illustrated in
Figure 1.

Traffic Loading

Asphalt Overlay
Propagation
| Path
T e Reflective Cracking
(Propagation)
Existing PCC Pavement
(Substrate)
Direction
of Crack 3
' Growth +— [Existing Joint
g (Discontinuity)

o Bottom-Up
Crack Initiation

Figure 1. Schematic illustration of the bottom-up reflective cracking mechanism in
asphalt-overlaid Portland cement concrete (PCC) pavements
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2. LITERATURE REVIEW
2.1 Reflective Cracking in Asphalt-Overlaid PCC Pavements

Asphalt overlays are widely used to rehabilitate deteriorated PCC pavements because they
improve ride quality, restore surface condition, and extend pavement service life without
requiring full reconstruction [35]. However, the long-term performance of asphalt-overlaid PCC
pavements is frequently limited by reflective cracking. Reflective cracking occurs when joints,
cracks, or discontinuities in the existing PCC layer generate stress concentrations that propagate
upward through the asphalt overlay under traffic loading and environmental effects [15].

The reflective cracking mechanism is governed by the interaction among the existing concrete
slab, the asphalt overlay, and their interface. Under repeated wheel loading, vertical deflection
and horizontal movement at existing PCC joints produce tensile and shear stresses near the
bottom of the overlay and at the asphalt—PCC interface [9]. Over time, these stresses initiate
cracks that grow upward toward the surface. Once the crack reaches the surface, water
infiltration, oxidation, freeze—thaw damage, and traffic-induced deterioration accelerate the loss
of structural capacity [36, 37].

Slab-fracturing techniques, including crack-and-seat, break-and-seat, and rubblization, are
commonly applied before asphalt overlay placement to reduce slab length, minimize joint
movement, and decrease stress concentration at existing discontinuities [35, 38, 39]. Although
these methods can delay reflective cracking, they do not eliminate the need to monitor crack
initiation and propagation within the pavement structure. The effectiveness of slab-fracturing
treatments depends on material properties, fracture pattern, overlay thickness, bonding condition,
traffic loading, and environmental exposure [40]. Therefore, reliable monitoring of internal crack
development is essential for evaluating the long-term performance of rehabilitated pavement
systems.

2.2 Limitations of Surface-Based Pavement Monitoring

Conventional pavement condition assessment relies primarily on surface-based inspection
methods, including visual surveys, digital imaging, laser crack measurement systems, three-
dimensional laser scanning, infrared thermography, and unmanned aerial vehicle-based imaging
[41-43]. Recent advances in Al and computer vision have improved the automated detection and
classification of visible pavement distress such as cracking, rutting, potholes, and surface defects
[44, 45]. These methods are valuable for network-level condition assessment because they
provide rapid, repeatable, and large-scale pavement inspection.

Despite these advantages, surface-based monitoring methods are inherently limited in their
ability to detect early-stage reflective cracking. Bottom-up reflective cracking initiates within the
underlying PCC layer or near the asphalt—PCC interface before reaching the pavement surface
[36, 44]. As a result, surface inspection methods can only identify the distress after the internal
crack has already propagated through a significant portion of the pavement structure [15, 46].
This delay limits transportation agencies’ ability to implement preventive maintenance before
damage becomes severe.
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Surface-based approaches also provide limited information about the mechanical processes
responsible for crack growth [47]. Image-based and laser-based methods can quantify surface
crack length, width, and pattern, but they do not directly measure internal strain accumulation,
stress redistribution, or crack-tip behavior [48, 49]. Therefore, while surface monitoring
technologies are effective for supporting visible distress, they are insufficient for understanding
the initiation and early propagation of bottom-up cracking in rehabilitated asphalt-overlaid PCC
pavements.

2.3 Embedded and Fiber Optic Sensing for Pavement Monitoring

To overcome the limitations of surface inspection, embedded sensing technologies have been
investigated for pavement structural health monitoring. Conventional strain gauges, piezoelectric
sensors, accelerometers, and acoustic emission sensors can provide direct measurements of
structural response under loading [50-52]. However, these sensors are generally limited to
discrete measurement locations. Their performance depends strongly on sensor placement, and
they may fail to detect damage if cracking occurs away from the instrumented location [53].

Fiber optic sensors offer several advantages for pavement monitoring, including high sensitivity,
corrosion resistance, immunity to electromagnetic interference, small size, and compatibility
with long-term monitoring applications [2, 54]. FBG sensors have been used to measure internal
strain and detect crack development in pavement and concrete specimens [55]. However, FBG
sensors remain point-based or quasi-distributed systems because measurements are obtained only
at grating locations. To capture distributed crack development, dense sensor arrays are required,
which increase costs, installation complexity, and data management requirements.

DFOS addresses this limitation by converting the optical fiber itself into a continuous sensing
element. Depending on the interrogation method, DFOS can measure strain or temperature along
the entire fiber length, allowing spatially continuous monitoring of structural response [56].
Among DFOS techniques, OFDR based on Rayleigh backscattering is particularly suitable for
laboratory-scale crack monitoring because it provides high spatial resolution and can identify
localized strain concentrations associated with crack initiation and propagation [19, 57].

DFOS’s ability to measure continuous strain fields makes it highly relevant for reflective
cracking applications. Because the exact location of crack initiation is generally unknown, a
distributed sensing path provides greater reliability in damage detection than isolated point
sensors. Localized strain peaks measured by DFOS can indicate crack initiation, crack opening,
and stress redistribution around the crack path [58]. However, interpreting DFOS measurements
in layered asphalt—-PCC systems remains technically challenging. Measured strain fields may be
influenced by bonding quality, fiber layout, material heterogeneity, interface behavior, crack
opening displacement, and flexural deformation. Therefore, DFOS data must be interpreted
within a mechanics-based framework rather than treated only as sensing output.

2.4 Finite Element Modeling of Reflective Crack Propagation

FEM has been widely used to investigate reflective cracking and fracture behavior in pavement
systems [59]. Numerical models enable researchers to evaluate stress distributions, strain
concentrations, interface behavior, crack-tip responses, and crack propagation under controlled
loading and material conditions. For asphalt-overlaid PCC pavements, finite element studies
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have shown that reflective cracking is strongly affected by overlay thickness, PCC joint
movement, interface bonding, temperature, material stiffness, and loading position [60].

Fracture mechanics-based numerical approaches, including cohesive zone modeling, extended
finite element methods, damage mechanics, and concrete damaged plasticity, have been applied
to simulate crack initiation and propagation in pavement materials [61]. These models can
provide insight into internal mechanisms that are difficult or impossible to measure
experimentally, such as tensile stress concentration near the notch, stress redistribution around an
advancing crack tip, and damage evolution near the asphalt-PCC interface [62].

However, numerical models require experimental validation because their predictions depend on
assumptions regarding material behavior, boundary conditions, interface properties, crack
geometry, and damage criteria. Many pavement fracture studies validate FEMs using global
responses such as load—displacement curves, surface crack patterns, or limited strain
measurements [4]. While useful, these validation methods provide incomplete information about
the spatial distribution of internal strain and damage. A model may reproduce the global load—
displacement response while still misrepresenting the local strain field around the crack tip [63].

This limitation is especially important for reflective cracking, where localized strain
concentration and crack-tip behavior govern damage initiation. Distributed strain measurements
from DFOS provide a unique opportunity to validate finite element predictions at a much higher
spatial resolution than conventional point sensors. By comparing measured strain localization
with numerically predicted stress concentrations and crack-propagation patterns, the numerical
model can be evaluated not only at the structural response level but also at the local fracture-
mechanics level.

2.5 Need for an Integrated Experimental-Numerical Monitoring
Framework

The reviewed literature highlights that surface inspection, embedded sensing, distributed sensing,
and FEM each provide useful but incomplete information for evaluating reflective cracking.
Surface inspection can document visible distress but cannot detect internal crack initiation. Point
sensors can measure local structural response but may miss cracks between sensor locations.
DFOS can capture continuous strain fields but requires mechanics-based interpretation to relate
strain localization to crack growth. FEM can explain stress redistribution and fracture behavior
but requires spatially detailed experimental validation.

These limitations suggest the need for an integrated framework that combines the strengths of
experimental monitoring and numerical simulation. In such a framework, laboratory testing
provides controlled crack initiation and observable fracture behavior; DFOS provides continuous
distributed strain measurements during crack evolution; and finite element modeling provides a
mechanical interpretation of the measured strain field. Comparing experimental crack
observations, DFOS strain localization, and finite-element stress predictions can establish a
direct relationship between sensing responses and fracture mechanisms.

For rehabilitated asphalt-overlaid PCC pavements, this integration is particularly important
because bottom-up cracking develops internally before it manifests at the surface. A hybrid
experimental-numerical framework can therefore support both early crack detection and
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mechanistic interpretation of damage progression. Such an approach is necessary for moving
beyond simple crack observation toward structural health monitoring methods that can identify
damage initiation and track propagation and explain the physical processes governing reflective
cracking.

2.6 Research Gaps

Based on the reviewed literature, four specific research gaps motivate the present study.

* Most pavement monitoring methods detect reflective cracking only after the distress
becomes visible at the pavement surface. These methods provide limited ability to
identify the early internal damage stage, where preventive maintenance would be most
effective.

* Conventional embedded sensors, including strain gauges and FBG sensors, provide
measurements only at discrete locations. This limits their ability to continuously monitor
spatially distributed crack initiation and propagation in rehabilitated pavement systems.

* Although OFDR-based DFOS provides continuous high-resolution strain measurements,
its application to bottom-up reflective cracking in asphalt-overlaid slab-fractured PCC
pavements remain limited. In particular, the relationship between DFOS strain
localization and actual crack propagation behavior has not been sufficiently established
for layered pavement specimens.

* Finite element models of reflective cracking often lack validation using spatially
continuous strain measurements. As a result, the connection between numerical stress
predictions, measured distributed strain fields, and experimentally observed crack
evolution remains underdeveloped.

To address these gaps, this study develops a hybrid experimental-numerical framework that
integrates laboratory testing, OFDR-based DFOS monitoring, and FEM to investigate bottom-up
crack initiation and propagation in two-layer asphalt—-PCC specimens representative of
rehabilitated slab-fractured pavement systems. The proposed framework is designed to detect
localized strain evolution during crack development and to interpret the measured response
through experimentally validated numerical simulation.
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3. METHODOLOGY

3.1 Overview of the Proposed Framework

This study employs a hybrid experimental numerical framework to investigate the initiation and
propagation of bottom-up reflective cracking in rehabilitated asphalt-overlaid PCC pavements.
The framework integrates controlled laboratory experiments, OFDR-based DFOS, and FEM to
establish a direct relationship between experimentally observed crack development, distributed
strain localization, and the underlying stress redistribution governing fracture propagation. By
combining continuous strain measurements with physics-based numerical analysis, the proposed
methodology offers both early crack detection and a mechanistic interpretation of reflective
cracking. The overall research workflow is illustrated in Figure 2.

Research Problem

|

Laboratory Specimens Preparation

|

OFDR-Based DFOS Installation

|

Three-Point Bending Testing

Experimental Distributed
Observations Strain

| |
v

Finite Element Analysis

Experimental-Numerical Validation
Mechanistic Interpretation

Structural Health Monitoring

Figure 2. Workflow of the proposed hybrid experimental-numerical framework

The investigation began with the engineering problem of reflective cracking in rehabilitated
pavement systems. Laboratory-scale two-layer asphalt—-PCC specimens were then fabricated to
reproduce the structural characteristics of rehabilitated pavements and instrumented with OFDR-
based DFOS using a serpentine deployment configuration. Controlled three-point bending tests
were subsequently conducted while continuously recording load, displacement, distributed strain,
and crack development. The experimentally measured responses were used to develop and
validate an FEM capable of simulating the corresponding stress distribution and fracture
behavior. Finally, the experimental observations and numerical predictions were integrated to
establish a mechanistic understanding of bottom-up crack propagation and to demonstrate the
applicability of the proposed framework for future structural health monitoring of rehabilitated
pavement infrastructure.

Unlike conventional experimental studies, in which sensing and numerical analysis are
performed independently, the present framework integrates laboratory observations, distributed
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strain measurements, and finite element simulations into a unified validation process. This
integration enabled experimentally measured strain localization to be directly related to internal
stress redistribution and crack evolution, thereby providing a more comprehensive understanding
of reflective cracking mechanisms.

The distinguishing feature of the proposed framework is the direct integration of distributed
strain measurements with finite element predictions. Rather than treating experimental sensing
and numerical simulation as independent analyses, the framework established a closed-loop
validation process in which experimentally observed crack development, measured strain
localization, and simulated stress fields are evaluated simultaneously.

3.2 Laboratory Specimen Design

Representative laboratory specimens are essential for investigating the mechanisms governing
bottom-up reflective cracking under controlled and repeatable conditions. Although full-scale
pavement testing provides the most realistic representation of in-service pavement behavior,
laboratory-scale specimens offer a practical, highly repeatable platform for isolating the factors
influencing crack initiation and propagation. Accordingly, two-layer composite pavement
specimens were designed to reproduce the structural characteristics of rehabilitated asphalt-
overlaid PCC pavements while remaining compatible with OFDR-based DFOS and laboratory-
scale mechanical testing.

Each specimen consisted of an asphalt overlay bonded to an underlying PCC layer, representing
the rehabilitation overlay and the existing concrete pavement, respectively. This two-layer
configuration preserves the fundamental structural interaction between the asphalt overlay and
the PCC substrate, enabling the fracture mechanisms associated with bottom-up reflective
cracking to be investigated under controlled flexural loading conditions. Two specimen
geometries were adopted in this study: a rectangular beam specimen and a semi-cylindrical
specimen, as shown in Figures 3 and 4.

50 mm

T

100 mm 100 mm

Asphalt

PCC =

Fy
vy |

400 mm

Side view

Figure 3. Geometry and dimensions of the laboratory-scale composite rectangular beam specimen
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Figure 4. Geometry and dimensions of the laboratory-scale composite semi-cylindrical specimen

The rectangular specimen provides a conventional geometry for three-point bending tests and
serves as a reference configuration for evaluating crack initiation and propagation. The semi-
cylindrical specimen was introduced to examine the applicability of the proposed monitoring
framework under a different structural geometry with a modified stress distribution. Maintaining
identical material composition and layer thicknesses in both configurations allows the influence
of specimen geometry on strain localization and fracture behavior to be evaluated independently
of material properties.

The rectangular specimen consisted of a 50-mm asphalt overlay bonded to a 100-mm PCC layer,
yielding an overall size of 400 mm x 60 mm x 150 mm. The semi-cylindrical specimen
comprised a 75-mm asphalt overlay bonded to a 75-mm PCC layer, resulting in an overall
specimen diameter of 150 mm, a total height of 150 mm, and a specimen thickness of 50 mm.
These dimensions were selected to satisfy three engineering objectives: (i) to reproduce the
structural interaction between the asphalt overlay and the PCC substrate at the laboratory scale;
(i1) to ensure compatibility with the loading capacity and span limitations of the three-point
bending apparatus; and (iii) to provide sufficient surface area for installing the serpentine
distributed fiber optic sensing layout while maintaining adequate spatial resolution for
distributed strain monitoring. The dimensions of both specimen configurations are summarized
in Table 1.

Table 1. Geometric dimensions of the laboratory pavement specimens

Specimen Geometry Asphalt PCC Overall Dimensions
Thickness Thickness
(mm) (mm)
Rectangular Beam 50 100 400 x 60 x 150 mm
Semi- Semi- 75 75 Diameter = 150 mm; Height =
cylindrical  cylinder 150 mm; Thickness = 50 mm

For a simply supported beam subjected to three-point bending, the maximum bending moment is
given by [64, 65].

Minax = PL/4 (1)
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where (P) is the applied load and (L) is the support span. The corresponding flexural stress
distribution across the specimen depth is expressed as [66, 67].

c = My/l 2)

Where o is the bending stress, (M) is the bending moment, (y) is the distance from the neutral
axis, and (I) is the second moment of area. Equation (2) indicates that the maximum principal
tensile stress develops at the bottom of the specimen, making this location the most susceptible
to crack initiation during flexural loading. This mechanical behavior provides the basis for
introducing a predefined notch at the bottom of the PCC layer.

These equations indicate that the maximum principal tensile stress occurs at the bottom surface
of the specimen, which justifies placing the artificial notch to promote controlled bottom-up
crack initiation.

To promote consistent crack initiation, artificial notches were machined at the bottom center of
each specimen, as illustrated in Figure 5. For the rectangular specimens, a 25-mm-deep
rectangular notch, corresponding to approximately one-quarter of the PCC layer thickness, was
introduced. For the semi-cylindrical specimens, a 56-mm-deep notch, equivalent to
approximately three-quarters of the 75-mm PCC layer thickness, was used. In both geometries,
the notch served as a predefined crack initiation site by increasing the local tensile stress
concentration at the bottom of the concrete layer during flexural loading.

25mmnotch - - 56mm notch
“ (1/4thickness) ) (3/4 thickness)

Figure 5. Artificial notch configurations used to promote bottom-up crack initiation in the (a)
rectangular and (b) semi-cylindrical pavement specimens. The notch was introduced at
the bottom center of the PCC layer to create a localized stress concentration and ensure
consistent crack initiation during three-point bending.

Introducing the notch at a known location reduced variability in crack initiation across repeated
tests and ensured that fractures consistently initiated at the bottom of the PCC layer. This
allowed a direct comparison of visual crack observations, distributed strain measurements from
the OFDR-based DFOS system, and finite element predictions. The notch geometry was selected
to generate sufficient stress concentration without causing premature failure prior to the onset of
controlled flexural loading.

The specimen geometries and notch configurations adopted in this study provide a reliable
experimental platform for investigating bottom-up reflective cracking under laboratory
conditions. By maintaining consistent crack initiation while accommodating distributed strain
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measurements and numerical simulations, the specimens enable systematic evaluation of crack
development and facilitate direct correlation between experimental observations and finite-
element analysis.

3.3 Distributed Fiber Optic Sensor Deployment and Crack
Monitoring Layout

Continuous monitoring of strain evolution during crack initiation and propagation was achieved
using OFDR-based DFOS. Unlike conventional electrical resistance strain gauges, which provide
measurements only at discrete locations, DFOS utilizes the entire optical fiber as a continuous
sensing element, enabling strain to be measured at thousands of closely spaced points along a
single fiber. This distributed sensing capability provides high spatial resolution and allows
localized deformation associated with crack initiation and propagation to be detected without
prior knowledge of the crack location. Consequently, OFDR-based DFOS is particularly well
suited for monitoring bottom-up reflective cracking in layered pavement systems, where the
precise location of crack initiation cannot be predetermined.

The operating principle of OFDR is based on Rayleigh backscattering within the optical fiber. A
swept-frequency laser generated by the OFDR interrogator is transmitted through the sensing
fiber, producing a unique Rayleigh backscattering signature along its entire length. When the
fiber undergoes mechanical deformation or temperature variation, localized changes in the
optical path length result in measurable shifts in the backscattered spectrum. By comparing the
measured spectrum with the reference spectrum obtained before loading, the distributed strain
along the sensing fiber can be determined.

The relationship between the normalized wavelength shift and the corresponding strain and
temperature variations is expressed as [11, 20]

AMA = KTAT+K ¢ 3)

Where AM is the measured wavelength shift, A is the reference wavelength, KT and Ke are the
temperature and strain calibration coefficients, AT is the temperature variation, and ¢ is the
mechanical strain.

Because all experiments were conducted under controlled laboratory conditions with negligible
temperature fluctuations, the temperature-induced wavelength shift was assumed to be
insignificant. Consequently, Equation (3) reduces to

AMA = Kee (4)

indicating that the measured wavelength shifts are directly proportional to the mechanically
induced strain within the pavement specimen. Figure 6 illustrates the operating principle of the
OFDR-based distributed sensing system. The swept laser generates a reference Rayleigh
backscattering signature along the sensing fiber.
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Figure 6. Schematic illustration of the operating principle of OFDR-based distributed fiber
optic sensing

During mechanical loading, localized wavelength shifts induced by deformation are continuously
converted into distributed strain measurements, enabling real-time monitoring of crack initiation
and propagation.

To maximize sensing coverage within the anticipated crack propagation region, the optical fiber
was surface bonded to each pavement specimen using a serpentine deployment configuration, as
illustrated in Figure 7. Compared with a conventional straight fiber layout, the serpentine
arrangement substantially increases the monitored area while maintaining a single continuous
sensing path. This configuration increases the probability of capturing localized strain
concentrations, regardless of the exact crack initiation location, and provides continuous strain
information throughout the fracture process.

Different sensing layouts were designed for the two specimen geometries while maintaining
comparable monitoring coverage. For the rectangular specimens, the sensing fiber was arranged
in parallel horizontal paths with an approximately 20-mm spacing between adjacent sensing
lines, covering the region expected to experience the highest tensile stresses during three-point
bending. For the semi-cylindrical specimens, the fiber followed the specimen curvature using an
equivalent serpentine arrangement with the same nominal spacing. In both configurations, the
sensing paths were concentrated within the lower portion of the specimen where crack initiation
was expected according to flexural beam theory.
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Figure 7. Serpentine deployment layouts of the OFDR-based distributed fiber optic sensor for the
(a) rectangular and (b) semi-cylindrical pavement specimens

Prior to testing, the sensing fiber was bonded to the specimen surface using a high-strength
adhesive to ensure efficient strain transfer between the pavement material and the optical fiber.
After installation, an initial reference scan was acquired under unloaded conditions to establish
the baseline Rayleigh backscattering signature. During the three-point bending tests, the OFDR
interrogator continuously recorded distributed strain along the sensing fiber while the applied
load and actuator displacement were simultaneously acquired by the material testing system
(MTS). The synchronized acquisition of mechanical and optical measurements enabled direct
correlation between structural response, strain localization, and crack development throughout
the loading process. A summary of the distributed sensing configuration adopted in this study is
provided in Table 2.

Table 2. OFDR-Based Distributed Fiber Optic Sensing Configuration

Parameter Specification
Sensing technology Optical frequency domain reflectometry (OFDR)
Sensor type Distributed optical fiber
Measurement quantity Distributed strain
Fiber installation Surface bonded
Deployment pattern Serpentine
Spacing between sensing paths Approximately 20 mm
Reference measurement Unloaded condition
Data acquisition Continuous during loading
Temperature compensation Neglected under laboratory-controlled conditions
Monitoring objective Bottom-up crack initiation and propagation

The sensing configuration summarized in Table 2 was selected to provide a balance between
monitoring coverage, measurement resolution, and practical installation requirements. The
approximately 20-mm spacing between adjacent sensing paths was sufficient to capture localized
strain gradients associated with crack initiation while avoiding unnecessary sensor redundancy.
The distributed strain measurements obtained from the OFDR system constitute the primary
experimental dataset used throughout this study to characterize crack initiation, strain
localization, and fracture propagation. These measurements are subsequently compared with
finite element predictions to establish a mechanistic interpretation of the observed fracture
behavior and to validate the proposed hybrid experimental-numerical framework.

14 | Page



3.4 Experimental Procedure

Three-point bending tests were conducted to investigate the initiation and propagation of bottom-
up reflective cracking under controlled laboratory conditions. The experimental program was
designed to reproduce the flexural stress state responsible for crack development in rehabilitated
asphalt-overlaid PCC pavements while simultaneously monitoring the structural response and
distributed strain evolution. By combining mechanical loading with OFDR-based DFOS, the
experimental procedure enabled continuous monitoring of localized strain development
throughout the fracture process.

The system consisted of a servo-controlled MTS for applying the mechanical load, an OFDR
interrogator connected to the distributed optical fiber, and a digital imaging system for
documenting crack development. The specimens were tested under a simply supported three-
point bending configuration, producing maximum principal tensile stresses at the bottom of the
PCC layer where the predefined notch was introduced. This loading arrangement promotes
controlled bottom-up crack initiation while providing a repeatable loading condition for
comparing different specimen geometries.

Prior to testing, the distributed optical fiber was bonded to the specimen surface using the
serpentine sensing layout described in Section 3.3. Each specimen was then positioned on the
loading frame with simply supported boundary conditions and carefully aligned to ensure
symmetric load application. Before mechanical loading commenced, an initial OFDR reference
scan was acquired under unloaded conditions to establish the baseline Rayleigh backscattering
signature for subsequent distributed strain measurements.
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Mechanical loading was applied under displacement-controlled conditions using the servo-
controlled MTS. Throughout the test, the applied load and actuator displacement were
continuously recorded by the MTS data acquisition system, while the OFDR interrogator
simultaneously measured the distributed strain along the entire sensing fiber. The synchronized
acquisition of mechanical and optical data enabled localized strain evolution to be monitored
continuously from the onset of loading until specimen failure. The principal experimental
parameters adopted in this study are summarized in Table 3.

Table 3. Experimental testing parameters

Parameter Value
Interrogator Luna ODiSI-B
Sensing technology OFDR
Fiber type SMEF-28
Gauge pitch 0.65 mm
Spatial resolution 0.65 mm
Installation Surface bonded
Layout Serpentine
Fiber spacing 20 mm
Temperature compensation Neglected
Data acquisition Continuous

Crack initiation and propagation were independently documented using high-resolution digital
imaging throughout the loading process. Images were captured at selected loading intervals to
record crack initiation, crack trajectory, crack opening, and penetration through the asphalt-PCC
interface. Following completion of each test, crack widths were measured at multiple locations
along the crack path to quantify the variation in crack opening through the specimen depth.
These image-based measurements provided an independent dataset for comparison with the
distributed strain measurements obtained from the OFDR system.

The experimental program generated three complementary datasets describing the fracture
behavior of the layered pavement specimens. The MTS provided the global load—displacement
response, the OFDR system supplied continuous distributed strain measurements, and the digital
images documented the physical evolution of crack initiation and propagation. Together, these
datasets form the experimental basis for evaluating bottom-up reflective cracking and for
validating the finite element model presented in the following section.

3.5 Finite Element Modeling

To complement the laboratory investigation and provide a mechanistic interpretation of bottom-
up reflective cracking, a three-dimensional FEM was developed in ABAQUS. The numerical
model was designed to reproduce the laboratory three-point bending tests by replicating the
specimen geometry, material configuration, notch geometry, loading arrangement, and boundary
conditions. While the experimental program provides direct observations of crack initiation and
distributed strain evolution, the FEM enables evaluation of the internal stress redistribution and
strain fields that cannot be directly measured during testing. Together, the experimental and
numerical approaches form the proposed hybrid experimental-numerical framework.
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Separate FEMs were developed for the rectangular and semi-cylindrical pavement specimens
described in Section 3.2. Each model reproduces the specimen geometry, asphalt overlay, PCC
layer, predefined notch, loading nose, and support rollers used during the laboratory three-point
bending tests. This ensures direct correspondence between the numerical simulations and the
experimental configuration. Figure 8 illustrates the three-dimensional finite element models
developed in ABAQUS for the two specimen geometries.

S |
“ (/4 thickness) . % (3/4 thickness)

56mm notch

Figure 8. Three-dimensional finite element models and loading configurations used for the
numerical simulation of the (a) rectangular and (b) semi-cylindrical pavement specimens.

The loading nose and support rollers were modeled as rigid cylindrical bodies, while displacement-
controlled loading was applied at the specimen mid-span to reproduce the laboratory testing
conditions. Both specimen ends were supported using simply supported boundary conditions,
thereby generating tensile stresses within the lower portion of the PCC layer where crack initiation
was experimentally observed.

The numerical simulations were performed under quasi-static loading conditions. The
equilibrium of the solid domain is governed by

V-6+b=0 (5)
Where: ¢ is the Cauchy stress tensor, and b is the body force vector per unit volume.
The strain—displacement relationship is given by
e=1/2(Vut(Vu)T) (6)
Where: ¢ is the strain tensor, and u is the displacement vector.
For the elastic portion of the material response, the stress—strain relationship can be written as
¥=(1-d) Doe (7

where d is the scalar damage variable, Do is the undamaged elastic stiffness matrix, and ¢ is the
strain tensor. These governing equations form the mechanical basis for evaluating stress
redistribution, strain localization, and fracture evolution within the layered pavement system.
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The asphalt overlay and PCC layer were assigned independent material properties to represent
their distinct mechanical characteristics. Both asphalt and PCC were modeled as isotropic
homogeneous elastic materials for the purpose of evaluating stress redistribution during
laboratory-scale loading. Material parameters were obtained from laboratory characterization and
published literature representative of asphalt mixtures and PCC used in pavement rehabilitation.
The material properties adopted in the numerical simulations are summarized in Table 4.

Table 4. Material properties adopted in the finite element model

Property Asphalt Overlay PCC Layer
Young’s modulus, E (GPa) 5.515 32.1
Poisson’s ratio 0.35 0.2
Density (kg/m?) 2,300 2,200
Compressive strength (MPa) 1.4 35.8
Tensile strength (MPa) 0.9 3

A perfect bond was assumed between the asphalt overlay and the PCC layer using a tie
constraint, ensuring full displacement compatibility across the interface throughout the analysis.
This assumption is consistent with the laboratory specimens, where no visible interfacial
debonding was observed during testing. Consequently, the numerical analysis focused
exclusively on the initiation and propagation of bottom-up cracking within the layered pavement
system.

The three-point bending tests were reproduced numerically by applying a displacement-
controlled load at the specimen mid-span while constraining the support rollers using simply
supported boundary conditions. The displacement-controlled loading procedure is consistent
with the experimental methodology and enables stable simulation of progressive stiffness
degradation during crack initiation and propagation. The primary model outputs included
reaction force, displacement, maximum principal stress, tensile strain, and damage evolution.

A structured mesh refinement strategy was adopted in the vicinity of the predefined notch to
accurately capture the high stress gradients associated with crack initiation. A comparatively
coarser mesh was employed in regions remote from the notch to reduce computational cost while
maintaining solution accuracy. A mesh sensitivity study was performed to verify that further
refinement produced negligible changes in the predicted load—displacement response and crack
initiation location.

The FEM provides the numerical component of the proposed hybrid framework by quantifying
the internal stress and strain fields that govern bottom-up reflective cracking. The numerical
predictions are subsequently compared with the experimental observations and distributed strain
measurements to evaluate the capability of the proposed monitoring approach, as described in
Section 3.6.

3.6 Experimental-Numerical Validation Strategy

The proposed hybrid experimental-numerical framework was validated by comparing
independent datasets obtained from laboratory testing, OFDR-based DFOS, and finite element
analysis. The objective of this validation strategy is to assess the capability of the numerical
model to reproduce the experimentally observed structural response and fracture behavior while
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verifying that the distributed strain measurements accurately represent the evolution of bottom-
up reflective cracking.

Model validation was performed using four complementary criteria that evaluate both the global
mechanical response and the localized fracture characteristics of the pavement specimens.

The first validation criterion compares the load—displacement response obtained from the MTS
with the corresponding finite element predictions. This comparison evaluates the ability of the
numerical model to reproduce the overall stiffness, peak load, and structural response of the
layered pavement specimens under three-point bending.

The second criterion examines crack initiation and propagation. The experimentally observed
crack initiation location, propagation path, and penetration through the asphalt-PCC system are
compared with the crack evolution predicted by the finite element model. This comparison
assesses whether the numerical model accurately represents the fracture mechanisms governing
bottom-up reflective cracking.

The third validation criterion focuses on distributed strain measurements obtained from the
OFDR-based DFOS system. Localized strain concentrations measured during laboratory testing
are compared with the tensile stress and strain distributions predicted by the finite element
analysis. Particular emphasis is placed on the spatial correspondence between experimentally
measured strain localization and the predicted stress concentration surrounding the crack tip.

The fourth criterion evaluates the crack-width distribution measured after testing. Crack widths
recorded at different locations along the crack path are compared with the numerical damage
distribution to assess the progression of fracture through the specimen thickness and to verify the
consistency of the predicted crack development. The four validation criteria adopted in this study
are summarized in Table 5.

Table 5. Experimental-numerical validation criteria

Validation criterion Experimental measurement Numerical prediction
Global response Load—displacement curve Load—displacement curve
Crack initiation Crack initiation location Predicted crack initiation
Crack propagation Crack trajectory Predicted crack path
Distributed strain OFDR strain localization Stress/strain concentration
Crack width Measured crack-width distribution Damage distribution

The combined use of these complementary validation criteria provides a comprehensive
assessment of the proposed hybrid framework by integrating global structural response,
distributed strain measurements, crack development, and numerical predictions. The application
of this validation strategy and the corresponding results are presented in Section 4.
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4. EXPERIMENTAL AND NUMERICAL ANALYSIS

4.1 Experimental Observation of Crack Initiation and Propagation

The three-point bending experiments successfully reproduced the bottom-up reflective cracking
mechanism commonly observed in rehabilitated PCC pavements with asphalt overlays. In all
tested specimens, crack initiation consistently occurred at the predefined notch located at the
bottom of the PCC layer, confirming that the specimen geometry and loading configuration
generated the intended tensile stress concentration. Following crack initiation, the fracture
propagated upward through the PCC layer toward the asphalt overlay, reproducing the
characteristic bottom-up crack development observed in field pavements.

The post-test fracture pattern of the rectangular specimen is shown in Figure 9. Crack initiation
occurred directly above the predefined notch, after which the fracture propagated almost
vertically along the specimen centerline. The nearly straight crack trajectory indicates that
fracture propagation was dominated by tensile opening (Mode-I fracture) under the symmetric
three-point bending configuration. No significant lateral deviation or branching was observed,
demonstrating that the loading arrangement produced a stable and repeatable fracture path.

Figure 9. Post-test fracture pattern of the rectangular asphalt-overlaid PCC specimen following
three-point bending

The corresponding fracture pattern for the semi-cylindrical specimen is presented in Figure 10.
Similar to the rectangular specimen, crack initiation originated at the predefined notch and
propagated upward toward the asphalt overlay. Although the specimen geometry differed, the
overall crack trajectory remained nearly vertical, indicating that the fracture process was
governed primarily by the tensile stress field generated beneath the loading point.
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Figure 10. Post-test fracture pattern of the semi-cylindrical asphalt-overlaid PCC specimen
following three-point bending

Comparison of the two specimen geometries indicates that the crack initiation location and
propagation direction were largely independent of specimen shape. In both configurations,
fracture developed within the PCC layer before approaching the asphalt overlay, where crack
penetration became less pronounced. This behavior suggests that the asphalt layer influenced
local stress redistribution near the interface, reducing the crack propagation rate as the fracture
approached the overlay. Overall, the experimental observations demonstrate that the proposed
laboratory methodology provides a repeatable representation of bottom-up reflective cracking
suitable for subsequent distributed strain monitoring and numerical validation. No secondary
cracking, crack branching, or interface debonding was observed during the experiments,
indicating that fracture propagation was dominated by Mode-I tensile cracking.

4.2 Distributed Strain Localization During Crack Propagation

To quantify fracture development, crack widths were measured at multiple locations along the
crack height after completion of each three-point bending test. These measurements provide a
quantitative assessment of crack opening and allow the variation of fracture displacement
through the specimen thickness to be examined.

The crack-width distribution measured for the rectangular specimen is presented in Figure 11.
The largest crack opening occurred immediately above the predefined notch, where the
maximum principal tensile stress developed during flexural loading. Crack width decreased
progressively with increasing distance from the notch, approaching negligible values near the
asphalt overlay. The maximum crack width was approximately 7.55 mm, while the crack
opening near the upper portion of the PCC layer decreased to approximately 0.04 mm,
corresponding to a reduction of more than 99%.
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Figure 11. Evolution of distributed strain along the sensing fiber in the rectangular specimen

intersected by the propagating crack.

during three-point bending. Localized strain peaks correspond to sensing Lines 2—4

The corresponding measurements for the semi-cylindrical specimen are shown in Figure 12. A
similar trend was observed, with the maximum crack opening occurring near the notch and

decreasing continuously toward the asphalt overlay. However, the maximum crack width

reached approximately 11.65 mm, indicating greater localized deformation before complete

fracture
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Figure 12. Evolution of distributed strain along the sensing fiber in the semi-cylindrical specimen
during three-point bending. Localized strain peaks indicate crack—fiber intersections

along sensing Lines 2—4.
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The measured crack-width distributions are consistent with the flexural stress field generated
during three-point bending. According to classical beam theory, tensile stresses reach their
maximum value at the bottom surface of the specimen and decrease toward the neutral axis [68].
Consequently, the crack opening displacement is largest near the crack initiation location and
progressively decreases as the crack propagates upward through the PCC layer. The smaller
crack openings observed near the asphalt overlay further indicate that the stiffness contrast
between the PCC and asphalt layers influences local stress redistribution during fracture
propagation.

Although the semi-cylindrical specimen exhibited larger crack openings than the rectangular
specimen, both geometries demonstrated the same overall fracture mechanism. Crack initiation
consistently occurred at the predefined notch, followed by stable upward propagation and
progressive reduction in crack opening toward the asphalt overlay. These observations indicate
that specimen geometry primarily influences the magnitude of local deformation rather than the
fundamental fracture behavior.

4.3 Global Mechanical Response

The global structural response of the pavement specimens was evaluated using the load—
displacement curves obtained during the three-point bending tests. The load—displacement
relationship provides important information regarding the elastic response, crack initiation,
stiffness degradation, and residual load-carrying capacity of the layered pavement system.

The experimental load—displacement responses of the rectangular and semi-cylindrical
specimens are compared in Figure 13. Both specimens exhibited an approximately linear
response during the initial loading stage, indicating elastic deformation before crack initiation.
As loading progressed, the applied load increased until reaching a distinct peak corresponding to
crack initiation at the predefined notch. Immediately after the peak load, both specimens
experienced a sudden reduction in load, indicating stiffness degradation associated with fracture
initiation and propagation.
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Figure 13. Experimental load—displacement responses of the rectangular and semi-cylindrical
specimens subjected to three-point bending

The rectangular specimen reached a higher peak load than the semi-cylindrical specimen and
maintained a greater residual load throughout the post-peak region. This behavior indicates a
higher load-carrying capacity and greater resistance to fracture under flexural loading. In
contrast, the semi-cylindrical specimen exhibited a lower peak load and a more pronounced post-
peak load reduction, suggesting more rapid stiffness degradation after crack initiation.

Despite these quantitative differences, both specimens exhibited the same overall sequence of
structural response consisting of an initial elastic stage, crack initiation at the predefined notch,
rapid post-peak stiffness degradation, and progressive fracture propagation. The load—
displacement responses therefore complement the crack observations presented in Sections 4.1
and 4.2, providing a global measure of the mechanical behavior of the layered pavement system.

The global mechanical response presented in this section establishes the basis for interpreting the
distributed strain measurements obtained using the OFDR-based DFOS system. While the load—
displacement curves characterize the overall structural behavior of the specimens, they do not
provide information regarding the spatial evolution of localized deformation preceding visible
cracking. This limitation is addressed in the following section through distributed strain
measurements, which enable crack initiation and propagation to be monitored continuously along
the sensing fiber.
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4.4 DFOS Monitoring Results

The OFDR-based DFOS system enabled continuous monitoring of localized deformation
throughout the three-point bending tests. Unlike conventional strain gauges, which provide
measurements only at discrete locations, the distributed optical fiber functions as a continuous
sensing element, allowing strain variations to be monitored along the entire sensing length. This
distributed sensing capability makes DFOS particularly suitable for investigating bottom-up
reflective cracking, where the exact crack initiation and propagation path cannot be determined a
priori.

Following completion of the mechanical tests, the specimens were examined to evaluate the
relationship between the final crack path and the installed sensing fibers. Figure 14 presents the
post-test rectangular specimen after removal from the testing frame. The figure illustrates the
surface-bonded DFOS sensing fibers, the predefined notch, and the final crack propagation path
produced during three-point bending. Crack initiation occurred at the predefined notch located at
the bottom of the PCC layer and propagated vertically upward toward the asphalt overlay,
intersecting multiple sensing fibers during its progression.

DFOS
Sensing S
Fiber

| Propagation § £
Path

Predefined Notch

Figure 14. Annotated post-test photograph of the rectangular asphalt-overlaid PCC specimen
showing the surface-bonded DFOS sensing fibers, predefined notch, and bottom-up
crack propagation path following three-point bending

The crack intersected several parallel sensing paths as it propagated through the specimen
thickness. Because the optical fiber continuously measured strain along its entire length, each
intersection between the crack path and a sensing fiber corresponded to a localized strain
concentration during loading. Consequently, the distributed sensing network captured the
evolution of crack propagation at multiple elevations rather than at a single measurement
location. This demonstrates one of the principal advantages of distributed fiber optic sensing
over conventional point-based instrumentation, where damage occurring between sensors may
remain undetected.
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The selected serpentine sensing layout proved effective for monitoring bottom-up crack
development. The approximately 20-mm spacing between adjacent sensing paths provided
sufficient spatial coverage to ensure that the propagating crack intersected multiple fiber
segments as it advanced through the PCC layer. As a result, strain localization associated with
crack initiation and subsequent crack growth could be identified continuously throughout the
loading process. The successful interaction between the crack path and the sensing network
confirms that the sensing layout developed in Section 3.3 is appropriate for monitoring reflective
cracking in layered pavement systems.

A similar sensing response was observed for the semi-cylindrical specimen, as shown in Figure
15. Despite the difference in specimen geometry, the crack again initiated at the predefined notch
and propagated upward through the PCC layer while intersecting multiple sensing paths. The
distributed fiber layout therefore remained effective under both specimen configurations,
demonstrating that the proposed monitoring strategy is robust and does not depend on specimen
geometry.

DFOS
Sensing

Propagation
Path

Predefined Notch

Figure 15. Annotated post-test photograph of the semi-cylindrical asphalt-overlaid PCC specimen
showing the DFOS sensing fiber layout and bottom-up crack propagation following
three-point bending

Although the post-test photographs identify the final crack trajectory, the primary contribution of
the OFDR-based DFOS system lies in its ability to monitor strain evolution continuously
throughout the loading process. Localized strain concentrations developed at the sensing paths
intersected by the propagating crack, enabling damage to be detected before complete crack
penetration became visually apparent. This capability provides significant advantages for SHM
applications, where early identification of localized damage is essential for condition assessment
and maintenance planning.
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The distributed sensing observations presented in this section establish the experimental basis for
interpreting the finite element simulations presented in the following section. In particular, the
experimentally observed crack trajectory and sensing locations are compared with the
numerically predicted stress concentrations to evaluate the capability of the proposed hybrid
experimental-numerical framework to characterize bottom-up reflective cracking in rehabilitated
pavement systems.

4.5 Finite Element Analysis of Crack Initiation and Propagation

Finite element simulations were conducted to investigate the internal stress redistribution
governing bottom-up reflective cracking in the layered pavement specimens. While the
laboratory experiments provided direct observations of crack development and the DFOS system
monitored localized deformation during loading, the numerical model enabled visualization of
the internal stress field responsible for crack initiation and subsequent propagation. The
simulations therefore provide a mechanistic interpretation of the fracture process that cannot be
obtained through experimental observations alone.

The evolution of the predicted stress field for both the rectangular and semi-cylindrical
specimens is presented in Figure 16 and 17. The numerical results demonstrate a progressive
transition from localized stress concentration at the predefined notch to upward crack
propagation through the PCC layer as the applied displacement increased. Despite the different
specimen geometries, both configurations exhibited similar stress redistribution patterns
throughout the loading process.

(a) Stage I — Elastic Response (b) Stage II — Crack Initiation (c) Stage I1I — Crack Propagation
(Before Crack Initiation) (At Predefined Notch) (Upward Crack Growth)
__—_—_ _———
Crack initiation Crack propagation
at predefined notch upward
| 8,8y (Tensile Stress)
| (MPa)
] 4.0
3.0 Three-point bendi puration
2.0 I « Top loading roller (displacement control) Y
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1.0 * Two bottom support rollers
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Figure 16. Evolution of the tensile stress field predicted by the ABAQUS finite element model for
the rectangular asphalt-overlaid PCC specimen during three-point bending. The three
loading stages illustrate (a) elastic response, (b) crack initiation at the predefined notch,
and (c) upward crack propagation accompanied by stress redistribution.
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Figure 17. Evolution of the tensile stress field predicted by the ABAQUS finite element model for
the semi-cylindrical pavement specimen during three-point bending.

During the initial loading stage, tensile stresses were distributed relatively uniformly throughout
the lower portion of the PCC layer, with the highest stresses developing directly above the
predefined notch. Because the notch introduces a geometric discontinuity, it acts as a stress
concentrator that significantly increases the local tensile stress. Consequently, crack initiation
consistently occurred at this location, in agreement with the fracture patterns observed
experimentally.

As the applied displacement increased, the magnitude of the tensile stress surrounding the notch
increased rapidly, producing localized stress concentration at the crack tip. Once crack initiation
occurred, the stress field was redistributed around the advancing fracture front, resulting in
progressive upward crack propagation. Rather than remaining concentrated at the original notch
location, the region of maximum tensile stress migrated with the crack tip, demonstrating the
characteristic stress redistribution associated with quasi-brittle fracture under flexural loading.

The simulations further indicate that crack propagation was governed primarily by Mode-I
tensile fracture. The predicted crack trajectory remained nearly vertical throughout the PCC
layer, with minimal lateral deviation, indicating that tensile stresses dominated the fracture
process under the symmetric three-point bending configuration. This numerical behavior closely
resembles the experimentally observed crack paths presented in Section 4.1, confirming that the
adopted loading configuration successfully reproduced the bottom-up reflective cracking
mechanism.
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Although both specimen geometries exhibited similar fracture mechanisms, differences were
observed in the spatial distribution of the stress field. The rectangular specimen developed a
relatively narrow stress concentration zone that remained localized around the advancing crack
tip. In contrast, the semi-cylindrical specimen exhibited a broader region of elevated tensile
stress, indicating more gradual stress redistribution within the curved geometry. This behavior is
consistent with the larger crack openings measured experimentally in the semi-cylindrical
specimens and suggests that specimen geometry influences the extent of local deformation while
having only a limited effect on the overall crack propagation mechanism.

As the fracture progressed toward the asphalt overlay, the numerical simulations predicted a
gradual redistribution of tensile stresses across the asphalt—-PCC interface. The stiffness contrast
between the two pavement layers reduced the stress concentration intensity as the crack
approached the interface, thereby limiting the fracture’s complete penetration into the asphalt
overlay. This prediction agrees with the experimental observations, in which crack development
was primarily confined to the PCC layer, with only limited propagation observed within the
asphalt overlay.

Overall, the finite element model successfully reproduced the principal stages of bottom-up
reflective cracking observed during laboratory testing, including tensile stress localization above
the predefined notch, crack initiation, progressive upward fracture propagation, and crack-tip
stress redistribution. The close correspondence between the simulated fracture behavior and the
experimental observations demonstrates that the numerical model provides a reliable
representation of the dominant fracture mechanisms governing reflective cracking in asphalt-
overlaid PCC pavements. These numerical predictions establish the basis for the comprehensive
experimental-numerical validation presented in the following section.

4.6 Experimental-Numerical Validation

The reliability of the proposed hybrid experimental-numerical framework was evaluated by
comparing finite element predictions with laboratory observations and DFOS measurements.
Rather than relying on a single validation criterion, the proposed methodology integrates
multiple independent datasets, including crack initiation location, crack propagation path, global
load—displacement response, and distributed strain monitoring. Agreement among these
complementary observations provides confidence that the proposed framework accurately
captures the mechanisms governing bottom-up reflective cracking in asphalt-overlaid PCC
pavements. Figure 18 summarizes the comparison between the numerical simulations and the
experimental observations for both the rectangular and semi-cylindrical specimens. The figure
combines the evolution of the simulated tensile stress field, the experimentally observed crack
development, and the corresponding global load—displacement responses obtained during three-
point bending. The close correspondence between these independent datasets demonstrates the
consistency of the proposed methodology across different specimen geometries.
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Figure 18. Experimental-numerical validation of bottom-up reflective cracking in rectangular and
semi-cylindrical pavement specimens. The figure compares (a) finite element tensile
stress evolution, (b) experimentally observed crack propagation, and (c) global load—
displacement responses obtained during three-point bending.

The first level of validation considered the crack initiation location. In both specimen
configurations, the FEM predicted the highest tensile stresses immediately above the predefined
notch during the early stages of loading. Experimentally, crack initiation consistently occurred at
the same location, confirming that the numerical model accurately identified the critical tensile
region responsible for fracture initiation. This agreement verifies that the specimen geometry,
loading configuration, and material representation adopted in the numerical model successfully
reproduce the onset of bottom-up reflective cracking.

The second level of validation focused on crack propagation. The numerical simulations
predicted a predominantly vertical crack trajectory extending upward through the PCC layer
toward the asphalt overlay. Similar crack paths were observed experimentally in both specimen
geometries, with only minor deviations from the specimen centerline. Furthermore, the
numerical results captured the progressive upward migration of the fracture front and the
associated redistribution of tensile stresses around the crack tip. The close correspondence
between the predicted and observed crack trajectories demonstrates that the finite element model
accurately represents the dominant fracture mechanism under three-point bending.
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The third level of validation examined the global structural response. The experimentally
measured load—displacement curves exhibited an initial linear-elastic region, followed by a peak
load corresponding to crack initiation, and a subsequent reduction in load-carrying capacity
associated with fracture propagation. The finite element simulations reproduced the same
sequence of structural behavior, including the initial stiffness, peak response, and post-peak
softening. Although minor differences were observed after crack initiation, the overall agreement
indicates that the numerical model successfully captures the global mechanical response of the
layered pavement specimens.

The distributed fiber-optic sensing observations provide an additional level of validation by
linking the experimentally observed crack development to the predicted stress field. As discussed
in Section 4.4, the propagating crack intersected five distributed sensing paths, producing
localized strain concentrations along the sensing network. The locations of experimentally
observed crack propagation closely match the regions of maximum principal tensile stress
predicted by the finite element simulations, demonstrating that the distributed sensing system
effectively identifies the same critical regions as the numerical model. This agreement confirms
that the selected serpentine sensing layout provides sufficient spatial coverage for monitoring
bottom-up reflective cracking.

Comparison of the rectangular and semi-cylindrical specimens further demonstrates the
robustness of the proposed framework. Although the two geometries exhibited differences in
local stress distributions and crack-opening magnitudes, both experimental and numerical
investigations consistently identified the same fracture mechanism. In each case, crack initiation
occurred at the predefined notch, propagated predominantly in the vertical direction, and
remained largely confined to the PCC layer before approaching the asphalt overlay. These
consistent observations indicate that the proposed hybrid framework is applicable across
different specimen geometries and provide reliable characterization of bottom-up reflective
cracking.

The principal findings of the experimental-numerical validation are summarized in Table 6. The
comparison demonstrates strong agreement between the laboratory observations and the finite
element predictions across all major validation criteria, including crack initiation, crack
propagation, global structural response, and DFOS-based monitoring. Collectively, these results
confirm that the proposed framework successfully captures both the global mechanical behavior
and the localized fracture mechanisms associated with bottom-up reflective cracking.
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Table 6. Summary of the experimental-numerical validation results

Validation Experimental observation Numerical prediction Validation
criterion outcome
Crack initiation Crack originated at predefined Maximum principal Excellent
notch tensile stress developed  agreement
at notch
Crack Vertical crack growth through  Similar crack trajectory  Excellent
propagation PCC agreement
Crack Crack largely confined to Damage localized within  Good
confinement PCC layer PCC layer agreement
Load— Elastic response followed by  Similar global response ~ Good
displacement peak load and post-peak agreement
response softening
DFOS monitoring Crack intersected multiple Stress localization Excellent
sensing fibers coincided with crack agreement
path

The proposed hybrid monitoring framework provides a practical methodology for evaluating
rehabilitation strategies before field implementation. By continuously monitoring strain
localization and relating it to internal stress redistribution, the framework can assist pavement
engineers in optimizing overlay thickness, rehabilitation materials, and maintenance scheduling.
Furthermore, the demonstrated capability of OFDR-based DFOS suggests considerable potential
for future full-scale structural health monitoring of transportation infrastructure.
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5. SUMMARY

This study presented a hybrid experimental-numerical framework for investigating bottom-up
reflective cracking in rehabilitated asphalt-overlaid PCC pavements. The proposed methodology
integrates laboratory-scale three-point bending experiments, OFDR-based DFOS, and finite-
element (ABAQUS) simulations to investigate crack initiation, propagation, stress redistribution,
and strain localization in layered pavement systems. By combining experimental observations
with numerical analysis, the framework provides a comprehensive understanding of the fracture
mechanisms governing bottom-up reflective cracking.

The laboratory experiments successfully reproduced the characteristic bottom-up cracking
mechanism observed in rehabilitated pavements. In both the rectangular and semi-cylindrical
specimens, cracks consistently initiated at the predefined notch within the PCC layer and
propagated vertically toward the asphalt overlay under three-point bending. Crack-width
measurements further confirmed that the largest crack openings occurred near the crack initiation
region and progressively decreased toward the asphalt overlay, consistent with the expected
flexural stress distribution.

The OFDR-based DFOS system successfully monitored the evolution of localized deformation
throughout the loading process. The distributed sensing layout provided continuous strain
measurements over the monitored region and demonstrated the capability to identify localized
deformation associated with crack initiation and propagation. Unlike conventional point sensors,
the distributed sensing approach enabled full-field monitoring without requiring prior knowledge
of the crack location, highlighting its potential for early damage detection and structural health
monitoring of layered pavement systems.

The finite element simulations provided a physics-based interpretation of the experimentally
observed fracture behavior by capturing the evolution of tensile stress concentrations, crack
initiation, and progressive stress redistribution during loading. The predicted crack initiation
location, crack trajectory, and global structural response showed good agreement with the
laboratory observations. Furthermore, the experimental-numerical validation demonstrated
consistent agreement among the crack patterns, load—displacement responses, DFOS
observations, and finite element predictions, confirming the reliability of the proposed
framework for characterizing bottom-up reflective cracking.

Overall, this research demonstrates that integrating distributed fiber optic sensing with finite
element analysis provides a robust methodology for studying fracture processes in rehabilitated
pavement systems. The proposed framework enables continuous monitoring of crack
development while simultaneously providing a mechanistic interpretation of the underlying
stress redistribution. These capabilities offer significant potential for SHM, condition
assessment, and rehabilitation planning of transportation infrastructure, where early
identification of reflective cracking can support more effective maintenance strategies and
extend pavement service life.
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Although the proposed framework successfully characterizes bottom-up reflective cracking
under controlled laboratory conditions, several limitations should be acknowledged. The
experiments were conducted on laboratory-scale specimens subjected to monotonic loading
under constant environmental conditions. Consequently, the influence of cyclic traffic loading,
temperature fluctuations, moisture effects, and long-term material aging were not considered.
Furthermore, the numerical model assumes idealized material behavior and a perfectly bonded
asphalt—PCC interface, which may differ from field conditions. These limitations should be
considered when extending the proposed methodology to full-scale pavement systems.

5.1 Major Contributions of this Study:

Developed a hybrid experimental-numerical framework integrating laboratory
testing, OFDR-based DFOS, and finite element modeling for investigating bottom-
up reflective cracking.

Demonstrated that OFDR-based distributed sensing can continuously monitor strain
localization preceding visible crack formation.

Experimentally quantified crack initiation, propagation, and crack-width evolution in
rehabilitated asphalt-overlaid PCC pavement specimens.

Established strong agreement among experimental observations, distributed strain
measurements, and finite element predictions.

Demonstrated the potential of distributed fiber optic sensing for structural health
monitoring and early damage detection in rehabilitated pavement systems.
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6. FUTURE RESEARCH

While the proposed hybrid experimental-numerical framework successfully characterized
bottom-up reflective cracking under controlled laboratory conditions, several opportunities
remain to extend its capability toward field-scale, long-term monitoring of rehabilitated concrete
pavements. Future research is recommended along the following directions.

6.1 Cyclic and Fatigue Loading

The present investigation applied monotonic three-point bending to induce controlled crack
initiation and propagation. Future studies should extend the framework to repeated and cyclic
loading representative of actual traffic in order to capture fatigue-driven reflective crack growth,
crack propagation rates, and the accumulation of damage over many load repetitions. Wheel-
tracking devices and accelerated pavement testing would allow the DFOS-monitored fatigue
response to be linked to field performance and remaining service life.

6.2 Coupled Thermal and Environmental Effects

All experiments were conducted under constant laboratory conditions, so temperature
fluctuations, moisture, and freeze—thaw cycling were not considered. Because thermally induced
joint movement is a primary driver of reflective cracking—particularly in cold regions such as
North Dakota—future work should incorporate thermal cycling and coupled thermo-mechanical
loading, together with temperature-compensated distributed sensing, to separate mechanical
strain from thermal strain and quantify the environmental contribution to crack development.

6.3 Interface Behavior and Slab-fracturing Treatments

The finite element model assumed a perfectly bonded asphalt—PCC interface. Future models
should represent partial bonding and progressive interfacial debonding using cohesive-zone or
contact-based interface formulations, and the experimental program should incorporate
specimens prepared with representative slab-fracturing treatments (crack-and-seat, break-and-
seat, and rubblization) to evaluate how each treatment alters stress redistribution and reflective
crack propagation.

6.4 Machine learning—assisted interpretation

The high spatial density of OFDR measurements produces large datasets whose interpretation is
currently performed manually. Future research should develop machine learning and data-driven
models to automatically detect crack initiation, localize damage, and estimate crack width from
distributed strain signatures, supporting real-time condition assessment and eventual integration
into a digital-twin representation of the pavement.
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