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Conception et performance des composites cimentaires a fibres optiques transmissifs a
la lumiére

Karina HWANG ARCOLEZI

RESUME

L'intégration de fibres optiques dans des matrices cimentaires est une approche prometteuse
pour développer des matériaux alliant performance structurale et fonctionnalités optiques, avec
des applications en éclairage naturel, en détection et en transfert d'information. Le domaine
reste fragment¢ : la terminologie, les méthodes expérimentales et 'interprétation des résultats
varient d'une étude a l'autre, ce qui complique les comparaisons et freine le développement
d'approches de conception communes. Cette thése ¢tudie les composites cimentaires a fibres
optiques en reliant la conception du matériau, le comportement optique et la performance
mécanique dans un cadre unifié, a partir d'une approche expérimentale et analytique. Dans un
premier temps, la fiabilité des mesures de transmittance optique est examinée en analysant
l'effet de la configuration expérimentale, notamment la distance entre le détecteur et
I'échantillon. Les résultats montrent que ces conditions de mesure influencent
significativement les valeurs obtenues, ce qui explique en partie la variabilité entre études. Une
méthode basée sur la distribution spatiale de la lumiére sortant des fibres intégrées dans la
matrice est alors proposée. Elle offre une base cohérente pour la caractérisation optique et
améliore la reproductibilité des mesures, tout en proposant une meilleure standardisation dans
le domaine. Dans un deuxiéme temps, le comportement mécanique des composites avec fibres
optiques est étudié par une analyse expérimentale comparative. Des échantillons avec fibres
sont comparés a des échantillons avec cavités préformées de géométrie équivalente, ce qui
permet de distinguer les effets du matériau de ceux liés a la géométrie. Les résultats montrent
que l'interaction fibre-matrice et la perturbation géométrique contribuent toutes deux a la
réponse mécanique, dans des proportions qui varient selon les conditions de chargement et la
composition de la matrice. Enfin, pour aller au-dela de la simple transmission de lumiere, des
configurations de fibres alternatives sont explorées. Un composite a fibres optiques distribuées
aléatoirement est développé, montrant qu'il est possible de modifier la propagation de la
lumiére pour préserver la confidentialité visuelle tout en maintenant la transmission lumineuse.
Une approche de reconstruction numérique montre ¢galement que l'information brouillée par
la disposition aléatoire des fibres peut étre récupérée par traitement informatique, positionnant
ces composites comme des systemes hybrides physico-numériques. Dans l'ensemble, ce travail
propose une compréhension cohérente des composites cimentaires a fibres optiques en liant
caractérisation optique, comportement mécanique et conception du matériau, et établit des
principes de conception pour des matériaux cimentaires multifonctionnels intégrant
performance optique, structurale et capacités numériques.

Mots-clés : mortiers transmetteurs de lumiére, transmittance optique, propriétés mécaniques,
interaction fibre-matrice, béton multifonctionnel






Design and performance of fiber-optic light-transmitting cementitious composites
Karina HWANG ARCOLEZI

ABSTRACT

The integration of optical fibers into cementitious matrices offers a promising way for
developing materials that combine structural performance with optical functionalities, enabling
applications in architectural daylighting, sensing, and information transfer. The subject
remains fragmented, with inconsistencies in terminology, experimental methodologies, and
interpretation of results, limiting the development of unified design approaches and
challenging comparison across studies. This thesis investigates fiber-optic cementitious
composites by relating material design, optical behavior, and mechanical performance within
a unified framework, using a combined experimental and analytical approach. First, the
reliability of optical transmittance measurements is evaluated by analyzing the influence of
experimental configuration, particularly the detector-sample distance. Experimental results
show that measurement conditions significantly affect reported transmittance values,
contributing to variability across studies. To address this, a physically grounded methodology
based on the spatial distribution of light emerging from embedded optical fibers is developed.
This approach provides a consistent basis for optical characterization and improves
measurement reproducibility, thus proposing a practical contribution toward standardization
in the field. Second, the mechanical behavior of composites containing embedded optical fibers
is investigated through comparative experimental analysis. Samples with fibers are evaluated
alongside samples containing preformed holes of equivalent geometry, enabling the separation
of material and geometric effects. The results show that both fiber-matrix interaction and
geometric disruption influence the mechanical response, with their relative contributions
depending on loading conditions and matrix composition. Finally, to extend the functionality
of these materials beyond passive light transmission, alternative fiber configurations are
explored. A composite with randomly distributed optical fibers is developed, demonstrating
that light propagation can be modified to achieve visual privacy while maintaining light
transmission. A computational reconstruction approach further demonstrates that information
scrambled by the random fiber arrangement can be digitally recovered, positioning these
composites as hybrid physical-digital systems. Overall, this work provides a coherent
understanding of fiber-optic cementitious composites by linking optical characterization,
mechanical behavior, and material design, and establishes design principles for multifunctional
cementitious materials integrating optical and structural performance with emerging digital
capabilities.

Keywords: light-transmitting mortars, optical transmittance, mechanical properties, fiber-
matrix interaction, multifunctional concrete
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INTRODUCTION

While cementitious materials are traditionally designed to fulfill structural functions, with
limited consideration for functionalities beyond mechanical performance and durability, there
is increasing interest in expanding their capabilities to include additional functionalities. In
recent years, the development of multifunctional construction materials has gained increasing
attention, particularly in the context of sustainable and smart infrastructure. Among these
materials, cementitious composites incorporating optical fibers have been investigated as
systems capable of transmitting light while also providing load-bearing capacity and additional

functionalities (Chiew, Ibrahim, Sarbini, et al., 2020).

These light-transmitting cementitious composites introduce the possibility of integrating
optical behavior into construction materials, enabling applications ranging from architectural
daylighting to sensing and information transfer (Al-Sodani, 2025; Makul, 2020). While this
potential is significant, the field is still characterized by variations in terminology,
experimental methodologies, and interpretation of results. This variability can limit the
development of generalized design approaches and make it more challenging to directly
compare findings across studies (Bai, Zhang, Tian, Wu, & Zheng, 2024; Henriques, Dal Molin,
& Masuero, 2018).

0.1 Research context and motivation

Light transmission in cementitious composites can be achieved through different approaches,
including the use of optical fibers, the incorporation of waste glass particles or translucent
resin-based phases (Chiew, Ibrahim, Sarbini, et al., 2020). In fiber-based systems, it is enabled
by the incorporation of discrete optical fibers embedded within an otherwise opaque matrix.
These fibers guide light by total internal reflection, allowing visible light to propagate through
the material while the surrounding cementitious phase maintains structural continuity (Chiew,
Ibrahim, Mohd Ariffin, Lee, & Singh, 2020; Kasap, 2018). Over the past two decades, research

has investigated many of optical fiber types, matrix compositions, and fabrication methods,



with applications including architectural elements, daylighting strategies, and structural health

monitoring systems (Al-Sodani, 2025).

The integration of optical fibers into cementitious materials introduces a coupled interaction
between optical performance and mechanical behavior. Parameters such as fiber content,
diameter, spatial distribution, and interface characteristics influence both light transmission
and structural response, often in competing ways (Henriques et al., 2018; Henriques, Dal
Molin, & Masuero, 2020; Nam et al., 2024; Tahwia, Abdelaziz, Samy, & Amin, 2022; Tuaum,
Shitote, & Oyawa, 2018). At the same time, significant variability exists in experimental
methodologies across the literature, including differences in specimen geometry, fabrication
procedures, optical measurement setups, and mechanical testing protocols. This variability
affects reported optical transmittance values, mechanical performance, and overall
reproducibility, limiting the ability to establish consistent relationships between material
design and observed behavior (Al-Sodani, 2025; Bai et al., 2024; Chiew, Ibrahim, Mohd
Ariffin, et al., 2020).

Within this context, a comprehensive understanding of fiber-optic cementitious composites
requires approaches that address these aspects jointly, instead of treating them in isolation
(Chiew, Ibrahim, Mohd Ariffin, et al., 2020). In particular, there is a need to better relate
material design parameters, experimental conditions, and observed responses coherently, in
order to support more consistent interpretation of results and to clarify how these systems can
be effectively designed for multifunctional applications (Al-Sodani, 2025). This thesis
describes new approaches towards linking optical characterization, mechanical behavior, and

material design within a unified framework.

0.2 Research objectives

The overall objective of this thesis is to develop a coherent understanding of fiber-optic

cementitious composites by relating material design, optical behavior, and mechanical



performance, while exploring new functionalities enabled by alternative fiber configurations.

To achieve this objective, the following specific objectives are defined:

(1) To improve the reliability and consistency of optical transmittance measurements in
fiber-optic cementitious composites by investigating the influence of experimental
configuration;

(i1) To analyze the mechanical behavior of these composites by distinguishing the
contributions of fiber-matrix interaction and geometric disruption;

(ii1))  To explore advanced fiber arrangements capable of modifying light propagation and
enabling additional functionalities, such as visual privacy, controlled information transfer, and

digital image reconstruction.

These objectives are addressed through a combined experimental and conceptual approach,

structured around the three research axes presented in Section 0.3 below.

0.3  Research framework and thesis approach

The development of fiber-optic cementitious composites involves interconnected challenges
related to their optical characterization, mechanical behavior, and functional design. This thesis
aims to address these aspects through a progressive approach, in which optical measurement
reliability, material response, and system-level functionality are examined in a coherent
sequence. Optical characterization and mechanical behavior are treated as complementary
aspects of the material system, each requiring detailed investigation. The study of optical
transmittance focuses on measurement consistency and interpretation, while the mechanical
analysis examines the structural implications of embedding fibers in the cementitious matrix.
Building on this understanding, the final stage extends the investigation toward functional

material design, integrating optical and mechanical considerations to explore new capabilities.



Axis 1 — Optical transmittance: measurement and interpretation

A first limitation in the field concerns the characterization of optical transmittance. Reported
transmittance values often vary significantly across studies, in part due to differences in
experimental configurations that are not systematically addressed (Chiew, Ibrahim, Mohd
Ariffin, et al., 2020). In particular, while previous studies have reported variations in measured
light intensity with detector distance (Yue Li, Li, & Guo, 2015; Rong et al., 2023), the influence
of detector positioning and light distribution remains insufficiently considered in a systematic
manner. This raises the question of how measurement conditions affect the reported optical
response, and how they can be defined to ensure consistent and representative results. To
address this issue, the present work investigates the relationship between detector-sample
distance and measured transmittance, combining experimental observations with a theoretical
description of light distribution. This approach lays a physically grounded framework for

improving the consistency and reproducibility of optical measurements.

Axis 2 — Mechanical behavior and constraints

The incorporation of optical fibers also affects the mechanical behavior of the cementitious
matrix (Huynh Phuong Nam et al., 2022; Yue Li, Li, Wan, & Xu, 2015; Q. Lyu, Dai, & Chen,
2024; Nam et al., 2024; Tahwia et al., 2022). While previous studies report variations in
strength associated with fiber inclusion, it remains unclear whether these effects arise primarily
from interactions at the fiber-matrix interface or from the geometric disruption introduced by
the inclusions themselves. This raises a fundamental question regarding the origin of
mechanical changes and their dependence on loading conditions and matrix composition. To
clarify this issue, the mechanical behavior of embedded fibers is investigated through a
comparative approach in which fiber-embedded samples are evaluated alongside specimens
containing preformed voids of equivalent geometry. This methodology enables the separation
of material and geometric contributions, providing insight into the mechanisms governing

composites’ mechanical performance.



Axis 3 — Functional material systems

Building on the previous stages of optical and mechanical characterization, a third aspect of
the research explores how fiber configuration can be used to extend the functionality of these
composites. Conventional designs typically rely on parallel fiber arrangements that maximize
light transmission but may preserve spatial coherence, allowing visual perception through the
material (Luhar et al., 2021). This limitation motivates the question of how light propagation
can be modified to enable additional functionalities, such as visual privacy or controlled
information transfer. In response, a novel composite design based on randomly distributed
optical fibers is proposed. Unlike conventional parallel arrangements, this configuration
simultaneously diffuses transmitted light to suppress visual recognition and enables the
computational reconstruction of transmitted information, representing a conceptual shift from
passive light-transmitting materials toward hybrid physical-digital systems with active

information-encoding capabilities.

0.4 Scope and limitations

The experimental investigations were conducted on laboratory-scale specimens, which enabled
the precise isolation of specific variables but do not yet account for macro-structural
heterogeneity, long-distance light dispersion, and casting variability that arise at structural
scales. The material scope was deliberately constrained to cementitious matrices based on a
CSA-guided formulation containing 60% Portland cement and 40% supplementary
cementitious materials such as limestone filler and metakaolin (Class N), as well as additional
mixtures with varying cement contents aimed at reducing Portland cement usage, combined
with poly(methyl methacrylate) optical fibers with a nominal diameter of 1 mm. This selection
allowed for systematic and controlled comparison; conclusions, therefore, apply most directly
to similar material-fiber combinations, and alternative matrices such as UHPC or geopolymers,
or other fiber types such as glass optical fibers, would introduce different elasticity profiles

and interfacial behaviors that fall outside the current scope. The effects of fiber material and



diameter were not investigated, and the conclusions therefore apply specifically to the PMMA

fiber type and diameter adopted in this work.

The mechanical decoupling methodology successfully isolates material adhesion and
geometric disruption contributions under controlled static loading, though in real structural
systems, additional coupled phenomena, including localized microcracking evolution, long-
term matrix shrinkage, and dynamic stress redistribution, may coexist in ways that extend
beyond the simplified conditions required for this baseline isolation. Similarly, optical
characterization was performed under controlled configurations to establish a reproducible
physical reference framework; in-situ architectural applications involve dynamic angular light
incidence, spectral fluctuations, and variable surface conditions that require further

environmental calibration of the proposed measurement approach.

Finally, the physical-digital framework demonstrates the feasibility of encoding and retrieving
visual information through randomly distributed fiber networks under controlled imaging
conditions, and scaling this methodology to industrial manufacturing environments will
require robust algorithmic strategies capable of accommodating manufacturing imperfections
and uncontrolled optical environments. Furthermore, this work focuses on short-term optical
and mechanical properties; long-term durability aspects, including polymer fiber degradation
under alkaline exposure, matrix aging, interfacial transition zone stability, thermal-expansion
mismatch between the polymer fibers and the cementitious matrix under thermal cycling, and

resistance to moisture, representing natural extensions of the present research.

0.5 Research dissemination

The research conducted in this thesis was disseminated through peer-reviewed journal
publications, conference proceedings, and scientific photography, reflecting both the technical

and interdisciplinary dimensions of the work.



Axis 1: The fundamental optical properties and measurement framework for light-transmitting

concrete were established in:

“Experimental and theoretical investigation of optical transmittance in light-transmitting
concrete.” By Arcolezi, K. H., Zimmermann, C. A., Ung, B., Ouellet-Plamondon, C. (2026)
Measurement science and technology (CHAPTER 2).

This study introduces a physically based model relying on a super-Gaussian intensity
distribution to describe light emission from embedded optical fibers and establishes a

reproducible framework for optical characterization.

Axis 2: The development of fiber-optic cementitious systems required a clear understanding
of their mechanical implications. Early results on the mechanical influence of optical fibers

were first presented in:

“Influence of optical fibres on mechanical properties of mortar mixes.” By Arcolezi, K. H.,
Ouellet-Plamondon, C., Ung, B. (2024). Proceedings of the Canadian Society for Civil

Engineering Annual Conference.

This initial study explored the impact of embedded fibers on mechanical performance and

informed the experimental approach later developed in:

“Mechanical strengthening of cementitious composites by optical fibers through adhesion and
geometric disruption” By Arcolezi, K. H., Brial, V., Ung, B., et al. (2026). Manuscript
submitted (CHAPTER 3).

Axis 3: The functional capabilities of fiber-optic cementitious composites were investigated
through both a consolidated material system and exploratory interactive applications. The main

contribution in this area is presented in the following journal publication:



“Randomly distributed optical fibers in translucent mortar for privacy-preserving light
transmission and digital image reconstruction.” By Arcolezi, K. H., Marion, V., Ung, B., et al.

(2025). Scientific Reports (CHAPTER 4)

In parallel, additional conference contributions explored different interactive applications of

fiber-optic cementitious systems:

“Interactive light- and sound-sensitive mortar for architectural environments.” By Arcolezi,

K. H., Ouellet-Plamondon, C., Ung, B. (2025). In: ICCCBE 2024.

This study explores a light-transmitting mortar capable of responding to acoustic stimuli by
converting sound signals into visual outputs through embedded optical fibers. The system
combines a low-cement matrix with optical and electronic components, demonstrating the

feasibility of transforming cementitious materials into responsive architectural elements.

“Touch-interactive concrete for smart structures.” By Arcolezi, K. H., Alonso Romero, A., Ben
Zaid, H., Hamel, T., Ung, B., Ouellet-Plamondon, C. (2026). Accepted for publication in the
Proceedings of CSCE Annual Conference (APPENDIX A).

This work presents a cementitious composite capable of detecting touch and movement
gestures through embedded optical fibers. Variations in reflected light intensity, caused by
physical contact, are processed using an optoelectronic system, enabling identification of user

interactions within the material.

These contributions collectively illustrate the diversity of functional possibilities enabled by
fiber-optic cementitious composites, ranging from information processing to interactive

material behavior.

Axis 4: Visual and interdisciplinary contributions. Beyond traditional scientific dissemination,

the developed materials were also explored through their visual and expressive potential. The



optical behavior of the composites, in combination with controlled composition, lighting, and
imaging conditions, enabled their use as subjects for scientific photography, resulting in

multiple awards and distinctions.

Figure 0.1 Scientific photography prizes and visual dissemination

(a) NSERC Science Exposed, jury prize (2024): This image captures an experimental attempt
to use polydimethylsiloxane (PDMS), a silicon-based organic polymer, as an alternative light-
transmitting medium within a cementitious composite, in contrast to the optical fibers used
throughout this thesis. The resulting air bubbles, caused by fabrication limitations, highlight
the challenges of combining materials with different properties. At the same time, they create

unexpected visual effects.
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(b) Triangular light-transmitting cementitious composites with optical fiber for an artistic
exhibition — From Quantum Science to Artistic Experience, by the INTRIGO Collective, at the
Exhibition Centre, Amos, QC (2025): This exhibition explores the translation of quantum
science concepts into tangible, human-scale experiences through interactive and immersive

artistic installations.

(c) ETS photo contest, art and culture category — Winner (2025): This image presents a textured
mortar surface designed with a noise-like pattern. Light transmitted through embedded optical
fibers highlights its contours, transforming this physical pattern into a perceptible surface that
can be visually read and physically sensed. These samples were also featured at the artistic

exhibition (Intrigo), showcasing six different texture patterns.

(d) Acfas, La preuve par I’image (2026), image selected among the 20 featured works: This
scanning electron microscopy image shows the cross-section of an optical fiber embedded in
a cementitious matrix, highlighting the interface between the fiber and the surrounding

material.

0.6 Thesis outline

This thesis follows a manuscript-based format and is organized into four main chapters.

CHAPTER 1 presents a literature review on fiber-optic cementitious composites, establishing
the conceptual framework and identifying key challenges related to optical behavior,

mechanical performance, and fabrication methods.

CHAPTER 2 investigates the measurement of optical transmittance, focusing on the influence
of experimental configuration and proposing a physically based approach for a more consistent

characterization.
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CHAPTER 3 analyzes the mechanical behavior of composites containing embedded optical
fibers, with emphasis on distinguishing material interaction effects from geometric disruption

under different loading conditions.

CHAPTER 4 explores an alternative material design based on randomly distributed optical
fibers, addressing light diffusion, visual privacy, and the potential for digital reconstruction of

transmitted information.

Finally, the conclusion synthesizes the main findings of the thesis, summarizing the results in
relation to the overall and specific objectives. It is followed by recommendations for future
research and a summary of contributions, including lists of journal articles, conference papers,
posters, and awards that contributed to the dissemination of the research conducted during the

doctoral studies.






CHAPTER 1

FIBER-OPTIC LIGHT-TRANSMITTING CEMENTITIOUS COMPOSITES:
CLASSIFICATION FRAMEWORK, FABRICATION, AND PERFORMANCE

Abstract: Light-transmitting cementitious composites (LTCCs) have gained increasing
interest as multifunctional construction materials. Light transmission in cementitious
composites can be achieved through the incorporation of optical fibers within an otherwise
opaque matrix, enabling simultaneous structural and optical functions in a single system. Over
the past two decades of growing research, the available literature remains dispersed across
different fabrication methods, test procedures, and terminology. This review investigates the
current knowledge on LTCCs through the relationship between constituent materials,
processing methods, and resulting performance. It consolidates fundamental concepts and
recent advances to support a more coherent understanding of this material class and to clarify
how material design influences optical and mechanical behavior. The study covers four main
aspects: optical behavior, mechanical performance, fabrication methodologies, and application
domains. It also discusses sources of variability in reported results, including differences in
measurement approaches and experimental conditions, which affect the interpretation of
experimental data. The review concludes with a discussion of current challenges and future
perspectives, including standardization issues and opportunities for more systematic design

approaches.

1.1 Introduction

Embedding optical fibers in a cementitious matrix to produce a structural element capable of
transmitting light has been investigated since the early 2000s, when a Hungarian architect,
Aron Losonczi demonstrated the feasibility of this concept through the commercial system
LiTraCon (LitraCon®, 2026). The principle is straightforward: discrete fiber cores guide light
through an otherwise opaque matrix by total internal reflection, allowing visible light to pass
from one face of the element to the other while the surrounding cementitious phase maintains

structural continuity (Al-Sodani, 2025; Bai, Zhang, Tian, Wu, & Zheng, 2024; Chiew, Ibrahim,
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Mohd Ariffin, et al., 2020; Luhar et al., 2021; Said, 2020). Over the following two decades,
research expanded to include a range of fiber materials, including polymer optical fibers (POF),
most commonly based on polymethyl methacrylate (PMMA) and glass optical fibers (GOF),
embedded in matrices ranging from conventional Portland cement mortars (Yue Li, Xu, Gu,
& Bao, 2012; Kavitha Karthikeyan, Keerthana, & Shanmugapriya, 2016) to ultra-high-
performance concrete (Navabi, Javidruzi, Hafezi, & Mosavi, 2021) (UHPC), geopolymers, and
sulfoaluminate cement systems (Yue Li, Li, & Guo, 2015). Commercial products have reached
the market, architectural installations have been documented across multiple continents, and
structural health monitoring through embedded fiber networks has emerged as another
application with promising engineering value (Al-Sodani, 2025; Bai et al., 2024; Chiew,
Ibrahim, Mohd Ariffin, et al., 2020; Qiao et al., 2023).

The material system presents a design challenge that is not common in conventional fiber-
reinforced composites. The embedded inclusions must satisfy two independent functional
requirements simultaneously. Optically, the fibers must transmit light with sufficient efficiency
and spatial control to meet the intended application, whether for passive daylighting, aesthetic
purposes, or sensor-integrated monitoring. Mechanically, their incorporation must not
compromise the load-bearing capacity of the cementitious matrix beyond acceptable limits.
These two requirements are not independent. Fiber volume fraction, diameter, surface
condition, and spatial distribution all influence both optical transmittance (Altlomate,
Alatshan, Mashiri, & Jadan, 2016; Henriques et al., 2018; Yue Li, Li, Wan, et al., 2015; Tuaum
et al., 2018) and mechanical response (Huynh Phuong Nam et al., 2022; Yue Li, Li, Wan, et
al., 2015; Nam et al., 2025, 2024; Tahwia et al., 2022; Tuaum, Shitote, Oyawa, & Biedebrhan,
2019), often in opposing directions. Increasing fiber content increases transmittance but also
tends to introduce interfacial porosity, which reduces compressive and flexural strength (Bai
et al., 2024; Li, Li, Wan, et al., 2015; Mei Chiew, Syahrizal Ibrahim, Azreen Mohd Ariffin,
Lee, & Kumar Singh, 2022; Henriques et al., 2018, 2020; Nam et al., 2024). Although surface
treatments can improve fiber-matrix bonding, they may disrupt optical coupling at the fiber
ends (Chiew, Ibrahim, & Mohd Ariffin, 2024; Henriques et al., 2018; Shafei, Kazemian,

Dopko, & Najimi, 2021). The fiber-matrix interface thus acts simultaneously as a mechanical
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discontinuity and an optical boundary, and its behavior under loading and environmental

exposure remains insufficiently characterized.

At the same time, progress in light-transmitting cementitious composites has not yet led to a
common methodology. No standardized protocols currently exist for fabrication procedures,
optical transmittance measurement, or mechanical evaluation in fiber-embedded cementitious
systems. Experimental configurations differ in instrumentation, specimen geometry, matrix
composition, fiber content specification, and reporting format, often with insufficient details
to reproduce the measurement conditions (Al-Sodani, 2025; Bai et al., 2024; Chiew, Ibrahim,
Mohd Ariffin, et al., 2020; Henriques et al., 2018). As a result, direct comparison across studies
remains limited, and performance trends that appear consistent within individual studies often
become less clear when examined across the broader literature. This limitation reflects a
broader issue in the field, where material response, fabrication conditions, and measurement
configuration lack a consistent framework in reported results, that prevent a coherent
interpretation across studies. Specifically, the field lacks a unified conceptual framework that
links optical behavior, material design parameters, and mechanical performance. Existing
studies tend to focus on isolated aspects, such as transmittance optimization or strength
characterization, without establishing consistent relationships between these domains. As a
result, the interpretation of reported results often depends on study-specific conditions, which
limits a more global understanding of the key parameters, challenges and the development of

generalized design guidelines.

In this context, this review summarizes the fundamental properties of fiber-optic light-
transmitting cementitious composites (LTCCs) and discusses recent advances. The main
objective is to establish a structured framework that connects optical transmission behavior
with material design, fabrication methodology, and mechanical response, while explicitly
addressing sources of variability in experimental results. The paper is organized around a
framework that relates optical transmission behavior to material design, together with the key

parameters that drive LTCC performance, including constituent materials, fabrication
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methods, optical and mechanical properties, durability, sustainability, current applications, and

future research needs.

1.2 Terminology and classification framework

The designation of cementitious composites capable of transmitting light has not yet converged
to a standardized terminology in literature. The terms light-transmitting, transparent,
translucent, and, infrequently, pellucid appear across studies to describe the same class of
material, yet one that leaves physically meaningful distinctions unaddressed. This is
understandable in the absence of a formal nomenclature in this emerging field. However, these
terms are not synonyms; and instead, each carries a specific meaning tied to the spatial
distribution and coherence of the transmitted optical wavefront through the LTCC sample. The
conflation of these concepts in technical literature is therefore more than an inconsistency of
style, as it can affect how the optical behavior of these materials is interpreted, particularly
when distinguishing between light intensity transmission and spatial information transmission.
Early developments, including the work of Losonczi, who commercialized and marketed such
systems under the designation "transparent concrete," have also influenced the terminology

used in both commercial and academic contexts (LitraCon®, 2026; Losonczi & Bittis, 2005).

Table 1.1 shows the results of a bibliographic search conducted in the Scopus and Web of
Science databases, which gives an overall assessment of the frequency in which the terms
"light-transmitting", "translucent", "transparent", and "pellucid" are referenced in the
published literature on LTCC research from 2000 to 2026. Each considered term was combined

n.n "non

with cementitious material descriptors ("concrete", "mortar", "cement", "cementitious") and
searched across titles, abstracts, and author keywords. Exclusion filters were applied to remove
records from unrelated domains, including dentistry, transparent soils, resin-based cements,
and non-cementitious systems. Results from both databases were merged, duplicates removed,

to retain only studies on cementitious composites capable of transmitting light.
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Table 1.1 Bibliometric search results by terminology term across Scopus and Web of
Science, performed on July 2026

Term Dataset
Light-transmitting 76
Translucent 67
Transparent 34
Pellucid 2

The annual distribution of publications (Figure 1.1a) indicates that research activity in LTCC
has a marked increase from 2015 onward. No single term consistently dominates across the
timeline, reflecting the absence of a shared reference framework rather than deliberate
terminological choice. The patent literature offers a complementary perspective, reflecting
terminological choices made in technological and commercial contexts. A search conducted in
Google Patents, restricted to title-field occurrences of each term combined with cementitious
material descriptors and covering the period 2000-2026, retrieved 185 records under “light-
transmitting”, 21 under “translucent”, and 28 under “transparent”. The annual distribution of
these records (Figure 1.1b) suggests a temporal pattern similar to that observed in the academic
literature: activity across the three terms remained low until approximately 2015, after which
“light-transmitting” became the most frequent designation in patent titles, particularly from
2018 onward. “Transparent” remained present throughout the timeline, in line with its
historical use in the early dissemination and commercialization of these materials.
“Translucent” appeared less frequently and more intermittently. Although patent terminology
is influenced by legal, commercial, and search-strategy factors, these results provide additional
support for adopting “light-transmitting” as the primary designation in the present review. For
this reason, the terminology adopted in this review is based on definitions from classical optics

which provide a reference for distinguishing transmission regimes.
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Figure 1.1 Annual record count by optical terminology term in (a) the academic literature
(Scopus and Web of Science) and (b) the patent literature (Google Patents, title field, by
priority year)

In optics, transparency denotes specular transmission, in which the spatial coherence of the
wavefront is preserved, and an observer on the receiving side can resolve objects from the
source side (Born & Wolf, 1999; Hecht, 2017). Translucency denotes diffuse transmission. In
this case, light passes through the material, but internal scattering disrupts wavefront
coherence, so perceived brightness and motion may be registered, but spatial resolution is
mostly lost (Born & Wolf, 1999; Hecht, 2017; Wang et al., 2013). In opaque materials, incident
flux /y 1s fully absorbed or scattered with no transmission (Tuaum et al., 2019). The term light-
transmitting is used here in a broader sense, indicating that measurable visible-wavelength flux
reaches the receiving face without implying any preservation of spatial information. These

distinctions are schematically illustrated in Figure 1.2.
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Figure 1.2 Schematic representation of optical transmission regimes: opaque, transparent,
and translucent (Io: incident light flux)

In fiber-based cementitious composites, light propagates through discrete optical fiber cores
by total internal reflection, governed by the numerical aperture and the refractive index contrast
between core and cladding (Kasap, 2018; Saleh & Teich, 2019). Transmission therefore occurs
as a guided process along individual “cables” rather than as free-space propagation through the
matrix, distinguishing these systems from intrinsically transparent materials such as glass or
optical-grade resins (Chiew, Ibrahim, Mohd Ariffin, et al., 2020; Kasap, 2018). This
mechanism influences the optical response at the macroscopic scale and provides the basis for

the classification proposed here (Figure 1.3).

In this framework, composites are classified according to the optical outcome observed at the
receiving face, rather than the internal transmission mechanism. Translucent systems preserve
enough spatial definition for shapes and motion to be perceived, whereas light-transmitting
systems, in a narrower sense, provide measurable luminance without preserving spatial
information. The geometric configuration of the fiber network, including fiber trajectory,
distribution pattern, and spatial arrangement, introduces an additional design dimension that
influences which optical regime can be achieved for a given system, and is discussed in detail

in Section 1.3.2.
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Figure 1.3 Proposed classification framework for optically transmissive cementitious
composites

The term transparent concrete, while widely used in commercial and popular contexts, as
reflected by the 34 records retrieved under this designation in the present search, does not align
with the optical definition of transparency adopted here, since the matrix remains opaque and
light are guided through discrete fiber channels rather than transmitted through a homogeneous
medium. This terminology can be traced in part to its early use in the introduction and
dissemination of the material, where naming conventions were influenced not only by physical
description but also by communicative and commercial considerations. Its use in technical
writing is noted where it appears in the sources reviewed. The present work adopts light-
transmitting as the default designation, while the term translucent is used for systems in which
spatial transmission has been directly reported by the authors or clearly documented through

optical images of the transmitted pattern.

This distinction is relevant for the interpretation and comparison of results reported in the
literature. Studies describing similar systems may appear to report different optical behavior
depending on the terminology adopted, even though the underlying transmission mechanism
is the same. The use of a consistent classification based on observable optical outcome can
therefore support more reliable comparison between studies and clearer identification of

design-performance relationships. It also provides a more direct link between material
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behavior and application requirements, particularly in cases where spatial information

transmission is relevant.

Beyond optical classification, systems may be further characterized by their functional
operational mode. Passive systems rely solely on ambient daylight without an auxiliary source
and are primarily designed to reduce artificial lighting demand in architectural applications.
Active systems are coupled to an external powered source, such as integrated light-emitting
diodes (LEDs) or laser arrays, enabling controlled luminance output from the composite
surface regardless of ambient conditions. Responsive systems represent a third operational
mode in which the embedded fiber network extends beyond illumination to enable data transfer
or structural health monitoring. In this configuration, the fiber act as a sensing medium where
variations in light transmission, including attenuation, fiber Bragg grating-based
measurements, or trajectory-encoded reconstruction, allow the composite to sense and respond
to mechanical stress, structural cracking, or environmental stimuli (Inaudi, Posenato, & Glisic,
2005; Leung et al., 2015; Merzbacher, Kersey, & Friebele, 1996; Sharifi, Navabi, & Mosavi,
2023; Taheri, 2019). These operational modes relate to how light is used within the system
rather than how it propagates and may therefore overlap within a single composite depending

on the application context.

1.3 Constituent materials and design parameters

The performance of fiber-optic LTCC:s is jointly determined by three material subsystems: the
optical fibers that serve as discrete light-guiding elements, the cementitious matrix that
provides structural continuity, and the interface between them. Each subsystem introduces
design parameters that influence both the light transmission capacity and the load-bearing
behavior of the composite, and their interactions are not independent. Changes in fiber
geometry or surface condition, for example, influence both optical coupling efficiency and
interfacial bonding, along with local matrix porosity. This section reviews the principal

constituent types and the design parameters associated with each subsystem.
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1.3.1 Optical fiber

Glass fibers and polymer optical fibers are the two main fiber types reported in optical fiber-
based LTCC systems (Chiew, Ibrahim, Mohd Ariffin, et al., 2020). Fused silica glass fibers
provide superior transmission over long distances and are widely used in telecommunications
(Shafei et al., 2021; Snoeck, Debo, & De Belie, 2020); however, their application in LTCC is
limited by higher cost and brittleness, which complicates handling during fabrication. In
contrast, PMMA fibers are more commonly adopted in experimental and architectural LTCC
systems owing to their lower cost, high flexibility (even for large fiber diameters), ease of
cutting and installation, and overall practicality in embedding processes, as reported by Han,
et al., (2017), and Chiew et al., (2020). Across the literature, the choice between glass and
polymer fibers reflects a trade-off between optical efficiency and practical implementation.
Glass fibers offer better intrinsic transmission properties, while polymer fibers are generally
preferred in LTCC systems due to their compatibility with fabrication constraints and large-
scale integration (Bai et al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020; Momin,
Kadiranaikar, Jagirdar, & Inamdar, 2014).

From a structural standpoint, an optical fiber consists of a transparent core with refractive index
(n,), surrounded by a cladding layer with a lower refractive index (n,), as illustrated in Figure
1.4. The difference between the core/clad refractive indices (n, < n,) enables light to be
confined within the core and transmitted along the fiber length through the phenomenon of
total internal reflection (TIR). The light coupling capability of the fiber is quantified by the
numerical aperture (NA), which is expressed as NA = m (Kasap, 2018). This
parameter is directly associated with the acceptance cone angle (6 = arcsin(NA)) shown in
Figure 1.4, defining the maximum angle at which light can enter (or exit) the fiber and still be

guided by total internal reflection.
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Figure 1.4 Schematic representation of an optical fiber and light propagation modes

In the context of design, this angular constraint influences both experimental configurations
and reported transmittance values, particularly in setups where the incident light rays deviate
strongly away from the fiber axis (Chiew et al., 2022). From a structural-optical perspective,
multimode fibers are predominantly used in LTCC applications. Their higher numerical
aperture (NA) increases the coupling of incident light over a wider range of angles, improving
coupling efficiency under non-ideal alignment conditions (Su, Zhang, Liu, et al., 2022). In
PMMA fibers, the acceptance angle is typically around 30°, meaning that incident light outside
this angular range is not effectively guided through TIR, as discussed by (Huang & Lu, 2020;
Su et al., 2022). This geometric constraint directly influences experimental configurations and

contributes to the sensitivity in measured transmittance values.

Geometric parameters such as fiber diameter and spacing are consistently identified as
important design variables. (Altlomate et al., 2016) and (Sangeetha, Subathra, Divahar, &
Aravind Raj, 2022) report that increasing fiber diameter tends to increase transmitted light by

enlarging the effective light-carrying area within the matrix, while larger spacing between
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fibers reduces overall transmittance due to the decrease in fiber density per unit area. These
parameters are geometrically coupled through the fiber volume fraction, and their effects are
therefore not independent within a given system. More recent studies by (Chiew et al., 2022;
Shenoy, Nayak, Tantri, Shetty, & Shendkar, 2023) further confirm that changes in spacing and
diameter (Bai et al., 2024) can lead to significant variations in light transmission, even under

similar nominal fiber densities.

The spatial arrangement of optical fibers within the cementitious matrix constitutes an
additional design variable that influences both optical performance and fabrication
methodology (Arcolezi et al., 2026). Several distribution patterns are reported in the literature,
as illustrated in Figure 1.5. The most common configuration in experimental studies is the
regular grid arrangement, in which fibers are positioned at uniform intervals, enabling
controlled variation of spacing and volume fraction (Arcolezi et al., 2026; Mei Chiew et al.,
2022; Navabi, Amini, Rahmati, & Tahbaz, 2023; Su, Zhang, & Liu, 2023). Staggered layouts
follow a similar principle while increasing packing density (Dinesh, Mercy, & Suji, 2019).
Other configurations include random placement in the cross-sectional plane, where fibers
remain parallel but lack positional regularity (Henriques et al., 2020), and fully random
distribution for which the fibers’ position differ between the input and output surfaces
(Arcolezi, Marion, et al., 2025). In parallel systems, each fiber runs straight through the
element and exits at the same position on the opposite face where it entered, preserving point-
to-point spatial correspondence between faces. In randomly distributed systems, fibers are not
constrained to a straight path between corresponding points, and each fiber exits at a position
on the receiving face that is independent of its entry point (Ambali, Lolo, Handyaningtyas,
Tasik, & Goran, 2023; Arcolezi, Marion, et al., 2025). At the macroscopic scale, this
distinction affects the optical outcome: parallel composites may achieve translucency,
transmitting spatial information, whereas randomly distributed composites are inherently light
transmitting, while spatial information is not preserved, although it may be reconstructed
computationally when fiber mapping is known (Ambali et al., 2023; Arcolezi, Marion, et al.,
2025). Bundled arrangements, in which fibers are grouped into localized clusters, are also

reported and can produce non-uniform light output across the specimen surface (Tahwia et al.,
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2022; Tahwia, Abdel-Raheem, Abdel-Aziz, & Amin, 2021). These configurations are
primarily used in controlled studies to investigate geometric effects, while practical
applications may adopt less constrained layouts depending on fabrication and design

requirements.
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Figure 1.5 Schematic representation of optical fiber distribution patterns in LTCC cross-
sections. Fiber diameter, distribution pattern, volume ratio, and spacing can vary

1.3.1.1 Fiber surface condition and treatment

The interaction between optical fibers and the cementitious matrix is influenced by the surface
characteristics of the fibers. PMMA fibers present smooth and hydrophobic surfaces, which
generally limit adhesion at the fiber-matrix interface (Cui et al., 2025; Drechsler et al., 2019).
As a result, different surface modification and post-processing strategies have been

investigated to adjust interfacial behavior and optical performance.

One approach involves the use of chemical treatments. Li, Li, & Guo, (2015) applied silane
coupling agents to PMMA fibers to modify surface chemistry and potentially improve
interaction with the surrounding matrix. This treatment is associated with increased surface
roughness and may contribute to changes in interfacial bonding behavior. However, Chiew et

al., (2020) report that the effectiveness of silane treatment is not consistent across all systems,
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suggesting that its influence depends on factors such as matrix composition and curing

conditions.

In addition to chemical modification, mechanical aspects related to fiber surface condition are
also relevant. The quality of the fiber end faces has a direct influence on light transmission.
Studies by Henriques et al., (2018) and Huang et al., (2022) indicate that irregular or poorly
cut surfaces promote light scattering, reducing the intensity of transmitted light. For this
reason, post-processing procedures such as polishing or grinding of the specimen surfaces are
commonly applied after curing to ensure that fibers are properly exposed and aligned with the

surface (Navabi et al., 2023).

Surface protection strategies have also been reported. The application of epoxy coatings at the
specimen surface can improve resistance to environmental exposure and reduce permeability
at the fiber exit region (Pilipenko, Bazhenova, Kryukova, & Khapov, 2018; Saleem, Elshami,
& Najjar, 2017). While this approach is not directly related to interfacial bonding within the
bulk material, it contributes to the preservation of optical performance over time by protecting
the exposed fiber ends. Overall, fiber surface condition affects both interfacial characteristics
and optical transmission, although these effects are not always evaluated independently in the
literature. As a result, the role of surface treatment in LTCC performance remains highly
dependent on the specific combination of materials and fabrication procedures adopted in each

study.

1.3.2 Cementitious matrix

The cementitious matrix provides structural continuity and defines the embedding environment
for the optical fibers. In LTCC systems, mortar-based mixtures are more commonly adopted
than conventional concrete due to their improved workability and finer aggregate structure,
which facilitates fiber placement and reduces mechanical interference during casting. Self-

compacting mortar and cement paste systems are frequently reported, particularly in
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laboratory-scale studies, as they allow the material to flow around closely spaced fibers and

ensure more uniform embedding conditions (Tahwia et al., 2021).

The selection of aggregate size is a critical geometric constraint in these systems. The
maximum aggregate size is typically limited to values below the characteristic spacing between
fibers, in order to avoid obstruction during casting and to reduce the risk of fiber displacement
or damage. When this condition is not satisfied, local heterogeneities may develop around fiber
regions, affecting both internal uniformity and the continuity of the optical paths (Al-Sodani,
2025; Bai et al., 2024; Chiadighikaobi et al., 2023; Chiew, Ibrahim, Mohd Ariffin, et al., 2020;
Han et al., 2017; Said, 2020).

Beyond granular composition, the type of binder influences both durability and fiber
compatibility. Ordinary Portland cement systems are widely used; however, their relatively
high alkalinity has been associated with potential degradation risks, especially in glass fiber-
based configurations. In this context, Li, Li, & Guo, (2015) propose sulfoaluminate cement as
an alternative due to its lower pH environment and rapid early strength development, which

can be advantageous in applications requiring early demolding or handling.

Supplementary cementitious materials are frequently incorporated to modify pore structure and
interfacial characteristics. Silica fume is commonly reported by Henriques et al., (2020) and
Navabi et al., (2021) as a means of refining the matrix microstructure and improving the region
surrounding the fiber surfaces. This densification of the matrix can reduce microvoid formation
and contribute to a more stable embedding environment for the optical fibers. Fly ash and slag
have also been investigated, particularly in studies such as Pagliolico et al., (2015); Spiesz,
Rouvas, & Brouwers, (2016), where their use is associated with improved durability and
mitigation of alkali-silica reaction in systems that incorporate waste glass, and glass fibers

(fillers).

At the microstructural level, observations reported by Henriques et al., (2018) indicate the

presence of interfacial voids and discontinuities at the fiber-matrix boundary. These features
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are frequently observed in PMMA and glass optical fiber systems and are associated with
reduced compressive strength relative to conventional cementitious materials without
embedded optical elements. The formation of these voids is influenced by both mixture
rheology and fiber placement conditions, suggesting that matrix design and fabrication process

are closely coupled in determining interfacial quality.

A recurring theme across studies is that matrix modifications can influence mechanical
behavior and fiber-matrix interaction, although the relationship between these effects is not
always consistent. Mixtures with higher flowability are often associated with improved fiber
embedding and reduced local defects, while potential changes in the hardened pore structure
may affect mechanical response depending on the specific system (Navabi et al., 2021).
Conversely, denser matrices may improve compressive strength (Golewski, 2023) but can also
make fiber placement more sensitive to processing conditions, particularly in systems with

high fiber content or complex spatial arrangements.

The cementitious matrix in LTCC functions as both a load-bearing phase and a medium that
influences the conditions of optical embedding, where small variations in composition can
simultaneously affect mechanical response, internal continuity, and fiber-matrix interaction.
These observations indicate that matrix effects in LTCC systems are better understood in
conjunction with processing conditions and fiber configuration, instead of being treated as

isolated material properties.

1.3.3 Fiber-matrix interface

As discussed in Section 1.3.1.1, the surface characteristics of optical fibers influence the
development of the fiber-matrix interface in LTCC, which influences both the mechanical and
optical performance of the composite. Unlike conventional fiber-reinforced cementitious
composites, where interfacial bonding is intended to maximize stress transfer (Chang et al.,
2025), this interface in LTCC must satisfy two functional requirements: mechanical continuity

to limit premature crack initiation, and optical continuity to reduce light scattering and
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coupling losses at the fiber entry and exit faces (Antony Samy, Ayyanar, Ganesan,
Singamuthu, & Veeriah, 2025). These requirements are not always compatible, and their

relative importance depends on the intended application and material configuration.

From a mechanical standpoint, the interfacial transition zone (ITZ) in LTCC is particularly
sensitive to the surface characteristics of the optical fibers. PMMA fibers with smooth and
hydrophobic surfaces that limit adhesion to the surrounding cementitious matrix, can lead to
the formation of interfacial gaps during hydration and hardening (Chiew et al., 2021). This
effect reduces the effective load-bearing area and facilitate microcrack initiation under loading,
contributing to the reductions in compressive and flexural strength reported in the literature
(Ashraf & Rucka, 2023; Meng, Ying, Yu, & Hong, 2022). The extent of this effect varies with
matrix composition. In denser matrices with low water-to-binder ratios, the porosity increase
caused by fiber incorporation is smaller, whereas in more porous systems interfacial defects
become more pronounced and their influence on mechanical response increases (Yue Li, Li,

Wan, et al., 2015; Navabi et al., 2021).

The formation of the ITZ is also influenced by matrix rheology during casting (Kenny & Katz,
2015). In self-compacting and highly fluid mixtures, the matrix can flow more effectively
around closely spaced fibers, thus mitigating incomplete encapsulation and void formation
(Chiew, Ibrahim, Mohd Ariffin, et al., 2020; Tahwia et al., 2021). In stiffer mixtures, limited
flow around fiber surfaces can produce larger interfacial discontinuities and higher local
porosity (Akeed et al., 2022; Navabi et al., 2021). This interaction between rheology,
interfacial quality, and mechanical performance shows that matrix design and fabrication

conditions cannot be considered separately in LTCC systems.

From an optical standpoint, the interface mainly affects light transmission at the fiber end faces
rather than along the fiber length. Since light propagates through total internal reflection at the
core-cladding boundary, the surrounding cementitious matrix does not affect light guidance.
However, the condition of the interface at the specimen surfaces where light enters and exits

the embedded fibers, determined by cutting and polishing after curing, influences the
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efficiency of light coupling into and out of the fibers. Irregular or poorly finished surfaces
increase scattering at the entry and exit points, reducing transmitted intensity (Henriques et al.,
2018; Yue Li, Li, Wan, et al., 2015). Grinding and polishing are therefore commonly used to
ensure that fiber ends remain exposed, flush with the surface, and free of residual matrix that

could obstruct the optical path (Navabi et al., 2021).

In summary, the fiber-matrix interface acts simultaneously as a mechanical discontinuity and
an optical boundary, so modifications that improve one subsystem can reduce the other. Fiber
surface treatments that increase roughness may improve mechanical bonding at the fiber-
matrix interface but can also affect the quality of the fiber end faces, increasing scattering
losses at the light entry and exit points. This trade-off has not been systematically quantified
in the LTCC literature, which limits the ability to define unified design rules for simultaneous

optimization of mechanical and optical performance.

1.4 Casting and fabrication methodologies

The fabrication of LTCC requires careful control of fiber placement, as the spatial distribution
of optical elements influences both light transmission and mechanical performance (Altlomate
etal., 2016; Arcolezi et al., 2026; Bai et al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020).
The methods reported in the literature can be broadly classified according to the stage at which
fibers are introduced relative to matrix casting. Bai et al., (2024) categorized fabrication
procedures into two main groups, depending on whether the fibers are incorporated before or
after casting. Beyond this procedural distinction, fabrication methods also influence the
reproducibility of fiber distribution and the formation of local defects, which contribute to

variability in both optical and mechanical performance.

Among the approaches in which fibers are introduced prior to casting, the most common
methods include perforated formwork, in which molds are prepared with predefined holes to
guide and position the fibers; textile-based insertion, where optical fibers are integrated into a

mesh or fabric structure that is subsequently placed within the mold before the cementitious
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material is introduced; and extrusion-based 3D printing, a more recent and emerging technique
in which fibers are incorporated during the layer-by-layer deposition of the cementitious

material. These approaches are illustrated in Figure 1.6.

Optical fibers Print  Concrete  Optical
head layers fibers

Threads Optical fibers
h 4

Placed in mold

Layer-by-layer deposition
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(a) Perforated mold (b) Fabric (stiched array) (c) 3D concrete printing

Figure 1.6 Representative fabrication methods for fiber-optic LTCC: (a) perforated formwork
with pre-positioned fibers; (b) textile-based fiber insertion for layered placement; (c)
extrusion-based 3D printing with controlled fiber integration

LTCC offers considerable versatility across both structural and non-structural applications.
Owing to its visual and architectural appeal, it is frequently used in non-structural applications,
including artistic and design-oriented projects (Chiew, Ibrahim, Mohd Ariffin, et al., 2020). In
these contexts, fabrication priorities may differ, and the level and nature of control over fiber
placement depend on the intended outcome. While scientific studies emphasize controlled and
repeatable procedures to enable systematic evaluation, other applications prioritize visual
effect, patterning or architectural integration. Consequently, fabrication approaches should be
understood as application-dependent rather than as uniformly defined across all LTCC

applications.

The most widely adopted strategy in literature is pre-insertion, in which fibers are positioned
within the mold prior to casting. Perforated formwork represents the most common

implementation of this method (Altlomate et al., 2016; Nam et al., 2025; Navabi et al., 2021;
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Tahwia et al., 2021). In this way, fibers of predefined length are threaded through perforated
molds, using the drilled plates as positioning guides based on the target fiber content and
diameter. This approach allows controlled alignment and spacing of fibers during casting.
However, the degree of positional control varies across studies, ranging from regularly spaced
perforations designed to promote uniform fiber distribution to configurations where fiber
placement is introduced with limited positional constraint. As shown in Figure 1.6a, the
method remains labor-intensive, particularly at higher fiber densities, due to the need for
individual fiber placement (Al-Sodani, 2025; Bai et al., 2024; Chiadighikaobi et al., 2023;
Chiew, Ibrahim, Mohd Ariffin, et al., 2020).

As an alternative approach, Li, Li, Wan, et al., (2015) and Roye et al., (2009) proposed
integrating optical fibers into textile structures. In this method, fibers are arranged
unidirectionally and fixed at their ends using threads, forming a fabric that can be placed into
the mold in layers. This method, illustrated in Figure 1.6b, improves placement efficiency and
promotes regular spacing, although it introduces constraints related to fiber alignment stability

and handling and during casting.

A more recent alternative is extrusion-based 3D printing, in which the cementitious material is
deposited around pre-positioned fibers. Lyu et al., (2024) investigated this approach and
reported that compressive strength decreases when loading is applied parallel to the fiber
alignment, while higher values are observed under perpendicular loading. This directional
dependence indicates that fiber orientation introduced during fabrication can lead to
anisotropic mechanical response. Mbabazi et al., (2026) reported improved buildability using
printed cellular geometries (hollow internal structure in the printed layer), which enhanced
structural stability while maintaining reduced thermal conductivity and allowing significant
light transmission in the composite. As shown in Figure 1.6c, this method also allows
geometric control compared to formwork-based techniques but requires careful adjustment of

mixture rheology to ensure printability and adequate fiber-matrix interaction.
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Additional fabrication strategies are also reported. In the post-insertion method, fibers are
introduced into pre-drilled holes after matrix hardening. Post-insertion methods provide high
positional accuracy but modify the fiber-matrix interface, which can influence both mechanical
continuity and optical coupling. As a result, these approaches shift the source of variability
from placement control to interfacial behavior (Bai et al., 2024). A related variant involves
casting with conventional molds followed by cutting or surface finishing of the hardened
material to expose fiber ends and enable light transmission. This approach simplifies
fabrication but provides limited control over fiber distribution within the bulk material
(Henriques et al., 2020). For resin-based systems, Juan & Zhi, (2019) produced prefabricated
light guides inserted prior to casting, while Pilipenko et al., (2018) created voids later filled
with resin. These approaches enable geometric flexibility but introduce material compatibility

considerations.

Across the reported methods, maintaining fiber position during casting remains a practical
concern, and its effectiveness depends on a combination of mixture rheology, fiber
arrangement, and processing conditions. In more fluid systems, the matrix can more easily
flow around and between closely spaced fibers, improving mold filling and reducing local
defects. In mixtures with low workability, flow may be insufficient to fully surround dense
fiber arrangements, increasing the risk of voids or incomplete filling (Navabi et al., 2021).
External compaction can further modify these conditions by promoting matrix rearrangement
and affecting internal fiber positioning (Arcolezi, Marion, et al., 2025). More broadly,
fabrication methodology acts as a source of variability in LTCC systems rather than only a
processing step. Differences in rheology, placement stability, and compaction conditions
influence fiber distribution, interfacial quality, and defect formation, which are reflected in
both optical and mechanical performance. This perspective is important when comparing
results across studies, as differences in fabrication can produce variations in performance that

are independent of material composition.
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1.5 Optical performance

In fiber-optic LTCC, light transmission defines how much light can pass through an opaque
structural element. In these composites, light is guided through the cementitious matrix by
embedded optical fibers, whose transparent cores act as discrete pathways between the two
faces of the material (Kasap, 2018). From a physical standpoint, optical performance in LTCC
systems is influenced by two coupled components: the overall light transmittance of the fiber
network and the efficiency of light coupling into and out of the fibers. Optical performance in
fiber-optic LTCCs is determined by how efficiently light is guided through the embedded fiber
network across the thickness of the element. The measured transmittance depends on both
specimen-related parameters, such as fiber surface density, diameter, spacing, and sample
thickness (Henriques et al., 2018; Huynh Phuong Nam et al., 2022; Yue Li, Li, Wan, et al.,
2015; Mei Chiew et al., 2022), and experimental conditions, including source and detector
distances, angle of incidence, and measurement environment (Huynh Phuong Nam et al., 2022;
Yue Li, Li, & Guo, 2015; Sharifi et al., 2023 Tahwia et al., 2022). These two groups of
parameters are not independent in reported results, as experimental configurations influence

how intrinsic material properties are observed and quantified.

For clarity, these parameters can be grouped into two categories: intrinsic parameters, which
define the maximum transmittance of the composite, and set-up-dependent parameters, which
determine the actual transmittance measured in a given experiment. The distinction between
specimen-intrinsic and setup-dependent parameters is relevant for the interpretation of results
across studies. Reported optical responses may reflect differences in composite design as well
as variations in the light source, detector, measurement geometry, and calculation procedure.
Figure 1.7 illustrates these parameters and the optical characterization arrangement most

commonly reported in the literature.
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Figure 1.7 Schematic representation of the optical transmittance measurement configuration
and classification of parameters that may influence the reported optical response of fiber-
optic LTCCs

Optical transmittance is a central component of LTCC performance characterization; however,
no standardized test protocol currently exists for measuring it. Experimental configurations
vary substantially across the literature in terms of test environment, instrumentation, and
reported quantity (Bai et al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020; Henriques et
al., 2018). This variability limits direct comparison between studies. Part of the variation in
reported values is therefore associated with differences in measurement conditions, in addition
to intrinsic material behavior. Measurements have been conducted in both open spaces and
enclosed dark chambers. The latter approach (Altlomate et al., 2016; Chiew, Ibrahim, Mohd
Ariffin, et al., 2020; Henriques et al., 2018; Huang & Lu, 2020; Rong et al., 2023) isolates the
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specimen from ambient light and ensures controlled incidence conditions, improving
reproducibility. Open-space configurations (Nam et al., 2025, 2024), in contrast, introduce
uncontrolled ambient light contributions that can inflate apparent transmittance values. To
mitigate this, the authors (Nam et al., 2025, 2024) employ a lens-based setup in which a first
lens focuses the light source onto the specimen face, and a second lens collects and directs the

transmitted light toward the detector.

Beyond the test environment, the instrumentation used to quantify transmitted light further
complicates inter-study comparison. Four main types appear in the literature: optical power
meters (mW) (Arcolezi et al., 2026), luxmeters (lux) (Delnavaz, Najari, Hashemian, & Amiri,
2026; Henriques et al., 2020; Mbabazi, Luo, Du, Wang, & Lyu, 2026; Momin et al., 2014),
LDR-based resistance circuits (2 or mA) (Dadavali & Reddy, 2025; Huong & Kassim, 2019;
Mahto & Kujure, 2017; Palanisamy et al., 2022; Tahwia et al., 2021; Tuaum et al., 2018), and
spectral or imaging detectors such as spectrometers and CCD cameras (Yue Li, Li, & Guo,
2015; Nam et al., 2025). Because these produce outputs in incompatible units, raw transmitted
signals cannot be directly compared across studies. To address this, Chiew, Ibrahim, Mohd
Ariffin, et al., (2020) recommend expressing light transmission as an efficiency in percentage,
based on the ratio between transmitted and incident signals measured under the same
conditions. This formulation reduces the influence of source intensity and measurement setup,
and has been adopted or discussed by several authors (Arcolezi et al., 2026; Yue Li, Li, & Guo,
2015; Mainini, Poli, Zinzi, & Cangiano, 2012; Mei Chiew et al., 2022; Spiesz et al., 2016;
Tuaum et al., 2018). However, even when normalized metrics are used, the influence of
measurement configuration is not fully removed, as detector positioning, alignment, and
capture geometry continue to affect the recorded signal. A significant portion of the literature
still reports only absolute transmitted signals, which remain strongly dependent on the specific

experimental configuration and limit cross-study comparison.

Adopting transmittance as a percentage addresses part of this variability but does not remove
the physical limits imposed by the specimen. The cementitious matrix is opaque and does not

contribute to light transmission, so the maximum transmittance is controlled by the fiber array.
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The fiber transmission, defined as the fraction of light that propagates through a fiber over a
given length, can be estimated from the attenuation coefficient (Kasap, 2018). For typical
PMMA fibers, attenuation at visible wavelengths is low, and transmission remains close to
unity. Under these conditions, losses within the fiber are small compared to those at the
entrance and exit faces. Based on this, Arcolezi et al., (2026) proposed estimating the
theoretical maximum transmittance from the geometric fraction of fiber cores within the
specimen cross-section. This value represents an upper bound defined by the available light-
transmitting area, independent of measurement setup. In practical terms, this maximum value
corresponds to the total area of all fiber cores, multiplied by their transmission efficiency, and
divided by the total cross-sectional area of the specimen. This reference helps separate the
transmittance of the LTCC sample from losses introduced by fabrication and measurement
conditions. Measured values close to this upper bound indicate that most of the incident light
is effectively coupled into the fibers and transmitted through the specimen. Measured values
close to this limit indicate efficient coupling and transmission, while lower values reflect
additional losses associated with surface condition, misalignment, or measurement

configuration.

The influence of the main variables reported in the literature can be grouped into specimen
intrinsic parameters and measurement set-up conditions. Figure 1.8 summarizes the qualitative
trends most frequently observed for these variables based on data compiled from multiple

reviewed studies rather than specific experimental datasets.
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Figure 1.8 Qualitative trends of optical transmittance in fiber optic light transmitting
cementitious composites as a function of specimen intrinsic parameters and measurement
setup conditions

Among the specimen-intrinsic parameters (Figure 1.7), fiber volume fraction is consistently
associated with higher transmittance because a larger proportion of the cross-section becomes
available for light conduction. In contrast, increasing fiber spacing reduces the number of light
transmission paths per unit area and therefore lowers the transmitted signal. The influence of
fiber diameter is more complex because its effect depends on the geometric constraint imposed
during specimen design. Under constant fiber spacing, larger diameters increase the
transmissive area and tend to increase transmittance, whereas under constant fiber volume
fraction, the same increase reduces the number of fibers and may lower the measured signal

(Al-Sodani, 2025; Bai et al., 2024).

Among the setup-dependent variables (Figure 1.7), the angle of incidence affects the efficiency
of light coupling into the fibers. Transmittance remains relatively stable while the incident

angle remains within the fiber acceptance cone, followed by a rapid decrease once the
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acceptance limit is exceeded. The distance between the artificial point like light source and the
specimen also influences the measured signal because insufficient beam expansion at very
short distances and irradiance losses at larger distances can both reduce coupling efficiency,
leading to an intermediate optimum source position. Similarly, the distance between the
specimen and the single photodetector determines how much of the emerging light cone is
captured by the sensor, producing a characteristic optimum detector position beyond which the
measured transmittance decreases (Arcolezi et al., 2026; Huynh Phuong Nam et al., 2022; Yue
Li, Li, & Guo, 2015; Mei Chiew et al., 2022; Rong et al., 2023; Tahwia et al., 2021; Tuaum et
al., 2018).

Available experimental results are consistent with this geometric behavior. Studies with larger
specimens tend to report peak transmittance values at greater detector distances, while smaller
specimens reach maximum readings closer to the output surface. In some instances,
measurements are conducted at distances beyond the expected optimum, which leads to
systematic underestimation of transmittance. At very short distances, detector saturation or
non-uniform light distribution may also affect the measurements. In addition, the use of single-
point sensors can introduce local bias, depending on fiber distribution across the specimen

surface (Arcolezi et al., 2026).

Taken together, these observations indicate that a significant part of the variability in reported
transmittance values is associated with measurement configuration, particularly detector
positioning, rather than intrinsic specimen properties. As a result, reported transmittance values
reflect a combined effect of material design and experimental conditions, which should be
considered when comparing results across studies. More generally, although transmittance is
widely investigated in LTCC, the associated methodologies are not consistent. The lack of a
standardized procedure results in data that combine material response and measurement

conditions, which limits direct comparison between studies.

To improve consistency, future work should report key experimental parameters, including

fiber numerical aperture, specimen dimensions, source and detector distances, angle of
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incidence, surface condition of fiber ends, and the method used to calculate transmittance.
More consistent reporting and controlled measurement configurations would support clearer
identification of material-related trends, particularly with respect to fiber volume fraction and

geometric parameters.

1.6 Mechanical performance

Optical fiber incorporation modifies the internal structure of cementitious composites by
introducing discrete inclusions within a continuous matrix. Unlike conventional fiber
reinforcement, where the primary objective is mechanical enhancement via fillers, optical
fibers are primarily introduced to enable light transmission, and their contribution to load-
bearing capacity is secondary. As a result, mechanical performance reflects the combined
influence of fiber geometry, distribution, volume fraction, and fiber-matrix interaction, rather

than fiber addition alone.

1.6.1 Compressive strength

Given the variability in reported test conditions and material compositions across studies,
direct comparison of compressive strength results is not straightforward. Compressive strength
is the most frequently reported mechanical property in LTCCs, yet the available results span a

wide range of behaviors and configurations, which makes finding any single trend difficult.

To enable comparison, the results can be reported in normalized form (Al-Sodani, 2025; Bai
et al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020). In this approach, the strength of a
fiber-reinforced specimen is divided by the strength of a corresponding fiber-free control
mixture from the same study, such that the reported value represents a relative change induced
by fiber incorporation. This approach reduces part of the variability associated with mix design
and testing conditions, but does not fully isolate the effect of fiber incorporation. This
procedure is intended to reduce the influence of differences in mix design and testing
conditions and to improve comparability between studies. However, the reference mixture

itself varies across studies, which limits direct comparison between normalized values.
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This normalization relies on the implicit assumption that the cementitious matrix is a fixed and
well-defined baseline, as typically assumed in conventional fiber-reinforced concrete. In
LTCCs, this assumption does not hold, since both matrix composition and testing procedures
vary substantially across the literature. As a result, normalized values reflect differences
between two systems within the same study, but do not necessarily provide a consistent basis
for comparison across studies. Differences in mix design, curing conditions, and testing
procedures remain embedded in the reported ratios, which contribute to the dispersion

observed in the literature.

It highlights that compressive strength does not depend only on fiber content, but also on the
fiber-matrix system, in which the matrix contributes to the overall mechanical response. The
magnitude of this effect depends on the baseline porosity and stiffness of the matrix. In this
context, the effect of fiber incorporation better understood as a perturbation of the matrix
system, whose magnitude depends on the sensitivity of the matrix to interfacial defects
(Mbabazi, Luo, et al., 2026). In more porous mortars, fibers introduce pronounced local
defects, whereas in denser systems such as ultra-high-performance concrete, the relative
porosity is small, but the material becomes more sensitive to localized damage (Henriques et
al., 2018; Navabi et al., 2021). In self-compacting matrices, improved rheology may enhance
fiber encapsulation and reduce void formation (Tahwia et al., 2021). Consequently, different
matrix systems can produce different normalized compressive strengths for the same fiber
content. This is consistent with the broad dispersion observed in normalized datasets, as

illustrated in Figure 1.9.
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Figure 1.9 Normalized compressive strength of LTCCs according to the increase in fiber
volume fraction

Among the studies examined, matrix compositions range from conventional M30 Portland
cement concrete at w/c = 0.42 (Sawant, Jugdar, & Sawant, 2014) to ultra-high-performance
systems with w/c = 0.28, silica fume, quartz powder, and superplasticizer (Navabi et al., 2021).
Intermediate cases include sulfoaluminate cement mortars with blast furnace slag (Yue Li, Li,
& Guo, 2015), high-strength white cement systems with limited mix details (Stochl, Vychytil,
& Hajek, 2023), and self-compacting concretes incorporating supplementary cementitious
materials at w/b = 0.27 (Nam et al., 2024; Tahwia et al., 2021). In several studies, the mix
design information is not reported. These differences correspond to fundamentally distinct
material systems with varying pore structures, hydration products, and interfacial properties.
Additional variability arises from curing conditions, which can influence matrix development
and ITZ formation (Yue Li, Li, & Guo, 2015). As a result, the normalized compressive strength
ratio should be interpreted with some caveats, as differences in matrix composition and testing

conditions between studies may influence the normalized values.

The predominant trend in literature is a reduction in normalized compressive strength with
increasing fiber content, reported across multiple studies (Sawant et al., 2014; Henriques et al.,
2018; Yue Li, Li, & Guo, 2015; Yue Li, Li, Wan, et al., 2015; Navabi et al., 2021; Tuaum et
al., 2019). This behavior is generally attributed to the smooth, hydrophobic surface of PMMA
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fibers, which weakens interfacial bonding, promotes microcrack initiation, and reduces
effective load-bearing area. At 5% fiber content, normalized values of 0.80-0.89 are typical in
mortar systems, decreasing to around 0.60 in UHPC (Navabi et al., 2021) and 0.42 in
lightweight concretes (Lian & Yin, 2022), where additional matrix porosity intensifies

interfacial damage.

However, several studies report neutral or positive trends. In self-compacting matrices,
(Tahwia et al., 2021) observe increases in normalized compressive strength from 1.03 to 1.18
with fiber content, while (Huong & Kassim, 2019) reports values up to 1.20 at low fiber
fractions. Sharma, Devi, & Saini, (2025) and Antony Samy et al., (2025) report gains up to
12% and 21%, and Altlomate et al., (2016) reports a value of 1.29 at low content. These
deviations are often interpreted through mechanisms such as fiber spacing effects or matrix
densification, although their evaluation is limited by insufficient matrix characterization in
most studies. These variations indicate that the direction and magnitude of strength change
depend on the interaction between fiber content and matrix properties, rather than on fiber

content alone.

A more cautious interpretation is that the effect of fiber content cannot be separated from the
sensitivity of the surrounding matrix to interfacial defects. In low water/cement, SCM-rich
systems, the denser matrix and narrower interfacial transition zone may partially mitigate fiber-
induced porosity through crack arrest and microstructural refinement at moderate fiber
contents. In contrast, higher w/c matrices exhibit weaker interfaces and higher inherent
porosity, leading to a more pronounced degradation in mechanical performance even at
relatively low fiber fractions. In high-strength systems such as UHPC, the reduced ability to
redistribute localized stress concentrations may further amplify the impact of interfacial
defects, resulting in a stronger decline with increasing fiber content (Al-Sodani, 2025; Bai et
al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020). They may explain why decreasing,

neutral, and increasing trends can all appear in the current literature.
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The influence of fiber diameter is similarly inconsistent. Some studies (Al-Sodani, 2025;
Bashbash, Algedra, Hajrus, & Wafi, 2013; Sangeetha et al., 2022) report strength increases
with larger diameters, attributing this to higher stiffness under confinement. Others (Nam et
al., 2024) report reductions due to an increased interfacial weak zone per unit volume. Both
mechanisms are plausible, and their relative importance likely depends on matrix stiffness and
porosity, which are not consistently characterized or controlled across studies. These results
indicate that the variability in reported trends is strongly influenced by differences in matrix
properties and experimental conditions across studies. As a result, isolating the effect of fiber
parameters such as content or diameter remains challenging. More detailed reporting of matrix
characteristics may help clarify these trends, but current comparisons remain largely context

dependent.

1.6.2 Flexural strength

Flexural strength data for LTCCs show greater dispersion than compressive strength, with
normalized values ranging from 0.68 to 1.55 at 28 days across the compiled studies (Figure
1.10). This wider range reflects the combined influence of matrix composition, fiber
arrangement, and testing configuration. In contrast to compressive strength, flexural response
1s more sensitive to fiber orientation and local stress distribution, which increases variability
between studies. In this context, fibers may contribute differently depending on their
interaction with the surrounding matrix and their orientation with respect to the stress field,

although these aspects are not consistently quantified in LTCC studies.
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Figure 1.10 Normalized flexural strength of LTCCs according to the increasing in fiber
volume fraction

The dominant trend is a reduction in normalized flexural strength with increasing fiber content,
consistent with the compressive behavior and commonly associated with interfacial transition
zone discontinuities. This pattern is reported across studies with different matrix systems and
fiber proportions (Henriques et al., 2018, 2020; Yue Li, Li, & Guo, 2015; Yue Li, Li, Wan, et
al., 2015; Nam et al., 2024; Tuaum et al., 2019). The reduction is generally progressive with
fiber content, although deviations from monotonic behavior are observed. In (Henriques et al.,
2020), for example, values of 0.79, 0.68, and 0.75 are reported at 2, 3.5, and 5 percent fiber
content, respectively, suggesting that additional effects may influence the response at higher
fiber proportions. Such behavior is not observed in (Henriques et al., 2018), indicating that
differences in fiber distribution and local arrangement may contribute to variability in flexural

response under otherwise comparable matrix conditions.

Some studies report increases in normalized flexural strength. Emanet & Arda Buyuktaskin,
(2023) observe normalized flexural strengths of 1.37, 1.48, and 1.55 at 1, 1.6, and 2.4 percent

fiber content, respectively, which are among the highest reported in the dataset. This behavior
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is often interpreted as a matrix-dependent response, particularly lower fracture resistance,
which can alter the balance between matrix cracking and load transfer mechanisms at relatively
low fiber contents. Antony Samy et al., (2025) and Singh, Bhatnagar, & Singh, (2023) also
report moderate increases in flexural strength at low fiber contents, while small reductions in
compressive strength are observed in the same mixtures, indicating that compressive and

flexural responses may not vary in the same direction under identical material conditions.

Fiber orientation is an additional variable that may influence flexural performance in LTCCs,
although it has not been systematically investigated in the context of this material. In fiber-
reinforced cementitious composites more broadly, fibers oriented longitudinally along the
beam span tend to produce better flexural results than transversally oriented fibers, as they are
more favorably positioned relative to the tensile stress field developed during bending (Huynh
Phuong Nam et al., 2022; Liu, Feng, Liu, Li, & Tang, 2023; Lyu et al., 2024). Whether this
relationship holds consistently in LTCCs, where fiber arrangement is also constrained by light

transmission requirements, remains an open question that requires further investigation.

Flexural performance in LTCCs therefore vary with the interaction between matrix properties,
fiber arrangement, and testing methodology, rather than on fiber content alone. The variability
observed across studies is therefore associated with differences in matrix composition, fiber
configuration, and testing conditions, which are not consistently standardized in the current
literature. As in optical characterization, part of the variability in reported mechanical
properties is associated with differences in experimental procedures, which should be

considered when comparing results across studies.

The compiled data supports the examination of general trends in normalized strength, but they
do not provide a consistent basis for isolating the independent contributions of fiber diameter,
spacing, matrix composition, and fabrication conditions. These parameters are not reported
uniformly across the reviewed studies. Therefore, the figures are interpreted as an exploratory

cross-study synthesis rather than as a formal meta-analysis.
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A combined optical-mechanical synthesis is further limited by a difference between the two
domains. Mechanical results can be normalized against a fiber-free control of the same study,
comparing strength in MPa to strength in MPa. Optical results have no equivalent reference,
as a fiber-free matrix transmits no light, and reported values span different physical quantities
(lux, mW, Q or mA, and %). The two domains therefore cannot be reliably paired study-by-
study.

1.7 Durability and sustainability considerations

The durability of LTCC remains insufficiently documented, particularly in long-term
environmental exposure. Although the degradation mechanisms affecting the cementitious
matrix are similar to those observed in conventional materials, the presence of embedded
optical fibers introduces microstructural features that may influence transport properties and
long-term performance (Al-Sodani, 2025; Bai et al., 2024). Current knowledge is largely based
on short-term mechanical and physical characterization, while long-term durability data remain
limited. Experimental studies have focused primarily on mechanical characterization, while
durability aspects such as freeze-thaw resistance, carbonation, and long-term environmental

aging remain less explored (Emanet & Arda Buyuktaskin, 2023).

The durability response also depends on fiber type. PMMA fibers are generally stable in
alkaline environments but may be sensitive to ultraviolet radiation and thermal exposure at
exposed surfaces, which can affect optical performance over extended periods (Chiew,
Ibrahim, Rus, Fadzir, & Abd Rabbi, 2025). In contrast, glass fibers are more susceptible to
alkaline attack from the cementitious matrix, which may result in progressive degradation
(Chen, Wang, Pan, Lawi, & Zhu, 2021). These differences indicate that durability in LTCC
systems depends on the interaction between fiber properties and the surrounding matrix
environment. The use of supplementary cementitious materials, such as fly ash or slag, has
been discussed as a strategy to reduce matrix alkalinity and mitigate these effects, in line with

observations reported by Spiesz et al., (2016), Chen et al., (2021) and Pagliolico et al., (2015).
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From a thermal standpoint, the incorporation of optical fibers modifies heat transfer within the
composite. Polymer optical fibers exhibit lower thermal conductivity (approximately 0.15-0.2
W/m-K) compared to typical cementitious materials, which can result in a reduction in overall
thermal conductivity (Al-Sodani, 2025). The magnitude of this effect depends on fiber content,
distribution, and matrix composition, and remains insufficiently quantified in the current

literature.

In terms of energy performance, LTCC is frequently associated with passive daylighting
applications. By transmitting natural light through building elements, the material can reduce
the demand for artificial lighting. Reported energy savings vary depending on configuration,
with some studies indicating significant reductions under favorable conditions (Ahuja &
Mosalam, 2017; Delnavaz et al., 2026; Huang & Lu, 2020; Su et al., 2023). However, these
estimates are often based on specific configurations and may not be directly transferable across
different systems. At the same time, the transmission of solar radiation may influence thermal
loads, indicating that performance should be evaluated at the building scale rather than at the

material level alone.

Environmental and economic aspects remain relatively underexplored. The environmental
impact of LTCC is largely governed by the cementitious matrix, with additional contributions
from optical fibers, whose production is comparatively energy-intensive (Al-Sodani, 2025; Bai
et al., 2024). Fiber content therefore directly influences both environmental footprint and cost
and remains one of the main constraints for broader application. At present, life-cycle
assessments specific to LTCC systems remain limited, which limits quantitative comparison

with conventional cementitious materials.

Taken together, available studies indicate that durability in LTCC systems is influenced by the
presence of fiber-induced discontinuities, the properties of the fiber material, and the
surrounding matrix composition. However, the absence of long-term and standardized
durability data limits the ability to assess how these factors interact under service conditions.

As a result, current understanding remains largely qualitative, and further work is needed to
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establish consistent evaluation methods and to clarify the long-term performance of these

materials.

1.8 Fiber-optic cementitious composite applications

Applications of fiber-optic LTCCs can be grouped into two main categories: architectural
applications, which use the visual effect of light transmission through an opaque cementitious
material, and functional applications, in which the embedded fiber network is used for sensing,
energy harvesting, or environmental control. In some cases, both functions are combined
within the same composite element. The feasibility of these applications depends on the
balance between optical performance, mechanical requirements, and fabrication constraints

discussed in previous sections.

Translucent cladding panels represent the most widely reported use of these materials. In this
configuration, LTCC panels are installed as non-structural or semi-structural facade elements
that transmit daylight from the exterior to interior spaces while maintaining an opaque
appearance from the outside. The visual effect, in which the silhouettes of external objects or
changes in daylight intensity remain visible through the panel surface, has been used for both
daylighting and architectural design (Al-Sodani, 2025; Bai et al., 2024; Chiew, Ibrahim, Mohd
Ariffin, et al., 2020). Commercial systems, including LiTraCon in Hungary (LitraCon®, 2026)
and Lucem Luccon in Germany (LUCEM Luccon®, 2026), have been installed in office
buildings, public spaces, and exhibition environments across Europe and Asia, demonstrating
the technical viability of this application at full scale. These applications are typically non-
load-bearing, which reduces the impact of the mechanical limitations associated with fiber

incorporation.

Interior partitioning is a related use, where LTCC panels are applied as dividing walls,
countertops, or decorative surfaces. Their ability to transmit artificial light from one side of the
element to the other creates lighting effects without transparent glazing (Al-Sodani, 2025; Bai
et al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020). In these applications, optical
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performance and visual output are prioritized, while mechanical demands remain moderate. In
this context, structural demands are limited, and the main design parameter becomes the optical
output, including the uniformity of light distribution and the transmitted pattern produced by

different fiber arrangements.

Street furniture, decorative paving elements, and public art installations form another group of
architectural uses in which LTCC is used mainly for its visual properties (Al-Sodani, 2025;
Bai et al., 2024; Luhar et al., 2021). These applications impose lower structural demands, but
require attention to surface durability, UV stability of exposed fiber ends, and resistance to
mechanical wear. Surface condition and environmental exposure become relevant in these

cases, as they influence the long-term preservation of optical performance.

Functional applications extend the use of the fiber network beyond passive light transmission.
The integration of LTCC with photovoltaic systems has been investigated as a way to combine
structural function, daylight transmission, and energy generation within a single facade
element (Yan Li, Zhang, Cao, Hu, & Guo, 2021). In this approach, optical fibers guide solar
radiation from the exposed face of the panel to photovoltaic cells positioned at the opposite
face or inside the element. The efficiency of this approach depends on light coupling
conditions, fiber arrangement, and transmission losses, which are not yet consistently

quantified in the literature.

Structural health monitoring through fiber-optic sensing is one of the most studied functional
directions (Makul, 2020). In this configuration, the embedded fiber network serves as both a
light-transmitting medium and a sensor. Variations in the optical signal caused by strain,
microcracking, or fiber damage can be measured at the fiber ends and correlated with the
structural condition of the element. Laboratory studies have shown the possibility of detecting
crack initiation, crack propagation, and load variation in beams and panels (Merzbacher et al.,
1996). The reliability of this approach depends on the stability of the optical signal and the
durability of the fiber-matrix system under service conditions. Representative examples of

these application directions are presented in Figure 1.11.
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(b) Decorative furniture (c) Translucent facade

Figure 1.11 Applications of light-transmitting concrete (LTC): (a) optical fiber sensing
embedded in reinforced concrete, (b) decorative furniture panels, (¢) translucent facade panel
demonstrating natural light transmission potential for reduced artificial lighting
Reproduced and adapted with the permission of CC BY 4.0 license (Lemcherreq et al., 2022;
Stochl et al., 2023; Huang & Lu, 2020)

Across these application areas, the transition from laboratory studies to practical installations
has been more consistent in architectural uses, where performance can be assessed visually
and structural requirements are less restrictive. Functional uses involving sensing, energy
conversion, or communication remain at earlier stages of development and still require
improved integration methods, durability assessment, and more consistent performance
evaluation before broader implementation. These differences reflect the current limitations of
LTCC systems, in which optical performance can be achieved under controlled conditions,
while mechanical reliability, reproducibility and cost-effectiveness require more research and

development to further expand practical applications.

1.9 Current challenges and future prospects

After approximately two decades of research, fiber-optic LTCCs continue to face a set of
interconnected challenges that limit their broader implementation. These challenges can be
broadly grouped into four aspects: standardization, mechanical-optical balance, durability, and

practical implementation.
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The lack of standardized procedures remains a central limitation. Variations in optical
measurement methods, including differences in instrumentation, environmental conditions,
and reporting formats, make comparison between studies difficult (Al-Sodani, 2025; Bai
et al., 2024; Chiew, Ibrahim, Mohd Ariffin, et al., 2020). Similar variability is observed in
mechanical characterization and fabrication procedures, where differences in matrix
composition, fiber arrangement, and testing configuration influence reported performance.
This issue is particularly evident in transmittance measurements, where inconsistent
methodologies obscure the relationship between material parameters and reported results.
More consistent reporting and controlled experimental conditions are required to improve
comparability and to support clearer identification of material-related trends.

The balance between optical and mechanical performance also represents an important
design constraint. Increasing fiber volume fraction generally improves light transmission
but is often associated with reductions in compressive and flexural strength due to
increased porosity and interfacial effects (Al-Sodani, 2025; Chiadighikaobi et al., 2023).
This trade-off reflects the coupled nature of LTCC systems, in which design parameters
simultaneously influence optical and mechanical behavior. While this relationship is well
documented, predictive models that can describe this balance across different matrix
systems are still limited.

Fabrication methods present additional challenges. Current approaches frequently rely on
manual fiber placement, which is time-consuming and limits scalability (Bai et al., 2024;
Shen, Li, Zheng, Liu, & Wang, 2026). In addition to scalability, manufacturing influences
fiber distribution, alignment, and defect formation, which contributes to variability in both
optical and mechanical performance. Advances in automated fabrication techniques may
help address these limitations.

Durability considerations further contribute to wuncertainty regarding long-term
performance. As discussed in Section 1.7, the influence of fiber-matrix interaction on
transport properties and environmental resistance remains insufficiently characterized,
particularly under combined exposure conditions. The lack of long-term and standardized

durability data limits the ability to assess performance under service conditions.
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Although there are many challenges, there are several directions that offer potential for future
development. Alternative translucent systems, including resin-based materials and glass-based
inclusions, have been explored as cost-effective options, although their behavior differs from
fiber-based LTCC and requires further evaluation (Al-Sodani, 2025). In addition, improved
experimental methodologies and more consistent reporting practices would support a more

reliable comparison of results across studies.

From a broader perspective, LTCC continues to present potential as a material combining
structural and optical sensing and light-transmitting functions. In particular, its integration with
structural health monitoring systems, through light transmission or embedded sensing
strategies, represents a promising application for real-time condition assessment in
infrastructure. In addition, emerging uses in architectural lighting and visual communication
further expand its functional scope. Future progress is expected to depend on improved
reproducibility, clearer interpretation of experimental results, and better understanding of long-
term performance. Further developments in standardization, fabrication methods, durability
assessment, and system-level design may support a more reliable evaluation of performance

and clarify where this material can be realistically applied in construction.
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Abstract

Light-transmitting concrete (LTC) is a cement-based composite that incorporates optical fibers
to allow light transmission through cementitious composites elements, enabling architectural
lighting. Despite growing interest in its optical performance, LTC lacks standardized
procedures for measuring light transmittance, particularly concerning the distance between the
specimen and the photodetector. This study addresses this gap by introducing a physical model
based on a super-Gaussian intensity distribution to describe the light behavior emitted from
embedded optical fibers. The model is validated through experimental tests using 5 cm cubic
LTC specimens with up to 16 fibers and detector distances ranging from 1 to 20 cm. The results
reveal a nonlinear relationship between detector distance and measured transmittance, with an
optimal detection distance observed around 5 cm for the investigated configurations.
Specifically, for the 16-fiber configuration, the peak transmittance reached 0.33% at the
optimal distance, which is higher than the 0.23% recorded at 1 cm or the 0.17% at 20 cm.
Based on these findings, a practical predictive rule is proposed, linking this optimum to the
fiber's numerical aperture and the specimen’s dimensions. By providing a physically grounded
framework for reliable optical transmittance measurements, the proposed approach highlights

the potential of LTC for use in functional and smart concrete systems. Moreover, it contributes
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to the standardization of measurement procedures, enabling more consistent and reproducible

evaluations of LTC performance in both research and industrial contexts.

2.1 Introduction

Light-transmitting concrete (LTC) and other cement-based composites are gaining recognition
as materials that incorporate translucent or light-guiding components capable of transmitting
light through the cementitious matrix (Chiew, Ibrahim, Mohd Ariffin, Lee, & Singh, 2023;
Lubhar et al., 2021; Said, 2020; Shen & Zhou, 2013). These properties support applications in
architectural design, integrated lighting systems, and sustainability-focused construction
(Chiew et al., 2023; Chiew, Ibrahim, Sarbini, et al., 2020). Beyond its aesthetic appeal, LTC’s
ability to harness natural light can help reduce energy consumption from artificial lighting,
thereby reinforcing interest in its optical behavior (Ahuja & Mosalam, 2017; Navabi, Amini,
Rahmati, & Tahbaz, 2023; Shen & Zhou, 2021; Su, Zhang, Luo, & Liu, 2022). More broadly,
cement-based composites incorporating optical fibers have been described in the literature as
systems with passive or active optical behavior (Inaudi et al., 2005). In passive configurations,
such as conventional light-transmitting concrete, optical fibers guide light through the
cementitious matrix, and optical transmittance is used to characterize the material’s optical
response. In active configurations, optical fibers are integrated into systems that enable
interaction with external stimuli, supporting functionalities such as sensing, signal

transmission, or image-related applications (Arcolezi et al., 2025).

The efficacy of light transmission in LTC depends on parameters such as the diameter and
content ratio of optical fibers (Henriques, Dal Molin, & Masuero, 2018; Yue Li, Li, & Guo,
2015; Mei Chiew, Syahrizal Ibrahim, Azreen Mohd Ariffin, Lee, & Kumar Singh, 2022; Nam
etal., 2022), the spatial distribution of fibers and their density within the composite (Altlomate,
Alatshan, Mashiri, & Jadan, 2016; Mei Chiew et al., 2022; Pourkazemi, Vahdati, Mirvalad, &
Mahdikhani, 2024; Shenoy, Nayak, Tantri, & Shetty, 2022), characteristics of the light source,
such as wavelength and power (Yue Li, Li, Wan, & Xu, 2015; Nam et al., 2022; Navabi et al.,
2023; Sharifi, Navabi, & Mosavi, 2023), the numerical aperture (NA) of the optical fibers
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(Huang, 2020; Su et al., 2020; Su, Zhang, Luo, et al., 2022), and the distance between the
sample and the detector (Yue Li, Li, Wan, et al., 2015; Sharifi et al., 2023; Tahwia, Abdelaziz,
Samy, & Amin, 2022). Owing to the large number of variables involved in the light
transmittance measurements of LTC, there is considerable variation in the methodologies used
in the scientific literature. This variability limits the comparability of reported results and
affects the assessment of cement-based composites with optical fibers in both passive and
active configurations. In this work, we theoretically and experimentally study the main
parameters that influence light transmittance measurements of LTC with optical fibers and

identify conditions that support more consistent and reproducible measurement procedures.

Light transmission in optical fiber-based LTC is enabled by the inclusion of optical fibers
within a cementitious matrix (Chiew et al., 2023). Studies have consistently shown that
increasing the optical fiber content and diameter tends to enhance light transmittance (Yue Li,
Li, & Guo, 2015b; Mei Chiew et al., 2022), while an increase in the distance between the
sample and the photodetector leads to a reduction in transmission due to light dispersion
(Henriques et al., 2018; Yue Li, Li, & Guo, 2015; Mei Chiew et al., 2022; Rong et al., 2023;
Stochl, Vychytil, & Hajek, 2023). Despite these well-established trends, light transmittance
measurement in optical fiber LTC lacks standardization, leading researchers to adopt diverse
testing methods across studies (Bai et al., 2024; Henriques, Dal Molin, & Masuero, 2020). The
absence of standardized methods for measuring detector-sample distance constitutes a

significant gap in the field that the present study aims to address.

Experimental studies have highlighted the influence of detector distance on transmittance
measurement results. Rong et al., (2023), in their investigation of LTC wall panels, observed
that light intensity decreased from a measured peak of 46 lux to 11.8 lux as the distance from
the sample and the light meter increased from 10 cm to 50 cm, regardless of the fiber
configurations tested. Similarly, Robles et al., (2020) reported a gradual decrease in optical
power, with increasing detector distance, with a more pronounced effect at distances between

0 and 100 mm. They found that at distances greater than 10 cm, the optical power ratios for
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LTC samples with different fiber diameters converged, suggesting that the impact of fiber

diameter on transmittance diminishes at larger distances.

Consistent trends have also been reported for different fiber diameters and sample geometries.
Nam et al., (2022) reported a significant decrease in light intensity, as the detector distance
increased from 10 cm to 30 cm when analyzing samples with fiber diameters ranging from
0.75 mm to 1.5 mm. The authors found that while larger fibers allowed higher initial power,
they were also more susceptible to light dispersion over longer distances. Notably, fibers with
a large diameter of 1.5 mm exhibited the highest power at any given distance, but experienced
the highest drop as the detector moved farther from the sample, with an average light power
reduction from approximately 100 pW at 10 cm to 10 uW at 30 cm. Tuaum et al., (2018)
investigated the effect of detector distance on light transmittance in LTC by measuring light
intensity through samples with 2 mm and 3 mm diameter optical fibers at distances ranging
from 10 to 50 cm. They found that transmittance decreased by increasing the detector
distance. For 2 mm fibers with a 6% volume fraction, transmittance decreased from
approximately 22% at 10 cm to approximately 12% at 50 cm. For 3 mm fibers, under similar
conditions, transmittance decreased from approximately 19% at 10 cm to approximately 10%
at 50 cm. These studies collectively reinforce the sensitivity of the measured optical output to
detector-sample distance, highlighting the need for a clearer understanding of how this

parameter affects reported values.

Despite the recognized effect of detector-sample distance on transmittance measurements, this
parameter is still treated empirically, often lacking explicit physical justification or a
standardized criterion for detector placement. As a result, measurement distances are
frequently selected based on experimental convenience rather than on optical propagation
considerations. The present work addresses this gap by introducing a predictive framework for
detector placement based on super-Gaussian beam propagation. This approach correlates the
optimal detection distance with sample geometry and fiber numerical aperture, providing a

physically grounded basis for optical measurements in light-transmitting concrete.
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Building on the identified gap in light-transmission measurements, this study aims to address
the following research question: How does the distance between the light detector and the light-
transmitting specimen influence the detected light power, and what is the optimal distance for

reliable transmission measurements?

By integrating a theoretical model of light distribution from embedded fibers (Rativa &
Vohnsen, 2011; Shealy & Hoffnagle, 2005) with experimental evaluations of LTC samples
across varying fiber volume fractions, this work aims to quantify the relationship between
detector positioning and measured optical power. The objective is to identify a stable distance
range that ensures representative and reproducible transmittance measurements. Ultimately,
this research establishes a physically grounded methodology for the optical characterization of
light-transmitting concrete, providing a consistent basis for evaluating both passive and

optically active configurations in smart concrete research.

2.2 Materials and methods

2.2.1 LTC samples preparation

Samples of LTC with different quantities of optical fibers were fabricated and analyzed. The
cementitious matrix was inspired on limestone-calcined clay cement (LC?). Ordinary Portland
cement (type GU, conforming to CSA A3000 standards (CSA A3000, 2018)) served as a
primary binder, supplemented with calcined clay and limestone filler, and natural river sand as
fine aggregate, and a polycarboxylate-based superplasticizer. The mortar cube production
method followed the approach described by Arcolezi, Ung, & Ouellet-Plamondon, (2024) Jin,
Caron, & Ouellet-Plamondon, (2025). The optical fibers used in this study are made of
polymethyl-methacrylate (PMMA) with a core diameter of 1 mm, featuring high transparency
in the visible spectrum suitable for light guiding (Alonso Romero et al., 2023; Navabi,
Javidruzi, Hafezi, & Mosavi, 2021). Table 2.1 summarizes the properties of the PMMA fiber
used (Eska™).
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Table 2.1 Composition and properties of the partially translucent material

Core material Polymethyl-methacrylate resin
Core diameter 0.92 — 1.04 mm
Core refractive index 1.49
Cladding material Fluorinated polymer
Cladding diameter 0.94 — 1.06 mm
Cladding refractive index 1.40
Refractive index profile Step-index
Numerical aperture 0.5
Attenuation at 650 nm <0.0002 dB/mm
Operation temperature -55°C to 70°C
Tensile strength 83 MPa
Core material Polymethyl-methacrylate resin

To minimize misalignment losses, fibers were threaded through rigid, precision-drilled
formwork plates at both the input and output faces of the cubic molds. This ensured the fiber
longitudinal axes remained perpendicular to the concrete surface and parallel to the incident
light source, thereby reducing coupling losses associated with the fibers' acceptance cone

(Chiew et al., 2023).

Cubic LTC samples of 5 cm side length were used to evaluate the influence of fiber quantity
on light transmittance. Optical fibers were arranged in a square lattice pattern to provide a
standardized, reproducible geometric baseline for validation against the theoretical model.
While other distributions (e.g., random or hexagonal packing) are possible, the square
arrangement simplifies the geometric variables required for the model. The number of fibers
in a sample progressively increased, from a single fiber to 4, 9, and 16 fibers. Figure 2.1
illustrates the fiber distribution within the various samples and the corresponding photographs

for each configuration.
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Figure 2.1 Distribution of optical fibers embedded in light-transmitting concrete samples.
Fibers are shown for configurations with different numbers of fibers (N =1, 4, 9, 16)
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2.2.2 Light transmission analysis

Light transmittance tests were conducted within a matte black cardboard enclosure to minimize
reflections of light on the inner walls that would otherwise contaminate the measurements
(Huang, 2020). To ensure that only light passing through the fibers was measured while
effectively blocking ambient light, two walls were constructed around the specimen to prevent
light leakage (Figure 2.2). A 6 W LED light bulb with a peak wavelength of 600 nm and a
high-power RGB LED with peak wavelengths of 630 nm, 528 nm, and 465 nm were employed
as light sources. Each color channel of the RGB LED was calibrated to a constant output
intensity (3 W per channel) to ensure consistency across wavelengths, enabling accurate
comparison of light transmittance. All experiments were conducted in a standard room
temperature and humidity (around 21°C and 40% relative humidity) in a laboratory
environment to prevent variability from external environmental factors. These conditions are
comfortably within the operating range specified for PMMA fibers in Table 2.1, ensuring that
their optical behavior remains unchanged during testing. The cementitious matrix is also not
expected to undergo any measurable variation in optical response under such mild and stable

environmental conditions.
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Figure 2.2 Experimental setup for light transmission measurements, showing the sample,
light source, and detector (top cover removed for clarity)

To characterize the spectral distribution of the transmitted light, the spectrum of each light
source was measured using an optical spectrometer (HR4000CG, Ocean Optics Inc.), while
optical power measurements were performed using an integrating sphere photodiode (S142C,
Thorlabs Inc.) connected to a power meter interface (PM100USB, Thorlabs Inc.). The distance
between the light source and the sample was fixed at 5 cm to ensure uniform illumination
conditions across the entire 50 x 50 mm? sample face throughout the experiment. The
photodetector was centered both vertically and horizontally with respect to the sample, and the
distance between them (Figure 2.2, z-axis) was systematically varied to assess its impact on

the transmittance measurements and determine the optimal distance.

The photodiode features a 12 mm input diameter aperture, which is substantially smaller than
the specimen’s output surface. Since the detector samples are only a portion of the emerging
light beam, the measured signal depends not only on the total transmitted power but also on
how the light is distributed across the sample’s exit face. Optimization of the sample-detector
distance is required to identify the location where this specific aperture size captures a stable
and representative fraction of the non-homogeneous light distribution from the fiber array,

improving the consistency of the transmittance measurements.
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The initial light power (Po) was recorded each time the specimen or the distance between the
specimen and the photodiode was modified, to ensure a consistent reference Po value.
Additionally, a control specimen (without optical fiber) was tested to confirm that the
photodiode reading was 0 uW (perfectly opaque), thereby verifying that the walls effectively
blocked external light and that no light leaked around the sample’s edges. For each testing
configuration, two samples were evaluated for light transmittance, and each measurement was
performed twice to verify the stability of the signal. The average value was calculated to ensure

consistency and repeatability of the measurements.

The light transmittance (7), in units of %, was calculated, using Equation (2.1), by comparing
the reference power from the light source (Po) with the light power transmitted after passing

through the sample (P1) in pW units:

p
T = P—l x 100 2.1)

0

The theoretical model of transmittance of the LTC needs to consider the specific properties of
both the cementitious sample and the optical fibers that it contains. The optical fibers used in

this study have a specified attenuation of 0.002 dB/cm at 650 nm. This loss can be converted

aL
to a transmission percentage using the expression k = 100 X 10(_5), where k is the

attenuation factor, a is the transmission loss coefficient in dB/cm, and L is the optical fiber
length in cm (Su et al., 2020). For an optical fiber length of 5 cm, this attenuation yields a
theoretical fiber transmission of Trirer = 99.8% of the light incident on the fiber core at the
entrance facet. The maximum theoretical transmittance of the sample can be estimated by
summing up the transmission efficiency of the optical fibers with their contribution to the total
surface area of the specimen. Specifically, the max theoretical transmittance (75,4, ) 1s defined
as the total cross-sectional area of the fibers, multiplied per the number of fibers (Sgiper X N),
times the fiber transmission, over the total surface area of the sample (Ssgmpie), as described

in Equation (2.2).
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223 Determination of the optimal distance between the sample and the detector

for power detection optimization

To determine the optimal testing distance between the LTC sample and the photodetector, a
theoretical model of light transmittance was developed that incorporates parameters such as
the light source characteristics, the numerical aperture (NA) of the optical fibers, and the sample
dimensions. The NA defines the light acceptance angle of the fiber and depends on the
refractive indices of the core and cladding (Su, Zhang, Luo, et al., 2022). This model assumes
the use of multimode optical fiber with a step-index refractive profile, which is commonly
employed in light-transmitting applications owing to their large surface area and power
handling (Rativa & Vohnsen, 2011). These fibers typically emit a light beam whose profile is
nearly Gaussian in shape. The super-Gaussian profile is chosen for the model because it better
accounts for the more complex light distribution seen in multimode fibers (Gillen-Christandl,
Gillen, Piotrowicz, & Saffman, 2016; Rativa & Vohnsen, 2011). In fact, the super-Gaussian
distribution captures the effects of both beam divergence and intensity decay over the distance
from multimode fibers more accurately, compared to single-mode fibers where a standard
Gaussian beam profile model would be more suitable (Gillen-Christandl et al., 2016; Shealy
& Hoffnagle, 2005).

The general form of the super-Gaussian intensity profile as a function of radial distance » (m)

from the beam center is given by Equation (2.3) (Shealy & Hoftnagle, 2005).

I(r,z) = Iy exp (—2 (WZZ))n> (2.3)

Where /() is the intensity at radius » (W/m?), Iy is the peak intensity in W/m?, and w is the
beam radius (m) which grows with propagation distance as w(z) = z - tan 6 + w,. In the last

expression, we note that the radius of the initial beam width (wo) is taken as the core radius of
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the optical fiber (0.5 mm) and the divergence angle 6 of light output from an optical fiber is
given by 0 = sin"}(NA). For n = 1, the profile corresponds to a conventional Gaussian
distribution, while the expression with n > 1 describes a flatter and sharper beam profile
(Gillen-Christandl et al., 2016). The beam shape is an important element that determines the
light distribution and intensity received by the detector (Rativa & Vohnsen, 2011). The input
power P (in uW) from the light source is distributed over the cross-sectional area of the beam,
leading to the peak intensity /o at the center of the beam (in pW/cm?). This peak intensity is

calculated assuming a uniform power distribution over a circular cross-section with radius w
P

(cm?), and given by [y = —

The beam divergence from a single optical fiber generates a conical beam profile where the
light spreads symmetrically around the propagation axis (Figure 2.3). As the beam radius
increases with distance, the intensity of the light decreases due to the distribution of optical
power over a larger area. The incorporation of N fibers thus yields NV conical beams of light
that overlap, resulting in regions of higher light intensity, as well as darker regions in areas
between adjacent fibers (Figure 2.3). This highlights the importance of properly choosing the
location of the photodetector to maximize light detection. Assuming that the N fibers are evenly
distributed on the surface of a given LTC sample, the optimal location of the photodetector
that best approximates the overall LTC transmittance will be aligned with the center of the
sample and located at a distance z that maximizes the amount of transmitted light measured at
the detector. Such optimal detector position should enhance the accuracy and reliability of
power detection and transmittance measurements in the evaluation of fiber-based LTC

samples.
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Figure 2.3 Conical beam profiles from optical fibers and their overlap, illustrating the region
of intensified light intensity for optimized power detection

The model simulates the power detection efficiency of the beam as it exits the optical fiber and
propagates through free space. The objective is to quantify the percentage of light power
detected by a circular detector positioned at varying distances from the fiber while accounting
for attenuation over a specific fiber length. The model integrates the power detected by the
circular photodetector (diameter of 12 mm) at a given distance z from the center of the sample’s
output surface. The optical power measured by the circular detector (Pgetector) 18 computed by
integrating the total light intensity produced by the N super-Gaussian beams (output from the
N fibers) over the detector's area (Agetector) Via the double integral in Equation (2.4), where
the integration bounds along the x and y coordinates are defined by the detector’s dimensions
in the x-y directions (Figure 2.3). The theoretical model focuses on square lattice fiber
configurations to simplify the initial complexity of the multi-fiber system and establish the

fundamental geometric criteria for light distribution analysis.

Pactecor@ = || [i W, z)] dxdy 4

i=1
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The modeling approach incorporates a geometric criterion to define the optimal measurement
position. This criterion is based on the hypothesis that the ideal distance corresponds to the
point where the expanding light cones, originating from the outermost fibers, begin to overlap
at the detector plane. At this specific distance, the detector is expected to record a portion of
the emerging field that best represents the total transmitted power. This geometric principle,
which considers the beam divergence characteristics and the dimensions of the optical

arrangement, provides the physical basis for the predictive rule developed in this study.

Subsequently, the fraction of power detected in watts at each distance z (cm) is evaluated. By
simulating the beam profile at different distances, considering factors such as beam divergence,
detector offset, and fiber attenuation, this theoretical model (Equations (2.3-2.4)) provides a
physically accurate description and enables a systematic investigation of an optimal detection

distance for light transmittance studies in LTC samples.

2.3 Results and discussions

2.3.1 Beam profile and transmittance analysis

Parameter n for the super-Gaussian model was determined by comparing the experimental
beam profile, captured using a visible camera (EO-0413M CMOS monochrome, Edmund
Optics), to theoretical profiles simulated for various values of n. The output beam profile from
an optical fiber was experimentally measured at a distance z = 30 cm (from the fiber output),
shown in Figure 2.4(a). The measured beam profiled was analyzed by extracting its intensity
distribution along a cross-sectional line (dashed red line in Figure 2.4a) through the optical
beam’s center and presented in Figure 2.4(b) as the solid red curve. Several theoretical profiles
(n=1,2,3,and 5) of super-Gaussian beams (see Equation (2.3)) were compared. The Gaussian
profile (n = 1) is narrower than the measured beam, underestimating the width of the emission.
The profile with n = 2 better represents the peak intensity but remains slightly narrower than
the actual distribution. The curve with n = 3 provided the best overall agreement, capturing
both the peak and the broader intensity tails of the measured beam. Higher values of #, such as

5, produced profiles with very sharp edges resembling a top-hat distribution (Belay et al., 2022;
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Gillen-Christandl et al., 2016; Yoshizaki & Nakao, 2023) that could be suited for other types

of multimode fibers, such as with larger core diameters for example.

0 1.0
=0 (b)
200 ]
0.4+
400

@
S
=
o
1

Intensity

y (pixels)
w
=]
o

=

(=1

Intensity (a.u.)

.
| = Measured
' s \
¢ -—-n=Il (Gaussian)

\

" —n=2
500 —n=3
0 0.0 = | NN
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700
x (pixels) Distance (pixels)

Figure 2.4 Comparison of (a) measured beam profile and (b) intensity distribution compared
with super-Gaussian models for different n values

The arrangements of optical fibers for each LTC sample are detailed in Figure 2.1. Figure 2.5
displays the modeled beam profile for a single fiber centrally positioned, and as a function of
distance z, where the blue circle at the center represents the detector. In this special
configuration (N = 1), there is no obvious optimal distance since the detected light power is
maximum at z = 0 and simply decays with the distance z > 0. Still, the modeled beam profiles
in Figure 2.5 highlight the beam divergence phenomenon (and expanding beam profiles) with

increasing distance from the fiber output (Gillen-Christandl et al., 2016).



69

Beamatz=0cm Beamatz=1cm Beamatz=5cm

1600 12.0 0.600
1400% 105 0.525%
1200 & 90 = 0.450 £
10003 — i 03753
g0 » £ 60 o 0.300
600 ® > 45 @ 0.225'0
c - | e | e
400 8 30 & 0.150 3
200 £ 15 £ 0.075 £

0 0.0 0.000

-0.1 0.0 0.1 -0.1 0.0 0.1 -0.1 0.0 0.1
x (m) x (m) x (m)
Beam atz =10cm Beam atz = 15cm Beam atz = 20 cm

0.144 _ 0.0675 0.036__
0.128% 0-0600% 0.032°%
0.1 0112E 0.1 0.0525 £ 0.1 0.028 £
s 0.096> — 0.04502 0.0243
E oo 0.080 >~ £ o0 003755 E gg 0.020 =
> 0.064°; > 0.03002 0.016 2
0.048 © 0.0225 ¢ 0.012 €
=tkL 00322 01 0.0150 2 01 0.008 £
0.016 — 0.0075 = 0.004 =

0.000 0.0000 0.000

-0.1 0.0 0.1 -0.1 0.0 0.1 -0.1 0.0 0.1
x (m) x (m) x (m)

Figure 2.5 Light intensity distribution at various distances z from the N=1 optical fiber
sample (detector area: blue circle)

For samples with multiple optical fibers (N > 1), there is an optimal distance for the detector
where the measured optical power is maximum. For the four-fiber sample, the analysis also
considers optical fiber offsets relative to the center of the specimen. In this setup, positioning
the detector too close to the specimen (i.e., at z=0 or 1 cm in Figure 2.6) may result in failure
to detect any light power emitted from the light cones, since the center of the sample does not
contain any fiber. As the distance increases, the light cones expand, allowing the center-aligned
detector to capture more power (Figure 2.6). There is thus potentially an optimal distance z at
which to position the detector so as to maximize light collection, as we will see in the next

section.
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Figure 2.6 Light intensity distribution at various distances z from the N=4 optical fiber
samples (detector area: blue circle)

In the nine-fiber configuration (N = 9), a central fiber aligns with the detector. If considering
only this central fiber, the optimal detection distance would place the detector as close as
possible to capture its light output (i.e., z = 0). However, the additional eight fibers complicate
this arrangement. For effective detection of the maximum overlap intensity from all nine fibers,
the detector must be positioned farther away. As seen in Figure 2.7, increasing the distance
from the sample allows the light cones from all 9 fibers to expand, resulting in greater overlap
of their profiles. Thus, determining the optimal distance requires balancing light capture across

the entire fiber array, accounting for both the central and surrounding fibers.
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Figure 2.7 Light intensity distribution at various distances z from the N=9 optical fiber
samples (detector area: blue circle)

For the N = 16 fibers configuration, the center-aligned detector can capture light cones from
the four innermost fibers at shorter distances (z < 5 cm), most effectively. However, to
maximize light capture from all 16 fibers, including the twelve fibers positioned along the
sample’s periphery, the detector needs to be placed at a greater distance. As the detector is
moved further away from the sample, the light cones from each fiber expand, again enhancing

the overlap among their profiles as well as a more uniform intensity distribution (Figure 2.8).
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Figure 2.8 Light intensity distribution at various distances z from the 16 optical fiber samples
(detector area: blue circle)

The beam profile analysis across varying distances and fiber configurations demonstrates the
influence of fiber arrangement on light distribution and detection efficiency. For single-fiber
setups, closer detector positioning maximizes light capture. Conversely, in multi-fiber
configurations, the detection distance must be optimized to account for the overlap of light
cones with the detector area, ensuring efficient capture of light from all fibers while

maintaining sufficient intensity.

The experimental results, presented in Figure 2.9, provide a quantitative analysis of
transmittance as a function of detection distance, fiber quantity, and light source. Each plot
depicts transmittance (%) for different fiber quantities (N =1, 4, 9, 16 fibers) across detection
distances of z =1, 2, 5, 10, 15, and 20 cm. The analysis is performed with two types of visible
light sources (LED white light bulbs and RGB LEDs), which represent commonly used types
of ambient illumination sources. Additionally, the dashed lines in Figure 2.9, indicate the
highest theoretical transmittance that the samples could achieve based on the model described

in the previous section. These theoretical curves (i.e., dashed lines in Figure 2.9) were
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calculated using Equation (2.2) and serve as a reference for evaluating the experimental results,
providing a benchmark for understanding the efficiency of light transmission across the

different fiber configurations.
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Figure 2.9 Measured light transmittance (%) in LTC samples as a function of fiber quantity
and detector-distance (z) for each light source

The discrepancy between the experimental transmittance values and the theoretical maximum
predicted by the model can be attributed to several factors. First, imperfections in fiber cleaving
can reduce light coupling efficiency (Henriques et al., 2018). Second, the model assumes ideal
conditions, such as a defect-free fiber and a perfectly stable light source, which do not fully
reflect experimental conditions. Additionally, the model does not account for the acceptance
angle of the fibers, which limits the amount of light that can be effectively guided (Chiew et

al., 2022). The variability across measurements remained low, with standard deviations
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ranging from 0.000% to 0.013%, which indicates consistent behavior between the two

specimens tested for each configuration.

Furthermore, the model assumes ideal fiber alignment. While the fibers are threaded through
precision-drilled plates to minimize misalignment, any minor deviation from the longitudinal
axis can result in an asymmetric output beam. Additionally, while the matrix is largely opaque,
internal reflections at the fiber-matrix interface or scattering from minor surface imperfections

near the fiber exit could introduce small deviations (Mbabazi, Luo, et al., 2026).

The increase in the number of fibers generally leads to higher transmittance across all detection
distances, and also show that additional fibers enhance the overall transparency of LTC
samples as expected (Henriques et al., 2018; Yue Li, Li, & Guo, 2015; Chiew et al., 2022;
Nam et al., 2022; Sawant, Jugdar, & Sawant, 2014). For instance, at a detection distance of 1
cm with the white light source, transmittance rises from 0.11% with 1 fiber to 0.23% with 16
fibers — an approximate 102% increase. This trend of rising transmittance with more fibers
persists at 20 cm, where transmittance reaches 0.17% for 16 fibers compared to 0.02% with 1
fiber, representing a 9-fold improvement. These results confirm that adding fibers consistently
improves light transmission regardless of distance, though the absolute effect is more
pronounced at shorter distances where light remains more concentrated (Robles et al., 2020).
Interestingly, in certain configurations, such as the 1-fiber setup, experimental results
occasionally exceed the maximum theoretical transmittance at specific detection distances.
This unexpected result could arise from experimental factors such as light scattering and

leakage, or temporal fluctuations in light source power.

The 4-fiber configuration presents a distinct trend, with lower transmittance than the 1-fiber
setup at shorter detection distances, particularly at 1 cm and 2 cm (0.04% and 0.07%
respectively, for the white light source). This behavior is due to the fiber distribution, with the
center of the sample lacking fibers. When the detector is positioned very close to the sample,
it captures less light from the light cones of the peripheral fibers, resulting in reduced

transmittance, as previously discussed in the beam profile analysis. However, from 5 cm
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onward, the detector is positioned far enough to capture more light from the peripheral fibers,
leading to higher transmittance for the 4-fiber configuration (0.09% at 5 cm). These findings
suggest that while increasing fiber count generally benefits transmittance, fiber distribution
and spacing, is important in optimizing illumination from LTC (Chiew et al., 2022; Sharifi et

al., 2023; Shenoy et al., 2022; Shenoy, Nayak, Tantri, Shetty, & Mahesha, 2025).

For the 9-fiber configuration, transmittance values varied from 0.08% to 0.15% across the
detection distances tested. At a short distance of 1 cm, transmittance reached 0.14%, reflecting
effective light capture due to the proximity between the detector and the central fiber in the
specimen. A slight decrease to 0.13% was observed at 10 cm, followed by a more pronounced
reduction to 0.08% at 20 cm. This behavior can be attributed to the diminishing light intensity
with increasing distance, as the emitted light becomes more dispersed over a larger area (Yue
Li, Li, Wan, et al., 2015; Nam et al., 2022; Rong et al., 2023). The peak transmittance of 0.15%
at 5 cm suggests that this intermediate distance allows for an optimal balance of light detected

from the distributed fibers.

For the 16-fiber configuration, transmittance varied from 0.17% to 0.33%, with the highest
value recorded at 5 cm. The increased fiber quantity enhanced light transmission across all
distances. This is consistent with the denser fiber arrangement (6.25 mm spacing), which
promotes higher light overlap, as illustrated in Figure 2.8. Interestingly, the results for the 16-
fiber setup concur with findings by Chiew et al., (2022), who reported a transmittance of
approximately 0.2% for 10 x 10 x 10 cm samples containing the same amount and diameter of
fibers spaced 2.5 cm apart, at a detection distance of 10 cm. Despite the larger sample size in
their study, the comparable transmittance values highlight the effectiveness of the compact

fiber arrangement used here.

As has been well established, distance detection significantly influences transmittance
behavior. At shorter detector distances, such as z=1 cm and 2 cm, results in Figure 2.9 indicate
an irregular behavior for configurations with low number of fibers (e.g., N < 9) because the

detector is too close to the LTC sample, resulting in a sporadic overlap of the detector with the
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non-homogeneous light distribution. In contrast, at an intermediate detection distance of z =5
cm, the light cones from each fiber expand sufficiently to allow a somewhat homogeneous
light distribution to overlap with the detector, irrespective of the number of fibers in the sample.
The distance aligns with the hypothesis, where the spatial arrangement provides the most
balanced and representative power measurements. This results in a balanced transmittance
distribution and optimal values for most configurations. As shown by the theoretical maximum
transmittance line (Figure 2.9), the transmittance at this distance (z = 5 cm) approaches the
calculated upper theoretical limits more closely than at other distances across different fiber
quantities for the LTC samples used in this study, validating the methodological importance

of the geometric overlap effect.

As the detection distance extends beyond 10 cm, a marked decline in transmittance occurs
across all configurations, primarily due to increased light attenuation over longer distances. At
these greater distances, light disperses further, diminishing the direct capture potential of the
detector and spreading the light beyond the detector’s effective area (Chiew et al., 2022; Rong
et al., 2023). Although the rate of transmittance reduction is most pronounced between 1 cm
and 10 cm, it begins to stabilize beyond 10 cm, indicating that the dispersion effect has a
diminishing impact as the distance further increases, as was also reported by Rong et al.,
(2023). For instance, the transmittance drop between 5 cm and 20 cm is notably smaller than
the initial decline, showing that while detected light decreases with distance, the dispersion

effect attenuates more gradually over extended ranges.

The type of light source can also influence the transmittance behavior (Yue Li, Li, Wan, et al.,
2015). In Figure 2.9, the white light source generally demonstrates slightly higher
transmittance across all configurations. For instance, at 1 cm, the white light source achieves
a transmittance of 0.11% with a single fiber, whereas the red LED reaches 0.08%. Similarly,
with 16 fibers, the white light source attains 0.23%, while the maximum transmittance for the
LED sources is limited to around 0.1%. This small difference in the measured transmittances
between the LED white light bulb and RGB LED sources can be attributed to the light source

directionality, which is different. In fact, the LED sources include a small collimating lens that



77

helps create a more directional incident light source, compared to the LED bulb. Moreover, the
higher optical power of the white LED (6 W vs. 3W) likely improves the signal-to-noise ratio,
while its broad spectral distribution ensures better overlap with the spectral responsivity of the
S142C integrating sphere detector. Hence, the choice of the types of light sources used in LTC
transmission assessments is another way to better model artificial and natural lighting

conditions.

A quantitative analysis of the light sources confirms that wavelength-dependent effects are
negligible at the scale of the specimens used in this study. Using the fiber attenuation data
(200 dB/km at 650 nm), the calculated intrinsic loss through a 5 cm specimen is less than 0.2 %,
ensuring that spectral filtering by the fiber does not significantly affect the measured
transmittance (Hai, Quang, & Nam, 2025; Lian & Yin, 2022). Additionally, since the
numerical aperture of PMMA fibers varies minimally across the visible spectrum, the beam
divergence angle (¢) remains effectively constant. Consequently, the practical estimation
model, parameterized using white light, remains applicable to the LED RGB sources, since the
geometric propagation of light is the dominant factor that determines the power detected as a

function of distances.

2.3.2 Optimal detection distance and model validation

The experimental validation was performed by directly comparing the normalized
experimental data with the theoretical predictions (Figure 2.10). Specifically, the model
integrates the optical intensity of the overlapping super-Gaussian beams over the 12 mm
circular area of the photodetector, as defined in Equations (2.3-2.4). By explicitly matching the
detector aperture in the mathematical formulation, the model enables a direct spatial
correspondence between the simulated and measured detected power at each discrete detector-
sample distance z. The simulations assumed an input optical power of 1 mW (at 550 nm
wavelength) injected into each N optical fibers. The selected wavelength of 550 nm, located in
the green region, serves as an average value within the visible spectrum (roughly between 400-

700 nm), and was chosen to align the theoretical predictions with the broad-spectrum
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measurements performed using the experimental light sources. The model also incorporates
parameters such as the NA of the optical fiber and super-Gaussian parameter n = 3, both of
which inform light propagation through the fiber network (Su et al., 2020; Su, Zhang, Liu, et
al., 2022; Su, Zhang, Luo, et al., 2022).

The detected light power at distances from z = 0 to 20 cm (relative to the sample's center) was
thus simulated for the different sample configurations with N =1, 4, 9 and 16 fibers. Figure
2.10 presents the detected power in the model simulations (solid curves) with the

experimentally measured power (red markers). To facilitate comparison, both results were

unit-normalized to ensure they are presented on the same scale.
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measurements and theoretical model predictions for all fiber configurations (N =1, 4, 9, 16)
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As shown in Figure 2.10, both experimental and theoretical model curves of power detection
exhibit similar behaviors, indicating the model’s effectiveness in accurately describing the
experimental conditions of light transmission in fiber-based LTC samples. As suggested
earlier, for the 1-fiber configuration there is no obvious optimal detection distance. Because
there is only one fiber that is centrally positioned and aligned with the detector, the detected
power simply falls off with the distance. Here, a practical issue would be not to place the

detector too close to the sample so as to not saturate the photodetection signal.

For the 4-fiber configuration, the detection profile shows a different behavior. At very short
distances (z = 0), the model predicts no detectable power, as expected, since there is no fiber
in the center of the sample in this configuration. Yet, experimental data indicated a small
detectable power at a short z = 1 cm distance, which is likely due to factors such as noise,
calibration errors or potential light leakage in the setup. Notably, the model's prediction of peak

power detection occurring around 5 cm is validated by the experimental data.

For the 9-fiber configuration, the detected power exhibits a more complex profile due to the
geometric distribution of the fibers. At short distances (0 < z < 1 cm), the detected signal is
dominated by the central fiber, while at larger distances the contribution from the surrounding
fibers becomes increasingly significant. This transition results in a non-monotonic detection
profile, with an initial high detected power, followed by a decrease and a subsequent secondary
increase at larger z values. Due to this more complex behavior associated with fiber geometry,
an additional experimental measurement point at z = 3 cm was included in the analysis,
allowing a more accurate characterization of the transition region between central-fiber
dominance and collective multi-fiber detection. Despite the increased complexity, both the

model and experimental data indicate a consistent optimal detection distance close to z= 5 cm.

For the 16-fiber configuration, the model predicts two distinct peaks in the power detection
profile. The first peak, around 2 cm, is ascribed to the power contribution of the 4 innermost
fibers (see the z = 1 cm sub-figure in Figure 2.8). This is followed by a small “valley” in

detected power in the 2 < z < 4 c¢m region as the detector moves away from the innermost
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fibers. A second detection peak appears at z = 5 cm owing to the additional intensity
contribution of the 12 outermost fibers to the total detected power (see the z =5 cm sub-figure
in Figure 2.8). Hence the detector location at z = 5 cm enables to “sample” the light cones
emitted by all 16 fibers of this configuration. This presence of the secondary peak is validated

by the experimental data.

Furthermore, both experimental data and the model show stabilization in optical power
detection at larger distances (z >14 cm) as well as the exponential decay. This stability indicates
that the system reaches a limit in its detection capacity beyond this point, as further increases
in distance do not result in significant detected power (Robles et al., 2020; Rong et al., 2023;
Tuaum et al., 2018).

2.3.3 Practical estimation of optimal sample-detector distance

The comparison between experimental results and the model’s predictions (Figure 2.10)
provides valuable insights. While existing studies have empirically analyzed the influence of
fiber arrangement and detector distance for various configurations of fibers and LTC samples
(Yue Li, Li, & Guo, 2015; Robles et al., 2020; Rong et al., 2023; Tuaum et al., 2018), as far as
we know, there is no general rule available to researchers on the optimal location of a small
photodetector with respect to the LTC sample in order to obtain a reliable assessment of light
transmittance via optical power measurements. In this regard, we propose a simple estimation

method to determine such an optimal sample-detector distance.

This estimation provides a practical tool for experimental planning, allowing researchers to
determine the most effective setup for power detection, which takes into account the
dimensions of the LTC sample under study and the NA of the optical fibers embedded in the
sample. The NA is related to how wide light spreads as it exits the fiber, NA = sin(6), where 6
is the half-angle of the emitted light cone (Su, Zhang, Liu, et al., 2022).
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The optimal detection distance, zopt, can be practically estimated based on the characteristic
dimension of the sample, Ds, which represents the largest dimension of the LTC sample. For
square samples, as in the current work, Ds corresponds to the side length. For non-square
samples, Ds should be taken as the longest side facing the detector, as this dimension most
significantly influences light transmission from the N fibers that are assumed to be uniformly
distributed throughout the entire output surface of the sample. Figure 2.3 illustrates the light
cones emitted by two optical fibers and their overlapping intensity distributions. Considering
the extreme situation where two such light-emitting fibers, located at the opposite ends on the
outer periphery of the sample (i.e., therefore spaced apart by approximately Ds), the optimal
detection distance should correspond to the z = zop value at which their intensity distributions
begin to overlap at the detector’s location. This geometric criterion is met when the radius of
the expanding cone R, defined by r = z X tan(8), is equal to half of the characteristic sample
dimension (Dy/2). Based on the considerations shown in Figure 2.3, a simple estimation of zop
can thus be derived as Equation (2.5), where the small-angle approximation was used for the

definition of the fiber’s NA = sinf « tanf.

. Ds/2  Dg (2.5)
°pt = tanf  2-NA

The estimation in Equation (2.5) reflects a geometric overlap criterion. Changes in fiber
diameter affect signal amplitude, whereas the optimal distance occurs from the N4 and the
sample geometry. For the experimental setup of this study, the sample size is Ds = 5 cm and
the fiber N4 = 0.5, such that the estimated optimal distance (using Equation (2.5)) to place the
detector away from the center of the sample is zopt = 5 cm. This estimation value, obtained for
the specific LTC sample dimensions and PMMA fibers used in this experiment agrees with the
trends presented in Figs. 9 & 10, and aligns well with empirical findings reported in the broader
literature, where detector placement has historically been determined experimentally rather

than analytically.

For instance, Rong et al., (2023) investigated light transmittance in LTC panels (30 x 40 x 7.5

cm?®) using 2 mm diameter PMMA optical fibers arranged in 5 % 5 and 6 x 6 grid configurations
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(300 and 432 fibers, respectively). In their experimental configuration, the optimal light
intensity occurred with the light source at 20 cm, and the detector was placed between 30-40
cm from the sample. Given the use of PMMA optical fibers, the N4 can be reasonably assumed
to be close to 0.5. Consequently, the reported optimal detection distance range aligns with the
trend predicted by the practical estimation model (Equation (2.5)) proposed in this work. Using
a comparable setup, Nam et al., (2022) studied light transmittance in 10 x 10 x 5 cm?
rectangular LTC samples, using polymer optical fibers with diameters of 0.75, 1.0, and 1.5 mm
at various spacings. The highest light transmittance was measured at 10 cm, with intensity
decreasing as the distance increased (20-30 cm). While the N4 of the fibers was not provided,
the use of PMMA fibers suggests a numerical aperture similar to that adopted in the present
study. Under this condition, the optimal detection distance of 10 cm, would be in agreement

with the definition of the estimated optimal distance proposed in this study.

Additionally, Li, Li, & Guo, (2015) investigated light transmittance through LTC samples with
dimensions of 4 x 8§ x 1 cm?, containing PMMA optical fibers of 0.5 and 1 mm in diameter.
Their results showed a decrease in detected power as the distance between the detector and the
sample increased, from 10 cm to 40 cm. Assuming a comparable N4 of 0.5 associated with
PMMA fibers, our model predicts an optimal detection distance of 8 cm for their sample
dimensions. Although their measurements began at 10 cm, the observed trend of decreasing
transmittance with increasing distance aligns with the general behavior predicted by the model
presented in this study. A similar pattern is evident in the work of Tuaum et al., (2018), who
studied 10 cm cubic specimens. They measured intensity using a light-dependent resistor
(LDR) at distances ranging from 10 to 50 cm and noted a progressive decrease in intensity
following the general distance-dependent trend predicted by our model. Our model suggests
an optimal distance closer to 5 cm for this configuration. Thus, the monotonic decrease
observed from 10 cm onwards is consistent with a peak intensity located at a shorter distance

than their starting measurement point.

Additionally, Chiew et al., (2022) investigated light transmittance in cubic specimens of 10

cm, using optical fibers with a diameter of 1 mm and an N4 of 0.51, arranged with 25 mm
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spacing. Light transmittance was measured at a detection distance of 10 cm. Despite not
focusing on testing different detection distances, the 10 cm measurement aligns closely with
the optimal distance predicted by the proposed practical estimation model presented in this
study for similar sized samples. Finally, Tahwia et al., (2021) evaluated translucent self-
compacting concrete specimens (10 x 10 x 10 cm?) with 1 and 2 mm PMMA fibers, measuring
at distances from 0 to 40 cm. Although transmittance decreased with distance, values at 10 cm
were very close to those at zero distance and significantly higher than at larger distances. This
observation further validates the present simplified model, which identifies the 5—-10 cm range

as the optimal region for stable transmission measurements in samples of this geometry.

Figure 2.11 summarizes detector-sample distances reported in the literature alongside the
optimal distance estimated and experimentally validated in this study. A linear relationship is
observed between sample size, ranging from 4 x 8 cm? to 30 x 40 cm?, and the optimal detector
distance across fiber diameters from 0.5 to 3 mm. This behavior is expected since most
commercial PMMA fibers exhibit similar numerical apertures (~0.5), leading to comparable
beam divergence independently of core diameter. These studies did not aim to determine an
optimal detector-sample distance, and measurements were generally performed at fixed or
limited distances based on their experimental setups. For instance, the value plotted for Rong
et al., (2023) represents the midpoint of their reported 30-40 cm optimal distance range. The
reported values are therefore presented here for comparative trend analysis rather than as
claimed optima. Despite variations in sample dimensions, fiber diameters, and experimental
setups, the reported distances fall within or close to the range predicted by the proposed

estimation model.
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Figure 2.11 Comparison between the optimal detector-sample distance predicted by the
practical estimation model (dashed line) and literature-reported detector-sample distances for
PMMA-based light-transmitting concrete (symbols), for specimen dimensions from 4 x 8§
cm? to 30 x 40 cm? and fiber diameters between 0.5 and 3 mm

Despite the range of fiber diameters considered in the literature, the scaling of the optimal
detector distance with sample size remains consistent, indicating that the optimal distance is
controlled by angular spreading rather than by the emitting core size. While this estimation
offers a simplified and practical guideline, the theoretical model (Equations (2.3-2.4))
developed in this study provides a physically grounded framework for performing a detailed
analysis and optimization of light transmission measurements in fiber-based LTC samples,

incorporating the specific influence of sample geometry and fiber characteristics.

2.4 Conclusions

This study examined light transmission in light-transmitting concrete using an experimental
framework combined with a super-Gaussian description of the emitted light field. The work
evaluated the influence of fiber quantity, detector-sample distance, and light source type on
measured transmittance. A simplified estimation model based on sample dimensions and fiber
numerical aperture was also proposed and validated. The model reliably predicted the detected

power trends observed experimentally. The key findings are:
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Fiber quantity: Higher numbers of embedded fibers improved light transmittance by
broadening and homogenizing the intensity distribution. Configurations with 16 fibers
consistently showed the highest transmittance.

When expressed relative to the characteristic sample dimension Ds, the detector-sample
distance z defines distinct transmittance regimes. Short distances, between 0.2 Ds and 0.4
Ds, favor the detection of centrally aligned fibers. Intermediate distances, on the order of
Ds, promote overlap of the emitted light cones and result in maximum transmittance across
all configurations. At larger distances, greater than approximately 1.5 Ds, attenuation and
beam dispersion dominate, with a stabilization trend observed for distances exceeding 2
Ds.

Light source: For this experiment, the white light produced slightly higher transmittance at
short distances compared to RGB LEDs, while differences diminished at longer distances.
Model validation: Both the super-Gaussian framework and the practical (simplified)

estimation model accurately predicted experimental trends and optimal detector placement.

The proposed estimation approach and theoretical model, while developed for | mm PMMA

fibers, apply to other fiber diameters and materials, as they primarily depend on the fiber

numerical aperture. This study establishes a standardized measurement protocol for LTC

optical characterization, enabling reproducible evaluation of fiber-based cementitious

composites. Future work may extend the framework to larger experimental datasets, alternative

fiber materials, and optically active or smart cement-based applications.
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Abstract

This study experimentally isolates the mechanical effects of embedded plastic optical fibers in
cementitious composites, separating fiber-matrix interaction from geometric disruption by
comparing fibers directly with equivalent-geometry holes. Optical fiber samples were tested
alongside preformed holes of equivalent geometry in two mortar formulations, a reference
mixture (CSA A3000 Class N) and a low-cement LC3-inspired eco mixture. In compression,
fibers outperformed equivalent holes at moderate inclusion counts, with a 5.5 MPa gap at nine
inclusions in the reference mixture, confirming that fiber-matrix adhesion contributes
independently of geometry. In the eco mixture, fibers still yielded consistent gains at 4-9
inclusions while higher hole counts reduced strength below the control, showing that geometric
disruption dominates when bonding is weak. In flexure, orientation dominated over inclusion
type, as longitudinal inclusions improved strength by up to 17% while transversal ones reduced
it at higher counts, regardless of inclusion nature. Scanning electron microscopy linked the
weaker response of the eco mixture to differential shrinkage and reduced C-S-H density, yet
functional inclusions still provided consistent compressive strength gains of up to 12% over
the control, supporting the viability of reduced-cement matrices for multifunctional
applications. These results demonstrate that the relative contribution of material versus
geometry is loading-mode dependent, and that matrix quality determines which mechanism

dominates.
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3.1 Introduction

Cement-based composites such as mortar and concrete are widely employed in modern
construction, combining high mechanical performance with durability and versatility in both
structural and architectural applications (Gagg, 2014). In recent years, the growing demand for
multifunctional building materials has led to research efforts toward integrating non-
conventional properties into cementitious systems, including light transmission, self-sensing,
and structural health monitoring capabilities (Dutta, Reeti, & Mandal, 2018; Makul, 2020;
Mukherjee, Deepmala, Srivastava, & Sandhu, 2023; Qiao et al., 2023; Urmila, Abhijeet, &
Ranveer, 2015; Zhang, Long, Broere, & Bao, 2025). Within this context, the incorporation of
optical fibers into cementitious composites has emerged as a promising strategy to introduce
additional functionalities (Bado & Casas, 2021; Bai et al., 2024; Bremer et al., 2016; Zhou,
Ou, Hang, Chen, & Ou, 2009). Light-transmitting cementitious materials, for instance, utilize
embedded optical fibers to enable partial transmission of natural or artificial light through
otherwise opaque elements, supporting both aesthetic and energy-efficient design goals (Bai
et al., 2024; Shenoy et al., 2023; Su et al., 2023, 2020; Su, Zhang, Luo, & Liu, 2022; Sahana
et al.,, 2023). Separately, optical fibers have also been investigated as sensors capable of
detecting strain, temperature, or cracking, contributing to the development of smart
infrastructure (Leung et al., 2015; Merzbacher et al., 1996; Qiao et al., 2023; Taheri, 2019).

Both applications rely on different fiber types, configurations, and embedding strategies.

Beyond their functional purpose, optical fibers embedded in mortar or concrete can also
influence mechanical performance (Huynh Phuong Nam et al., 2022; Yue Li, Li, Wan, et al.,
2015; Q. Lyu et al., 2024; Nam et al., 2024; Tahwia et al., 2022). Although they are not
intended to act as structural reinforcements, their presence may locally disturb the matrix,
altering stress distribution or triggering microcracking. Previous studies have reported changes
in compressive and flexural strength associated with factors such as fiber content (Henriques
etal., 2018, 2020; Yue Li, Li, Wan, et al., 2015; Nam et al., 2024), orientation (Huynh Phuong
Nam et al., 2022), diameter (Bai et al., 2024; Emanet & Arda Buyuktaskin, 2023; Yue Li, Li,
Wan, et al., 2015; Nam et al., 2024; Robles, Arenas, & Stefani, 2020), and material type (Edris,
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Odah, Abu-Qasmieh, & Hendy, 2021; Subathra & Sangeetha, 2020). These effects are often
linked to local discontinuities, poor fiber-matrix bonding, or increased hole formation,

especially in cases with high fiber content or limited workability (Henriques et al., 2018).

Despite these observations, several questions remain unresolved. Most existing studies focus
either on maximizing light transmission or on exploring sensing capabilities, with relatively
limited emphasis on systematically evaluating mechanical implications. In particular, it
remains unclear whether strength variations arise predominantly from the physical material of
the embedded fibers or from the geometric disruption they introduce. Direct experimental
comparisons with non-functional holes of equivalent geometry are scarce, which limits the
ability to decouple the material and geometric contributions to strength changes (Stochl et al.,
2023). Holes of controlled geometry can be used to reduce density and material consumption,
enabling lighter or more sustainable cement-based elements while maintaining adequate

performance.

To address these gaps, this study investigates the mechanical performance of mortar samples
containing embedded translucent optical fibers, compared directly to samples with preformed
holes of identical diameter and spatial distribution. This experimental design was chosen to
distinguish two competing sources of mechanical influence: the material interaction between
the fiber and the surrounding matrix, and the purely geometric effect of introducing a
cylindrical discontinuity into the cementitious composite. If fibers and holes of equivalent
geometry produce identical mechanical outcomes, then geometry alone controls the response.
If fibers consistently outperform holes, then fiber-matrix bonding and stress transfer across the

interface contribute independently to strength.

The experimental investigation explores different inclusion quantities and orientations
embedded in two mortar compositions. The reference formulation is classified as Class N in
CSA A3000 (CSA, 2018), with Portland cement accounting for 60% of the binder. The eco
mixture follows the LC? binder-inspired concept, replacing a portion of Portland cement with

metakaolin and limestone filler to reduce clinker content by approximately 50% while
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maintaining comparable workability and binder proportion. This contrast was chosen to assess
whether sustainable, reduced-cement matrices remain mechanically compatible with
embedded functional elements. Compressive and flexural strength tests were conducted
following standardized ASTM procedures. Complementary finite element simulations were
carried out to compare the elastic stress distributions generated around the investigated
inclusions, and scanning electron microscopy (SEM) was used to characterize microstructural
features such as fiber-matrix contact and hole boundaries. The research questions guiding this

study are:

(1) How do embedded optical fibers and similarly sized holes affect compressive and
flexural strength, depending on inclusion quantity and orientation?

(i)  Are mechanical effects primarily governed by the material nature of the inclusions or
by their geometrical distribution, and does this hierarchy depend on the loading mode?

(ii1))  How does the matrix composition influence mechanical sensitivity to such embedded

elements?

The main objectives are to quantify the mechanical effects of optical fibers and holes across
different inclusion configurations, to determine whether observed strength changes are
predominantly material- or geometry-driven, and to examine whether matrix formulation alters
the interaction between inclusions and the surrounding composite. Together, these
investigations examine how embedded functional elements interact with the cementitious
matrix in different loading modes and matrix compositions, an increasingly relevant issue as
the construction industry develops multifunctional, low-carbon materials that combine light

transmission, sensing, or aesthetic features with adequate structural performance.

3.2 Materials and methods

3.2.1 Materials

The mortars were produced using general-use Portland cement (compressive strength of 37.8

MPa at 28 days), compliant with CSA A3000-18, metakaolin, and limestone filler. Metakaolin
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was classified as a Class N natural pozzolan under CSA A3000 and ASTM C618 (ASTM
C618-25, 2025). Natural sand with a maximum particle size of 2.5 mm was employed as an

aggregate, and a polycarboxylate-based superplasticizer was added to improve workability.

Two mixtures proportions were prepared to assess the influence of binder composition on
mechanical performance (Table 3.1). The reference mixture followed CSA A3000-18
standards, with Portland cement accounting for 60% of the binder. The eco mixture, inspired
by the Limestone Calcined Clay Cement (LC?) mixture, incorporated a higher fraction of
limestone filler and metakaolin, reducing Portland cement content while keeping the overall
binder proportion constant (Arcolezi, et al, 2024; Jin et al, 2025). This approach enabled a
direct comparison between conventional and reduced-cement formulations in order to evaluate
their mechanical response under different inclusion conditions, such as mortars with embedded
optical fibers, preformed holes, or without any inclusion (control sample). The composition of

the binder materials is summarized in Table 3.2.

Table 3.1 Composition and properties of mortar mixtures

Material ID Reference mixture (kg/m*) | Eco mixture (kg/m?)
Ordinary Portland cement | OPC 390 200
Metakaolin MK 162.5 150
Limestone filler LF 97.5 300
Sand Sa 1310 1310
Water \\ 255 255
Superplasticizer SP 7 7
Density (g/cm?) - 2.23 2.22
Flow (%) - 144 146

Table 3.2 Chemical composition of the binder materials (m%)

Si02 | ALOs | Fe203 | CaO | MgO | SOs | TiO2 | Na2O | K20 | LOI"
OPC | 19.1 4.8 3.6 60.2 2.6 3.8 0 0.92 0 1.9
MK | 625 31 1.1 0.4 0.3 0 0.6 0.16 1.8 0.9

LF 2.2 0.4 0.1 53.6 0.5 0.1 0.01 | 0.02 0.1 42.9

* Loss of ignition
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The selection of these two mixtures proportion were motivated by three complementary
objectives. First, the LC3-inspired binder concept underlying the eco mixture represents a well-
documented and industrially scalable strategy for reducing cement-related carbon emissions,
achieved by replacing a portion of Portland cement with calcined clay and limestone filler at a
constant water-to-binder ratio (Arcolezi et al., 2024; Jin et al., 2025). Second, the metakaolin
used in this study, classified as a Class N pozzolan (ASTM C618) with a combined SiO; +
ALOs3 content of 93.5% and a fine particle size distribution (40.1% below 2 pm, 99.98%
passing 45 pm), is expected to provide pozzolanic reactivity that partially compensates for the
reduced clinker content, enabling meaningful strength development despite the lower cement
proportion (Scrivener, John, & Gartner, 2018; Scrivener, Martirena, Bishnoi, & Maity, 2018).
Third, maintaining identical aggregate content, water-to-binder ratio (0.39), and
superplasticizer dosage across both mixtures ensure that any differences in mechanical
response to embedded inclusions are attributable to binder composition rather than mixture
proportioning (Benezet & Benhassaine, 1999; Scrivener et al., 2018). This controlled
comparison evaluates whether reduced-cement matrices remain mechanically compatible with

embedded functional elements such as optical fibers.

Limestone filler (LF) content differs substantially between the two mixtures, increasing from
97.5 kg/m? in the reference mixture to 300 kg/m? in the eco mixture. It is predominantly inert,
as indicated by its high CaO content (53.6%) and loss of ignition (42.9%, Table 3.2). LF
contributes to improved particle packing, workability, and early strength by providing
nucleation sites for cement hydration, while reducing compaction energy requirements and
lowering both cost and environmental impact (John, Matschei, & Stephan, 2018; Scrivener et
al., 2018; Scrivener et al., 2018a). The comparable flow values of both mixes (144% and 146%)
reflect this contribution, demonstrating that a higher LF dosage can compensate for reduced

clinker content without compromising fresh state performance.

Polymethyl methacrylate (PMMA) optical fibers (Mitsubishi Chemical Eska™) with 1 mm
diameter and tensile strength of 83 MPa were embedded in the mortar to evaluate their effect

on mechanical performance. To separate geometry-dependent effects from material
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interactions, preformed holes of identical diameter and geometrical distribution were created
using stainless steel bend-and-stay wires of 1 mm diameter (that were removed at the
demolding step). Control samples without inclusions (i.e., no holes or fibers) were also

produced for reference.

3.2.2 Mortar mixtures and sample preparation

Mortar samples were cast in steel molds pre-drilled to accommodate either optical fibers or the
wires used to generate preformed holes. Mixing was carried out in a mechanical mixer
following ASTM C305 (ASTM C305-14, 2014), with a water-to-binder ratio of 0.39. For
compressive strength tests, cubic samples measuring 50 x 50 x 50 mm were molded in two
layers, each compacted 32 times with a rubber rod, in accordance with ASTM C109 (ASTM,
2021). For flexural strength tests, prismatic samples of 40 x 40 x 160 mm were prepared

following ASTM C348 (ASTM, 2016).

For fiber-embedded samples, the optical fibers were positioned in the mold openings prior to
casting and remained fixed throughout the process. For the hole samples, stainless steel bend-
and-stay wires coated with a release agent were placed in the molds before casting and
carefully removed during demolding, 24 h after casting, thereby leaving cylindrical holes
similar in geometry to the fibers. After demolding, all samples were cured in a controlled
chamber at 23 + 2 °C and relative humidity above 95% for 28 days. Three samples were

produced and tested for each condition.

The workability of the fresh mortar was evaluated by a flow table test, performed 2 minutes
after mixing in accordance with ASTM C1437 (ASTM, 2020). The mortar was placed into a
truncated cone mold in two layers, each compacted 20 times with a rubber rod. After lifting
the mold, the flow table dropped 25 times within 15 s at a steady pace. The spread diameter
was measured along four predefined perpendicular axes using a caliper, and the four values
were averaged to obtain a mean spread diameter. A flow value of 0% indicates that the mortar

did not spread beyond the cone base after lifting and dropping the table, while the upper bound
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of 152% observed in the present study corresponds to a mean spread diameter of approximately
252 mm, reflecting a highly fluid mortar facilitated by the polycarboxylate-based
superplasticizer. Both mixtures achieved flow values within this range (144% and 146%),

confirming adequate and comparable workability across formulations.

In total, 132 samples were produced, covering the two mortar formulations (reference and eco
mixture), the three inclusion conditions (optical fibers, preformed holes, and controls), and the
two mechanical tests (compressive and flexural strength). For flexural testing, inclusions were
oriented either longitudinally, along the 160 mm axis of the prism, or transversely, along the
40 mm side. Compression tests, however, were performed only on cubic samples, without

orientation distinction.

A consistent labeling scheme was adopted for identification. “Control” designates samples
without inclusions. Samples containing fibers or holes were labeled “XY,” where “X” denotes
the number of inclusions and “Y” the type: “F” for optical fiber and “V” for hole. For example,
“4F” refers to four optical fibers, while “OV” refers to nine holes. The inclusions were
distributed according to a checkerboard pattern, ensuring uniform spacing and systematic
alignment in both horizontal and vertical directions. This layout facilitated controlled
comparisons of how the number and orientation of inclusions affected the mechanical response

of the mortar.

3.23 Mechanical properties analysis

3.2.3.1 Compressive strength

Compressive strength tests were carried out on mortar samples prepared in three
configurations: (i) control samples without inclusions; (ii) samples containing embedded
optical fibers in varying quantities; and (ii1) samples with preformed holes. To investigate the
effect of the inclusion quantity, samples were produced with 1, 4, 9, and 16 fibers or holes.
The inclusions were arranged according to a uniform grid across the cross-section of the cubic

samples, ensuring an even spatial distribution within the matrix.
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Figure 3.1 illustrates the sample configurations used in the compressive strength tests. Panel
(a) shows the grid distribution of inclusions, while panels (b) and (c) present representative
samples containing optical fibers and preformed holes, respectively. The photograph was taken
immediately after the samples were surface-dried in accordance with ASTM C109. Residual
moisture retention is visible around the preformed hole regions, likely caused by water being

locally trapped in these areas.
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Figure 3.1 Configuration of mortar samples used in compression tests: (a) distribution of
inclusions, (b) control and samples with embedded optical fibers, and (c) samples with
preformed holes

3.2.3.2  Flexural strength

Flexural strength tests were carried out on mortar prisms (40 x 40 x 160 mm) using the same
three sample groups as in compression (control, optical fibers, and preformed holes). In this
case, however, two distinct orientations of the inclusions were considered: longitudinal and
transverse. In the longitudinal arrangement (Figure 3.2a), fibers or holes were aligned with the

160 mm axis of the sample, while in the transverse arrangement (Figure 3.2b), inclusions were
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oriented perpendicular to this axis. For easier comparison between the two configurations, the
transverse layout was designed by dividing the 160 x 40 mm face of the prism into four
quadrants of 40 mm each, thus mirroring the spacing adopted in the longitudinal arrangement.
The number of inclusions was then distributed per quadrant, meaning that one, four, or nine
inclusions corresponded to one, four, or nine per conceptual quadrant, respectively, ensuring

geometric consistency between orientations.
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Figure 3.2 Optical fiber/holes distribution in flexural strength test samples: (a) longitudinal
and (b) transversal directions. The side view and cross-sections of the inclusions are
identified in blue

3.24 Scanning electron microscopy

To evaluate the microstructural characteristics of inclusions, scanning electron microscopy
(SEM) was performed on selected mortar samples. Four representative prisms were chosen:
9V and 9F from the reference mixture, 4V, and 9F from the eco mixture. After one year of
curing, small sections were cut from the central part of the prisms to limit surface carbonation

and drying effects. Specimens were first sawn to approximately 5 mm thickness using a
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precision diamond saw under continuous lubrication to minimize microcracking. The slices
were immediately rinsed with isopropanol to halt hydration and then immersed in fresh
isopropanol for 72 h, following the solvent-exchange protocol recommended for cementitious
materials. After solvent treatment, the samples were vacuum dried and impregnated with a
low-viscosity epoxy resin to preserve pore structure and stabilize the interfaces around
inclusions. The impregnated sections were successively ground with 600-grit SiC paper and
polished with diamond pastes of 9 um, 3 um, 1 um, and 0.5 pm particle sizes, using lapping
oil as a lubricant. After each polishing step, the specimens were cleaned in an ultrasonic bath
with isopropanol for 15 min to remove residues and cross-contamination between polishing

stages.

For SEM observation, samples were carbon-coated to ensure conductivity. Imaging was
conducted using a Hitachi TM3030 tabletop microscope equipped with a backscattered
electron (BSE) detector. An accelerating voltage of 15 kV and magnifications between x30
and x400 was used to examine the geometry of holes, the morphology of fiber—matrix
interfaces, and possible microcracking or porosity in the interfacial transition zones. This
procedure enabled direct comparison between the morphology of holes and optical fibers
embedded in the mortar matrix, with emphasis on the long-term stability of the interfaces and

potential differences in microstructural damage or densification.

3.2.5 Numerical analysis

Finite element simulations were conducted in ANSYS Workbench to complement the
experimental program by providing qualitative insight into the stress distribution around
inclusions under both compressive and flexural loading. The numerical models reproduced the
sample geometries and boundary conditions of the laboratory tests. Mortar was modeled as a
linear elastic material with an elastic modulus of 22 GPa (Marques et al., 2020), Poisson’s ratio
of 0.19 (Baranikumar, Torrence, & Grasley, 2021), and density of 2200 kg/m? as per testing
(Jinetal., 2025). PMMA optical fibers were assigned an elastic modulus of 3.2 GPa, Poisson's
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ratio of 0.35, and a density of 1118 kg/m? as per the manufacturer’s specifications. A linear

elastic constitutive law was adopted for both phases.

This modelling choice defines the scope and purpose of the simulations explicitly. A linear
elastic formulation reproduces the elastic stress state before any damage or cracking and is
appropriate for identifying stress localization patterns and qualitative differences between
inclusion types. It does not capture crack initiation, crack propagation, progressive matrix
damage, or fiber-matrix debonding. Consequently, the simulations are not used to predict
failure loads or ultimate strength, and their results are interpreted solely as qualitative

indicators of stress redistribution mechanisms operating in the pre-failure regime.

For the compression models, a uniaxial load of 100 kN was applied in the vertical direction,
while the bottom face was fully constrained (Figure 3.1a). Normal stress was analyzed to
examine how inclusions modify the compressive stress field. A uniform mesh size of 2 mm
was employed throughout the volume, with local refinement around each inclusion to improve

the resolution of the stress gradient near fiber- and hole-matrix interfaces.

For the flexural models, three-point bending was simulated with two fixed supports positioned
25.4 mm from each end of the prism, producing a clear span of 109.2 mm. A vertical load of
1 kN was applied at midspan. The equivalent von Mises stress was computed to assess how
inclusions modify stress concentrations and stress redistribution under bending. Configurations
modelled in flexure included longitudinal and transversal orientations at 1, 4, and 9 inclusions,

for both fibers and holes, in addition to the control.

3.2.6 Statistical analysis

Statistical analyses were conducted separately for reference and eco mixtures. Compressive
strength was analyzed using one-way analysis of variance (ANOVA), since specimen
configuration was the only experimental factor. This factor included the control and the fiber

and hole configurations at each inclusion level. When the overall ANOVA indicated significant
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differences, Tukey’s honestly significant difference test was applied for pairwise comparisons.
The discussion focused on comparisons between fibers and geometrically equivalent holes, as
well as comparisons between relevant inclusion configurations and the control, since these
contrasts directly addressed the effects of the inclusion material and the departure from the

control condition.

Flexural strength was analyzed using two-way ANOVA with replication. The factors were
inclusion orientation, transverse or longitudinal, and inclusion configuration, comprising 1F,
4F, 9F, 1H, 4H, and 9H. The interaction between orientation and inclusion configuration was
also evaluated. This model was selected because each fiber and hole configuration was tested
in both orientations. Control specimens were not included in the two-way analysis because
orientation was not applicable to specimens without inclusions. Statistical significance was

established at . = 0.05.

3.3 Results and discussions

3.3.1 Compressive strength

Figure 3.3 shows the compressive strength results for mortars with embedded optical fibers
and preformed holes for both mortar formulations, with percentage changes relative to each
respective control annotated to facilitate comparison. For the reference mixture, the control
reached an average of 63 MPa. The addition of a single fiber or a single hole did not change
the results significantly and remained close to that of the control samples. With four and nine
fibers, compressive strength increased to 68.8 MPa and 70 MPa, respectively, representing an
improvement compared to the control (both significant versus the control by one-way ANOVA
with Tukey’s HSD, p < 0.05; the difference between the four- and nine-fiber configurations
was not significant). However, at sixteen fibers the average strength returned to a value
statistically indistinguishable from the control (65.7 MPa; p > 0.05), indicating that the benefit
observed at intermediate fiber levels was no longer present. This behavior aligns with a
percolation-like behavior, where increasing inclusion density leads to overlapping stress

transfer zones around individual fibers, and the resulting cumulative disruption of the matrix
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ultimately surpasses the reinforcing contribution of each added fiber. Similar reductions at
higher fiber dosages have been reported in the literature, including the works of Henriques et
al., (2018, 2020), Li et al., (2015), Navabi et al., (2021), Lian & Yin, (2022), and Sawant et al.,
(2014).
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Figure 3.3 28-day compressive strength of mortars containing optical fibers and preformed
holes of equivalent geometry, for (a) the reference mixture and (b) the eco mixture.
Percentages indicate the change relative to each respective control (dashed line)

For hole samples in the reference mixture, the same tendency was observed up to four holes,
with strength reaching 68 MPa. At higher quantities, however, strength dropped to 64.5 MPa
for nine holes and 56.2 MPa for sixteen holes. At this density, holes collectively weaken a
significant fraction of the load-bearing cross-section, and the matrix can no longer redistribute
stress effectively around the growing network of discontinuities. This indicates that the
mechanical effects of embedded fibers cannot be explained solely by their occupied space, but
that their interaction with the surrounding matrix contributes positively, especially at moderate

inclusion levels (Stochl et al., 2023).

The direct comparison between fiber and hole responses at equivalent geometry provides clear

evidence that the material nature of the inclusion contributes independently to compressive
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strength, beyond the geometric disruption of the matrix. At nine inclusions in the reference
mixture, fibers reached a mean compressive strength of 70 MPa, whereas holes with the same
diameter and spatial distribution yielded 64.5 MPa, corresponding to a statistically significant
difference of 5.5 MPa under equivalent geometric conditions (p < 0.05). At one inclusion, this
difference was not observed (1F: 61.2 MPa; 1H: 62.9 MPa), with the two being statistically
equivalent, indicating that a single inclusion does not generate sufficient load redistribution to
make material-matrix interaction mechanically relevant. As the number of inclusions increases
to four and nine, however, fibers establish a distributed network of stress transfer sites within
the matrix, and the combined effects of fiber-matrix adhesion and elastic mismatch become
measurable (the fiber-hole difference reaching significance at nine inclusions, p < 0.05). This
progressive divergence between fiber and hole responses addresses research question (ii),
demonstrating that geometric disruption alone does not explain the observed strength changes
at moderate inclusion levels, and that the material-matrix interface provides an additional

strengthening mechanism that scales with inclusion density.

In the eco mixture, the control sample reached 37.5 MPa, reflecting the reduced cement
content. The presence of fibers showed a non-monotonic response, a slight decrease with one
inclusion, progressive gains at four and nine fibers, reaching a maximum of 41.9 MPa. As also
observed with reference mixture, the strength decreased when sixteen fibers were added,
dropping below the control. The hole samples in this mixture followed a similar trend, with
nine holes resulting in a small increase (39.6 MPa), but sixteen holes reducing strength to 33.8
MPa. In this mixture, fiber and hole strengths differed significantly at one, four, and nine
inclusions (p < 0.05) but converged at sixteen (p > 0.05), where both fell significantly below
the control. The absolute values in this mixture were significantly lower compared to the

reference mixture, which is expected owing to the reduced cement content (Damineli, Kemeid,

Aguiar, & John, 2010; Jin et al., 2025).

This close contact likely facilitated stress transfer across the interface, explaining why fiber
samples consistently outperformed hole samples at equivalent inclusion levels. In contrast, the

eco mixture exhibited a larger interfacial gap between the fiber and the matrix (Figure 3.4b),
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thereby reducing the fibers' ability to engage effectively with the surrounding mortar under
loading. This gap is attributed to differential shrinkage between the PMMA fiber and the
cementitious matrix. During hydration and subsequent drying, the mortar undergoes
autogenous and drying shrinkage, whereas the PMMA fiber, as a solid polymer with fixed
geometry, does not contract volumetrically. As the matrix shrinks around the fiber, tensile
stresses develop at the interface and, once they exceed the local bond strength, debonding and

gap formation occur (Shafei et al., 2021).

The local interfacial morphology observed in the eco mixture is consistent with its distinct
binder composition and the distribution of hydration products around the fiber. In the selected
reference-mixture image, the solid phase appears more continuous around the fiber and the
visible interfacial gap is smaller (Figure 3.4a). These features are consistent with a local
morphology favorable to fiber-matrix contact and stress transfer. The SEM observations
therefore complement the mechanical comparison between fiber and hole specimens by

providing local morphological evidence of differences in interfacial contact between the two

mixtures.

x1000 100 um x1000 100 um

Figure 3.4 Selected backscattered-electron SEM images of the fiber-matrix interface in (a)
the reference mixture and (b) the eco mixture, with corresponding higher-magnification
views

The eco mixture maintained compressive strengths close to or above its control at moderate
fiber contents. The 9F configuration reached 41.9 MPa, representing a statistically significant
increase relative to the control. This result shows that embedded fibers can contribute
positively to the mechanical response of the reduced-clinker matrix under the tested

configuration. From a sustainability perspective, the result indicates compatibility between
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reduced Portland cement content and the incorporation of optical fibers while preserving

meaningful compressive performance (Shafei et al., 2021).

Additional SEM observations were performed on hole samples (Figure 3.5). In both mixes,
dark regions interpreted as pore space were observed near the hole perimeter in the selected
fields of view. The binary images in Figure 3.5 c, d provide an approximate two-dimensional
estimate of the dark-area fraction within the analyzed regions. The selected eco-mixture field
showed a higher local dark-area fraction and a more irregular hole outline than the selected
reference-mixture field. These features are consistent with greater local microstructural
heterogeneity around the hole in the examined eco-mixture region. The morphology of the
holes also differed between the mixtures: while they were expected to be approximately
circular, reflecting the geometry of the fiber, the selected eco-mixture image showed a more
irregular outline. This morphology may reflect local damage around the hole, with a possible
contribution from sample preparation (Stutzman & Clifton, 1999). Together, these
observations provide a localized morphological basis for interpreting the mechanical response

of the hole-containing specimens.
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Figure 3.5 Selected backscattered-electron SEM images of the regions surrounding
preformed holes in (a) the reference mixture and (b) the eco mixture, with (c,d)
corresponding binary segmentations and approximate dark-area fractions for the analyzed
fields of view

At nine holes, the eco mixture reached 39.6 MPa, corresponding to a +5.4% increase relative
to its control (37.5 MPa), proportionally larger than the +2.4% increase observed in the
reference mixture (64.5 vs 63 MPa). Since holes do not provide material-matrix interaction,
this comparison shows that the response to an equivalent geometric discontinuity varied with
matrix composition. The local differences in dark-area distribution and hole morphology
observed in Figure 3.5 are consistent with this matrix-dependent response and provide

microstructural context for the experimental results.
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Taken together, the results indicate that the mechanical response of fiber-reinforced mortars is
not only a function of the number of inclusions but also of the fiber-matrix interface quality,
which depends on the mixture proportioning (Henriques et al., 2018; Li, Li, Wang, Tao, & Shi,
2025; Navabi et al., 2021). The mechanical comparisons show that fibers and geometrically
equivalent holes produce distinct compressive responses at selected inclusion levels. The SEM
images complement these results by revealing local differences in fiber-matrix contact and
hole morphology between the two mixtures. These combined observations support a
contribution from fiber-matrix interaction and matrix composition to the measured mechanical

response, with the microstructural interpretation focused on the examined regions.

3.3.1.3 Numerical stress distribution analysis under compression

Numerical simulations of stress distribution (Figure 3.6) complement the experimental results
by showing how fibers and holes modify the elastic stress field under compression. In
specimens containing holes, localized compressive stress peaks occurred at the hole boundaries
in all investigated configurations. The spatial distribution of these regions changed with the
number of holes, providing a qualitative representation of how geometric discontinuities
influence the pre-failure elastic stress field. These patterns provide mechanical context for the

compressive strength results.
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Figure 3.6 Normal stress under compression for mortar with 1, 4, 9, and 16 fibers and holes.
Global and zoomed-in views are shown for each case. The red tag represents the highest
localized compression applied on the sample
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In contrast, samples with fibers showed a more complex behavior. Although fibers disturbed
the stress field, the highest compressive stresses were not always concentrated at the fiber-
matrix interface. Local regions of near-zero stress were observed around both fibers and holes
perpendicular to the loading direction. Compared with holes, fibers produced a more spatially
distributed elastic stress field, whereas the peak stresses around holes remained more localized
at the inclusion boundaries. Within the modeled elastic regime, this difference shows that the
material properties of the embedded fibers influence stress transfer through the surrounding
matrix. As the number of fibers increased, the stress field became more broadly distributed, a
pattern consistent with the experimental configurations in which compressive strength was

maintained or increased.

Local stress concentration at a hole boundary describes the elastic response of a specific region,
whereas compressive strength represents the specimen-scale load-bearing response. Tukey’s
HSD showed that the 4H configuration in the reference mixture was significantly stronger than
the control, while 1H and 9H were statistically comparable to it. In the eco mixture, 9H was
significantly stronger than the control, while 1H and 4H were statistically comparable. At 16
holes, both mixtures showed significantly lower strengths than their respective controls. These
results show that localized elastic stress peaks can coexist with maintained or increased
compressive strength at selected inclusion levels, whereas the highest investigated hole density

produced an unfavorable specimen-scale response.

The simulations provide an elastic stress-distribution interpretation that complements the
experimental compression results. Holes generated boundary-localized stress fields, and the
spatial interaction among these regions became more pronounced as the number of holes
increased. At 16 holes, this numerical pattern coincided with a significant reduction in
compressive strength in both mixtures. Fibers, by contrast, produced a more distributed elastic
stress field, consistent with the broader range of tested inclusion levels over which fiber-

containing specimens maintained or increased their compressive strength.
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3.3.2 Flexural strength

Figure 3.7 presents the flexural strength results at 28 days for mortar samples with varying
quantities and orientations of embedded optical fibers and holes. Each point corresponds to the
average of three samples, and the red line indicates the control samples tested without
inclusions. For the reference mixture, the control samples reached an average flexural strength
of 10.9 MPa. The introduction of a single fiber increased strength in both orientations, reaching
11.6 MPa in the transversal direction and 11.8 MPa in the longitudinal direction. A similar
improvement was observed for a single hole, with a more pronounced effect in the longitudinal
orientation (12.5 MPa). With four fibers, flexural strength remained above the control in both
directions. At nine fibers, however, the behavior diverged depending on fiber orientation. In
the transversal configuration, strength decreased to 9.5 MPa, while in the longitudinal
direction, it was maintained at 11.1 MPa. For holes, the same tendency was observed, where
nine inclusions reduced the strength in the transversal direction (9.5 MPa), but the longitudinal

samples still reached 12.7 MPa.

These results indicate that, unlike compression, flexural strength did not follow a clear
tendency with the number or type of inclusions in the reference mixture. Overall, the beneficial
effect of fiber inclusions in flexure was less clear than in compression, with performance being
influenced more by alignment than by inclusion quantity or type. While additional inclusions
often weakened specimens in the transversal orientation, the longitudinal orientation

consistently preserved or enhanced strength.
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Figure 3.7 28-day flexural strength by inclusion type and orientation for the reference

mixture (dark bars) and eco mixture (light bars). The 2x2 layout separates fibers from holes
and longitudinal from transverse configurations. Dashed lines indicate the control level for

each mixture

In the eco mixture, the control reached 8.9 MPa. The most notable observation is how closely

fiber and hole responses tracked each other across all configurations (Figure 3.7), a pattern

absent in the reference mixture. Where the reference mixture showed fibers outperforming

holes in several conditions, the eco mixture showed a lower distinction between the two

inclusion types, consistent with the SEM evidence of degraded fiber-matrix bonding. The

orientation effect, however, remained just as strong: longitudinal inclusions preserved or

improved strength, while transversal ones consistently reduced it, confirming that orientation

governs flexural behavior regardless of matrix quality.



110

Taken together, these results highlight two key aspects. The first is the dominant effect of
orientation over inclusion type. This hierarchy was confirmed by two-way ANOVA (inclusion
type X orientation): orientation was a highly significant factor in both mixtures (reference: F =
48.1,p <10 eco: F=47.7, p < 10) and exerted a substantially stronger effect than inclusion
type (reference: F =7.9; eco: F =4.2; both p <0.01). A significant interaction (p <0.01 in both
mixtures) indicates that the influence of orientation varied with inclusion configuration. To
substantiate this hierarchy, consider the following direct comparisons from the reference
mixture data. At 9 inclusions in the longitudinal configuration, switching from fiber to hole
changes strength from 11.1 MPa to 12.7 MPa, an absolute difference of 1.6 MPa, representing
a ~15% variation relative to the control (10.9 MPa). By contrast, switching from longitudinal
to transverse orientation within the fiber condition at 9 inclusions changes strength from 11.1
MPa to 9.5 MPa, an absolute reduction of 1.6 MPa, representing a ~14% decrease relative to
the control. In the eco mixture, this contrast is even more pronounced: longitudinal hole
samples at 9 inclusions reach 9.2 MPa, while transverse hole samples at the same count remain
at or below the control of 8.9 MPa, yet the difference between fiber and hole at the same
orientation rarely exceeds 0.5 MPa. These comparisons confirm that re-orienting inclusions
from longitudinal to transverse consistently produces strength changes of comparable or
greater magnitude than replacing fibers with equivalent-geometry holes across both mixture
designs. This anisotropy is explained by how inclusions interact with crack initiation and
propagation (Liu et al., 2023; Lyu et al., 2024). In the longitudinal direction, inclusions are
aligned with the flexural span and may delay crack growth by promoting stress redistribution
or deflection of the fracture path. In the transversal direction, inclusions cut across the narrow
section and promote local stress concentration, so their accumulation at higher numbers
reduces the ability of the matrix to sustain flexural loads (Huynh Phuong Nam et al., 2022;
Lone, Zhao, Fan, & Zhou, 2025).

The second aspect is the effect of the mixture proportioning. At low to moderate levels (one
and four inclusions), fibers and holes had a neutral or even positive effect on strength,
particularly in the longitudinal direction. At higher levels (nine inclusions), the beneficial

effect was lost in the transversal configuration, indicating that the matrix cannot accommodate
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a high density of discontinuities without compromising integrity. The numerical simulations
in Figure 3.8 corroborate this conclusion: stress redistribution patterns differ markedly between
longitudinal and transverse configurations (Lyu et al., 2024), while the fiber-versus-hole
distinction produces only subtle differences in the simulated stress fields, consistent with the

experimentally observed dominance of orientation over inclusion material type.

Finally, the distinction between fibers and holes was less evident in flexural strength than in
compressive strength. In the reference mixture, fibers generally performed slightly better than
holes, but in the eco-cement mixture their behavior was analogous. This trend is consistent
with the SEM observations, where the weaker matrix of the low-cement mixture exhibited
larger interfacial gaps and higher porosity, limiting the effectiveness of fiber-matrix bonding.
In the eco mixture, fiber and hole flexural responses were similar across all transversal
configurations and nearly converged at nine longitudinal inclusions, suggesting that fiber-
matrix bonding contributes negligibly to flexural strength when matrix quality is reduced. The
relative contribution of bonding quality versus matrix porosity to this behavior cannot be fully
separated from the present experimental data alone and represents a direction for future

investigation.

3.3.2.1 Numerical stress distribution analysis under flexion

Figure 3.8 shows the equivalent stress distribution under three-point bending for mortar beams
with embedded fibers or preformed holes in different quantities and orientations. The control
sample presented the expected distribution, with stresses concentrated beneath the loading
point and spreading toward the supports, consistent with observations in other cementitious
composites with different reinforcement materials (rubberized, nano silica fiber, carbon cloth
waste fiber) (Anmeeganathan, Ravichandran, & Subramanian, 2018; Lone et al., 2025; Zhu et
al., 2025) indicating that this stress pattern is a general feature of flexural loading rather than

material specific.
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Figure 3.8 Equivalent stress fields from numerical simulations of mortar under flexural
loading
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The flexural simulations show that the dominant stress concentrations occur at the loading
point and support regardless of inclusion type or count, consistent with classical three-point
bending behavior. The fiber versus hole distinction produces subtle differences in the simulated
stress fields across all configurations, supporting the experimental finding that inclusion type
is secondary to orientation in governing flexural performance. Given the linear elastic
formulation and the sensitivity of local stress patterns to mesh geometry around transversal
inclusions, the flexural simulations are best interpreted as qualitative indicators rather than
precise predictors of stress redistribution. When comparing fibers and holes, differences were
relatively subtle, in agreement with Stochl et al., (2023). Both modified stress contours in
similar ways, indicating that orientation was the dominant factor controlling stress localization.
A slight distinction appeared where fibers allow to sustain stress transmission along the bottom
span, while holes primarily interrupted the stress path, concentrating stresses at their periphery.
This nuance is consistent with the experimental results of the reference mixture, where fibers

occasionally outperformed holes.

Overall, the simulations confirm that orientation governs whether inclusions mitigate or
intensify stress localization. The role of fibers versus holes was less obvious to discern, with
differences only becoming evident in specific cases. Since the simulations did not account for
different mixture proportions, the main insight is that anisotropy dominates flexural
performance, while the beneficial role of fibers depends strongly on an effective bond with the

surrounding matrix (Henriques et al., 2018; Huynh Phuong Nam et al., 2022).

3.4 Conclusions

This study provides direct experimental demonstration that the mechanical effect of embedded
optical fibers in cementitious composites is not simply a function of the hole they occupy, the
fiber material itself contributes independently to compressive strength, and this contribution
scales with inclusion density and matrix quality. Under compression, both fibers and holes

generally contributed to strength gains over the reference mixture. Fiber samples generally
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outperformed the control samples, even at higher inclusion numbers, suggesting a beneficial

interaction with the matrix.

Holes also produced strength gains at selected intermediate inclusion levels. The 4H
configuration in the reference mixture and the 9H configuration in the eco mixture were
significantly stronger than their respective controls. These results identify tested configurations
in which preformed holes remained compatible with maintained or improved compressive
strength despite the reduction in solid cross-sectional area. At 16 holes, both mixtures showed
significant strength reductions, indicating that the mechanical effect of geometric
discontinuities depends on inclusion density and matrix composition within the investigated
range. In the eco mixture, the 9F configuration also produced a significant strength gain
relative to the control, showing that the reduced-clinker matrix remained mechanically
compatible with embedded optical fibers under the tested configuration. The local differences
in fiber-matrix contact observed by BSE provide morphological context for this mixture-

dependent response.

In flexural loading, inclusions were beneficial when aligned longitudinally, enhancing
resistance in both mortar mixes regardless of whether fibers or holes were used. Orientation
was as influential as inclusion type, with switching from longitudinal to transversal
consistently producing strength reductions of comparable or greater magnitude than replacing

fibers with equivalent-geometry holes at the same inclusion count.

Numerical simulations complemented the experimental findings under compressive and
flexural loading by comparing the elastic stress fields generated by the investigated inclusion
configurations. Under compression, holes produced more boundary-localized stress patterns,
while fibers produced more distributed elastic fields. Under flexure, the simulations
highlighted the influence of inclusion orientation on the elastic stress distribution. The linear
elastic formulation therefore provides a qualitative pre-failure comparison that connects

inclusion geometry and orientation with the experimentally observed mechanical response.
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Overall, the results demonstrate that optical fibers do not inherently compromise mechanical
performance and, depending on inclusion density and orientation, may even enhance it.
Geometric disruption was identified as the dominant factor, with fiber-matrix bonding
providing an additional contribution to stronger mortars. The deliberate introduction of holes
may appear detrimental, yet in some cases can result in surprisingly efficient load-bearing
behavior relative to the reduced material volume. These findings support the development of
materials capable of combining structural and optical functions, enabling applications such as
daylight transmission, reduction of artificial lighting demand, and integration of sensing or
signaling functions in building elements. This work represents another step towards the
research and application of light-transmitting cementitious materials and smart,

multifunctional building components.
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Abstract

Light-transmitting building materials often compromise visual privacy due to coherent light
transmission. This study presents a novel composite utilizing randomly distributed optical
fibers coupled with a computational image reconstruction system. A limestone-calcined clay
cement (LC?) inspired matrix was designed for sustainability and material performance. An
algorithmic approach assigned a random traceable fiber distribution via a bijective input-output
mapping. The random fiber configuration achieves effective light diffusion, preserving
physical privacy. However, using digital imaging and homography-based calibration, the
network was computationally reconstructed to reverse the diffusion, recovering hidden visual
information accurately. This demonstrates a dual functionality: architectural privacy combined
with selective digital transparency. Geometric robustness tests confirmed a stable operational
envelope (estimated error of 2.9%) across viewing distances of 30-110 cm and camera rotation
angles up to +35° (pitch and yaw), establishing these fiber-instrumented cementitious

composites as hybrid physical-digital materials for smart infrastructure applications.
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4.1 Introduction

The incorporation of light-transmitting elements in construction materials has been studied as
a strategy to improve daylight utilization, reduce dependence on artificial lighting, and enhance
the aesthetic performance of buildings (Ahuja & Mosalam, 2017; Huang, 2020; Shen & Zhou,
2021; Shenoy, Nayak, Tantri, Shetty, & Shendkar, 2023; Stochl et al., 2023; Su et al., 2020;
Su, Zhang, Liu, et al., 2022). Various approaches have been explored to achieve this goal,
including the use of glass blocks, translucent polymers, and cementitious composites with
embedded inclusions designed to guide or diffuse light (Arias-Erazo, Villaquiran-Caicedo, &
Goyes, 2021; Edris, Odah, Abu-Qasmieh, & Hendy, 2021; Pagliolico et al., 2015). Together,
the development of the cementitious matrix itself is moving toward low-carbon alternatives,
such as Limestone Calcined Clay Cement (LC?), which offers a sustainable base for high-
performance architectural materials (Jin et al., 2025). These solutions often seek to balance

structural performance with visual effects, offering both functional and architectural benefits.

Among the different methods, the incorporation of optical fibers into cementitious matrices
has attracted particular attention (Arcolezi, Brial, Ung, & Ouellet-Plamondon, 2026; Arcolezi,
Zimmermann, Ung, & Ouellet-Plamondon, 2026). Optical fibers transmit light efficiently
across relatively long distances while maintaining their flexibility and compatibility with
casting processes (Nam et al., 2023; Su, Zhang, Liu, et al., 2022; Taheri, 2019). When
embedded in mortars or concretes, they enable external light to penetrate through solid, opaque
elements, creating composites that combine mechanical strength with the ability to channel
illumination into interior spaces (Bai et al., 2024; Henriques et al., 2018; M. Li, Lu, & Yang,
2022; Yue Li, Li, Wan, & Xu, 2015; Stochl et al., 2023).

Most studies in this field have focused on configurations where fibers are placed in straight
and parallel arrangements (Chiew, Ibrahim, & Mohd Ariffin, 2024; Chiew, Ibrahim, Mohd
Ariffin, Lee, & Singh, 2021, 2023; Henriques et al., 2018; Li et al., 2022; Li, Li, Wan, et al.,
2015; Luhar et al., 2021; Nam et al., 2023; Navabi et al., 2023; Navabi, Javidruzi, Hafezi, &

Mosavi, 2021). This design ensures efficient light transfer and, in many cases, allows the
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perception of shapes or silhouettes from the opposite side of the material (Huang, 2020; Kim,
2017). While this property produces distinctive visual outcomes, it also introduces a limitation.
In applications where privacy is required, the transmission of recognizable contours may

restrict the use of these composites.

In recent years, the development of light-transmitting concretes has also intersected with
broader research on smart and responsive materials, where optical components are used not
only for illumination but also for information capture and visualization (Arcoleziet al., 2025;
Marin, Philippe, & Blanchi, 2014; Said, 2020). Such materials open perspectives for real-time
monitoring, imaging, and augmented-reality applications in construction, enabling interactive

or perceptive building elements.

In this work, we propose a different approach. Instead of a parallel arrangement, fibers are
introduced in a random distribution that modifies the way light propagates through the
material. This strategy produces a composite that is partially translucent while reducing the
possibility of visual recognition of shapes and objects behind it. This design is conceived as a
functional material for architectural privacy, but also as a physical platform for optical data
transmission and digital imaging experiments. Beyond the physical development of the
composite, we also explore a digital perspective. By mapping the position of each fiber, it
becomes possible to reconstruct them computationally into ordered virtual paths. This process,
which we define as a type of digital reverse engineering, makes it feasible to reconstruct visual
information hidden in the physical specimen. The main objectives of this study are therefore

twofold:

1) To develop a mortar-based light-transmitting composite with randomly distributed
optical fibers, capable of combining light transmission with privacy;

i1) To establish a digital methodology for the geometric reverse engineering of the
randomized fiber network, demonstrating that the diffused light can be computationally

reconstructed to recover hidden visual information.
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By combining physical material design and digital reconstruction, this study proposes a new
paradigm where the composite functions as an active physical-digital interface, transforming
a passive architectural component into a functional optical processor. This dual functionality
positions the composite both as a privacy-preserving material and as a platform for selective
visual information retrieval, highlighting its potential as an active physical-digital component
in architectural applications. This approach aims to expand the potential of translucent

composites in architecture, where both light transmission and privacy represent key features.

4.1.1 Conceptual design of the semi-translucent composite with privacy

In conventional light-transmitting concretes, the optical performance is influenced primarily
by the geometric configuration of the fibers, which are commonly embedded in straight and
parallel distribution (Figure 4.1) (Huang, 2020; Li, Li, & Guo, 2015; Pourkazemi, Vahdati,
Mirvalad, & Mahdikhani, 2024; Rong et al., 2023). This arrangement creates direct optical
channels between the two faces of the element, allowing light to pass with limited deviation
from its original direction. Several studies report that such parallel configurations can preserve
a degree of spatial correspondence between the illuminated and receiving faces, making it
possible in many cases to perceive general contours or shapes through the panel (Huang, 2020;
Kim, 2017). Although the extent of this visual coherence depends on several parameters, such
as fiber density, diameter, spacing, and lighting conditions, straight-line arrangements tend to
maintain a recognizable structure in the transmitted light (Huang, 2020; Nam et al., 2025).
From an architectural standpoint, this can be desirable to convey visual information or enhance
transparency, but it may also limit the use of these systems in contexts where privacy is

required.

To address these limitations, the design proposed in this study diverges from the conventional
approach by introducing fibers with no predefined alignment, crossing the specimen along
irregular paths. These trajectories interrupt direct optical channels and disperse the transmitted
light, reducing coherence and preventing the formation of discernible shapes. The resulting

composite combines two functions, allowing the passage of light while suppressing visual
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perception, which creates a pathway toward privacy-oriented translucent architectural

elements.

Previous studies have also explored randomly distributed fibers, often referring to a non-
uniform planar arrangement (Henriques et al., 2018), but with parallel, linear trajectories
through the specimen, and almost exclusively to characterize their physical properties, such as
fiber orientation (Nam et al., 2023), intersection density, or network connectivity for
understanding material formation or mechanical performance. These efforts treated

randomness as a structural descriptor rather than as an optical mechanism.

In addition to studies focused on optical, mechanical, or structural properties, other research
has investigated the reconstruction and analysis of fiber network topology using image-based
approaches. Tang et al., (2009) and D’Amore et al., (2010) demonstrated that imaging and
reconstruction techniques can be used to characterize and modify complex fibrous networks
through descriptors such as connectivity, orientation, and branching. Although these works are
not related to optical transmission, they highlight the broader applicability of image analysis
for extracting and reorganizing information from disordered fiber structures. Within this
context, similarity metrics commonly used in image analysis, such as Normalized Cross-
Correlation (NCC), provide a quantitative means to evaluate spatial correspondence between
images or reconstructed patterns (Atmaja, Wibirama, Herliansyah, & Sudiarso, 2025; Han,

Kim, & Kwon, 2012; Li, Su Win, Fan, Li, & Lin, 2025; L. Meng et al., 2025).

Other approaches, such as Li et al., (2025); L1, Yin, & He, (2025) and Zheng et al., (2024) have
developed algorithms for 3D reconstruction of granular or fibrous networks and dense image
segmentation using vision-based models. Although these methods focus on granular media or
biological tissues rather than light transmission, they highlight the utility of computational

reconstruction and topological analysis to recover structural information from complex,
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irregular networks. Such concepts support the broader relevance of digital mapping and

reconstruction strategies for fiber-based materials.

Accordingly, while these studies incorporate a form of randomness, the random three-
dimensional trajectories as a means to disrupt optical coherence or enable digital reconstruction
intentionally are not employed, which constitutes the main conceptual contribution of the
present work. In contrast, the proposed design treats the random network not as a property to
be analyzed, but as a physical encryption layer: the random paths intentionally diffuse light in

the physical domain while remaining traceable for digital reconstruction.

Figure 4.1 compares both configurations. In conventional design (Figure 4.1a), parallel fibers
transmit light directly, preserving shapes. In the proposed configuration (Figure 4.1b),
randomly oriented trajectories scatter the transmitted light, preventing image formation while
maintaining brightness. The irregular fiber paths also generate a complex internal pattern that

can later be captured, analyzed, and reconstructed digitally.

Figure 4.1 Comparison between (a) a conventional light-transmitting composite with parallel
fibers, and (b) the proposed random fiber distribution, which diffuses light and maintains
privacy
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The random distribution was not produced arbitrarily but generated through a computational
algorithm that assigns a unique correspondence between each entry and exit point of the fibers.
This approach ensures that randomness is fully traceable and reproducible, allowing the
physical arrangement to be digitally reconstructed afterward. Each fiber, therefore, carries both
an optical and an informational role, acting as an individual data channel within a randomized

network.

This property enables a second level of analysis. The internal network of fibers can be mapped
not only as spatial geometry but also as a framework for light transfer. Once recorded, the
random paths may be computationally reconstructed into virtual straight lines, creating a digital
version of the specimen with ordered transmission channels. In this virtual configuration, light
emerging from random exit points is reassigned to coherent paths, which makes it possible to
reconstruct images hidden by the physical material. Figure 4.2 illustrates this principle. A
background object, represented by the letters “ETS”, remains indiscernible in the physical

sample, yet becomes visible when the recorded fiber network is reconstructed digitally.
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Figure 4.2 Digital reconstruction of fiber paths enables recognition of hidden letters “ETS”
that remain indistinguishable in the physical specimen

In summary, the proposed design replaces parallel fiber arrangements with traceable random

trajectories, enabling light transmission while suppressing visual recognition at the material
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level. At the same time, the preserved fiber mapping allows digital reconstruction, defining the

composite as a physical-digital optical interface for privacy-oriented architectural applications.

4.2 Materials and methods
4.2.1 Fabrication of the semi-translucent composite with privacy

The cementitious matrix material used was a limestone calcined clay cement (LC?)-inspired
mortar (Jin et al., 2025) (Table 4.1). The selection of LC? was based on a dual requirement of
sustainability and material performance. From a sustainability perspective, this system enables
a clinker replacement exceeding 40% (Jin et al., 2025; Scrivener, Martirena, Bishnoi, & Maity,
2018), reducing the use of Portland cement, which is a contributor to global CO> emissions
from the construction sector (Supriya, Chaudhury, Sharma, Thapliyal, & Singh, 2023). In
addition, the chemistry of LC? provides better control over the rheology and microstructure of
the fresh mortar. The reaction between the alumina in the calcined clay and the calcium
carbonate in the limestone leads to the precipitation of additional hydrates, notably
carboaluminates and ettringite (Marangu, 2020; Scrivener et al., 2018). These reactions
contribute not only to the final mechanical performance but also to microstructural refinement,
improving the balance between viscosity and flowability for effective infiltration of the dense

fiber network.

Ordinary Portland cement (Type GU, CSA A3000) (CSA, 2018) was used as the primary
binder. Supplementary cementitious materials included calcined clay (CC) and limestone filler
(LF), following mix design principles established for LC? systems (Alghamdi, Shoukry,
Abadel, & Khawaji, 2023; Hassan et al., 2023; Jin et al., 2025; Scrivener et al., 2018). Natural
river sand (Sa), with a maximum particle size of 2.5 mm, was used as a fine aggregate. A
polycarboxylate-based superplasticizer (SP) was incorporated to achieve the required
workability. Mortar mixing was performed per ASTM C305 (ASTM, 2014), and specimens
were cast and cured following ASTM C109-21 (ASTM, 2021) standard practices. The mix
design aimed to produce a matrix compatible with optical fiber embedding, ensuring sufficient

viscosity to prevent fiber displacement during casting while maintaining adequate flowability
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to penetrate the dense and entangled fiber network. Preliminary tests were performed to adjust
the flow value for controlled casting without segregation, as proposed by Jin et al., (2025).
Specimens were demolded after 24 h and cured in a humidity chamber (23 + 2 °C, RH > 95%)

for 28 days prior to mechanical and optical testing.

Table 4.1 Composition and properties of the partially translucent material

OPC\ CC \ LF \ Sa \Water\ SP | Flow* | Density | Compressive strength**
kg/m? % kg/m? MPa
390 [162.5]97.5] 1310 255 | 15 [ 152 | 2210 49.9+0.2
*Measured as per ASTM C1437 (Astm, 2001)

**Average of three samples as per ASTM C109-21

The light-transmitting elements were polymethyl methacrylate (PMMA) optical fibers
(Eska™, Mitsubishi Chemical). Each fiber had a core diameter of 1 mm, a core refractive index

of 1.49, and a numerical aperture of 0.5.

4.2.2 Random fiber distribution and algorithmic traceability

To achieve a traceable random distribution of the optical fibers, a computational algorithm was
implemented. The mold consisted of two parallel acrylic plates, face A (entry) and face B
(exit), each containing a 33x33 grid of potential fiber positions, spaced at a centre-to-centre
distance of 0.5 cm. Each position was indexed according to a coordinate system where the first

two digits represented the row and the last two digits the column of a matrix.

For each fiber, the algorithm sequentially selected coordinates on faces A (A0101 to A3333)
and assigned a random, non-repeating exit coordinate on face B. This procedure utilized all
332 = 1089 entry points and ensured that the irregular path of each fiber remained fully
traceable through a recorded input-output mapping matrix M (Equation (4.1)).
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A1 By
A, B

M=|"72 TP N=1089 (4.1)
An Br(n)

Where A; represents the coordinate index of the i-t4 fiber on face A, and B, denotes its
randomly assigned exit coordinate on face B, determined by a permutation function 7 such
that 7 is a bijective mapping of {1, ..., n} onto itself. This bijective mapping defines a unique
correspondence between entry and exit points, encoding both geometric randomness and
complete traceability of the fiber network. The resulting dataset later serves as the geometric
basis for the digital reconstruction and homography alignment (Luo et al., 2023; Wang et al.,
2025).

Following the dataset defined by the mapping matrix M, fibers were manually threaded
through the mold and fixed before mortar pouring. This configuration was therefore both
random in the geometric arrangement of fibers, and controlled through the algorithmic
mapping that guaranteed complete traceability. A control specimen containing the same
number of fibers aligned in straight, parallel paths was also fabricated for direct comparison of

light diffusion and privacy performance (Figure 4.3).
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Figure 4.3 Representation of the fiber distribution system. (a) Schematic of the acrylic face A
and B, (b) mold with fibers placed straight, and (c) mold with fibers placed randomly

To preserve the integrity of the fiber network during casting, the fibers were mechanically
constrained by the rigid acrylic mold plates. Since the fibers pass through fixed grid holes, the
mapping matrix M is defined strictly by these fixed boundary coordinates. Therefore,
regardless of minor internal displacements caused by mortar flow or hydration, the input-
output correspondence remains consistent. To further secure this arrangement, the fibers were
prepared with a significant excess length relative to the mold depth (Figure 4.1c¢), providing
sufficient margin to prevent tension forces from dislodging the fiber ends during casting.
Finally, the rheology of the LC® matrix was optimized to achieve close to a self-compacting
consistency, allowing the mortar to infiltrate the entangled fiber network under gravity without
the need for heavy vibration, thus minimizing the risk of fiber breakage or displacement (Nam

et al., 2023).

4.2.3 Digital reconstruction and reverse engineering
4.2.3.1 Image acquisition and calibration

For the digital reconstruction, images of the specimen’s exit face (Face B) were acquired using

a portable camera connected to a system running MATLAB (including the Computer Vision
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Toolbox). To calibrate the image and correct for perspective distortions, four coloured markers
were positioned at the corners of the 33x33 grid. A preliminary colour study confirmed that
yellow and orange offered the highest visibility and contrast under variable lighting conditions.
The selection criteria involved maximizing a visibility metric, defined as the average sum of
saturation and luminosity for each tested colour. To manage camera rotations exceeding 90°,
one marker was assigned a distinct colour (orange), serving as an orientation reference to

prevent misidentification (Figure 4.4b).

4.2.3.2 Automated calibration via homography transformation

The geometric correspondence between the fiber exit grid (Face B) in the image space and the
theoretical coordinate system was established through a Homography Transformation Matrix
H, similar to that proposed by Wang (C. Wang et al., 2025). This is important for correcting
perspective distortion caused by camera position and angle. The homography matrix H relates
a point x1 = (x1, y1, 1)T in the image (distorted) plane to its corresponding point x> = (x2, y2, 1)T

in the rectified (orthogonal) plane (Equation (4.2)).

h11 h12 h13
H = h21 hzz h23 (4-2)
h31 h32 h33

Considering four pairs of points, denoted as (xi, y1) and (x2, y2) for images A and B,
respectively, which define a quadrilateral in each image. The correspondence between these
coordinates and the coefficients of the homography matrix H is then established as Equation

(4.3).

_ higxy + hypys + hys
31Xy + hgpys + hag
_hayxy + hopys 4 Ry
 haixy + Ry + has

X2
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Assuming h33=1, this relationship can be expressed in linear form as AX=B, where X =
[y hiz his hyy hyy hys hsy hgy]T, and matrices A and B are constructed from the
coordinate pairs of the corresponding points. The coefficients of H are solved by least-squares
estimation, and the inverse transformation of H™! satisfies H - H~! = I. This homographic
model establishes the spatial consistency necessary to ensure that the reconstructed fiber
network accurately reflects the real geometry of the specimen, regardless of camera

orientation.

Specifically, while the pre-recorded mapping matrix (M) establishes the logical inverse
relationship between fiber coordinates, a computational algorithm is essential to bridge the gap
between this theoretical map and the dynamic, real-world image capture. The algorithm serves
three main functions: first, it performs image processing and segmentation to accurately
identify the discrete light signature of each fiber on the physical exit surface. Second, it
calculates a homography transformation matrix (H) to dynamically correct the captured image
for real-world perspective and projection distortions (camera angle, distance). This step is
necessary to ensure the physical light patches are precisely aligned with the theoretical grid
defined in M. Only after these geometric and photometric corrections are applied can the
system utilize M to reassign the image patches to their virtual, ordered coordinates, rendering

hidden objects visible (Luo et al., 2023).

4.2.3.3  Digital reconstruction algorithm

The core of the reconstruction relied on the rectified image of face B and the pre-recorded

mapping matrix M. The reconstruction procedure involved two steps for each frame:

1) Patch assignment: after image rectification, a small quadrangular image area (patch)
was digitally assigned around the exit point of each of the N=1089 fibers (Figure 4.4a). This
patch represents the light signal transmitted through that specific fiber.

i) Virtual realignment: the N image patches were then repositioned into a new, ordered

virtual grid according to the inverse logic of the mapping matrix M (Figure 4.4c). For every
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fiber 1, the light patch recorded at the random physical output coordinate (Bx{'By{) was

computationally reassigned to the coherent virtual output coordinate (By;, By;). This process

digitally reverses the scattering effect, converting the physically diffused light pattern into a

coherent visual image.

@)

Figure 4.4 Digital acquisition and calibration of the fiber grid: (a) quadrangular areas
assigned to each fiber, (b) coloured markers placed at the corners of the grid for calibration;
(c) reconstructed view of the grid after homography transformation.

4.2.3.4 Normalized 2D cross-correlation

To quantify the similarity between predefined templates and the target images (reconstruction
and privacy-preserving images), this study utilizes the normalized cross-correlation (NCC)
function. This technique serves to confirm the fidelity of the reconstructed images by
successfully matching known templates taken from a reference image (e.g., the letters ‘E’, “T”,
‘S’), and assessing the effectiveness of the privacy by observing the maximum correlation

score, where a lower score indicates greater privacy protection.

NCC is a widely used measure for template matching in computer vision (Atmaja et al., 2025;
Han et al., 2012; Li, Su Win, Fan, et al., 2025; Meng et al., 2025). It quantifies the linear
relationship between a template T and a patch of an image I (of the same size as T) by

normalizing the cross-correlation result. This normalization makes the method robust to
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changes in image lighting and exposure. The NCC coefficient, R(u, v), at a location (u, v) in

the image I, is computed as Equation (4.4).

Zx,y[l(x» y) - I_u,v] [T(x - wy— V) — T]

\/Zx,y[l(x’:V) - I_u,v]2 ’ Zx,y[T(x —uy-—- U) - T]z

R(u,v) =

4.4

Where T is the mean intensity of the template, and I(u, v) is the mean intensity of the image
patch at position (u, v). The resulting coefficient ranges from -1 to 1, with 1 indicating perfect
correlation. In this study, for each template, the maximum NCC value within the target image
is recorded as the similarity score. High values indicate successful template reconstruction,
while lower values in privacy-preserving images indicate effective obfuscation. By analysing
the maximum correlation value, this quantitative approach allows an objective assessment of

both reconstruction fidelity (higher values) and privacy effectiveness (lower values).

4.2.3.5 Real-time processing and geometric robustness tests

To assess the dynamic performance and the system's robustness for practical applications, the

entire processing pipeline was tested under two conditions:

1) Dynamic scene test, where the specimen was placed in front of a moving object (e.g.,
a hand opening and closing). The motion was captured as a video sequence, and the algorithm
was applied frame-by-frame to demonstrate the temporal fidelity of the reconstructed image,
verifying the system’s capacity to track rapid changes.

i) Handheld acquisition test, where the reconstruction algorithm was implemented using
a live acquisition system, where the camera was handheld and constantly moving. Robustness
to camera motion and orientation changes was confirmed by recalculating the homography
matrix H for every frame based on the continuously tracked coloured markers. The system's
operational envelope was tested by varying the camera's distance, as well as its pitch, roll, and

yaw angles relative to Face B, to determine the limits of stable detection and accurate
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reconstruction. A mobile implementation, using MATLAB Mobile on a smartphone, was also

performed to evaluate the system’s performance under hardware constraints.

4.3 Results and discussions

4.3.1 Light transmission and privacy behavior

Direct optical observation confirmed the functional difference between the two configurations
(Figure 4.5). The parallel arrangement resulted in coherent light channels that allowed the
background object's contour (a hand) to be clearly visible, a conventional outcome for parallel
fiber composites. Conversely, the random distribution configuration produced a diffuse,
unstructured light pattern, although the same object (a hand) was positioned behind the block.
Under identical lighting conditions, the background object was rendered indiscernible,
confirming that the random fiber arrangement effectively diffuses transmitted light,
successfully achieving visual privacy while preserving light transmission. This behavior
represents a topological transition from a highly anisotropic network (parallel fibers),
characterized by a maximized orientation index along the transmission axis, to a stochastically
isotopic network where the lack of structural connectivity correlations disrupts image
coherence (D’Amore et al., 2010). This functional divergence establishes a clear and

demonstrable control over the transparency-privacy balance through fiber arrangement alone.
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(a) (b)

Figure 4.5 Optical response of semi-translucent mortar blocks: (a) parallel fiber configuration
showing the visible shape of a hand behind the block, (b) random distribution configuration
where the same hand becomes indiscernible

4.3.2 Digital reconstruction of the fiber network

Following the initial observations of light transmission, the optical fiber network in the random
distribution specimen was digitally reconstructed based on the recorded input-output mapping.
Each fiber’s exit point was identified and associated with its corresponding patch on the
surface. These patches were then reassigned according to the virtual reconstruction, producing
an ordered image that reveals objects hidden behind the block. As an example, the letters
“ETS” placed behind the specimen became visible once the network was reconstructed (Figure
4.6). The reconstruction confirmed that, although the physical block diffuses light and conceals
shapes, the underlying fiber paths can be computationally realigned to transmit coherent visual
information. This functionality can be restricted to authorized users by limiting access to the
decoding scheme (i.e., the input-output mapping and related code), while maintaining privacy
from external viewers. This establishes a "one-way privacy" functionality in the proposed

translucent composite.
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(a) - L/ I

Figure 4.6 Digital reconstruction of the random fiber network revealing hidden letters “ETS”.
(a) Background letters behind the block (face A), (b) view from the block surface (face B)
before reconstruction, (c) Face B after digital reconstruction, where letters become clearly

discernible

A quantitative analysis of the reconstructed image error (Figure 4.6¢) confirms the fidelity of
the hidden image retrieval. The reconstruction error (E,...) was calculated by quantifying the
number of incorrectly classified fibers relative to the ground truth mask (S,,45x), in Equation

(4.5).

ZlSrec - Smaskl .

N total

Erec = 100 (4.5)

Where Nyyq; is the total number of fibers (1089). Specifically, in the “ETS” test, the ground
truth established that 208 fibers should be classified as masqueraded. The digital reconstruction
correctly identified 202 of these fibers as “off”, resulting in six misclassified fibers. This
analysis yielded a minimal relative pattern error of approximately 2.88% within the dark-fiber
subset. This classification error corresponds to a total system error of only 0.55% when

normalized by the total fiber count.

This small deviation may result from minor light leakage between neighboring fibers or slight
misalignments during the imaging process, or limitations in the digital reconstruction

algorithm itself, such as discretization and rounding effects during patch repositioning. Similar
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to the boundary noise removal strategies employed in high-precision granular reconstruction
(Li, Yin, & He, 2025), future iterations of this algorithm could incorporate morphological
filtering to further mitigate these discretization artifacts. The slightly uneven or irregular
overall alignment observed in Figure 4.6¢ results from the digital mapping scheme. During the
automated mapping process, a quadrangular area was assigned to each individual fiber, which
means that not all fibers remained perfectly centered within their assigned region. When these
patches are digitally reconstructed, the spacing between neighboring fibers can appear locally
wider or narrower. This minor positional distortion does not affect the visual information, as

the letters “ETS” remain clearly recognizable after processing.

The reconstruction process also highlighted the spatial accuracy of the mapping. Patches (i.e.,
small image blocks corresponding to individual nxn “pixel-fibers”) were correctly repositioned
according to the input-output dataset, confirming that the algorithm preserves the geometric
consistency of the fiber network. These results illustrate that the random fiber distribution
achieves the intended privacy effect physically, while the digital reconstruction provides a

reliable method to selectively recover visual information behind the translucent composite.

The fidelity of the reconstructed images and the effectiveness of the privacy-preserving
configuration were assessed by analyzing template-image similarity using NCC. Templates
corresponding to the letters “E”, “T”, and “S” were extracted from the reference image and
correlated with the reference, reconstructed, and privacy-preserving images, generating
correlation maps (Figure 4.7). The maximum NCC value in each map was recorded as the

primary measure of feature similarity.

Table 4.2 summarizes the maximum NCC results. As expected, the reference image shows the
highest correlation values, confirming the clear presence of the features and establishing a
robust baseline for comparison. In the reconstructed image, the templates were again
successfully identified, yielding intermediate NCC scores. These values indicate that the
reconstruction partially recovered the structural information corresponding to the templates.

The letters are visually recognizable, but the reduced NCC scores reflect the loss of high-
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frequency fidelity due to minor reconstruction imperfections, such as patch misalignment or

quantization effects.

Table 4.2 Maximum NCC Scores for template matching

E T S
Reference 0.890 0.992 0.994
Reconstructed 0.451 0.606 0.599
Privacy-preserving 0.298 0.380 0.338

Conversely, the privacy-preserving image shows the lowest correlation scores, demonstrating
that the templates could not be reliably detected. As observed in the correlation maps, the few
localized matches found correspond only to noise artifacts, failing to form recognizable shapes,
thus quantitatively confirming the effectiveness of the privacy mechanism. Overall, the NCC
analysis successfully separates the partially recovered information in the reconstructed image

from the obfuscated and protected features in the privacy-preserving configuration.
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Figure 4.7 NCC maps for template matching across image configurations. The circles
highlight the location of the peak correlation. (a) Reference Image. (b) Reconstructed Image.
(c) Privacy-Preserving Image. The columns show the correlation maps for templates “E”,
“T”, and “S”, respectively

For a quantitative comparison between configurations, we correlated the parallel fiber
templates (“E”, “T”, “S”) against the reconstructed random-fiber image (Figure 4.8). The
results show that the correlation scores for “T” (0.594) and “S” (0.620) remain similar to those
obtained from the reconstructed image (0.606 and 0.599, respectively). This moderate
correlation suggests that the reconstruction process, even when targeting a random fiber
configuration, retains sufficient generic structural information to allow successful template

matching from the parallel configuration.
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Correlation

Figure 4.8 NCC analysis for template matching in parallel fibers template with reconstructed
configurations

To further assess dynamic performance, a hand was positioned behind the block (face A) and
moved from a closed to an open posture in less than half a second. The motion was captured
as a video sequence. After digital reconstruction, the opening and closing movements of the
hand were clearly recognizable in the reconstructed view of face B (Figure 4.9, static frames
shown, full sequence available in Supplementary information). Although individual fibers may
exhibit minor misassignments during rapid motion, the overall shape and movement of the
hand remain clearly distinguishable, with the dynamic features most evident in the full video
sequence. This test demonstrates that the reconstruction algorithm can reassign light patches

under rapid motion, confirming the temporal fidelity and spatial accuracy of the method.
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Figure 4.9 (a) Setup and specimen. Binary-converted frames selected from the digital
reconstruction of hand movement behind the random-path specimen: (b) view without digital
reconstruction, (c¢) digitally reconstructed frame

It is important to note that the mobile implementation using MATLAB Mobile achieved an
average processing time of approximately 8 seconds per frame, indicating that the real-time
performance is currently limited by the processing power of the handheld device. This latency
does not reflect the efficiency of the core algorithm, which remains lightweight, requiring only
homography calculation, image segmentation, and a simple pre-calibrated matrix lookup (M)
for permutation. This approach differs from 3D reconstruction frameworks that rely on
computationally intensive Large Vision Models (L1, Yin, He, et al., 2025) or Optimal Transport
(L1, Yin, & He, 2025) algorithms to infer complex internal structures from 2D data. The
proposed method employs a pre-calibrated lookup matrix tailored for the fixed optical network,
enabling near real-time digital reconstruction of hidden visual information. The observed delay
1s mainly due to the interpreted research environment and non-optimized cloud communication
rather than algorithmic limitations. The MATLAB Mobile platform was selected as an easy-to-
use development and prototype testing platform for this proof-of-concept study, and allowed
for the for rapid algorithm prototyping and testing of the core digital-optical principle (the M

vs H correction).

For any practical, real-world application, this processing time can be drastically reduced by
porting the reconstruction algorithm to compiled native code (e.g., C++ / OpenCV) and by

leveraging on-device GPU acceleration. Overall, the results illustrate that the random fiber
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distribution achieves the intended privacy effect physically, while digital reconstruction
provides a reliable method to selectively recover visual information behind the translucent

composite.

4.3.3 Augmented reality visualization and geometric robustness

Building upon the reconstruction process, an augmented-reality reinjection technique was
implemented. The reconstructed image was inverse-transformed through the same
homography used in calibration and superimposed on the live camera feed. This procedure
enabled real-time visualization of the hidden object directly on the surface of the specimen.
The reinjection remained stable for moderate camera movements, confirming that the
homography maintained geometric consistency within the defined calibration domain. Minor
misalignments were occasionally observed near the frame borders due to interpolation
artifacts, but overall alignment was preserved. This experiment demonstrated that the random-
fiber composite can operate as a physical-digital interface, where hidden information is

accessible only through computational decoding and reintegration.

To quantify the functional limits of the system, the spatial and angular dependencies of the
calibration stability were analyzed. The system's operational envelope was determined by
monitoring the integrity of the marker detection and the accuracy of the homography
transformation. First, the angular stability was quantified by testing the camera’s orientation
across three axes: roll, pitch, and yaw (Figure 4.10). The system successfully maintained
accurate calibration for rotation angles up to approximately £35° in both pitch and yaw.
Beyond these angular limits, the projection error of the markers increased progressively,

producing small inaccuracies in the homography estimation and subsequent patch realignment.
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Figure 4.10 Camera orientation and calibration tests: (a) roll, pitch, and yaw relative to the
smartphone axes, (b) side view of the yaw test, (c) top view of the pitch test

Subsequently, the viewing distance was tested by varying the camera's position relative to face
B, which revealed stable detection and accurate reconstruction for distances ranging from 30
to 110 cm (Figure 4.11). Within this operational range, the mean geometric error remained
below 3%, similar to Zeng et al., (2008), ensuring that reconstructed images preserved their
correct proportions and spatial correspondence. These tests confirm that the system tolerates
moderate camera motion and rotation, which is essential for practical, handheld acquisition.
Further optimization of marker design and adaptive homography algorithms could extend this

operational range to larger or more complex surfaces (Luo et al., 2023).
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Figure 4.11 Spatial operational limits. Schematic representation of the stable viewing
domain. The red circle marks the central axis of the translucent composite

4.4 Conclusions

This study presented the development and experimental validation of a novel cementitious
composite that integrates optical privacy and digital recoverability within a single material
system. By embedding a traceable, randomly distributed network of optical fibers into an LC3-
inspired mortar, the composite effectively diffused light, concealing shapes and achieving
visual privacy while maintaining the potential for computational decoding. The core
innovation consists of computationally reverse-engineering the light path. Using a pre-
recorded input-output mapping matrix and homography-based calibration, a digital algorithm
was able to reconstruct coherent images from the diffused light pattern. Validation tests
demonstrated the system’s robustness in dynamic environments, with stable reconstruction
achieved across an operational envelope defined by viewing distances of 30-110 cm and

rotation angles up to +£35° (pitch/yaw), maintaining a mean geometric error of less than 3%.

Despite the promising results, some limitations were identified that suggest directions for
future work. The current study employed a 33x33 fiber grid (1089 fibers) in a lab-scale

specimen, which is sufficient for demonstrating the concept but presents clear challenges for
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real-world applications. Scaling to larger panels with higher fiber densities introduces
significant fabrication complexity and increases the computational load for digital
reconstruction. In addition, larger or denser fiber networks may experience increased light
attenuation and bending losses, although for typical lengths of a few meters, these effects
remain relatively small, with attenuation on the order of 2 dB over 10 m for the fibers used in

this study, which is not a limitation in the current application.

From the algorithmic perspective, the current implementation relies on a pre-calibrated lookup
matrix and homography-based mapping, which is lightweight but still limited by the processing
power of handheld devices. Real-time performance is therefore constrained, and further
optimization is necessary to allow fast on-device computation. Minor deviations in patch
alignment can also occur due to marker detection errors or environmental variations, which

could affect reconstruction fidelity under more dynamic conditions.

To address these challenges and enable larger-scale applications, a modular approach is
proposed, in which multiple privacy blocks with independently randomized fiber mappings
can be assembled to form larger structures or walls. This strategy allows the benefits of the
random fiber configuration to be scaled while maintaining manageable fabrication complexity,
ensuring that each module preserves its optical privacy and traceable digital reconstruction.
Future work should also explore the optimization of the computational pipeline through
migration to compiled native code, adaptive marker detection for enhanced calibration
robustness, and strategies to further reduce alignment errors or compensate for environmental
influences. Additionally, studies on fiber layout optimization, alternative fiber types, and
automated placement techniques could help scale the system while maintaining high fidelity

and optical performance.






CONCLUSION

General conclusion

This thesis investigated fiber-optic cementitious composites through three interconnected
research axes. These axes addressed optical characterization, mechanical behavior, and
functional material design. Their integration allowed the relationships among material
composition, fiber configuration, experimental conditions, and the observed responses to be
examined within a common framework. The results show that optical transmittance reflects
both composite characteristics and measurement configuration. The physically grounded
framework developed in this thesis supports consistent detector placement for the specimen
geometries and fiber arrangements evaluated. The mechanical analysis showed that the
response of the composites is governed by the combined influence of fiber content, geometry,
orientation, interfacial condition, loading direction, and matrix properties, with fiber-matrix
interaction contributing alongside geometric disruption. Finally, the investigation of random
fiber configurations showed that the spatial arrangement of the fibers modifies the transmission
of optical information. Under the evaluated conditions, this configuration reduced direct visual
recognition while preserving the correspondence required for computational image
reconstruction. In summary, these findings provide an integrated basis for the interpretation
and design of fiber-optic cementitious composites across optical measurement, mechanical
performance, and functional information transfer. The investigated systems demonstrate the
feasibility of combining structural, optical, and computational functions within a cementitious

composite.

Synthesis of main findings

1. Optical transmittance measurement and interpretation: The results indicate that a
substantial part of the variability observed in optical transmittance measurements arises from
the experimental configuration in addition to the intrinsic properties of the material. In

particular, detector positioning has a direct influence on the measured signal, introducing
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variations that may mask the material response. The combined experimental and theoretical
analysis revealed a nonlinear relationship between detector distance and measured
transmittance, with an optimal detection distance identified for the investigated configurations.
Based on this behavior, a physically grounded predictive framework was established, relating
detector placement to fiber numerical aperture and specimen geometry. These findings help
explain inconsistencies reported in the literature and support the development of more reliable

and comparable optical characterization methods.

The area-based theoretical transmittance used for comparison serves as a geometric reference
for the investigated configurations. The slightly higher values observed for the centered single-
fiber configuration are consistent with concentrated beam captured by the finite detector.
Similarly, the lower short-distance response of the four-fiber configuration reflects the absence
of a central fiber, and the limited overlap of the peripheral light beams near the specimen
surface. Within the investigated range, the optical transmittance increased with the number of
fibers, and the highest transmittance was obtained for the configuration with the greatest fiber
density. The tests therefore support conclusions up to this configuration and defines the fiber-
density interval examined in this study. Determining the upper boundary represents a direction
for further investigation. The study established detector-placement conditions for the evaluated
specimen geometries and fiber arrangements. The upper boundary of fiber density remained

outside the experimental scope.

2. Mechanical behavior: The results clarify that the mechanical response of fiber-optic
cementitious composites arises from the combined influence of inclusion geometry, fiber-
matrix interaction, inclusion density, orientation, and matrix composition. The comparison
between specimens containing optical fibers and those containing geometrically equivalent
holes separated the contribution of the inclusion material from the geometric discontinuity
introduced into the matrix. At selected moderate inclusion levels, embedded fibers maintained
or improved compressive strength and, in several configurations, outperformed the
corresponding hole specimens, supporting a contribution from fiber-matrix interaction. At the

highest investigated inclusion density, the strength generally decreased, indicating that the
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accumulation of discontinuities progressively offset the contribution associated with the

embedded fibers.

Matrix composition influenced the magnitude of this response. The local BSE observations
showed differences in fiber-matrix contact and in the morphology of the regions surrounding
the holes, providing microstructural context for the distinct behavior of the reference and eco
mixtures. The linear-elastic simulations complemented these observations by showing that
holes generated more boundary-localized elastic stress fields, whereas fibers produced a more
distributed stress pattern within the modeled pre-failure regime. Localized elastic stresses
around holes were compatible with maintained or increased specimen-scale strength at selected
inclusion levels, emphasizing that local stress distribution and global load-bearing response

represent related but distinct aspects of the composite behavior.

Under flexural loading, inclusion orientation produced the clearest variation in mechanical
response. Longitudinal inclusions generally preserved or improved strength, whereas
transverse arrangements became less favorable as the number of inclusions increased. These
results show that the mechanical performance of fiber-optic cementitious composites depends
on the coordinated selection of matrix composition, inclusion density, material, and

orientation, rather than on fiber content alone.

3. Functional design and controlled information transfer: The results further indicate that
fiber configuration influences the spatial organization of the light transmitted through the
composite. The proposed random fiber distribution rearranged the spatial correspondence
between the input and output positions of the optical fibers, reducing the visual intelligibility
of the transmitted scenes under the evaluated conditions. At the same time, the traceability of
the fiber network enabled the input images to be reconstructed through the implemented
mapping and homography-based procedure. Within the tested geometric envelope, stable
reconstruction was maintained for camera distances ranging from 30 to 110 cm and for pitch

and yaw rotations of up to approximately +35°, with a mean geometric error below 3%. These
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results define the spatial and angular conditions under which the implemented calibration and

reconstruction procedure remained stable.

The reconstruction results varied across the evaluated images. Lower performance metrics
were observed in reconstructions presenting patch misalignment and quantization artifacts.
Patch misalignment was associated with residual errors in homography mapping and patch
positioning, which were propagated during resampling. Quantization artifacts arose from the
discretization of the continuous fiber output onto the reconstruction grid. Within the
implemented processing pipeline, these effects represented the main identified sources of
reduced reconstruction fidelity. A systematic sensitivity analysis quantifying their relative

contributions represents a direction for extending the present evaluation.

This dual behavior demonstrates the feasibility of using fiber-optic cementitious composites
as hybrid physical-digital systems, combining reduced visual intelligibility at the material

surface with computational recovery of spatial information under the tested conditions.

These three research axes demonstrate that fiber-optic cementitious composites exhibit
configuration-dependent behavior across optical, mechanical, and functional domains. Optical
performance depends on fiber characteristics, light distribution, specimen geometry, and
measurement conditions. Mechanical performance is influenced by fiber content, geometry,
orientation, interfacial condition, and the composition and properties of the cementitious
matrix. The combined mechanical, BSE, and numerical results relate inclusion material and
matrix composition to local interface morphology, elastic stress distribution, and specimen-
scale strength. Functional performance depends on the spatial arrangement of the fiber network
and on the correspondence established between its input and output positions. In the random
configuration investigated in this thesis, this arrangement reduced direct image recognition
while preserving sufficient network traceability for computational reconstruction. Together,
these findings connect material composition, fiber architecture, measurement configuration,
and computational processing within a common design framework for fiber-optic cementitious

composites.



RECOMMENDATIONS

Future research in fiber-optic cementitious composites may focus on the following directions:

e Further investigate and optimize the eco mixture composition by systematically
evaluating the proportions and interactions of its constituents to ensure adequate fresh,
mechanical, and optical performance.

e Characterize long-term durability under environmental exposure, including moisture,
temperature cycling, carbonation, and chemical attack, with emphasis on the evolution
of fiber-matrix interfacial integrity and optical transmittance over time.

e Investigate scale effects by analyzing how fabrication constraints at larger dimensions
influence fiber positioning, matrix homogeneity, and consistency of optical response,
including systems already implemented at architectural scale, where these aspects
remain insufficiently characterized.

o [Establish relationships between binder chemistry and optical and mechanical
performance, particularly in systems incorporating supplementary cementitious
materials, geopolymers, or ultra-high-performance matrices, where fiber-matrix
compatibility may differ significantly from conventional Portland cement systems.

e Advance standardization of experimental methods for optical transmittance
characterization and mechanical testing, to improve reproducibility and enable
meaningful comparison across studies, a persistent limitation identified throughout the
literature.

e Explore alternative light-guiding technologies, including different fiber materials,
diameters, and geometries, as well as non-fiber inclusions such as transparent
aggregates or resin rods, to expand the design space and identify better solutions suited
to specific optical or structural requirements.

e Develop structural health monitoring applications by exploiting changes in transmitted
light patterns as indicators of matrix cracking, fiber debonding, or progressive damage,

integrating optical functionality with sensing capability within a single material system.
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e Extend the hybrid physical-digital framework toward real-world validation, addressing
robustness under varying lighting conditions, transmission distances, and
environmental degradation, and exploring applications in embedded sensing networks

and material authentication.
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Abstract

Concrete integrating optical fibres has been investigated as a multifunctional material capable
of combining light transmission and sensing-related modalities. In this context, this study
investigates a touch-interactive concrete system based on embedded plastic optical fibres
coupled with a compact optoelectronic detection and signal-processing architecture. Cubic
cementitious composite samples (50 mm) were prepared using an LC3?-inspired cementitious
matrix incorporating four polymethylmethacrylate fibres, enabling light transmission, single-
point touch detection, and basic directional interaction. The sensing mechanism relies on
intensity-based Fresnel reflection at the exposed fibre-air interface, where physical contact
alters the refractive index’ contrast and modulates the back-reflected light intensity. A custom-
printed circuit board incorporating a transimpedance amplifier and a low-pass filter was used
to condition the photodiode signal, improving the signal-to-noise ratio from 9.5 dB to 22.6 dB.
Touch events were identified using a finite state machine implemented in LabVIEW,
comprising listening, pre-confirmation, confirmation, and dead time states, which enabled
reliable discrimination between intentional interactions and transient noise. Directional
gestures were interpreted from the temporal sequence of fibre activations within a defined 1-
second time window, allowing recognition of horizontal, vertical, and diagonal swipe-like
movements. Experimental results demonstrate stable single-touch detection and a directional
recognition success rate of 92%. The results demonstrate the feasibility of implementing tactile
interactivity in cement-based materials by integrating optical fibres, optoelectronic
conditioning, and structured signal processing.

Al Introduction

The incorporation of optical fibres into cementitious materials has been widely investigated,
especially in the context of structural health monitoring and sensing applications in civil
engineering. Fibre-optic techniques, such as fibre Bragg gratings, distributed optical sensing,
and intensity-based measurements have been employed to monitor strain, temperature,
cracking, and damage in concrete structures, benefiting from their durability, electromagnetic
immunity, and long-term stability in harsh environments (Leung et al., 2015; Makul, 2020;
Qiao et al., 2023; Taheri, 2019; Theodosiou & Kalli, 2020; Wang, Li, Hao, Sai, & Liu, 2022).
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In parallel, optical fibres have also been embedded in concrete for light-transmission purposes,
resulting in the development of translucent concrete elements explored for architectural and
functional applications. Previous studies have examined fibre material, geometry, and
distribution, showing that guided light transmission can be achieved without significant
degradation of mechanical performance when properly designed (Chiew, Ibrahim, Mohd
Ariffin, et al., 2020; Henriques et al., 2020; Huynh Phuong Nam et al., 2022; Rong et al., 2023;
Sharifi et al., 2023b; Sobo, Farooq, & Azhar, 2021). In most of these investigations, however,
optical fibres are used as passive components, and the transmitted or reflected light is generally
not explored for interactive or responsive behaviour (Inaudi et al., 2005).

In a broader context of smart materials, increasing attention has been directed toward
intelligent materials, human-computer interaction, and immersive technologies such as virtual
and augmented reality, which emphasize dynamic interaction between users and their
surrounding environment (Hapenciuc, Banescu, & Mihai, 2016; Hirsch, Rossmy, & Butz,
2021; Larsen, 2015; Salvador-Herranz, Contero, & Camba, n.d.; Schoning et al., 2009).
Extending these concepts to the built environment raises the question of whether traditionally
inert construction materials can be adapted to support interactive capabilities. Within this
perspective, optical fibres embedded in concrete offer a potential pathway for enabling tactile
interaction through optoelectronic mechanisms. One such mechanism relies on Fresnel
reflection at the fibre-air interface, where variations in the refractive index induced by physical
contact result in measurable changes in back-reflected light intensity. Although Fresnel-based
sensing principles are well established in optics, their implementation in cementitious materials
remains limited, due to optical attenuation in dense matrices and the reliance on complex or
high-cost interrogation equipment (Zhang et al., 2024; Zhao, Li, Zhang, Zhang, & Jin, 2013).

Interactive concrete can present a variety of sensing and feedback properties depending on the
embedded components and intended application. Embedded sensors can detect touch,
temperature, sound, or proximity, providing real-time feedback or structural health monitoring
(Beesley, 2010). Touch interaction can trigger visual or auditory responses, such as lighting
changes or sound generation, enabling responsive pavements, interactive facades, or playful
architectural surfaces (Hirsch et al., 2021). Optical fibres in particular allow light-transmitting
concrete to illuminate or change colour in response to environmental conditions, combining
aesthetic and functional interactivity. In addition, surface coatings with reactive materials can
further extend functionality, enabling interactions with environmental factors such as pollution
or facilitating self-cleaning behaviours (Hunger & Brouwers, 2009). These examples
demonstrate the versatility of interactive concrete as both a sensory medium and an interface
for human-environment engagement.

Within this context, the present study investigates a touch-interactive concrete system based
on optical fibres embedded into concrete and coupled to a compact optoelectronic detection
unit. A four-fibre configuration is adopted to enable both localized touch detection and
directional interaction across the concrete surface. By combining Fresnel-reflection-based
sensing with dedicated analogue signal conditioning and a finite state machine framework for
event validation, this work explores a practical and scalable approach to introducing tactile
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interactivity into cementitious materials, contributing to ongoing efforts to integrate sensing
and interaction capabilities into the built environment.

A2 Materials and methods

A2.1 Smart touch-interactive concrete preparation

The smart touch-interactive concrete was prepared using a composite mortar matrix consisting
of general use (GU) Portland cement (CSA A3000 compliant), calcined clay (CC), limestone
filler (LF), natural sand (Sa), and a polycarboxylate-based superplasticizer (SP). This blend
forms an LC3-inspired binder system (Limestone Calcined Clay Cement). The mix design
adhered to a water-to-binder ratio of 0.392, ensuring both adequate workability and mechanical
performance, as per ASTM C109 standards (Jin et al. 2025; Scrivener et al. 2018). Table AI-1
presents the specific proportions of the components. Mixing procedures followed ASTM C305,
using a mechanical mixer to achieve a homogeneous dispersion of all components. The fresh
mixture was cast into 5 cm cubic molds, with plastic optical fibres embedded before casting.
The tips of the polymethylmethacrylate (PMMA) fibres were positioned at the sample’s
surface to allow tactile interaction. The fibres had a 1 mm core diameter, a refractive index of
1.49, a step-index profile, and a numerical aperture of 0.5, promoting efficient light coupling
and transmission with minimal attenuation of <0.002 dB/cm at 650 nm (Romero et al. 2023).

Table-A II-1 Composition and properties of the composite material

GU| cC | LF | Sa | Water | SP Flow" Density Compressive strength™
kg/m? % kg/m? MPa
390 [ 1625 | 975 | 1310 | 255 | 7 144 2234 63+0.6

*Measured as per ASTM C1437-20
**Average of three samples as per ASTM C109-21

The preparation and finishing of the exposed fibre tips were controlled to ensure consistent
tactile interaction and optical response. After demolding and curing, the fibre ends were
trimmed using a standard fibre cutter and lightly polished with 400-grit abrasive paper. This
procedure was applied solely to remove surface irregularities and ensure that the fibre tips were
flush with the concrete surface, without intentional protrusion or recess, resulting in a smooth
and continuous surface texture when contacted by the user’s hand. After casting, the specimens
were demolded after 24 hours and placed in a curing chamber maintained at 23 £2 °C and
relative humidity greater than 95%, in accordance with ASTM C109. After 28 days of curing,
compressive strength testing was performed on three specimens from each batch. An average
strength of approximately 63 MPa was recorded. Additional samples were set aside for touch
interactivity testing and sensor integration.

A.2.2 Optoelectronic system and detection component
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The interactive behaviour of the smart concrete is enabled by a compact optoelectronic system
in which optical fibres operate as waveguides for both forward-propagating and back-reflected
light. Light is injected into the fibre and guided through the concrete matrix, while a portion
of the signal reflected at the exposed fibre end is collected for detection. The sensing
mechanism is governed by Fresnel reflection at the fibre air interface, where changes in the
optical boundary condition caused by physical contact lead to measurable variations in the
back-reflected light intensity.

For normal incidence, the Fresnel reflectance (R) at the interface between two media with
refractive indices n; and n> can be expressed as Equation-A II-1, where n; denotes the refractive
index of the optical fibre core and n> represents the refractive index of the external medium in
direct contact with the exposed fibre end (e.g., air, n>= 1.0; human skin, n>=1.4-1.5). For air,
the reflectance is approximately 3.9%, while for human skin it drops to around 0.2%. Although
the refractive index of skin may vary depending on factors such as moisture, pressure, and
contact area, this order-of-magnitude reduction in reflectance consistently results in a
pronounced attenuation of the back-reflected signal. This decrease in Fresnel reflectance
explains the substantial reduction in the detected optical intensity upon touch, in agreement
with the experimentally observed voltage drop at the photodiode output.

(nl - n2>2 (A 1-1)

In the absence of interaction, the fibre tip is surrounded by air, and the refractive index contrast
between the fibre core and air results in a relatively stable reflected signal. When the exposed
fibre end is touched or obstructed, the effective refractive index at the interface increases,
reducing the reflectance and consequently attenuating the intensity of the light returned to the
detector. This modulation of the reflected signal forms the basis of the touch sensitive response
of the system.

A Rohm RLD63NPCS optoelectronic module was employed as the light source and detector.
This integrated device combines a red laser diode emitting at a wavelength of 635 nm with an
optical output power of 24 mW, along with an internal monitoring photodiode, all within a
single package. The integrated configuration minimizes optical alignment sensitivity and
supports compact system integration, which is advantageous for embedded and scalable
implementations. The weak photocurrent generated by the photodiode is conditioned using a
custom-printed circuit board (PCB) designed in KiCad. Signal conditioning begins with a
transimpedance amplifier (TIA) based on the LTC6268, which converts the photodiode current
into a voltage signal and increases its amplitude (Potet et al., 2025). The output is subsequently
filtered using a low-pass filter implemented with a TLO81 operational amplifier, featuring a
cut-off frequency of approximately 60 Hz and a gain of 1.5. The cut-off frequency was selected
to effectively suppress power-line-related interference and high-frequency electrical noise
while preserving the temporal characteristics of human touch interactions, which typically
occur at frequencies below 10 Hz. This filtering stage attenuates high-frequency electrical
noise and stabilizes the signal for reliable detection.
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The conditioned analogue voltage is acquired using a National Instruments USB 6002 data
acquisition system with a sampling rate of 1 kHz. The recorded data enable real-time
monitoring and quantitative evaluation of light intensity variations induced by physical
interaction with the optical fibre, thereby allowing assessment of the interactive performance
of the concrete system. An overview of the system architecture is provided in Figure-A II-1,
which illustrates the interaction between the embedded optical fibres and the optoelectronic
module. The figure conceptually represents the optical response of the fibre under different
interaction conditions, highlighting the contrast between unperturbed light transmission and
the attenuation caused by direct physical contact at the exposed fibre end. It also presents the
internal signal detection pathway within the optoelectronic device, offering a visual reference
for the main functional elements involved in light emission, detection, and signal conditioning.

(@) Emitted light Optical fiber
User blocks
Integrated photodiode I ~ smitted light

Laser diode detects reflection
/E j\ Back-reflected light
LDNegative | PDNegative (Fresnel)
, —
Positive E E
Concrete sample

(b)

Laser diode
Optoelectronic Light emission
device
Photodiode Transimpedance Amplified Low-pass Photodiode
current amplifier voltage filter voltage
Converts light Converts current to Noise
to current voltage reduction

Figure-A 1I-1 Schematic representation of the interactive smart concrete system. (a) Optical
fibre embedded in the concrete, illustrating light transmission in both the absence and
presence of physical interaction at the exposed fibre end. (b) Simplified electronic stages of
the optoelectronic module

A.2.3 Touch-responsive testing and signal processing

The touch-responsive behaviour of the smart concrete system was evaluated through controlled
cyclic interaction tests designed to reproduce typical usage conditions. Each test consisted of
alternating interaction and non-interaction phases and was repeated over multiple cycles to
assess the repeatability and temporal stability of the system response. All tests were performed
on a specimen incorporating four embedded optical fibres, each individually connected to the
optoelectronic detection system and treated as an independent sensing channel. This
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configuration enabled both single-point touch detection and the evaluation of directional
interactions, including horizontal, vertical, and diagonal movements across the concrete
surface.

To examine the robustness of the setup, experiments were conducted under different ambient
lighting conditions, including tests performed with room lighting on and with lights turned off.
This approach allowed verification that the optoelectronic configuration and signal
conditioning stages were sufficiently insulated from external light interference. Because the
sensing mechanism relies on back-reflected light within the fibre rather than ambient
illumination, no measurable influence of external lighting was observed. The passive low-pass
filter further contributed to signal stability by attenuating high-frequency noise and limiting
the influence of environmental fluctuations. The complete experimental arrangement,
including the concrete sample and the optoelectronic circuitry, is shown in Figure-A 1I-2.

The reliability of the tactile interface is quantified by the signal-to-noise ratio (SNR), which
determines the system's ability to distinguish a legitimate touch event from the
electromechanical noise floor. The SNR, expressed in decibels (dB), is calculated using the
following Equation-A 1I-2.

VSignal (A ”-2)

Noise

SNR = 20 -logyg

Where Vsignal represents the mean voltage drop amplitude during a confirmed interaction
phase, and Vnoise represents the standard deviation (or peak-to-peak amplitude) of the voltage
during the idle "listening" state. A high SNR is essential for the finite state machine (FSM) to
operate without false positives or missed triggers. The system response was characterized by
monitoring variations in the conditioned output voltage during interaction phases. Signal
amplitude and temporal behaviour were analyzed to evaluate sensitivity to touch, response
time, and potential signal drift over repeated interaction cycles. These measurements enabled
assessment of both short-term responsiveness and consistency under repeated use. Signal
interpretation and event detection were performed using a custom application developed in
LabVIEW, which served as the central processing and visualization platform. Given the
presence of electrical and mechanical noise inherent to concrete-based systems, the software
architecture was designed to reliably discriminate intentional touch events from transient
disturbances.

Touch detection was implemented using a finite state machine framework, which processes
the voltage signal from each of the four fibre channels through four sequential states, as
presented in Figure-A I1-2.
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Figure-A 11-2 Experimental setup for touch-responsive testing of the smart concrete system

In the “listening” state, the system continuously monitors the baseline voltage of each
photodiode to detect significant deviations indicative of a potential touch. Upon detecting a
threshold breach, the system enters the “pre-confirmation” state, applying a time-based filter
to reject transient noise by ensuring the signal persists for at least 500 milliseconds and exhibits
a slope consistent with normal human interaction. This duration was selected based on typical
human touch dynamics, which occur on time scales longer than electrical transients. If these
criteria are met, the “confirmation” state validates the event as a true touch by analyzing the
signal’s shape, duration, and stability. Following confirmation, a “dead time” state of 500
milliseconds is enforced to prevent multiple triggers from a single contact and allow the system
to return to a stable baseline.

In addition to single-point touch detection, the software implements a directional movement
algorithm that interprets the temporal sequence of activations across the four embedded fibres.
A directional gesture is registered when two fibres are triggered in a predefined spatial order
within a maximum time window of 1-second. This temporal window was chosen to balance
user interaction flexibility with reliable discrimination between sequential gestures and
independent touch events. This method allowed recognition of horizontal (43, 34, 12, 21),
vertical (23, 32, 14, 41), and diagonal (42, 24, 13, 31) swipe-like interactions across the
concrete surface, with the numbered vectors in parentheses representing the corresponding
events (Figure-A I1-3).
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Figure-A 11-3 Experimental and algorithmic framework: (a) design of the PCB for signal
conditioning, (b) optoelectronic unit attached to the concrete specimen, (c) concrete
specimen illuminated with the fibres and detection codes, and (d) movement-code
correspondence

A3 Materials and methods

A3.1 Smart touch-interactive concrete preparation

The detection capability of the smart concrete system is closely dependent on the quality of
the optoelectronic signal. Figure-A II-4 presents the typical voltage response obtained from a
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single optical fibre embedded in the concrete during repeated tactile interaction and release.
The signal exhibits a reproducible voltage decrease upon contact, followed by a recovery after
release. While the interaction is identifiable, the raw response shows low-frequency
fluctuations and non-instantaneous transitions. These characteristics are consistent with typical
human touch interactions and highlight the challenges of processing unconditioned
optoelectronic signals within a dense concrete matrix.
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Figure-A II-4 Voltage response of the photodiode during tactile interaction. The clear voltage
drop distinguishes the touch event from the baseline

Initial characterization of the raw signal, measured directly from the photodiode without
conditioning, highlighted the severity of signal attenuation within the concrete matrix. The
photocurrent variation observed between the "touch" state and the "idle" state was
approximately 3 pA. This minute variation was heavily compromised by background electrical
noise, estimated at 1 pA, resulting in a low SNR of 9.5 dB. At this signal quality level, reliable
discrimination between intentional interaction and random fluctuations was not achievable.

To overcome these limitations, a custom-printed circuit board (PCB) was designed, integrating
a transimpedance amplifier (TIA) and a second-order active low-pass filter with a 60 Hz cutoff
frequency. The TIA converts the low-level photocurrent into a proportional voltage signal
suitable for digital processing, while the filter suppressed high-frequency interference,
including power-line noise and transient switching artifacts, stabilizing the noise floor to
approximately 2 mV. Simultaneously, the amplification stage increased the voltage variation
associated with touch events to 27 mV. As a result, the SNR improved from 9.5 dB to 22.6 dB,
representing an enhancement of over 13 dB. With this improvement, the conditioned signal
exhibits distinct and repeatable voltage transitions, providing a stable input for the subsequent
finite state machine without generating false positives under idle conditions.
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A.3.2 Touch and movement detection performance

The performance of the proposed sensing system was evaluated by processing the conditioned
signals from four embedded optical fibres using the developed LabVIEW-based algorithm.
The analysis focused on two aspects: the reliability of single-touch detection and the accuracy
of directional movement recognition. Stable touch detection required not only electronic
conditioning but also structured digital processing. Although signal conditioning substantially
reduced electrical noise, residual transient fluctuations were still present in the voltage signal.
As established in the FSM framework, the system relies on the temporal validation of signals.
While signal conditioning significantly improved the SNR, the implementation of the Pre-
confirmation state, requiring the voltage drop to persist for a minimum duration of 500 ms (AV
cutoff) was the critical factor in suppressing residual transient fluctuations. This programmed
logic ensured that only intentional human interactions were recorded, effectively eliminating
false positives from environmental electrical noise.

Following event validation, a dead time state of 500 ms is enforced to prevent sustained contact
from being interpreted as multiple consecutive inputs, ensuring that each physical interaction
produces a single digital event. The sequential progression through listening, pre-confirmation,
confirmation, and dead time states demonstrates that digital logic plays a complementary role
to analog conditioning in achieving reliable tactile sensing. Beyond single-touch detection, the
system was evaluated for its ability to recognize directional movements across the concrete
surface. Directional gestures are identified by analyzing the temporal sequence of activations
among the four embedded fibres. When two fibres are triggered in a predefined spatial order
within a maximum time window of 1 s, the algorithm registers a movement vector (horizontal,
vertical, or diagonal) and displays the corresponding direction on the user interface (Figure-A
I1-5).
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Figure-A 1I-5 LabVIEW interface used for directional movement detection, illustrating real-
time visualization of fibre activation and recognized gesture direction
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Experimental trials resulted in a movement detection success rate of 92% over 50 interaction
trials. Successful detections correctly identified both the activated fibre pair and the associated
movement direction. The remaining 8% of unsuccessful cases were primarily associated with
two algorithmic constraints. First, gestures performed more slowly than the predefined
temporal window were interpreted as independent touch events rather than continuous
movements. Second, simultaneous activation of multiple fibres is intentionally rejected to
avoid ambiguous directional interpretation, requiring gestures to be performed sequentially
rather than as overlapping contacts. These results indicate that the proposed system reliably
detects deliberate, sequential touch and swipe interactions within a constrained temporal
framework. While the current algorithm imposes constraints on user input timing and
sequence, it provides a consistent and interpretable response suitable for touch-interactive
concrete interfaces.

A4 Conclusions

This study demonstrates the integration of an optoelectronic sensing architecture into a
cementitious composite, enabling touch-responsive and directional interaction capabilities. By
exploiting Fresnel reflection at exposed plastic optical fibre tips and combining analogue signal
conditioning with structured digital processing, the proposed system achieves reliable tactile
detection within a dense concrete matrix illuminated through embedded optical fibers coupled
to laser diodes. Analogue amplification and low-pass filtering improved the signal-to-noise
ratio from 9.5 dB to 22.6 dB, enabling stable discrimination between intentional touch events
and background noise. The implementation of a finite state machine further enhanced detection
reliability by introducing temporal validation and event sequencing. Directional gesture
recognition based on the temporal order of fibre activation achieved a success rate of 92%
under controlled interaction conditions. While the current implementation is limited by
interaction speed constraints, manual threshold calibration, and a modest number of sensing
points, the results demonstrate the feasibility of Fresnel-reflection-based tactile sensing in
cementitious materials using compact and low-cost optoelectronic components. Future work
will focus on increasing sensing density, developing self-adaptive calibration algorithms to
compensate for environmental variability, and evaluating long-term durability under realistic
service conditions. Overall, the findings support the potential of optically enabled interactive
concrete as a functional interface material, complementing ongoing efforts to integrate sensing
and interaction capabilities into smart and responsive built environments.
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