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ABSTRACT

Ferrocement is a composite material made from cement mortar and steel mesh. It is known for its high
tensile strength, resistance to cracking, and durability. These qualities make it a good choice for
repairing damaged concrete. However, weak bonding between the mortar, mesh, and existing concrete
can lead to brittleness, reduced ductility, and interfacial separation. To address the research gap, this
study evaluated four reinforced concrete (RC) beams that were damaged and subsequently repaired
using ferrocement. Their performance was compared with that of an unretrofitted beam (URB). In the
study, sand (S) was partially replaced with waste brick powder (WBP), and 3% low-cost galvanised
iron wire fibres (GIF) were incorporated to produce a ductile mortar. The four RC beams were
retrofitted with ferrocement mortar in the following configurations: (i) 100% S, (ii) 50% WBP + 50% S
(50-50 WBP-S), (iii) 100% S + 3% GIF, and (iv) 50-50 WBP-S + 3% GIF. Furthermore, a data-driven
mathematical model was developed, verified, and optimised based on the experimental results. The
outcomes indicate that the ferrocement-retrofitted RC beam with 100% S achieved a 3% improvement
in flexural load compared to the URB. In contrast, the beam retrofitted with 50% WBP as a
replacement for sand (50-50 WBP-S) demonstrated a significant enhancement, achieving a 19% higher
flexural load than the URB. Notably, both the damaged beams retrofitted with 100% S and 50-50
WBP-S incorporating 3% GIF showed substantial increases in flexural load, with gains of 42% for
100% S + 3% GIF and 58% for 50-50 WBP-S + 3% GIF when compared to the URB. The deflection
increased by 141% for the 100% S + 3% GIF beam and by 203% for the 50-50 WBP-S + 3% GIF
beam compared to the URB. The data-based model accurately reflects the load-deflection profile,
achieving a coefficient of determination (R?) of 0.9580-0.9974, thereby validating its effectiveness—
even in the presence of both minor and major cracks. Conversely, the optimised model demonstrates
strong agreement with the experimental results, closely matching the observed data throughout the
entire profile.

Keywords: Waste brick powder, GI wire fibre, ferrocement-retrofitting, flexural performance, data-
driven model
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1. INTRODUCTION

Cementitious composites, especially concrete, are widely used in construction due to their high
compressive strength, cost-effectiveness, and durability (Domone & Illston, 2010; Mehta & Monteiro,
2006). However, concrete's brittleness and low tensile strength make structures susceptible to damage
from environmental factors, seismic events, fire, and increased loads (Miah et al., 2022a; Miah et al.,
2022b; Miah et al., 2023). Design flaws, material fatigue, and complex loading can lead to cracking,
compromising the structural integrity of reinforced concrete (RC) beams. Therefore, strategically
retrofitting ageing RC members is essential to ensure safety, extend lifespan, and meet modern load
requirements, thus avoiding the need for demolition (Huang et al., 2022; Miah et al., 2025). This
rehabilitation reduces the risk of failure and lifecycle costs while promoting sustainability by
minimising resource use and waste. Retrofitting interventions are vital for maintaining the reliability
of critical infrastructure.

There are many techniques to rehabilitate concrete structures by improving their strength, ductility,
and durability. Common methods include jacketing (Fathalla & Mihaylov, 2025), CFRP wrapping
(Liu et al., 2025), UHPC overlays (Huang et al., 2022), carbonation curing (Liu et al., 2023), and
diammonium hydrogen phosphate treatment (Miah et al., 2024). Among these, ferrocement
composites—composed of cement mortar reinforced with layered steel mesh—are particularly notable
for their favourable mechanical properties, cost-effectiveness, and ease of application with local
materials (Miah et al., 2025a; Miah et al., 2025b). This makes them especially valuable for projects in
developing countries. Ferrocement acts as an external shell, enhancing tensile capacity and seismic
resilience. However, there are some drawbacks; the steel mesh can be susceptible to corrosion in
harsh environments, and high-strength mortars may lead to shrinkage cracking and reduced ductility.
Therefore, to maximise the effectiveness of ferrocement, careful selection of materials and precise
application techniques are essential.

The conventional formulation of ferrocement primarily uses natural sand as its fine aggregate, sourced
mainly from riverbeds. This reliance on a finite resource leads to environmental challenges, including
riverbank erosion and habitat destruction, driven by intensive sand mining associated with
urbanisation (Miah et al., 2021). In some regions, particularly in Asia, where natural stone is limited,
clay bricks have become a viable alternative aggregate (Miah et al., 2022a; Miah et al., 2022b). This
process generates a fine fraction often regarded as waste, leading to underutilisation in structural
applications due to a lack of comparative performance data. Research indicates that waste brick
powder (WBP) particles form stronger bonds at the aggregate-cement interface, thereby enhancing the
mechanical properties and durability of the composite. Notably, a mortar mix with 50% replacement
of natural sand showed a 25% increase in compressive strength, a 31% increase in tensile strength,
and a 31% increase in flexural strength (Miah et al., 2021). The utilisation of WBP in ferrocement
retrofitting would not only mitigate the environmental impact of sand mining but also promote
sustainable construction by repurposing industrial byproducts into valuable applications.

The integration of advanced computational methods has revolutionised concrete design by allowing
for highly accurate virtual modelling of structural behaviour. Techniques such as finite element
analysis, machine learning algorithms, and data-driven modelling are now employed to predict key
performance metrics, including load-bearing capacity, deflection characteristics, and potential failure
modes (Miah et al., 2025a; Miah et al., 2025b). These predictions are based on input variables such as
material composition and boundary conditions. This shift toward simulation-driven design
significantly reduces reliance on iterative physical prototyping, leading to improved resource
allocation efficiency, cost savings, and shorter project timelines. By accurately forecasting the
mechanical properties and performance of structures, these advanced analytical tools are vital for
developing environmentally friendly and cost-effective concrete formulations.

While the ferrocement retrofitting techniques discussed earlier have been studied, the issues related to
the brittleness of cement mortar and the weak bond between the steel mesh, the parent concrete, and
the mortar have not been thoroughly investigated. Moreover, the use of waste brick powder (WBP) as
a sand substitute in ferrocement mortar is not well explored in the literature. Additionally, there is a
lack of information regarding load-deflection predictions for sustainable ferrocement-retrofitted RC
beams made with WBP and fibres using data-driven models. This research aims to fill a critical
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knowledge gap by evaluating the structural performance of RC beams retrofitted with a new
ferrocement system utilising sustainable, ductile mortar mixes. In this experimental investigation, four
damaged RC beams were rehabilitated with ferrocement overlays, and their performance was
compared with that of an unretrofitted beam (URB). The study employed a modified, ductile mortar
formulation, where a portion of the 50% natural sand was replaced with WBP, and the mix was
enhanced with 3% by volume of galvanised iron wire fibres (GIF). The four retrofitted beams were
designed to assess different mortar compositions: a conventional 100% sand mix (100% S), a 50%
WBP and 50% sand blend (50-50 WBP-S), a fibre-reinforced mix with 100% sand and 3% GIF
(100% S + 3% GIF), and a hybrid mix consisting of both 50% WBP and 50% sand along with 3%
GIF (50-50 WBP-S + 3% GIF). In addition to the experimental program, a data-driven mathematical
model was developed, verified, and then the models were optimised to fit the experimental results
closely.

2. EXPERIMENTAL METHODOLOGY

The experimental program involved casting five reinforced concrete (RC) beams measuring 750 mm
by 125 mm by 200 mm for flexural testing. All specimens were designed with a consistent concrete
clear cover of 20 mm. One beam was designated as an unretrofitted beam (URB), while the other four
were designated for retrofitting. The detailed reinforcement specifications for the RC beams are
illustrated in Figure 1. All RC beams were made with a water-cement ratio of 0.55 and a cement
(CEM 1I 42.5 N) content of 350 kg/m*. The mixture consisted of 772 kg/m? of brick coarse aggregate,
829 kg/m? of sand, and 193 kg/m?® of water, and it was produced without any chemical admixtures.
After a standard 28-day water-curing period, all beams underwent four-point bending tests on a load-
controlled universal testing machine. Each beam was loaded until nearing total failure before any
retrofitting was applied. The control URB beam was continuously loaded until it collapsed
structurally. Beam deflection was monitored using three linear variable-displacement transducers
(LVDTs), as shown in Figure 1. The resulting failure load for the URB beam was recorded at 143 kN.
Major flexural and diagonal cracking was observed to occur at a load of approximately 120 kN.
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Figure 1: Reinforcement details of the RC beams and flexural test setup with LVDTs.

For the ferrocement retrofit, a controlled load of 130 kN was applied, which is approximately 91% of
the average failure load of 143 kN observed in the URB. This load was intentionally selected to
induce significant damage, as major flexural and diagonal cracking began at about 120 kN. After
unloading, the beam surfaces were prepared for retrofitting. This involved roughening the substrate
with metal hammers and cleaning it with a wire brush to remove debris without causing additional
damage. A U-shaped steel wire-mesh jacket was then secured to the three sides of the beams using
stainless steel fasteners, as illustrated in Figure 2. Finally, a ductile, fibre-reinforced cement mortar
was applied in a 10-15 mm layer to encapsulate the mesh and restore the beam's profile, ensuring
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optimal bonding with the original substrate (see Figure 2). The novel ductile mortar was developed in
which 50% of the sand volume was replaced with WBP. This WBP is a byproduct created from
processing demolition waste—specifically, aged bricks salvaged from old masonry structures—into
coarse aggregate. The resulting brick powder was sieved to ensure all particles were finer than 4.75
mm, classifying it as a fine aggregate. Figure 3 illustrates the sand and WBP. The grain-size
distributions of the sand and WBP are illustrated in Figure 4, where WBP follows a trend similar to
that of sand. As illustrated in Figure 3, the mechanically crushed WBP particles are more angular and
exhibit a rougher texture. In contrast, the river sand grains are typically smoother and more rounded.
To create the sustainable, ductile ferrocement mortar, inexpensive, locally sourced galvanised iron
(GI) wire was cut into fibres. Each fibre was made to a length of 13 mm with a diameter of 0.70 mm,
as shown in Figure 3. The ductile ferrocement mortar formulations were prepared by adding 3%
mortar by volume. The binder for the ferrocement mortar remained CEM II 42.5 N cement. CEM 11
42.5 N composition mainly consists of clinker (80-94%), which is partially replaced by 6-20% of
various supplementary cementitious materials, including industrial by-products such as fly ash and
granulated slag. Additionally, a small amount of gypsum (<5%) is included as a set-controlling
additive.
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Figure 3: Image of sand (S), waste brick powder (WBP), and galvanised iron wire fibres (GIF).
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Four mortar formulations were developed for the ferrocement overlays, using a water-cement ratio of
0.30. The mixes are as follows: a conventional mix consisting of 100% sand (100% S), a blend of
50% WBP and 50% sand (50-50 WBP-S), a fibre-reinforced mix containing 100% sand and 3% GIF
(100% S + 3% GIF), and a hybrid mix that combines 50% WBP and 50% sand with 3% GIF (50-50
WBP-S + 3% GIF). The mortar mix designs are summarised in Table 1. Following the 28-day water-
curing period, the retrofitted beams were subjected to four-point bending tests until failure. Their
deflection was monitored throughout using three LVDTs, whose positions are illustrated in Figure 1.
Table 1: Mix design of sustainable ferrocement mortar mixes.

Mix ID Cement Sand WBP Water GIF (%)
(kg/m®) (kg/m®) (kg/m®) (kg/m?)
100% S 640 1280 - 192 0
50-50 WBP-S 640 640 494 192 0
100% S + 3% GIF 640 1280 - 192 3
50-50 WBP-S + 3% GIF 640 640 494 192 3
100 —100% S
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80
)
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e
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£
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Figure 4: Gradation curves of sand and WBP.

3. DATA-DRIVEN MODELLING AND OPTIMISATION

In most cases, performing experimental tests is not feasible. Hence, having a data-based model might
be useful for evaluating different possible outcomes. The data-driven models are not only useful for
rendering current behaviour but can also be used to predict (Fan, 1996). Selecting a model type can be
challenging due to the numerous options, including linear, nonlinear, physics-based, and non-physics-
based models (Fan, 1996; Miah & Lienhart, 2023). Herein, the regression-type model has been
selected due to their straightforward structure but robust performance (Miah et al., 2018). For the
study, a generic expression for the model under study is as follows.

F=f(68)+¢ (D

where F represents the model output, § is the independent variable, # represents the unknown
coefficients of the model, and « is the error term. Further, the above equation can be described by,

F=0,6%+6,6%+6,6°+ 8,6+ 65 )
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where F is the flexural load, & is the deflection, 84, 85, 05, 8,4, and &5 are the coefficients of the
model. By using the coefficient values, the above equation can be expressed as,

F = —0235* 4+ 5.165% — 4082 + 130.605 + 18.89 3)

After developing the model, the designer may proceed to optimise performance further. Optimisation
can be achieved using various optimisation algorithms, such as linear, nonlinear, constrained,
unconstrained, heuristic, or search-based (Miah & Lienhart, 2023; Lagarias et al., 1998). However, to
find a global minimum rather than a local minimum, a heuristic optimisation algorithm has been
adopted due to its superior performance (Lagarias et al., 1998; Miah, 2020). By employing the early-
mentioned optimisation techniques, the following objective function (J) needs to be optimised.

r h'us_fnmr!s! 2

I= dl b el fT 4)

where f€ is the experimental data, f™°?¢! is the developed model’s outcome.

4. EXPERIMENTAL OUTCOMES AND DISCUSSIONS

Figure 5 illustrates the mid-span load-deflection behaviour of all the retrofitted beams. For
comparison, the response of the unretrofitted beam (URB) is also included. The results indicate that
the ferrocement overlay significantly improved flexural performance, even without fibre inclusion.
Beams using 100% S mortar achieved an average failure load of 147 kN, representing a 3% increase
over the URB's 143 kN capacity, as reported in Figure 6. The significant increase in flexural load
capacity of ferrocement retrofitted RC beams is attributed to the synergistic effects between the
retrofitted layer and the original beam. The ferrocement layer, free of coarse aggregates, allows a high
reinforcement density within a thin profile, enhancing strength without adding substantial weight.
This system relies on composite action, where a tightly packed steel wire mesh ensures uniform stress
distribution, minimising localised cracking and improving tensile resistance (Miah et al., 2025a; Miah
et al., 2025b).
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Figure 5: Load-deflection of the URB and ferrocement-retrofitted RC beams measured at their
midpoints, fabricated with different mortar compositions: 100% S, 50-50 WBP-S, 100% S + 3% GIF,
and 50-50 WBP-S + 3% GIF.
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This effectively delays crack initiation and promotes ductile failure. The high-performance mortar
matrix, containing 640 kg/m* of cement with a water-to-cement ratio of 0.30, serves two purposes: it
repairs microcracks and creates a low-porosity, impermeable barrier. This is accomplished through a
microfiller effect from supplementary cementitious materials (SCMs) used with CEM II cement,
which blocks pores and enhances the interfacial transition zone (ITZ) through pozzolanic reactions
and ongoing autogenous healing. The substrate process of chipping beam surfaces results in
roughened surfaces, which ensure a strong bond at the interface between the mortar, wire mesh, and
parent concrete.

Furthermore, the use of 50% WBP as sand replacement in a blend mix (50-50 WBP-S) further
enhanced performance, resulting in a failure load of 170 kN, approximately a 19% increase compared
to the URB, as reported in Figure 6. This enhancement is attributed to the unique particle
characteristics of WBP. Mechanically crushed WBP exhibits an angular, rough morphology (see
Figure 3), which promotes better mechanical interlocking with the cement paste than smoother,
rounded sand particles. Additionally, the particle size distribution of WBP (see Figure 4) shows a
significantly higher proportion of fine particles (less than 0.15 mm) — approximately 2.1 times more
than sand. These fine particles effectively fill capillary pores, reducing permeability and strengthening
the ITZ (Miah et al., 2025a; Miah et al., 2025b; Huang et al., 2021). Furthermore, the increased
fineness enhances WBP's pozzolanic potential (Huang et al., 2021; Miah et al., 2021). The larger
surface area of these particles accelerates the chemical reactions between the silica and alumina in
WBP and the calcium hydroxide formed during cement hydration, leading to the production of
additional strength-giving calcium silicate hydrate (C-S-H) gel (Miah et al., 2025a; Miah et al.,
2025b; Huang et al., 2021). This process contributes to a denser microstructure, as corroborated by
Huang et al. (2021). The combined effect of this optimised mortar matrix and the high-strength,
texturally advantageous steel mesh (see Figure 3) creates a system that significantly improves crack
resistance and load redistribution, thereby explaining the superior flexural performance compared to
the URB.
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Figure 6: Failure load of the URB and ferrocement-retrofitted RC beams prepared with different
mortar compositions: 100% S, 50-50 WBP-S, 100% S + 3% GIF, and 50-50 WBP-S + 3% GIF.

The flexural performance of RC beams significantly improves with the addition of GIF to ferrocement
mortar. Experimental results indicate that beams containing 3% GIF achieved failure loads of 203.30
kN for the ferrocement mortar mix with 100% S + 3% GIF, and 225.40 kN for the mix with 50-50
WBP-S + 3% GIF. When compared to the URB, the flexural load increased by 42% for the mortar
mix with 100% S + 3% GIF, and by 58% for the mix with 50-50 WBP-S + 3% GIF. Additionally,
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when comparing these results to ferrocement RC beams made solely with 100% S and 50-50 WBP-S,
the enhancements were 38.3% for the mix with 100% S + 3% GIF, and 32.8% for the mix with 50-50
WBP-S + 3% GIF. The improvement in flexural strength of beams containing GIF arises from both
structural and material-level contributions. In conventional cement-based beams without fibre
reinforcement, the stress distribution during bending is characterised by compressive stresses at the
top and tensile stresses at the bottom (Miah et al., 2025a; Miah et al., 2025b). While cement mortars
can withstand high compressive loads, their tensile resistance is limited, making them vulnerable to
brittle fracture when bent. This often leads to early cracking on the tension side, which can propagate
rapidly through existing voids and weak spots in the matrix. This eventually causes debonding at the
interfaces of the mortar, steel mesh, and concrete, leading to sudden failure under relatively small
loads (Miah et al., 2025a; Miah et al., 2025b). In contrast, incorporating GIFs into the mortar
significantly changes this behaviour. The fibres provide a bridging action across developing cracks,
absorbing tensile forces once the cement matrix has cracked and redistributing stresses in the fracture
region. The fibres also limit crack widening and delay growth, improving ductility, post-cracking load
capacity, and resistance to shrinkage-induced cracking (Miah et al., 2025b). However, the
effectiveness of this reinforcement is strongly influenced by the orientation and dispersion of the
fibres within the mix. A mostly uniform, random, but horizontal fibre alignment—observed in the
prepared beams—enabled better stress transfer and crack control, while unfavourable alignment or
clustering can reduce the reinforcement effect. Cementitious composites are inherently prone to
shrinkage as they dry and undergo chemical transformations during hydration, generating internal
tensile stresses that weaken the material in the absence of fibres. In mixes without GIF reinforcement,
this shrinkage-induced stress often leads to cracking, compromising the mortar's overall mechanical
reliability. However, the inclusion of GIFs mitigates this issue by inhibiting crack formation in the
early stages, thereby allowing the mortar to accommodate volume changes better. Consequently, the
fibres not only reduce shrinkage-related damage but also enhance the composite's strength and
durability. As a result, fibres can withstand greater stress, improve energy absorption, and contribute
to a more gradual failure process than fibre-free beams.
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Figure 7: Maximum deflection of the URB and ferrocement-retrofitted RC beams cast with different
mortar compositions: 100% S, 50-50 WBP-S, 100% S + 3% GIF, and 50-50 WBP-S + 3% GIF.
Figure 7 presents the maximum mid-span deflection values recorded across the tested beams. When
strengthened with ferrocement but without GIF, the beams already showed enhanced deformability,
with the 100% S and 50-50 WBP-S mixes achieving deflection increases of about 3% and 27%
relative to the URB, respectively. Introducing 3% GIF into the ferrocement mortar significantly
improved the mid-span deflection of the RC beams, with values of 141% for 100% S + 3% GIF and
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203% for 50-50 WBP-S + 3% GIF, both higher than the URB. These enhancements are approximately
135.4% for 100% S + 3% GIF and 139.1% for 50-50 WBP-S + 3% GIF, which is higher than those of
the beams with 100% S and 50-50 WBP-S.

The enhanced mid-span deflection observed in beams reinforced with GIF can be attributed to their
improved tensile resistance. The fibres act as bridges across cracks, distributing stresses more evenly
between the mortar and the fibre network. When comparing beams made with only 100% S to those
fabricated with a 50-50 WBP-S mix, the latter demonstrated even greater deformability, highlighting
the impact of the matrix composition. The superior performance of these beams can be attributed to
several factors, including fibre bridging, strong interfacial bonds between the concrete, ferrocement
mesh, fibres, and mortar. Consequently, GIF-reinforced beams can sustain elongation under high
loads, enabling greater plastic deflection, effective load redistribution, and improved energy
absorption. In contrast to URB, which often fails abruptly, these reinforced specimens exhibited
gradual, ductile failure. This behaviour is particularly advantageous in structural applications because
it enhances safety margins and provides critical warning signs before a collapse, giving occupants
valuable time to evacuate during extreme events such as earthquakes, blasts, or tsunamis.

5. DATA-DRIVEN MODEL OUTCOMES AND DISCUSSIONS

For the numerical study, all 5 RC beams were examined, both without and with ferrocement mortar,
as well as with GIF. The load-deflection responses of the RC beams obtained from these experiments
were simulated using a data-driven model, and the model's outcomes are illustrated in Figure 8. The
comparison demonstrated strong agreement between the simulated and experimental curves, which
achieved a coefficient of determination (R?) of 0.9580, 0.9974, 0.9927, 0.9941, and 0.9836, for the
URB and ferrocement RC beams retrofitted with the mortar mixes 100% S, 50-50 WBP-S, 100% S +
3% GIF and 50-50 WBP-S + 3% GIF, respectively. The models accurately captured the initial linear
elastic behaviour up to approximately 100-130 kN, depending on the beams, where deflection
increased proportionally with the load. Beyond this point, concrete cracking introduced nonlinear
behaviour, followed by reinforcement yielding and crack propagation, leading to failure. The models
reproduced this transition with reasonable accuracy; some discrepancies were observed in the post-
cracking regime due to its highly nonlinear nature.
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Figure 8: Predicted load-deflection and optimised outcomes of the URB and ferrocement-retrofitted
RC beams cast with different mortar compositions: 100% S, 50-50 WBP-S, 100% S + 3% GIF, and
50-50 WBP-S + 3% GIF.
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To enhance predictive capacity, optimisation procedures were applied to the model, named
Optimised, as shown in Figure 8. As shown in the Figure, optimisation only slightly improved
performance, as the baseline model had already produced highly reliable results. This aligns with
previous findings reported by Miah et al., 2025a and Miah et al., 2025b, which suggested that
optimisation is most beneficial when initial models significantly deviate from experimental trends. In
this study, given the already strong predictive correlation (R? > 0.95), further optimisation for beams
strengthened with ferrocement and GIF with sand and WBP was deemed unnecessary. Extending the
optimisation would have added computational costs, increased complexity, and prolonged
development time without yielding meaningful improvements. Consequently, the baseline models
were retained, striking a balance between predictive accuracy and practical efficiency for the analysis
of ferrocement-strengthened RC beams.

6. CONCLUSIONS

This study investigates the impact of using 50% WBP as a sand replacement and incorporating 3%
GIF on the flexural behaviour of RC beams that have been retrofitted with ferrocement mortar. The
performance of these beams is compared with that of a URB beam and a ferrocement-retrofitted beam
made with 100% sand. The load-deflection characteristics of the beams were examined, and their
behaviour was further analysed using a data-driven model, which was subsequently optimised to align
closely with the experimental results. The testing program revealed that applying ferrocement mortar
to RC beams, even in the absence of GIF reinforcement, significantly increased their flexural strength
compared to the URB. Specifically, there were strength increases of about 3% for the RC beams with
ferrocement mortar containing 100% S and 19% for the 50-50 WBP-S mixture. The introduction of
GIF into the ferrocement mortar markedly enhanced the flexural performance. Strength improvements
were recorded at 42% for the ferrocement beams with 100% S + 3% GIF, and 58% for the 50-50
WBP-S + 3% GIF. In terms of deflection, both the beams without GIF and those reinforced with GIF
exhibited significantly higher deformation capacities compared to the URB. The deflection increases
were 3%, 27%, 141%, and 203% for the ferrocement beams with 100% S, 50-50 WBP-S, 100% S +
3% GIF, and 50-50 WBP-S + 3% GIF, respectively. Overall, the inclusion of GIFs improved
plasticity, stress redistribution, and energy absorption, thereby promoting a more ductile failure mode.
This is beneficial for structural safety, as it provides valuable warning signs before collapse.
Numerical modelling supported these findings by accurately reproducing the experimental load-
deflection behaviour during both pre- and post-cracking stages. The models achieved consistently
high coefficients of determination (R? > 0.95), confirming their reliability. After optimisation, the
models demonstrated even closer alignment with experimental data across the entire loading range.
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