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Abstract: The smelting process of Ferronickel in Indonesia produces a significant amount of waste
in the form of Ferronickel Slag (FNS), with an annual accumulation of up to 13 million metric
tons. Previous studies have shown promising strength results for concrete utilizing FNS as a fine
aggregate. This study aims to analyze the mechanical properties of three reinforced concrete (RC)
beams measuring 15 cm × 25 cm × 300 cm, each containing FNS as a 50% substitute for fine aggregate.
The RC Beams underwent experimental testing using a four-point loading scheme under semi-cyclic
loading conditions. Test results show the beams’ capacity had reached up to 8 ton-f and their load–
displacement responses show promising results. Digital Image Correlation (DIC) analysis facilitated
the observation of surface deformation evolution due to loading, aiding in the identification of
concrete crack patterns. Due to semi-cyclic loading, cracks on the beams’ surface were experiencing
a crack opening and closing phenomenon, where the propagations of cracks ceased or reclosed
throughout the unloading process. Moreover, the opening of residual cracks was also captured by
DIC analysis. The experimental finding was validated by finite element analysis. The RC beam
numerical model was created using the Timoshenko Multi-fiber element in CAST3M software version
2022. Mazars concrete and elastoplastic steel damage model were used as constitutive laws for
numerical modeling. The model’s load–displacement response demonstrated satisfactory agreement
compared to the experimental monotonic loading result. However, the model had limitations
regarding the simulation of residual displacements of beams due to semi-cyclic loading.

Keywords: Ferronickel Slag; digital image correlation (DIC); CAST3M; semi-cyclic loading; concrete
structure

1. Introduction

Concrete, comprising water, cement, fine aggregate, and coarse aggregate, is the
most used composite construction material. Approximately 60–75% of concrete volume
is occupied by coarse and fine aggregates [1], with fine aggregates constituting 35% of
the concrete volume [2]. Fine aggregates play a crucial role in filling the voids between
coarse aggregates, thereby achieving a dense packing condition of the total aggregates,
which enhances concrete volume stability [1]. An increase in packing density reduces
the number of voids and the amount of cement paste required, thereby lowering concrete
production costs [1]. However, its extensive use may deplete natural material supplies, such
as natural sand [3]. Various waste materials have been explored as substitutes for concrete
components [4–9], particularly as replacements for fine aggregate [10–26], including by-
products from the mining, metal, and mineral industries.

The high content of iron, silica, and aluminum oxide in copper slag makes it suitable
for use as a partial replacement for fine aggregate in concrete mixes. It is recommended
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to use copper slag as a fine aggregate replacement in concrete at variations between 40%
and 50% by weight to achieve good strength and durability [10]. Using copper slag within
this range yields compressive strength in concrete comparable to that of conventional
concrete. However, replacing fine aggregate with copper slag above this range reduces the
compressive strength of the concrete.

The use of blast furnace slag as a partial replacement for fine aggregate in self-
compacting concrete (SCC) at compositions of 10%, 20%, 30%, 40%, 50%, and 60% was
investigated [11]. The research indicates that, over the long term, SCC containing blast
furnace slag achieves higher compressive strength compared to SCC without blast furnace
slag. However, increasing the percentage of blast furnace slag as a partial replacement for
fine aggregate in SCC increases porosity, reduces stiffness, and accelerates water loss.

Industrial waste materials, such as quarry dust, glass powder, ceramic dust, and coal
dust, have been used as substitutes for fine aggregate in concrete [12]. Quarry dust, glass
powder, and ceramic dust can effectively replace up to 20% of fine aggregate. However, the
use of coal dust is unsuitable as a replacement for fine aggregate because it decreases the
concrete’s compressive strength. A cost analysis conducted for application in paving block
concrete concluded that quarry dust, when used to replace 40% of fine aggregate, offers the
most economic benefit among the tested waste materials.

The utilization of steel slag as a fine aggregate in concrete mixes with variations of 0%,
10%, 20%, 30%, and 40% was studied [13]. It was found that the optimal use of steel slag,
specifically at a 20% replacement level, effectively enhances both the static and dynamic
compressive strength of the concrete.

Surangi et al. [14] investigated the use of fly ash as a partial replacement for fine ag-
gregate and cement in concrete. The study found that using fly ash as a partial replacement
for fine aggregate resulted in higher compressive strength compared to its use as a partial
replacement for cementitious material. The highest compressive strength was achieved
with a 40% replacement of fine aggregate with fly ash. Additionally, concrete’s resistance to
carbonation was optimal with a 20% replacement of fine aggregate with fly ash.

There is substantial potential for development in utilizing Ferronickel Slag (FNS) as a
construction material. The physical properties of FNS, a by-product of nickel ore smelting,
closely resemble those of natural sand, making it a promising alternative fine aggregate
for concrete [15,16]. Indonesia, as a major exporter of mining materials, has various vital
mining commodities crucial for global industrial sustainability. According to the Mineral
Commodity Summaries [27], Indonesia was the highest placed country in terms of nickel
production worldwide in 2020, with an annual production capacity of 760 thousand tons
and a nickel reserve capacity of 210 million tons. As a byproduct, 13 million tons of nickel
slag is produced annually [28]. Proper processing and utilization are crucial to mitigate
environmental impacts.

Several studies have investigated the use of FNS as a substitute for fine aggregate
in concrete [15–26]. Wijaya [17] explored PCC mortar with FNS substitution, resulting in
higher compressive strength and mortar density. Mustika et al. [19] studied OPC concrete
with 33.3% FNS substitution, reporting improved workability but reduced compressive,
tensile, and modulus of elasticity strengths. Edwin et al. [20] examined OPC concrete with
FNS substitution, observing increased workability with FNS substitution. Additionally,
concrete compressive strength increased up to 40% FNS content and decreased afterward.

Ernawan et al. [21] conducted a study on the mechanical properties of laboratory-scale
concrete specimens using 15 cm × 15 cm × 15 cm cubes, with Ferronickel Slag (FNS) as a
substitute for fine aggregate in the concrete mix. The proportions tested were 0%, 50%, and
100% FNS substitution. Manuel [22] built on research carried out by Ernawan et al. [21]
by investigating additional proportions of 40% and 60% FNS substitution in concrete
mixes. The variations in compressive strength test results with different FNS proportions
are shown in Figure 1. This study indicated that the highest compressive strength was
achieved with 50% FNS substitution. In addition to compressive strength, mechanical
properties were evaluated using the Digital Image Correlation (DIC) method to assess
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elasticity modulus, stiffness, and Poisson’s ratio. Ernawan et al. [21] demonstrated that
Ordinary Portland Cement (OPC) concrete with 50% FNS substitution exhibited improved
homogeneity, compressive strength, and stiffness compared to normal concrete. The same
conclusion was reported that the use of 50% FNS as a partial replacement for fine aggregate
can enhance the compressive strength of concrete [23]. Another study found that using 50%
FNS as a substitute for fine aggregate and 30% class F fly ash as a substitute for cement
in concrete mixes could provide durability comparable to concrete without FNS and fly
ash [24]. Moreover, the use of 50% FNS as a substitute for fine aggregate and 25% fly ash
as a substitute for cement in concrete mixes has been proven to provide good resistance
to alkali-silica reaction and chloride contamination [25]. Bao et al. [26] found that using
40–50% FNS as a substitute for fine aggregate in recycled concrete aggregates results in
higher compressive strength and exhibits good resistance to chloride penetration and water
absorption in concrete.
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to concrete samples without FNS.

There have been few studies that have evaluated the mechanical properties of rein-
forced concrete utilizing waste materials from industrial by-products under cyclic loading
conditions. Such conditions are pertinent for applications involving high winds, ocean
waves, and earthquakes, which are crucial considerations for offshore structures and high-
rise buildings. Incorporating mineral materials into concrete can enhance ductility, energy
dissipation, and seismic resilience in structural design [29].

Murad et al., (2019) [30] demonstrated that replacing cement with 15% pulverized
fuel ash, silica fume, and iron filings enhances the performance of unconfined beam-
column connections under cyclic loading. The study highlights the finding that using 15%
pulverized fuel ash is particularly effective, offering structural benefits while reducing
environmental impact. Ramasamy et al., (2022) [31] analyzed crack development using
Ground Granulated Blast Furnace Slag (GGBFS) and steel fibers in high-performance
concrete beams subjected to cyclic loading conditions. Raju et al. (2022) [29] investigated
the substitution of fine aggregate with copper slag in reinforced concrete beams, ranging
from 0% to 100% substitution. Their findings show that RC beams with 20% fly ash and
80% copper slag exhibit significantly higher ultimate load-carrying capacity, stiffness, and
ductility compared to control beams, withstanding up to 18 loading cycles with an ultimate
deflection of 60 mm.

There have been no studies reported on the use of FNS as a substitute for fine ag-
gregate in reinforced concrete beams under semi-cyclic loading conditions. Furthermore,
research on cyclic loading of reinforced concrete using waste materials typically involves
experimental studies only. This study aims to further investigate the use of 50% FNS as a
replacement for sand in concrete within real scale reinforced concrete beam structures under
semi-cyclic loading conditions, employing both experimental and numerical approaches.
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These findings are essential for guiding future applications of FNS in concrete construction
and for advancing structural engineering practices toward more sustainable and resilient
infrastructure solutions.

The focus in this study is on analyzing deformation characteristics due to semi-cyclic
loading using four-point bending tests and the digital image correlation (DIC) method
of reinforced concrete (RC) beams with a 50% FNS fine aggregate substitute. Three RC
beam specimens measuring 15 cm × 25 cm × 300 cm were made and painted white
with black speckles on one of its major faces. Digital images of the specimens were
captured during the loading process and analyzed using GOM Correlate version 2022,
a post-processing software for DIC. The outcomes of the experimental tests include the
load–displacement relationship, strain analysis, evolution of surface deformation, and
crack propagation. The experimental results will be validated by utilizing finite element
analysis. The numerical model of reinforced concrete beams in CAST3M software version
2022 using multi-fiber Timoshenko elements with the Mazars concrete damage model will
be performed and compared with the experimental results. Concrete’s compressive and
split-tensile properties were experimentally determined from cylinder samples to provide
essential input parameters for the numerical simulations.

Utilizing Ferronickel Slag (FNS) as a 50% substitute for fine aggregate in reinforced
concrete (RC) beams enhances their mechanical performance under semi-cyclic loading
conditions, providing comparable or improved structural integrity and stiffness compared
to conventional RC beams. Advanced experimental techniques, such as the Digital Image
Correlation (DIC) method, effectively capture the material response, crack propagation, and
load-deformation behavior. Numerical validation using the CAST3M model, incorporating
Mazars concrete damage and elastoplastic steel models, showed reasonable agreement with
experimental deflection data. These findings validate the feasibility of FNS as a sustainable
alternative material for partial fine aggregate replacement in concrete construction.

2. Materials and Methods
2.1. Materials and Mix Proportions

This study used type I Ordinary Portland cement (OPC). Ferronickel Slag used as a
substitute for fine aggregate was sourced from a Ferronickel smelter in Indonesia. This FNS,
derived from nickel ore, is a by-product of the smelting and sorting process, during which
it is cooled with water. This water-cooled slag solidifies into granules, and those with a
size smaller than 0.5 mm were utilized in the experiment. The remaining fine aggregate
was Manufactured sand (M-sand), sourced from Rumpin, Indonesia. M-sand is considered
a more sustainable alternative to natural sand [32], as it is produced from crushed and
granulated mining waste rock. Its particle size distribution is more uniform compared to
river sand due to a regulated manufacturing process and reduced surface area, leading to
improved concrete performance [33]. Coarse aggregates were sourced from Sudamanik,
Indonesia, comprising split stones with a maximum nominal size of 25 mm.

The fine aggregate composition comprised 50% FNS and 50% M-sand, based on
the total weight of the fine aggregate. This proportion was chosen based on optimal
testing results from previous research by Ernawan et al. [21]. The properties of the fine
aggregate with 50% FNS are presented in Table 1, with its particle size distribution shown
in Figure 2. The particle size distribution of M-sand only (0% FNS) and FNS only (100%
FNS) could be found in [21]. An X-ray fluorescence (XRF) test was conducted to determine
the chemical composition of the FNS [21]. It was observed that the main components of
the FNS are Silicon Oxide (46.91%), Magnesium Oxide (29.28%), Ferric Oxide (15.10%),
and Aluminum Oxide (4.04%). This composition aligns closely with that of natural sand,
primarily consisting of SiO2. The specific gravity of FNS is 2.93 g/cm³ [20]. The properties
of the fine aggregate with 50% FNS substitution and the coarse aggregate are presented
in Table 1. The concrete mix proportion by using 50% FNS as fine aggregates substitution
from previous research was used as shown in Table 2. The magnitude of w/c ratio utilized
was 0.412.
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Table 1. Material properties of 50% FNS as fine aggregate and coarse aggregate [14].

Material Properties Fine Aggregate with 50%
FNS Substitution Coarse Aggregate

Fineness Modulus (FM) 2.72 -
SSD Specific Gravity 2.76 2.58

Absorption (%) 1.42 1.60
Unit Weight 1.66 1.55

Void (%) 38.83 38.84
Finer than no. 200 sieve (%) 2.80 -

Abrasion Loss (%) - 22.23
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Table 2. Mix proportion for 1 m3 of concrete mixture [14].

Material Magnitude (kg)

FNS 347
M-sand 347

Coarse Aggregate 992
Cement 501
Water 206

2.2. Beam Specimens

Three RC beams measuring 15 cm × 25 cm × 300 cm with 50% FNS fine aggregate
were made and labeled as RC Beam 1, RC Beam 2, and RC Beam 3. Detailed information of
the beams is shown in Table 3 and Figure 3. Additionally, cylindrical concrete specimens
were prepared to provide compressive and split tensile strength data to be used later in the
numerical model.

Table 3. Information of the RC beam specimens.

Component Symbol Value Unit

Height H 250 mm
Width bw 150 mm
Length L 3000 mm

Tension Rebar D 13 mm
Compression Rebar D 13 mm

Shear Rebar Ø 6 mm
Main Rebar Grade fy 420 MPa
Shear Rebar Grade fyt 280 MPa

Concrete cover ts 25 mm
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2.3. Experimental Methods
2.3.1. Compressive Strength

The concrete compressive strength is assessed using cylindrical specimens, each with
a diameter of 15 cm and a height of 30 cm. Each of the three RC beam samples to be
tested is accompanied by a set of three companion cylinder specimens. These companion
cylinder specimens were tested at 28 days of age. The testing procedure for the concrete
cylinders’ compressive strength follows ASTM Standard C39/C39M [34]. The magnitude
of compressive strength of companion specimens will be used in numerical model of RC
beam in CAST3M.

2.3.2. Tensile Strength

The concrete tensile strength specimens are similar in form to the compressive strength
specimens. There are three-cylinder specimens, each representing one of the three beam
samples to be tested. The companion cylinder specimens are tested on the same day as the
beams are subjected to flexural testing at 28 days of age. These companion specimens are
intended to determine the tensile strength of the beams after casting. The tensile strength
testing of concrete cylinders is performed according to ASTM Standard C496/C496M [35].

2.3.3. Fourth-Point Loading Test

The fourth-point loading on the RC beam specimens will be performed under semi-
cyclic loading conditions. The RC beam specimens were tested at 28 days of age. The
homogeneity of the RC beam specimens was evaluated using the ultrasonic pulse velocity
test (UPV test). The UPV test for concrete were conducted in accordance with ASTM Stan-
dard C597 [36]. A direct method was utilized to measure the pulse’s velocity propagated
through the RC beam specimen, as shown in Figure 4.

There are several types of loading, consisting of monotonic loading, cyclic loading,
and semi-cyclic loading. Monotonic loading involves continuously applying load in one
direction until failure, assessing the ultimate strength and behavior of a concrete beam
under a single, uninterrupted load. Cyclic loading, on the other hand, involves the repeated
application of load in both directions with full reversals. In this research, the semi-cyclic
loading condition will be used, which entails repeated loading with an unloading process,
to study the structural response to repeated unidirectional loads.
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The beam loading scheme is presented in Figure 5. Loading for the samples will be
conducted using a spreader beam equipped with a load cell connected to a hydraulic jack.
Strain gauges, LVDTs, and load cells will be attached and connected to a computer. Loading
will occur in cyclic patterns, with each cycle involving incremental load increases of 200 kg
until reaching the maximum load. During Cycle 1, the sample will be subjected to a load
of 2P until reaching 2 tons, followed by gradual load reduction in 200 kg increments until
reaching 0. In cycles 2, 3, and 4, loads of 4 tons, 6 tons, and 8 tons, respectively, will be
applied following the same procedure. Testing will continue until failure is observed in the
reinforced beam samples. A semi-cyclic loading is performed through a cycle of loading and
unloading, where the test specimen is loaded and then the load is released until reaching
0. Subsequently, the load is reapplied in the same direction. This is different from cyclic
loading, where the load changes direction like a wave, creating a unique load–displacement
relationship [37].
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2.3.4. Digital Image Correlation (DIC)

Digital Image Correlation (DIC) is a measurement technique used for evaluating
displacement, contours, deformation, vibration, and strain. The DIC method utilized in this
study represents a further advancement from previous research [21,38–41]. These studies
analyzed the motion of speckles within the captured digital images of RC beam specimens’
surface under a four-point load flexural test.

One side of the front surface of the RC concrete sample was painted using white
paint and randomly sprayed with black acrylic paint dots using a paint gun (Figure 6).
This step was carried out to prepare for DIC testing, where the analysis requires images
with contrasting random dots. The created speckle pattern was examined using the GOM
Correlate application to measure the pattern quality. The beam’s speckle pattern is con-
sidered good if it has an average pattern quality value of around 6.0. If the value is still
below 6.0, more black dots should be added to make it denser. The measurement accuracy
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depends on the quality of the images taken during the experiment and should be free
from geometric disturbances. The setting of fourth-point loading test and DIC analysis is
presented in Figure 7.
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2.4. Numerical Method: Finite Element Analysis

Utilizing the multi-fiber approach for structural modeling proves to be an efficient
method for analyzing beam behavior, particularly during non-linear phases. This approach
stands out from the classical finite element analysis, which often involves time-consuming
calculations. The preference for the multi-fiber modeling approach in non-linear analysis
stems from its effectiveness and computational efficiency.

In multi-fiber beam elements, a three-dimensional structural component (Figure 8a)
is simplified into two finite element structures. A multi-fiber element consists of a two-
dimensional fiber element and a one-dimensional beam element (Figure 8b).

In the multi-fiber modeling technique, beams are analyzed based on either the Euler–
Bernoulli or Timoshenko beam theories. These theories provide a framework for under-
standing how a beam’s cross-section experiences strain while undergoing deformation.
According to the Euler–Bernoulli theory, the cross-section remains flat and perpendicular to
the neutral axis of the beam during deformation. Conversely, the Timoshenko theory allows
for the cross-section to remain flat but not necessarily perpendicular to the beam’s neutral
axis. It is worth noting that the Euler–Bernoulli theory may not be the most suitable choice
for analyzing interactions involving axial, shear, and flexural aspects [43]. The flexibility
and adaptability of the multi-fiber approach make it a valuable tool for gaining insights
into complex structural behaviors.
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The application of this modeling approach within CAST3M involves the use of an
internal language called GIBIANE. Within this framework, users have the capability to
generate objects using a variety of operators. The multi-fiber model is specifically tailored
to accommodate the defined geometry and material properties within the code. This
code incorporates commands designed to convert the beam into representative fibers,
thereby facilitating a meticulous and precise modeling procedure. The GIBIANE language
in CAST3M provides a versatile platform for users to define and manipulate objects,
enhancing the flexibility and adaptability of the modeling process.

Concrete exhibits characteristics that fall into the category of anisotropic materials,
making it a complex material. The properties of concrete, encompassing both linear and
non-linear phases, are influenced by both material and geometric factors. When concrete is
subjected to non-linear phases, permanent deformation occurs, leading to displacements,
cracks, and ultimately failure if it reaches its ultimate limit. One of the damage models that
describes the non-linear behavior of concrete is the Mazars’ damage model.

The Mazars’ damage model is a simple and robust isotropic 3D damage model-
ing [44,45]. This model employs damage mechanics to describe the stiffness degradation
of the material due to the emergence of microscopic cracks in concrete. The constitutive
relationship of the Mazars’ damage model is suitable for standard concrete with compres-
sive strength ranging from 30 to 40 MPa. The purpose of this relationship is to obtain
the material’s response under load, leading to deformation or elongation (uniaxial tensile
stress, uniaxial compressive stress, and flexural stress in structural members). This model
provides a mathematically consistent prediction of structural responses until the onset of
failure due to strain localization [46].

3. Results and Discussion of Experimental Study
3.1. Compressive and Tensile Strength

The average compressive strengths of the companion cylinders for RC Beams 1, 2,
and 3 are recorded at 43.36 MPa, 41.15 MPa, and 45.49 MPa, respectively (Figure 9). The
average compressive strength value of the companion cylinders from the three beams is
43.3 MPa. This magnitude closely aligns with the compressive strength data obtained in
previous research [21], differing by only 4.7%. The average tensile strength value of the
companion cylinders from the three RC beams is 2.4 MPa. The average compressive and
tensile strength values of the companion cylinders from the three RC beams will be used as
one of the input parameters in creating the numerical model of the RC beam in CAST3M.
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3.2. Homogeneity of RC Beam

In Figure 10, the UPV values for each RC beam are presented alongside the UPV test
results and compressive strength of the companion cylinders for each beam. The UPV and
compressive strength values of the companion cylinders indicate that RC Beam 3 (green)
has the highest UPV and compressive strength values, followed by RC Beam 1 (blue), and
then RC Beam 2 (orange).
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Figure 10. Homogeneity evaluation along the beam specimen.

UPV testing was conducted on the beam specimens to assess their homogeneity. The
results showed variations in wave propagation velocity across the span of each beam.
These differences could be attributed to variances in aggregate distribution or compaction
processes during sample casting. However, the magnitude of UPV results along the beams
were not significantly different. The coefficients of variation in UPV results along the spans
of RC Beams 1, 2, and 3 were 1.3%, 1.0%, and 1.6%, respectively. Therefore, it can be
concluded that the beam specimens exhibit relatively consistent uniformity. Following the
assessment of sample homogeneity, the beams will undergo testing using the four-point
loading method under semi-cyclic loading condition.
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3.3. Load–Displacement of RC Beam

The load–displacement relationship obtained from LVDT and DIC method will be
compared. This comparison is made to understand the differences between the two
methods during each loading cycle for RC Beam 1, RC Beam 2, and RC Beam 3.

3.3.1. Load and Displacement for RC Beam 1

The comparison of load–displacement curves between LVDT and DIC measurements
for RC Beam 1 across loading cycles 1, 2, 3, and 4 is shown in Figure 11.
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(a) Cycle 1, (b) Cycle 2, (c) Cycle 3, and (d) Cycle 4.

In the first cycle (Figure 11a), it is observed that the DIC results show a displacement
0.51 mm smaller than the LVDT readings at maximum load and 1.07 mm smaller upon
load release. In the second cycle (Figure 11b), the DIC results indicate a displacement
0.18 mm smaller than the LVDT readings at maximum load and 1.07 mm smaller upon
load release. In the third cycle (Figure 11c), the DIC results reveal a displacement 0.86 mm
smaller than the LVDT readings at maximum load and 1.51 mm smaller upon load release.
This consistent difference between LVDT and DIC tests on the beam suggests a recurring
pattern. In the fourth cycle (Figure 11d), the maximum displacement derived from DIC
analysis is also smaller than the LVDT results by 1.35 mm. Upon release of all loads, the
DIC results show a displacement 2.53 mm smaller than the LVDT results. The summary
of displacement values between LVDT and DIC methods for RC Beam 1 can be seen in
Figure 12.
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3.3.2. Load and Displacement for RC Beam 2

The comparison of load–displacement curves between LVDT and DIC measurements
for RC Beam 2 across loading cycles 1, 2, 3, and 4 is shown in Figure 13.
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(a) Cycle 1, (b) Cycle 2, (c) Cycle 3, and (d) Cycle 4.

In the first cycle (Figure 13a), the DIC results exhibit a displacement deviation of
0.17 mm larger than the LVDT readings at maximum load, and 0.10 mm smaller than the
LVDT readings upon load release. In the second cycle (Figure 13b), the DIC results indicate
a displacement deviation of 0.72 mm larger than the LVDT readings at maximum load, and
0.003 mm smaller than the LVDT readings upon load release. In the third cycle (Figure 13c),
the DIC results show a displacement difference of 1.25 mm larger than the LVDT readings at
maximum load, and 0.66 mm larger upon load release. In the fourth cycle (Figure 13d), the
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maximum displacement derived from DIC analysis exceeds the LVDT results by 2.12 mm.
When all loads are released, the DIC results show a displacement 1.43 mm larger than the
LVDT results. The summary of displacement values between LVDT and DIC methods for
RC Beam 2 can be seen in Figure 14.
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3.3.3. Load and Displacement for RC Beam 3

The comparison of load–displacement curves between LVDT and DIC measurements
for RC Beam 3 across loading cycles 1, 2, 3, and 4 is shown in Figure 15.
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Figure 15. Load–displacement curves obtained from LVDT and DIC measurements on RC Beam 3:
(a) Cycle 1, (b) Cycle 2, (c) Cycle 3, and (d) Cycle 4.

In the first cycle (Figure 15a), the DIC results show a displacement deviation of
0.83 mm larger than the LVDT readings at maximum load and 0.66 mm larger upon load



Buildings 2024, 14, 2151 14 of 34

release. In the second cycle (Figure 15b), the DIC results demonstrate a displacement
deviation of 1.38 mm larger than the LVDT readings at maximum load and 0.85 mm larger
upon load release. In the third cycle (Figure 15c), the DIC results indicate a displacement
deviation of 1.93 mm larger than the LVDT readings at maximum load and 1.18 mm
larger upon load release. Finally, in the fourth cycle (Figure 15d), the DIC results exhibit
a displacement deviation of 2.46 mm larger than the LVDT readings at maximum load
during the elastic phase. Moreover, the maximum displacement derived from DIC analysis
surpasses the LVDT results by 2.73 mm. When all the loads are released, the DIC results
show a displacement 1.64 mm larger than the LVDT results. The summary of displacement
values between LVDT and DIC methods for RC Beam 3 can be seen in Figure 16.

Buildings 2024, 14, x FOR PEER REVIEW 14 of 37 

In the first cycle (Figure 15a), the DIC results show a displacement deviation of 0.83 
mm larger than the LVDT readings at maximum load and 0.66 mm larger upon load re-
lease. In the second cycle (Figure 15b), the DIC results demonstrate a displacement devi-
ation of 1.38 mm larger than the LVDT readings at maximum load and 0.85 mm larger 
upon load release. In the third cycle (Figure 15c), the DIC results indicate a displacement 
deviation of 1.93 mm larger than the LVDT readings at maximum load and 1.18 mm larger 
upon load release. Finally, in the fourth cycle (Figure 15d), the DIC results exhibit a dis-
placement deviation of 2.46 mm larger than the LVDT readings at maximum load during 
the elastic phase. Moreover, the maximum displacement derived from DIC analysis sur-
passes the LVDT results by 2.73 mm. When all the loads are released, the DIC results show 
a displacement 1.64 mm larger than the LVDT results. The summary of displacement val-
ues between LVDT and DIC methods for RC Beam 3 can be seen in Figure 16. 

Figure 16. Displacement from LVDT and DIC on RC Beam 3. 

The summary of load vs. displacement between LVDT readings and DIC method for 
the three RC beam samples can be seen in Table 4. The displacement values generated by 
the DIC method seem to exhibit the best performance in Cycle 4. It can be seen from the 
difference values produced, which are less than 10% compared to the LVDT readings for 
all three RC beams. Compared to the displacement results, the magnitude of residual dis-
placement generated by the DIC method appears to exhibit lower performance in Cycle 
4, with differences ranging between 10–20%. The DIC method provides smaller differ-
ences compared to LVDT readings for maximum displacement results in comparison to 
residual displacement for all loading cycles in all RC beam specimens. The differences in 
the results between LVDT and DIC methods highlight the impact of image distortion dur-
ing the beam loading process. Nevertheless, both methods exhibit similar behavior in their 
outcomes. Despite this difference, the alignment in behavior between the two methods 
underscores their complementary nature in structural assessment, providing valuable in-
sights into material response under loading conditions. 

Table 4. Summary of load vs. displacement for each RC beam specimens. 

Sample
RC Beam Cycle Load 

(kN) 

Displacement (mm) 
Displacement Residual Displacement 

LVDT DIC Difference LVDT DIC Difference 

1 

1 20.40 3.4 2.89 0.51 (15%) 1.16 0.094 1.07(91.9%) 
2 39.83 7.53 7.35 0.18 (2.4%) 1.92 0.85 1.07 (55.7%) 
3 59.45 11.45 10.59 0.86 (7.5%) 2.36 0.85 1.51 (64%) 
4 78.87 26.41 24.86 1.55 (5.9%) 13.02 10.49 2.53 (19.4%) 

Figure 16. Displacement from LVDT and DIC on RC Beam 3.

The summary of load vs. displacement between LVDT readings and DIC method for
the three RC beam samples can be seen in Table 4. The displacement values generated
by the DIC method seem to exhibit the best performance in Cycle 4. It can be seen from
the difference values produced, which are less than 10% compared to the LVDT readings
for all three RC beams. Compared to the displacement results, the magnitude of residual
displacement generated by the DIC method appears to exhibit lower performance in Cycle 4,
with differences ranging between 10–20%. The DIC method provides smaller differences
compared to LVDT readings for maximum displacement results in comparison to residual
displacement for all loading cycles in all RC beam specimens. The differences in the results
between LVDT and DIC methods highlight the impact of image distortion during the beam
loading process. Nevertheless, both methods exhibit similar behavior in their outcomes.
Despite this difference, the alignment in behavior between the two methods underscores
their complementary nature in structural assessment, providing valuable insights into
material response under loading conditions.

Table 4. Summary of load vs. displacement for each RC beam specimens.

Sample
RC Beam

Cycle Load
(kN)

Displacement (mm)

Displacement Residual Displacement

LVDT DIC Difference LVDT DIC Difference

1

1 20.40 3.4 2.89 0.51 (15%) 1.16 0.094 1.07(91.9%)
2 39.83 7.53 7.35 0.18 (2.4%) 1.92 0.85 1.07 (55.7%)

3 59.45 11.45 10.59 0.86 (7.5%) 2.36 0.85 1.51 (64%)

4 78.87 26.41 24.86 1.55 (5.9%) 13.02 10.49 2.53 (19.4%)
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Table 4. Cont.

Sample
RC Beam

Cycle Load
(kN)

Displacement (mm)

Displacement Residual Displacement

LVDT DIC Difference LVDT DIC Difference

2

1 22.17 3.62 3.79 −0.17 (4.7%) 1.28 1.18 0.10 (7.8%)

2 41.2 7.52 8.24 −0.72 (9.6%) 1.97 1.97 0.003 (0.2%)

3 59.15 11.38 12.63 −1.25 (11%) 2.32 2.98 −0.66 (28.4%)

4 78.77 25.25 27.37 −2.12 (8.4%) 12.08 13.51 −1.43 (11.8%)

3

1 20.01 3.14 3.97 −0.83 (26.4%) 1.03 1.69 −0.66 (64.1%)

2 40.22 7.1 8.48 −1.38 (19.4%) 1.79 2.64 −0.85 (47.5%)

3 59.15 10.8 12.73 −1.93 (17.9%) 2.19 3.37 −1.18 (53.9%)

4 79.66 28.5 31.23 −2.73 (9.6%) 15.4 17.04 −1.64 (10.6%)

3.3.4. Load and Displacement Relationship of the RC Beams

Analysis of maximum and residual displacement measurements using both the LVDT
readings and DIC method gives differences in results up to 10% and 20%, respectively.
Following loading to the plastic phase, deflections in all three RC beam samples tend to
revert to their original shape. This indicates that the beams retain elastic properties from
the steel reinforcement. Considering theoretical calculations of the reinforced concrete
beam capacity, it is evident that the tensile and compressive reinforcement in the beams
have not yielded, while the concrete has reached its capacity. Consequently, this leads to
relatively minor residual deflection in the beams after loading.

From the results of the load-displacement relationship, there is a change in stiffness
or slope in the load vs displacement graph for RC beams as shown in the red circle in
Figure 17. The tensile stress values occurring at the bottom fiber of the concrete when the
load reaches the point of slope change in the graph can be seen in Table 5. Based on the
stress calculation results, it is evident that Beams 1 and 3 have reached their tensile strength
capacities, while Beam 2 is approaching its tensile strength capacity. These results can
explain the stiffness changes due to the loss of tensile stiffness from the concrete as it has
reached its tensile capacity. Stiffness changes indicate the initiation of crack localization in
the concrete [38].
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Table 5. Tensile stress at the bottom fiber of the beam during stiffness changes.

RC Beam 2P
(kN)

M
(kNm)

σ

(MPa)
Tensile Strength

(MPa)

1 10.99 4.94 3.16 1.93
2 10.10 4.55 2.91 3.08
3 12.85 5.78 3.70 2.42
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3.3.5. Load–Displacement Curves with Other Similar Studies

In this section, a comparison will be presented of the load–displacement curve results
obtained from the DIC method and the same type of testing, namely the fourth-point
loading test under semi-cyclic loading conditions. The study examines RC beams with
identical dimensions and reinforcement details but different concrete types. Handika
et al. [47] assessed the displacement of normal RC beams using the DIC method, while
another study investigated the impact of incorporating oil palm shell waste (OPS) in
concrete mixtures on mechanical properties using the same DIC method [48].

The comparison of load–displacement curves obtained from the DIC method for
normal RC beams, OPS RC beams, and FNS RC beams is shown in Figure 18. Observations
during cycles 1–4 of loading reveal that the slope of the FNS RC Beam curve is notably
higher compared to those of the Normal RC Beam and OPS RC Beam, indicating greater
stiffness and delayed crack development. Upon unloading in Cycle 4, the slopes of the
Normal RC Beam and FNS RC Beam curves are nearly identical. In contrast, the OPS RC
Beam curve exhibits the shallowest slope among the three, indicating the lowest stiffness
relative to the Normal RC Beam and FNS RC Beam.
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Figure 18. Comparison of load–displacement curves between Normal RC Beam (Normal) [47], OPS
RC Beam (OPS) [48], and FNS RC Beam (FNS 1, FNS 2, FNS 3) for: (a) Cycle 1, (b) Cycle 2, (c) Cycle 3,
and (d) Cycle 4.

The magnitudes of maximum displacement and residual displacement for Cycles 1
to 4 for the Normal RC Beam, OPS RC Beam, and average FNS RC Beam can be seen in
Figure 19. The maximum displacement value of the FNS RC Beam is smaller than that of
the Normal RC Beam for all cycles. In Cycle 4, the maximum displacement of the FNS RC
Beam is 7% less than that of the Normal RC Beam. Conversely, the FNS RC Beam exhibits
higher residual displacement compared to the Normal RC Beam and the OPS RC Beam.
In Cycle 4, the residual displacement of the FNS RC Beam is 8.7% greater than that of the
Normal RC Beam.
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The difference in results between the FNS RC Beam and the Normal RC Beam, showing
a difference of less than 10% in Cycle 4, indicates that using 50% FNS as a substitute for fine
aggregate can yield behavior nearly identical to normal concrete in the final cycles of semi-
cyclic loading. The utilization of FNS could be considered as a response to environmental
issues and may be effectively utilized in reinforced concrete beams.

3.4. Strain Analysis

Strain gauges were positioned along both the top and bottom fibers of the beam
to measure strain. Positioned at the mid-span, these gauges captured both tensile and
compressive strains caused by the load. These gauges were then interfaced with a National
Instruments (NI) computing device, which was connected to a computer running LabVIEW
National Instruments software Version 2022 Q3. The readings from these strain gauges
were subsequently synchronized with the applied load on the beam to quantify the strain.

The relationship between the load and strain for the three RC beams in each loading
cycle can be observed in Figure 20. Table 6 presents the magnitude of maximum strain
measurements and strain after the unloading phase for the three RC beams in each cycle.

Table 6. Strain measurement for each RC Beam specimens.

Sample
RC

Beam
Cycle

Strain

Top Fiber Bottom Fiber

Maximum After
Unloading Maximum After

Unloading

1

1 −0.0004 0.00008 0.0008 0.00023

2 −0.0007 −0.00010 0.0015 0.00005

3 −0.0010 −0.00012 0.0024 −0.00011

4 −0.0020 −0.00083 0.0035 0.00036

2

1 0.00001 0.00024 0.0007 0.00033

2 −0.00018 0.00027 0.0016 0.00039

3 −0.00031 0.00046 0.0025 0.00058

4 −0.00044 0.00068 0.0035 0.00097

3

1 −0.0003 0.00025 0.0005 0.00039

2 −0.0005 −0.00006 0.0008 0.00053

3 −0.0008 0.00008 0.0013 0.00066

4 −0.0017 −0.00073 0.0019 0.00068
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Figure 20. Load vs. strain curve: (a) RC Beam 1—top fiber, (b) RC Beam 1—bottom fiber, (c) RC Beam
2—top fiber, (d) RC Beam 2—bottom fiber, (e) RC Beam 3—top fiber, and (f) RC Beam 3—bottom fiber.

The strain gauge readings on the upper part of RC Beam 1 and RC Beam 3 appear to
be consistent with the theory, where the upper fiber strain of the beam has negative values
or compressive strain. The load vs. strain graph illustrates similar behavior between RC
Beam 1 and RC Beam 3, but differing behavior is shown in RC Beam 2. The accuracy of the
measurements may be affected by a range of errors originating from bonding quality, wire
effects, and temperature variations [49].

In the fourth cycle, the strain gauge readings for the bottom fibers of RC Beams
1 and 2 (Figure 20b,d) show that they have surpassed the critical strain of concrete by
0.003, as presented in Table 6 where it equals 0.0035. This could indicate the presence of
microcracks [50] in the middle span of the beam under a load of 80 kN. The strain gauge
readings on the bottom part of all RC beams appear to align with theory, where the strain
on the bottom fiber of the beam shows positive values, indicating tensile strain.

3.5. Surface Deformation

The analysis of beam deformation utilizes the Digital Image Correlation (DIC) method,
facilitated by the GOM Correlate application. This method meticulously examines surface
deformations of the beam, utilizing data extracted from the examination of major strain (ε11)
within the GOM Correlate application. This detailed examination allows for correlating
surface deformations with the loads applied to the beam, while ensuring the exclusion of
the beam’s self-weight influence. By isolating external loads from internal structural effects,
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this approach enables a thorough investigation into the origin of cracks and their precise
locations across the beam’s surface.

When dividing the surface area of the beam, four key points are identified. Points A
and D represent the supports of the beam, providing stable reference points for its structural
integrity. In contrast, points B and C denote the exact locations where loading from the
spreader beam is applied onto the beam under examination. This segmentation of the
surface area provides a detailed perspective, distinguishing regions subjected to different
force interactions.

The area extending from points A to C, and C to D, becomes a focal point where both
bending moment and shear forces converge, exerting varying degrees of influence on the
structural integrity of the beam. This interplay of dual forces creates intricate stress distribu-
tions within the beam, requiring a nuanced approach to comprehend deformation patterns
and crack formations. Conversely, the segment between points B and C is predominantly
subjected to bending moment forces, as determined through meticulous statics analysis.

3.5.1. Surface Deformation RC Beam 1

In Figure 21a, the deformation progression of RC Beam 1 throughout its first cycle was
presented. Notably, a pristine surface without any cracks remains intact until a significant
load is applied, signaling the beginning of structural transformation. At an applied load of
1120 kgf or 11 kN, the beam shows resilience. However, as the load increases to 1680 kgf
(16.5 kN), the appearance of vertical cracks near the B–C area marks a significant transition.
These cracks continue to propagate, reaching the C–D region as the load intensifies to
2080 kgf (20.4 kN).

In Figure 21b, Beam 1’s deformation progression during its second cycle provides
was shown. The appearance of subtle yet discernible vertical cracks in the B–C region at a
load of 1050 kgf (10.3 kN), signifying the beginning of structural transformation, which
gradually becomes more prominent as the load increases. At 2080 kgf (20.4 kN), these
cracks take on a more pronounced light blue, persisting and spreading until reaching the
peak load of the second cycle at 4060 kgf (39.8 kN). The largest vertical cracks appear in
the B–C area, extending their reach to encompass the A–B and C–D regions. Although the
cracks due to friction in the A–B and C–D areas are not fully visible yet, the formation of
vertical cracks continues to occur.

In Figure 21a,c, thorough examination reveals the intricate progression of Beam 1‘s
deformation throughout its third cycle. The appearance of vertical cracks in the B–C area
at a load of 2040 kgf (20 kN) was observed. These cracks, extending to include the A–B
and C–D areas, progressively enlarge as the load gradually increases, reaching a peak at
6060 kgf (59.4 kN). Of particular interest is the evolving behavior of cracks within the A–B
and C–D regions, which gradually transition towards shear-induced patterns, as evidenced
by the emergence of inclined cracks.

Figure 21d illustrates the evolution of Beam 1’s deformation during the fourth cycle.
Light blue vertical cracks appear within the B–C region, becoming prominent until the load
reaches 6100 kgf (59.8 kN). At a load of 8040 kgf (78.9 kN), the beam reaches the peak of its
elastic phase, characterized by visible cracks across the A–B, B–C, and C–D regions. The
evident inclined cracks, attributed to shear-induced deformation, were observed within
the A–B and C–D areas. After passing the elastic phase, the beam continues to endure
loading until entering the plastic regime. At a load of 8080 kgf (79.3 kN), three prominent
red vertical cracks emerge within the B–C area during the plastic phase. Consequently,
these cracks experience sustained enlargement, while others experience relatively minor
expansion, emphasizing localized stress concentration.
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3.5.2. Surface Deformation RC Beam 2

In Figure 22a, the comprehensive evolution of Beam 2’s deformation during the first
cycle will be presented. A significant noise was observed on the left side of point A and
the right side of point D. This phenomenon arises from the camera’s focal limitations in
capturing the beam’s end sections sharply, which can be attributed to differences in distance
between the camera and the beam’s center versus its ends. Until a load of 1490 kgf (14.6 kN)
is applied, no significant cracks are evident on the beam’s surface. However, at a load of
2260 kgf (22.2 kN), faint light blue vertical cracks begin to emerge in the B–C area, attributed
to pure moment stresses. Following gradual load release, the visible cracks close again.

Figure 22b presents the deformation evolution observed in RC Beam 2 during its
second cycle. Initially, subtle vertical cracks emerge within the B–C area at a load of
1050 kgf (10.3 kN), signaling the beginning of the structural response to applied loads.
These cracks gradually intensify, transitioning from light blue to red hues, as the load
increases to 2070 kgf (20.3 kN), highlighting the progressive nature of deformation under
escalating loads. When reaching 3060 kgf (30 kN), the vertical cracks in the B–C area
become more pronounced and extend into the A–B and C–D regions. As the load peaks
at 4200 kgf (41.2 kN), the appearance of inclined cracks in the C–D area indicates shear-
induced deformation.
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Figure 22c illustrates the evolving deformation results of RC Beam 2 during its third
cycle. The presence of red cracks at a load of 2050 kgf (20.1 kN), spanning across the A–B,
B–C, and C–D areas, indicates a significant structural response to the applied load. As
the load increases to 6030 kgf (59.2 kN), these cracks progressively widen, emphasizing
the critical influence of load magnitude on crack propagation. The distribution of vertical
cracks attributed to bending moments within the B–C area, along with the formation of
inclined cracks in the A–B and C–D regions around load points B and C, aligns with classical
beam theory. This theory predicts stress concentrations and crack initiation at points of
maximum bending stress [51].

Figure 22d presents the deformation evolution of RC Beam 2 during its fourth cycle.
The presence of noise on the strain plane indicates potential variations in image quality
captured by the camera. However, clear indications of both vertical and inclined cracks
are evident across the A–B, B–C, and C–D areas, becoming prominent at a load of 2130 kgf
(20.9 kN). As the load reaches 7690 kgf (75.4 kN), further crack enlargement and structural
deformation were present. The progression of cracks intensifies as the beam transitions
into the plastic phase at a load of 8030 kgf (78.8 kN), with two significant cracks emerging
in the B–C area and one prominent crack beneath load point B.
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3.5.3. Surface Deformation RC Beam 3

Figure 23a illustrates the deformation evolution of RC Beam 3 during its first cycle.
The areas adjacent to the left point A and right point D exhibit significant noise, attributed
to the camera’s inability to sharply capture the beam’s endpoints due to differing distances
from the camera to the beam’s center and endpoints. Until a load of 1660 kgf (16.3 kN) is
applied, no significant cracks are observed on the beam’s surface. However, at a load of
2040 kgf (20 kN), subtle light blue to yellowish vertical cracks begin to emerge in the B–C
area, indicative of crack propagation due to pure bending moment [38].
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Figure 23b illustrates the deformation evolution of RC Beam 3 during its second
cycle, offering insights into its structural response under varying loading conditions. It
is observed that fine vertical cracks occur in the B–C area at a load of 2060 kgf (20.2 kN).
These cracks become more pronounced (light blue and red) as the load increases, spreading
to the A–B and C–D areas at a load of 3130 kgf (30.7 kN). The cracks continue to enlarge
until the load reaches 4100 kgf (40.2 kN).

Figure 23c illustrates the deformation evolution of RC Beam 3 during its third cycle. It
is evident that cracks (red) continue to propagate across the A–B, B–C, and C–D areas as the
load reaches 2100 kgf (20.6 kN). These cracks progressively enlarge with increasing load,
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reaching their maximum extent at 6030 kgf (59.2 kN). Vertical cracks induced by moments
are predominantly distributed in the B–C area, while diagonal cracks in the A–B and C–D
areas form around load points B and C.

Figure 23d presents the deformation evolution of RC Beam 3 during its fourth cycle.
Vertical and diagonal cracks (depicted in red) are prominently visible along the entire
span of the A–B, B–C, and C–D regions at a load of 4050 kgf (39.7 kN). As the load reaches
7900 kgf (77.5 kN), RC Beam 3 reaches the peak of its elastic phase, with cracks progressively
enlarging as it transitions into the plastic phase at a load of 8070 kgf (79.2 kN). Notably, five
significant cracks are observed in the B–C area, discernible from the extensive, red-colored
local strain areas associated with these cracks. While both the hydraulic load and the
spreader beam are fully released. While smaller cracks in the A–B and C–D areas close
upon load removal, the five significant cracks in the B–C area remain open.

The crack propagation along the B–C axis during Cycle 1 for all RC beams is primarily
attributed to pure bending moment. As the load is gradually released, these observed
cracks tend to close. At the end of the cycle, despite full release of the hydraulic load (with
only the load from the spreader beam remaining), the strain does not fully return to its
initial pre-loaded state. This behavior is due to residual deformation within the beam,
which contributes to the formation of localized residual cracks on the beam’s surface [38].

In the second cycle, the vertical cracks in the B–C area become more pronounced,
extending further into both the A–B and C–D regions for all RC beams. At this load,
diagonal cracks due to shear begin to appear in the A–B area. This extensive propagation
of cracks highlights the significant influence of load magnitude on structural integrity, a
phenomenon extensively studied in fracture mechanics. Local opening and closing of cracks
are observed during the gradual application and release of load. By the end of the cycle,
with the complete release of the hydraulic load and only residual load from the spreader
beam remaining, the strain does not fully return to its pre-loaded state, underscoring the
presence of residual stresses and deformations.

In the third cycle, the vertical cracks observed in the B–C area, resulting from bending
moments, coincide with the appearance of inclined cracks in the A–B and C–D regions
due to shear. As the load is gradually released, the visible cracks begin to close gradually,
indicating partial structural recovery. However, similar in the previous cycle, residual
strains remain apparent as indicated by the incomplete return to the pre-loaded state.

In the fourth cycle, as the load reaches a certain magnitude, the RC beams enter the
peak value of their elastic phase, with cracks gradually enlarging as they transition into the
plastic phase at maximum load. While both the hydraulic load and the spreader beam are
fully released, resulting in a state where significant cracks remain open, in contrast to the
closure observed in other smaller cracks. The progressive widening of larger cracks and
narrowing of smaller ones highlights the complex behavior of the structural element under
semi-cyclic loading.

The DIC method can capture crack evolution phenomena on concrete surfaces. By
unraveling the intricate interplay between applied loads and resulting deformations, this
analytical framework not only illuminates the evolution of beam deformation but also
provides insights into potential failure modes, such as crack initiation and propagation.
Through this comprehensive approach, engineers can proactively address structural vul-
nerabilities and devise effective mitigation strategies to maintain the beam’s operational
integrity and safety standards. Moreover, understanding these deformation patterns is
essential for informing structural integrity assessments, directing maintenance, and repair
strategies to ensure the continued safety and reliability of engineering structures.

3.6. Crack Propagation

Crack propagation analysis on the beam is performed using the DIC method. Initially,
a crack is identified based on the strain fields of the beam obtained from the deformation
evolution analysis. Then, two observation points are added on the left and right sides of the
identified crack. The horizontal displacement (dX) values of these two points are extracted
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from GOM Correlate. Subsequently, the difference in horizontal displacement between
these two points is calculated, representing the width of the observed crack.

The analysis focuses on the propagation of the three largest cracks in the B–C area,
which experience pure bending, and the two largest cracks in both the A–B and C–D areas,
which experience shear-bending for each RC beam sample. In the following subsection,
an evaluation of crack propagation due to flexural and flexural–shear behaviors will
be presented.

3.6.1. Crack Propagation of RC Beam 1

Figure 24 shows the crack locations observed in RC Beam 1. An analysis will be
conducted on flexural crack number 2 in the B–C region of RC Beam 1, due to pure bending.
Furthermore, the diagonal flexural–shear crack number 5 in the C–D region will also
be analyzed.
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Figure 24. Crack observation points on RC Beam 1: three largest cracks in the B–C area (number 1, 2,
and 3) and two largest cracks in both the A–B and C–D areas (number 4 and 5).

Figure 25a shows the propagation of flexural crack number 2 in RC Beam 1 throughout
each loading cycle. Initially, the crack width reaches 0.068 mm at the maximum load of
the first cycle, increasing to 0.156 mm upon load release. Subsequently, during the second
cycle’s maximum load, the crack width reaches 0.615 mm, increasing to 0.725 mm after
unloading. Upon reaching the maximum load of the third cycle, the crack width measures
0.677 mm, increasing to 0.884 mm after load release. In the fourth cycle, the crack width
peaks at 0.776 mm during the elastic phase and reaches at 0.742 mm in the plastic phase.
Upon unloading, the crack width decreases to 0.305 mm.

Figure 25b presents the propagation of crack number 5 in RC Beam 1 across each
loading cycle. Initially, the crack width measures 0.052 mm at the maximum load of the first
cycle, increasing to 0.088 mm upon unloading. During the second cycle’s peak load, the
crack width expands to 0.421 mm and then to 0.484 mm after unloading. Upon reaching the
maximum load of the third cycle, the crack width measures 0.565 mm, increasing further to
0.656 mm after unloading. In the fourth cycle, the crack width peaks at 0.648 mm during
the elastic phase and reaches at 0.606 mm in the plastic phase. Upon unloading, the crack
width increases to 0.770 mm.
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3.6.2. Crack Propagation of RC Beam 2

Figure 26 shows the crack locations observed in RC Beam 2. An analysis will be
conducted on flexural crack number 3 in the B–C region of RC Beam 2, due to pure bending.
Furthermore, the diagonal flexural–shear crack number 4 in the C–D region will also
be analyzed.
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Figure 27a illustrates the propagation of crack number 3 in RC Beam 2 for each loading
cycle. Initially, at the maximum load of the first cycle, the crack width measures 0.055 mm,
increasing to 0.060 mm upon unloading. During the second cycle, the crack width initially
decreases and then increases as loading progresses. At the maximum load of the second
cycle, the crack width is 0.070 mm, decreasing to 0.021 mm upon unloading. Similarly,
in the third cycle, the crack width follows a similar trend of initial decrease followed by
increase with loading. At the maximum load of the third cycle, the crack width measures
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0.124 mm, decreasing to 0.013 mm upon unloading. In the fourth cycle, the crack width
continues to increase until the beam reaches the peak of the elastic phase, where it measures
0.359 mm. Subsequently, as the beam transitions into the plastic phase, the crack width
significantly increases to a maximum of 1.532 mm. Upon unloading, the crack width
decreases to 1.274 mm.
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Figure 27b illustrates the propagation of crack number 4 in Beam 2 for each loading
cycle. Initially, at the maximum load of the first cycle, the crack width measures 0.103 mm,
increasing slightly to 0.104 mm upon unloading. During the second cycle, the crack width
shows a tendency to decrease during loading and then increases upon unloading. At the
maximum load of the second cycle, the crack width measures 0.038 mm, increasing to
0.101 mm after unloading. Similarly, in the third cycle, the crack width decreases during
loading and then increases upon unloading. At the maximum load of the third cycle, the
crack width is 0.032 mm, decreasing to 0.062 mm upon unloading. In the fourth cycle,
the crack width initially decreases and then continues to increase until the beam reaches
the peak of the elastic phase, where it measures 0.174 mm. The crack width increases
marginally as the beam enters the plastic phase, reaching a maximum of 0.180 mm. Upon
unloading, the crack width decreases to 0.058 mm.

3.6.3. Crack Propagation of RC Beam 3

Figure 28 shows the crack locations observed in RC Beam 3. An analysis will be conducted
on flexural crack number 2 in the B–C region of RC Beam 3, due to pure bending. Furthermore,
the diagonal flexural–shear crack number 4 in the C–D region will also be analyzed.
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Figure 28. Crack observation points on RC Beam 3: three largest cracks in the B–C area (number 1, 2,
and 3) and two largest cracks in both the A–B and C–D areas (number 4 and 5).

In Figure 29a, the propagation of crack number 2 in RC Beam 3 is illustrated for each
loading cycle. Initially, at the maximum load of the first cycle, crack number 2 exhibits a
width of 0.140 mm, reducing to 0.134 mm upon unloading. During the second cycle, the
crack width increases during loading. At the maximum load of the second cycle, it reaches
0.265 mm, subsequently decreasing to 0.124 mm upon unloading. Similarly, during the
third cycle, the crack width expands under loading conditions. At the maximum load of
the third cycle, it measures 0.312 mm, diminishing to 0.116 mm upon unloading. Moving to
the fourth cycle, the crack width continues to enlarge until the beam reaches the peak of the
elastic phase, measuring 0.424 mm. Subsequently, the crack width significantly increases
as the beam undergoes plastic deformation, reaching a maximum of 1.480 mm during the
plastic phase. Upon load release, the crack width decreases to 1.230 mm.
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Figure 29b illustrates the propagation of crack number 4 in RC Beam 3 for each
loading cycle. Initially, at the maximum load of the first cycle, crack number 4 exhibits
a width of 0.006 mm, decreasing to 0.004 mm upon unloading. During the second cycle,
the crack width initially decreases and then increases as the loading progresses. At the
maximum load of the second cycle, it measures 0.038 mm, decreasing to 0.035 mm upon
unloading. Similarly, in the third cycle, the crack width follows a pattern of initial decrease
and subsequent increase with loading. At the maximum load of the third cycle, it reaches
0.087 mm, decreasing to 0.075 mm upon unloading. In the fourth cycle, the crack width
initially decreases and then continues to increase until the beam reaches the peak of the
elastic phase, measuring 0.130 mm. The crack width increases marginally as the beam
enters the plastic phase, reaching a maximum of 0.137 mm. Upon unloading, the crack
width decreases to 0.052 mm.

Based on the DIC results of RC beams, crack widths due to pure bending tend to have
larger values under loading compared to those due to bending–shear. The phenomenon of
crack reclosure is observed based in the analyzed crack propagation, wherein crack widths
increase with applied load and then decrease upon load release.

4. Results and Discussion of Numerical Study

Numerical modeling of multi-fiber beams in CAST3M is based on experimental beam
testing that has been conducted. The modeling scenario to be analyzed is the deflection at
the midpoint of the RC Beam 2 due to semi-cyclic loading. The mechanical behavior model
used in this study follows the model used by Nurjulita [52], which is the Mazars concrete
material model and Elastoplastic steel model.

4.1. Calibration of Numerical Parameters

Calibration of the cube model is done by comparing the modeling results of the
cube using solid elements with DIC testing from previous research [21] due to uniaxial
compression loads. Then, the model response to uniaxial tensile loads is also generated.
The magnitude of concrete and steel material parameters are presented in Tables 7 and 8.
The compressive strength, density, and elastic modulus of concrete are obtained from
DIC testing results of previous research on FNS concrete [21]. The tensile strength is
obtained from previous tensile testing. The Poisson’s ratio value is assumed to be 0.2,
similar to normal concrete. The parameters KTR0, ACOM, BCOM, ATRA, BTRA, and BETA
need to be determined to achieve model response values that align with experimental
testing results. The yield strength of reinforcing steel is obtained from tensile testing of
the steel reinforcement in the laboratory. The magnitudes of elastic modulus, Poisson’s
ratio, density, and strain hardening modulus of steel are assumed to be similar to standard
steel properties.

Table 7. Mazars concrete parameter.

Items Parameters Unit

fc’ 43.3 × 106 Pa
fct 2.42 × 106 Pa
E 16,797 × 106 Pa

Poisson’s Ratio (v) 0.2
Density 2350 kg/m3

KTR0 0.7 × 10−4

ACOM 1.1
BCOM 570
ATRA 0.7
BTRA 20,000
BETA 1.05
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Table 8. Elastoplastic steel parameters.

Item Parameters Unit

E 200 × 109 Pa
Poisson’s Ratio 0.3

Density 7800 kg/m3

fy 451.62 × 106 Pa
Modulus Strain Hardening 2.5 GPa

The cube model was calibrated (Figure 30), the numerical parameters of this model
are then applied to the beam model for further validation against experimental results.
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Figure 30. Calibration of numerical parameter: CAST3M vs. DIC method.

4.2. Validation of RC Beam under Monotonic Loading

The validation involves comparing laboratory test results with CAST3M modeling
results. Specifically, the comparison focuses on deflection at the beam’s midpoint during
semi-cyclic loading. These deflection values are converted into monotonic deflection by
disregarding deflection during load release cycles. These deflection results are then com-
pared with the modeling results of the Timoshenko multi-fiber elements under monotonic
loading (Figure 31).
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Figure 31. The 3D geometric model of the multi-fiber Timoshenko elements in CAST3M.

The results of the beam model response using cube parameters are presented in
Figure 32. It is evident that the model response does not closely align the beam test results
(LVDT vs. numerical model 1). To address this issue, additional numerical parameter
studies are conducted. Using numerical model parameters 2 (modified Mazars) as shown
in Table 9, the experimental results and the numerical model 2 curves closely align, as
shown in Figure 32. Therefore, the numerical model 2 parameters (modified Mazars) will
be used in modeling RC beams with the substitution of 50% nickel slag fine aggregate
under semi-cyclic loading.
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Items Parameters Unit

fc’ 43.299 × 106 Pa
E 29.513 × 109 Pa

Poisson’s Ratio (v) 0.2
Density 2350 kg/m3

KTR0 0.7 × 10−4

ACOM 1.5
BCOM 1400
ATRA 0.7
BTRA 20,000
BETA 1.05

4.3. Validation of RC Beam under Semi-Cyclic Loading

Figure 33 provides an illustration of the stress pattern in the X-direction under maxi-
mum loading conditions. The red-colored areas between the two loading points represent
areas under tension, while the blue-colored areas represent areas under compression. These
conditions align with the theory where, when the beam is loaded from the top, the upper
fibers of the beam experience tension and the lower fibers experience compression. Fur-
thermore, the darker shades of blue and red indicate maximum values in the upper and
lower fibers, respectively. The darker shades of blue and red indicate maximum stress
concentrations in the upper and lower fibers, respectively. Based on these findings, it is
predicted that significant cracking will occur between the two load points, consistent with
the experimental test results (B–C area).
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Comparison of deflection results at the midpoint of the beam between CAST3M
modeling and experimental testing is presented in Figure 34. In the first cycle (Figure 34a),
the model deflection closely resembles the experimental results until reaching the maximum
load. After unloading, the model deflection could not exhibit residual deflection in the
beam, where the model beam deflection appears to return to 0. The model deflection at
the end of the cycle is adjusted to have residual deflection like the test results. However,



Buildings 2024, 14, 2151 31 of 34

the modeled residual deflection does not occur at a load of 0. This limitation is due to the
Mazars concrete model, where the modeled concrete remains entirely elastic and lacks
unrecoverable deformation [39,45], theoretically resulting in no residual deflection if the
beam is still in the elastic phase.
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In the second (Figure 34b) and third cycles (Figure 34c), the model deflection starts
from a “residual” deflection and then gradually resembles the experimental results until
the maximum load of those cycles. The slope of the model curve appears flatter due
to the different starting points of the loading cycle between the numerical model and
the experiment.

In the fourth cycle (Figure 34d), the semi-plastic phase deflection in the beam is not as
smooth as in the model. However, the largest deflection in the plastic phase of both the
model and the experiment appears to be similar. Nevertheless, after unloading the beam,
the residual deflection of the model does not reach 0 kN, unlike the experimental results.
Nonetheless, upon closer inspection, the unloading line in the numerical model projects
a residual deflection or deformation of 5 mm at the 0 kN point, indicating that the beam
model has reached its plastic phase.

It is evident that the multi-fiber Timoshenko model using modified Mazars concrete
damage and Elastoplastic steel provides reasonably good deflection results during the
loading phase. However, there are limitations to the model in producing deflection results
consistent with the experimental results during the unloading phase. Alternative advanced
constitutive models for concrete materials, such as the modified Mazars damage model
incorporating higher-order beam theories based on the Carrera Unified Formulation [53],
could be investigated to refine numerical simulations of residual displacements under
semi-cyclic loading conditions.

5. Conclusions

This research contributes to civil engineering by showcasing the potential of FNS in
sustainable concrete production and providing insights into the structural behavior of RC
beams under semi-cyclic loading, supported by experimental testing and numerical valida-
tion. Key findings from the study of RC beams with 50% FNS fine aggregate substitution
(FNS RC Beams) include:
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• FNS RC beams demonstrated robust performance under semi-cyclic loading, exceed-
ing theoretical capacity calculations.

• The study compared load–displacement curves from LVDT and DIC methods, finding
DIC consistently showed smaller displacements, especially upon load release.

• DIC effectively captured material response, surface deformations, and crack patterns,
underscoring its utility in structural assessments and long-term durability evaluations.

• The crack evolution in the beams initially showed elastic behavior with crack propa-
gation under bending moments. With increased loads, plastic deformation occurred,
characterized by larger, sustained cracks and residual strains.

• Cracks in the B–C area primarily experienced pure bending, while A–B and C–D
regions exhibited flexural–shear behavior, influencing crack widths and propaga-
tion patterns.

• All RC beams showed resilient behavior, with deflections returning close to initial
states post-unloading, indicating retained elastic properties due to steel reinforcement.
Stiffness varied during loading, reflective of localized crack initiation.

• FNS RC beams demonstrated higher stiffness compared to normal and OPS RC beams,
with lower maximum displacements but higher residual displacements, indicating
potential long-term deformability.

• The CAST3M model, using modified Mazars concrete damage and elastoplastic steel
models, showed reasonable agreement with experimental deflection data during loading
phases. However, it struggled with residual deflections during unloading, suggesting
the need for model enhancements to better capture irreversible deformations.

In conclusion, the research highlights the viability of FNS as a sustainable alternative
in reinforced concrete structures, balancing performance with environmental goals. FNS RC
beams exhibited comparable mechanical properties to normal RC beams, supporting their
future application in concrete construction. The study’s insights into surface deformation
and crack propagation are crucial for advancing structural engineering practices towards
safer, more durable, and sustainable concrete structures.

Several limitations and future research considerations should be noted. Firstly, specific
constitutive models such as the Mazars concrete damage model may not fully capture all
nuances of concrete behavior. Future studies could explore advanced models or hybrid
approaches integrating higher-order beam theories to improve accuracy in predicting
residual displacements under semi-cyclic loading. Secondly, the experimental validation
was limited to specific loading conditions and types of structures. Future research should
expand experimental validations to include other types of structures (e.g., beam-column
joints) and consider environmental exposures to enhance applicability. Investigating the
long-term durability of FNS RC beams, including effects such as corrosion, is crucial for
assessing practical feasibility and advantages in real-world applications.
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