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Abstract

This study investigates the influence of LDHs (Layered Double Hydroxides) microparticles and steel fibers

on the mechanical properties of lightweight concrete. Through a combination of experimental analysis and finite
element modeling, the effects of LDHs and steel fibers on flexural strength and crack resistance were evaluated. The
experimental results demonstrate a significant increase in flexural strength and toughness with the incorporation

of LDHs microparticles and steel fibers. The finite element model corroborates these findings, highlighting the syner-
gistic enhancement of mechanical properties due to LDHs and steel fibers. Additionally, the study discusses the fron-
tier applications of LDHs in improving fracture characteristics and highlights the potential of hybrid reinforcement
strategies in lightweight concrete. The findings reveal that both the quantity of microparticles and steel fibers signifi-
cantly impact the concrete’s residual strength. In scenarios without steel fibers, an optimal weight fraction of approxi-
mately T wt.% LDHs demonstrate a 39% increase in bearing capacity. Notably, under comparable conditions, the influ-
ence of LDHs microparticles on enhancing concrete mechanical characteristics appears to surpass the effects induced
by steel fibers. However, at 2 wt.% LDHs usage, a decrease in load capacity by 3.3% is observed compared to the 1
wt.% LDHs configuration. This research provides valuable insights into optimizing concrete properties through novel
material combinations and paves the way for future advancements in structural engineering.
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1 Introduction

Reducing the volumetric weight of concrete in buildings
can indeed have a substantial effect on lightening the
overall structure. This reduction often leads to advan-
tages such as improved structural efficiency, reduced
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behavior under tension and compression. For this rea-
son, it is necessary to use an additive that increases the
tensile strength of concrete (He et al., et al. 2023, 2024;
Pang et al, et al. 2024; Tang et al, et al. 2023). In this
area, different additives such as steel slag aggregates,
fibers, and microparticles have been extensively investi-
gated (Esmaeili & Andalibi, 2013; Khorshidi et al., et al.
2023a, 2023b; Maleki et al., et al. 2022; Pourreza et al.,
et al. 2021). Numerous researchers have examined the
possibility of improving concrete mechanical and physi-
cal properties using nanoparticles and microparticles
recently (Esmaeili et al. 2017, Esmaeili et al., et al. 2021).
Various types of fibers serve as supplementary materi-
als for concrete, particularly in lightweight compositions,
to enhance its energy absorption capacity upon matrix
breakage, addressing this limitation. The inclusion of fib-
ers diminishes crack opening, thereby augmenting the
material’s fatigue strength (Zhao et al. 2023). Wang et al.
(2021) conducted a study comparing the effects of MgO,
fly ash, PVA fiber, and shrinkage-reducing admixture
on the frost resistance of face slab concrete using pore
structural and fractal analysis. Mohamed et al. (2023)
explore previous research concerning the integration of
steel fibers into lightweight concrete to create sustain-
able and environmentally friendly concrete solutions.
An experimental investigation conducted by Asim et al.
(2020) compared natural fiber-reinforced lightweight
concrete as thermally efficient building materials. The
industrial production of nano/microparticles has led to
the emergence of a new area in the use of microparticles
in concrete. The effect of nano-silica on the compressive
strength of lightweight concrete has been investigated by
Du et al. (2015). The results indicate that adding 1% and
2% nano-silica results in an increase of 7.7% and 13.3% in
compressive strength, respectively. Certainly, as reviewed
Kalpana and Tayu (2020), there have been several stud-
ies conducted on the mechanical behavior of lightweight
fiber-reinforced concrete. Hamada et al. (2021) investi-
gated the effect of nano-palms on lightweight concrete
mechanical properties. This research demonstrates that
nano-palm increases the resistance of concrete against
cracking. Using a hybrid form of Nano-SiO2, Nano-
TiO2, and Nano-Al203 nanoparticles, Askari Dolatabad
et al. (2020) investigated the rheological and mechanical
characteristics of lightweight concrete containing these
nanoparticles. By conducting experimental tests, Chu
et al. (2023) examined the effect of graphene oxide on
the mechanical properties of ultra-strength lightweight
concrete. By adding 3% of graphene nanoparticles to the
mixture, the bending strength, compressive strength, and
elastic modulus are increased by 22.4%, 16.7%, and 13%,
respectively. The mechanical properties and microstruc-
ture of lightweight concrete containing nano calcium
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carbonate were examined by Sldozian et al. (2023).
According to Othuman Mydin et al. (2022), lightweight
foamed concrete containing Fe304 microparticles had
higher compressive strength than fiber-reinforced con-
crete without microparticles. The results showed that the
best performance was achieved when Fe304 nanoparti-
cles were present at a weight fraction of 0.25%. Liao et al.
(2023) investigated the impact of calcined phosphogyp-
sum and slaked lime content variations on the fluidity,
setting time, and compressive strength of supersulfated
cement. The inclusion of 10% calcined phosphogypsum
and 10% slaked lime in supersulfated cement resulted in
a compressive strength of up to 35.2 MPa after 180 days.
This study elucidates the influence mechanism of cal-
cined phosphogypsum and slaked lime on supersulfated
cement hydration, offering theoretical insights crucial for
the preparation of supersulfated cement in engineering
applications.

Cement composites reinforced with nano/micropar-
ticles require considerable production time and are not
very cost-effective due to the challenges of spreading the
microparticles in the cement bed and the high cost of
production. In recent years, the use of finite element and
numerical methods has been developed in many differ-
ent fields (Cui et al. 2023a, 2023b; Li et al. 2024; Lin et al.
2023; Luo et al. 2023; Yang et al. 2023; Zhang et al. 2023a,
2023b, 2023c). The use of numerical modeling techniques
is a suitable method for calculating the mechanical prop-
erties of many structures and materials such as concrete,
given the difficulty and high cost of conducting tests and
experiments (Esmaeili et al. 2021; Ren et al. 2022; Yao
et al. 2023; Zhang et al. 2023a, 2023b, 2023c). However,
the real dimensions of microparticles make finite element
modeling difficult in micro and nano dimensions (Du &
Jin, 2021; Naderi et al. 2021; Wu et al. 2021). It has also
recently been demonstrated that modeling composites as
microstructures can be used to predict the mechanical
properties of nanocomposites. In this method, the matrix
phase and reinforcing particles are simulated separately,
and the interactions between them are defined. By defin-
ing the properties of both components of the composite,
one can determine the mechanical behavior of the mate-
rial. Khani et al. (2016) investigated the elastic properties
of concrete reinforced with spiral and filamentary carbon
nanotubes using finite element analysis. The tensile char-
acteristics of fiber-reinforced concrete were investigated
by Esmaeili and Andalibi (2019) using a multi-scale finite
element method. Wang et al. (2022) established a 3D
aggregate database from X-ray CT scans of bulk concrete.

An multi-scale finite element investigation of nano-
composites reinforced with carbon nanotubes was
conducted by Vahidi Pashaki et al. (2018). Using two-
dimensional simulations, they examined the mechanical
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behavior of these types of nanocomposites while con-
sidering the interaction between microparticles and the
matrix. Numerical and Finite element models have been
widely used for simulating complex structures under
various conditions to enhance structure performance
in real-world applications, ranging from biomechani-
cal simulation, crucial for understanding pathological
conditions (Abbasi-Ghiri et al. 2022; Razi et al. 2023;
Saghafian et al. 2023; Wu et al. 2023) and the develop-
ment of innovative medical devices (Ebrahimkhani et al.
2020), to structural models, which are pivotal in enhanc-
ing the structural integrity and performance of modern
construction materials, as discussed here. Esmaeili et al.
(2021) studied the influence of steel fiber geometric char-
acteristics on fiber-reinforced concrete behavior using
the multi-scale finite element method. Meso-scale rep-
resentative volume elements of straight and coiled CNT-
reinforced epoxy composites were analyzed by Haydar
(2021) via commercial finite element analysis software.
According to their model, there is a limit to the number
of microparticles. Adhikary et al. (2021) investigated the
effects of carbon nanotubes and graphene nanosheets
on the mechanical behavior of lightweight concrete. The
effect of carbon nanotubes on the mechanical and ther-
mal properties of lightweight structural concrete con-
taining silica particles was investigated experimentally by
Shahpari et al. (2022). The thermodynamic database of
ordinary Portland cement-based materials serves as the
foundation for simulating the hydration products of the
low-heat Portland cement paste explored by Zhou et al.
(2023a, 2023b), employing the thermodynamic software
GEM-Selektor for this analysis. The initial and final stages
of low-heat Portland cement pastes at a micro level are
visualized by MATLAB. Peng et al. (2022) investigate the
impact of the magnesium—phosphorus molar ratio and
water-to-binder ratio on the hydration products through
thermodynamic simulation.

Layered Double Hydroxides (LDHs) are a class of
synthetic inorganic compounds characterized by a lay-
ered structure. They belong to the family of anionic
clays and are composed of positively charged metal
hydroxide layers with intercalated anions and water
molecules between the layers. The basic structure of
LDHs consists of positively charged layers, typically
containing divalent and trivalent metal cations (such
as magnesium, aluminum, zinc, or iron), which are bal-
anced by exchangeable anions like carbonate, chloride,
or nitrate ions, among others. These layers are stacked
in a repeating pattern, forming a layered structure
resembling a sandwich or a book with alternating posi-
tively charged layers and interlayer spaces (Laipan et al.
2020). One distinctive feature of LDHs is their ability to
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undergo ion exchange, meaning that the anions in the
interlayer space can be replaced or exchanged with dif-
ferent anions without altering the overall structure. This
property allows LDHs to be functionalized or modified
with various organic or inorganic species, making them
versatile materials in different applications (Laipan
et al. 2020). LDHs have garnered attention across vari-
ous fields, including materials science, catalysis, medi-
cine, and environmental science, due to their unique
properties such as high surface area, tunable chemistry,
and potential for controlled release of substances. In
construction materials like concrete, LDHs can be used
as additives to enhance mechanical properties, durabil-
ity, and sustainability (Tang et al. 2020).

It’'s evident from the review of existing studies that
there has been limited exploration into the mechanical
behavior of lightweight concrete reinforced with micro-
particles. Furthermore, the impacts of utilizing various
types of microparticles in lightweight concrete remain
relatively unexplored. Most studies have relied on time-
consuming and costly experimental tests, without con-
sidering the application of finite element methods in
this domain. This study pioneers the use of the multi-
scale finite element method to examine the influence
of LDHs microparticles on the bending characteristics
of lightweight fiber-reinforced concrete (LWEFRC). This
novel approach aims to fill the gap in understanding the
effects of microparticles on the mechanical behavior of
lightweight concrete, offering a more efficient and ana-
lytical means of investigation compared to traditional
experimental methods. Using this method, concrete
mortar is modeled as a homogeneous material within
which fibers and microparticles are randomly distrib-
uted according to their weight fractions. Finite element
models were constructed employing the ABAQUS soft-
ware, integrating the Cohesive Zone Model (CZM)
to replicate fiber adhesion within the concrete matrix
and the Tie model to emulate microparticle adhesion
with the concrete matrix. To validate the accuracy of
the numerical model, a three-point bending experi-
ment was conducted on notched Lightweight Fiber-
Reinforced Concrete (LWFRC) beams reinforced with
LDHs microparticles. After calibrating and validating
the finite element model against experimental data,
the study will delve into examining various parameters.
These include exploring the impact of parameters such
as the weight fraction of fibers and microparticles,
alongside the adhesion of fibers to the concrete matrix.
This comprehensive investigation aims to elucidate the
influence of these parameters on the mechanical behav-
ior of the composite material, offering insights into
the optimal configurations for enhancing its structural
performance.
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Fig. 1 Scanning electron microscope image of LDHs microparticles
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Fig. 2 Size distribution of LDHs microparticles

2 Experimental Tests

2.1 LDHs Microparticles

Microparticles of ZnAl LDHs with grain sizes between
300 and 600 nm were utilized, which were supplied by
DRN Technologies Sdn Bhd and had a purity greater
than 99%. Fig. 1 illustrates an image of LDHs micro-
particles captured by a scanning electron microscope.
As shown in the figure, the microparticles possess
an almost hexagonal layered structure. According
to Fig. 2, LDHs particles range in size from 300 to
600 nm, with the majority measuring 330 nm.
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Fig. 4 Geometry of the steel microfibers

Table 1 Physical and mechanical characteristics of steel fibers

Poison Young Tensile Aspect Length Diameter
ratio modulus  strength  ratio
0.29 208 GPa 1228 MPa 120 60mm 05mm

2.2 Materials and Mixture Proportions

The samples were made using Type II Portland cement.
This cement has a specific weight of 3150 kg/m® and
a specific surface area of 0.306 m?/gr. LECA has been
used for coarse lightweight aggregate within the stand-
ard range of ASTM C330-00 with a specific density of
350 kg/m3. A view of the microstructure of the syn-
thetic light grains of LECA is shown in Fig. 3. The fine
aggregate utilized in concrete was river-type sand. A
polycarboxylate-based superplasticizer of Carboxal
HF5000 density of 1.1+ 0.2 gr/cm® was added at varying
rates to achieve the required workability. The straight
steel fibers (SF) shown in Fig. 4 are used in this study.
Fiber density is 7850 kg/m? and the physical character-
istics of these fibers are presented in Table 1. Table 2
gives the weight values of the materials used based on
ASTM-C330-00, (2017) and ACI 211-2 (Prestera et al.,
et al. 1998).
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Table 2 Mix the recipe of the LWFRC with LDHs microparticle

Mix No. Density (kg/m3) SP wi/c LECA (kg/m3) Sand (kg/m3) Steel fibers (%) LDHs (wt.%) Cement
(kg/m?)

LWC-LDHs0-SFO 1748 4 0.33 432 735 0 0 400

LWC-LDHs0.5-SF5 1782 4 033 429 731 0.05 05 398

LWC-LDHs2-SF10 1831 4 0.33 427 727 0.1 2 396

The process entails pre-mixing LDHs in water before
their incorporation into concrete. Nanomaterial dis-
persion in water is facilitated by employing the ultra-
sonic method. Initially, the necessary quantity of LDH
microparticles is weighed and placed into an oven. Sub-
sequently, a specific amount of water is added to the par-
ticles, and the combination is inserted into an ultrasonic
device. Adequate mixing is achieved after approximately
30 min at a frequency of 10 kN.

2.3 Three-Point Bending Test
To evaluate the bending strength of LWFRC rectangu-
lar beam samples reinforced with LDHs microparticles,

three-point loading tests were conducted. In Fig. 5, the
experimental setups and geometric dimensions of the
samples are illustrated. By ASTM C1018 (ASTM, 1998),
a displacement control load is applied at a loading rate
of 0.2 mm/min. To determine the bending strength of
various samples, the force—displacement curve and
load-crack mouth opening displacement (CMOD) were
measured.

The finite element model in this study consists of
three distinct phases, namely cement mortar, micro-
particles, and fibers. Thus, by performing compres-
sive and tensile experimental tests, the mechanical

..
CMOD gauge 10 cm
J

45¢m

Fig.5 The geometrical dimensions and the three-point bending laboratory setup of the LWFRC beam reinforced with LDHs microparticles
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characteristics of cement mortar can be determined
separately and input into software (Fig. 6).

3 Multiscale Finite Element Model

In this section, multiscale finite element simulations of
LWERC beams reinforced with LDHs microparticles
are discussed using ABAQUS software. Simulated beam
dimensions and geometric characteristics are similar
to those of the laboratory conditions of the three-point
bending of a rectangular notched beam. This model
includes a concrete beam, fibers, and microparticles, and
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Fig.6 Compressive and tensile stress—strain curve of lightweight
concrete without fibers and microparticles
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three solid bodies acting as hydraulic jacks and supports,
as illustrated in Fig. 7.

The current study uses a multi-scale finite element
model to examine the mechanical behavior of LWFRC
reinforced with LDH microparticles. Fibers and micro-
particles with random distribution are individually
placed beside each other in this method. To simulate
realistic conditions of the presence of fibers and micro-
particles in lightweight concrete, the orientation, as well
as the number of fibers and microparticles, have been
created irregularly and randomly. To define the interac-
tion between fibers and cement mortar, adhesive ele-
ments based on CZM were used. Because microparticles
adhere to cement mortar with a strength greater than
aggregate fracture strength, this area has been given the
Tie constraint. MATLAB and the Script environment of
ABAQUS software were used to create a three-dimen-
sional geometric model of the distribution of fibers and
microparticles inside the concrete context. Fibers are
modeled as cylindrical cylinders and aggregates are rep-
resented as hexagonal particles within the base material.

A geometric model of the random distribution of fib-
ers and microparticles created using the mentioned
algorithm is shown in Figs. 8 and 9, for different weight
fractions in percentage (wt.%) of steel fibers and micro-
particles. The three-dimensional geometry makes it
possible to place fibers and microparticles in different
orientations, lengths, and spatial positions. As can be
seen in the figure, using the proposed algorithm, fibers

Homogeneous
region (1 Phase)

Fixed Support

Fixed Support

50 mm

0.2um

Fig. 7 Details of multiscale finite element simulation of three-point bending of the fiber-reinforced lightweight concrete beam with LDHs

microparticles
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Fig. 9 Steel fiber distribution with different weight fractions in percentage (wt.%) of cement, a 0.2 wt%, b 0.5 wt.%, ¢ T wt.%, and d 2 wt.%
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Fig. 10 Traction-separation in the adhesion area

are placed at random within the concrete matrix, and
from this point of view, this type of distribution can
accurately predict fiber distribution in the experimental
condition.

The adhesive zone model theory has been used to
model the phenomenon of separation between fibers
and concrete in the contact area. Fig. 10 illustrates the
traction—separation curve for this model. This model
assumes that all of the mechanisms involved in the frac-
ture process are expressed by four parameters, as shown

in Fig. 10. These parameters are (1) the strength of the
adhesive area (Tax), (2) the critical separation distance
(8max), and (3) the parameter of # indicating how frac-
ture area changes exponentially. A further parameter of
the adhesive zone model is Gc, which is the separation
energy. Following the calibration of the finite element
model based on experimental results and determining
the parameters of the adhesive zone model and the con-
stants of the adhesion behavior model between fibers and
lightweight concrete, a finite element study of the effects
of different parameters on the behavior of lightweight
concrete reinforced with fibers is conducted.

The Concrete Damaged Plasticity constitutive model
was used for lightweight concrete mortar, which
accounts for both the tensile and compressive properties
of concrete separately (see Fig. 6). Furthermore, fibers
are assumed to be elastic—plastic, while microparticles
of LDHs are assumed to be fully elastic. Considering
geometrical nonlinearities, the dynamic/explicit solu-
tion method has been used to perform finite element
analysis. A surface-to-surface contact is defined as the
contact between a beam and rigid components. Two
lower supports are fully restrained, and the displace-
ment boundary condition is applied to the rigid body
above the beam. The model meshed using ten-node
C3DPE10M nonlinear pyramidal elements as a result of
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the geometric complexity of the structure. To determine
the appropriate size of the elements, the grid independ-
ence is checked, and 1,459,803 elements are used in the
final mesh. Through the application of static loading on
the samples, this study aims to investigate the influence
of several parameters on the bending strength.

4 Finite Element Model Updating

Model updating is an optimization problem in which the
mechanical properties of the structure are used as opti-
mization variables. Using this model, it is possible to
develop an accurate finite element model that takes into
account the uncertainties in the laboratory model and
the existing errors. The CZM parameters, including and
n, are determined in the current study in a manner that
minimizes the difference between the maximum force
and fracture energy obtained from the finite element
analysis and the experimental results. ABAQUS and
MATLAB are used to solve this optimization problem.
The steps involved in updating the finite element model
are illustrated in Fig. 11. To optimize the objective func-
tion, the Nelder-Mead algorithm and fmincon function
of MATLAB software are used. The refined finite element
model is derived by identifying optimal system param-
eter values that minimize the disparities between the
results obtained from both the finite element simulations
and experimental models.

5 Validation

The results of the finite element model and experimental
testing are presented in this section. According to Fig. 3,
the term LWC-LDHs**-SF** is used. The first letter repre-
sents lightweight fiber concrete, the second letter repre-
sents the weight fraction in percentage (wt%) of cement
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of LDHs microparticles, and the third letter represents
the weight fraction of steel fibers.

5.1 Experimental Results

A three-point bending test was conducted on three
LWFRC samples with the specifications listed in Table 2.
The load-displacement diagrams obtained from the
bending strength test for these three samples, namely
LWC-LDHs0-SFO, LWC-LDHs0.5-SF5, and LWC-
LDHs2-SF10 are presented in Fig. 12. Energy absorp-
tion or toughness is represented by the area under these
graphs. In the base sample, the area under the load—dis-
placement curve is approximately 6.5 N.m, while in the
sample containing 0.5 wt.% LDHs and 5 wt.% steel fiber,
the area under the curve is approximately 39.5 N.m. In
which wt.% represents the weight fraction in percent-
age (wt%) of cement. LDHs fibers and microparticles

15 I I I 1 1 I I
LWC- LDHs2-SF10
s —e—e— LWC- LDHs0.5-SF5 |
LWC- LDHs0-SFO
Z 9
£
el
g
)J 6
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Fig. 12 Load-displacement diagrams obtained from the three-point
bending test for different light concrete samples
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contribute significantly to the toughness of lightweight
concrete in this study. It can be concluded that LDHs
microparticles significantly increase the bending strength
and toughness of the material. According to the fig-
ure, we can also see that when the percentage of LDHs
microparticles in light concrete increases, the bending
strength and maximum load that can be tolerated by the
beam samples will increase. A simple beam sample and
a beam reinforced with microparticles of LDHs with
0.5 wt.% and 2 wt.% have bearing capacities of 10.6 kN,
12.24 kN, and 14.69 kN, respectively. Additionally,

Table 3 CZM parameters to define the interaction of steel fibers
with lightweight concrete
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because fibers increase the displacement of the middle of
the beam opening, LWFRC reinforced with fibers will be
more ductile before failure.

5.2 Validation of Multiscale Finite Element Model

Using the contact constraint and the definition of adhe-
sive elements, the interaction between fibers and con-
crete was modeled in the presented multi-scale finite
element model. The parameters of the CZM adhesive
zone model were determined using the model updating
method in a manner that is consistent with the force—dis-
placement curve obtained from the finite element model.
Table 3 presents the adhesive zone model parameters
based on the three-point bending test results. Based on
the values in Table 3, Fig. 13 illustrates the force-slip
curve of the final finite element model and the results

Trmax Smax G, n of the experimental tests conducted on control samples
o B as well as on LWC-LDHs0.5-SF0.5 and LWC-LDHs2-
steel fiber 342 MPa 18> 107mm 036 MPa mm 393 SF1. The results of the laboratory sample and the finite
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Fig. 13 Force—displacement curve of experimental tests and multiscale finite element model a lightweight concrete without fibers and b, ¢

lightweight concrete reinforced with fibers
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element model have a favorable overlap, and the method
of updating the model has a suitable level of accuracy
in predicting lightweight fiber-reinforced concrete
mechanical behavior. This model was updated based on
the results of the LWC-LDHs0.5-SF0.5 sample, and the
LWC-LDHs2-SF1 sample was used to verify its accuracy.
As a result of the finite element analysis, we can deter-
mine that the maximum force for LWC-LDHs0.5-SF0.5
and LWC-LDHs2-SF1 samples is 12.48 kN and 14.44 kN,
respectively, with an error of 4.3% and 2.4%, respectively.
Differences between numerical and experimental results
may arise from factors like model assumptions, material
properties, boundary conditions, and complexities in
simulating real-world behavior. Also, Complex fracture
and failure mechanisms in concrete and composite mate-
rials might be challenging to simulate accurately, lead-
ing to differences between numerical and experimental
outcomes.

5.3 Crack Growth in Notched Samples

A multi-scale finite element method is presented in
Fig. 14 for predicting the failure position of fiber-rein-
forced concrete beams under three-point bending
loading. Based on the finite element analysis and experi-
mental results, the failure mode of LWC-LDHs0.5-SF0.5
and LWC-LDHs2-SF1 samples under three-point bend-
ing loading is depicted. In comparing the presented finite
element model with the experimental failure mode of
the corresponding sample, the present model accurately
predicts the failure mode and crack growth position.
Accordingly, the present multiscale finite element model
accurately simulates the bending behavior of LWFRC
reinforced with microparticles when subjected to three-
point bending loading. Generally, the introduction of
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LDHs expedites the hydration process, yielding enhanced
mechanical properties and a more refined pore struc-
ture in cement-based materials. These effects stem from
the pore-filling and nucleation mechanisms attributed
to LDHs. Studies have indicated that microfillers smaller
than 0.3 pm contribute to a pore-filling effect, thereby
refining the microstructure of cement-based materials
(Quercia et al., et al. 2012). The control of LDHs parti-
cle size below 500 pm through methodological improve-
ments, enabling effective pore structure refinement.
Additionally, LDHs typically possess nano-scale thick-
ness, serving as nucleation sites that expedite the uni-
form formation of hydration products.

Fig. 15 shows the crack growth in samples of LWC-
LDHs0.2-SF1, LWC-LDHs0.2-SF1.5, and LWC-LDHs0.2-
SF2. Results show that the weight fraction of fibers
affects the path of crack growth in LWFRC beams, and
the maximum strength and crack length decrease signifi-
cantly as fiber volume increases. Crack propagation was
instantaneous and fast in the samples without fibers, fail-
ing immediately after the first crack appeared. The sam-
ples with fibers, on the other hand, can bridge cracks due
to the long length of the steel fibers after the first crack
and after the crack grows. As a result of its high tensile
strength, the concrete can prevent cracks from growing
and spreading, thereby increasing its bending strength
and formability.

5.4 P-CMOD Curves

P-CMOD curves for notched LWFRC beams for differ-
ent fiber weight fractions are shown in Fig. 16. Based
on the results, it is apparent that the bearing capacity of
the beam significantly increases with an increase in the
weight fraction of fibers. Despite having higher fracture

LWC- LDHs2-SF1

(a)

(b)

Fig. 14 Comparison of experimental results and multi-scale finite element failure of LWFRC reinforced with LDHs microparticles a

LWC-LDHs0.5-SF0.5 and b LWC-LDHs2-SF1
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Fig. 15 Crack growth in LWC-LDHs0.2-SF1, LWC-LDHs0.2-SF1.5 and LWC-LDHs0.2-SF2 for 15 kN force

20 I I 1 1 I I I
LWC-LDHs0-SF0 (Exp.)
LWC-LDHs0.2-SF3
16 - ——« LWC-LDHs0.2-SF2 ]
LWC-LDHs0.2-SF1.5
_ —=—= LWC-LDHs0.2-SF1
Zz 12} -0—0- LWC-LDHs0.2-SF0.5
< LWC-LDHs0.2-SF0.2
3
S 8
4
0

0 04 08 12 16 2 24 28 32
CMOD (mm)

Fig. 16 Load-CMOD curve for notched LWFRC beams reinforced
with LDHs microparticles for different fiber content

energy due to fiber bridging, lightweight concrete with
a larger weight fraction of fibers exhibits a much better
behavior after the peak point, as can be seen in Fig. 16.
During the crack opening, fiber bridging energy is
required to pull-out the fibers from the concrete. In the
case of high amounts of fibers, the softening slope of the
curve has two failures, caused by the effect of fiber bridg-
ing on the samples’ bending strength. Specimens contain-
ing fibers have residual strength, which means that after
reaching the maximum force, the beam will still be able
to resist the force. The residual strength of fiber concrete

is due to the fibers’ resistance to rapid crack growth. It
is important to note that as the crack length increases,
the adhesion of concrete decreases, and fibers begin to
play an increasingly important role in bearing the applied
load. In addition to increasing the applied force, some of
that force will be used to stretch the fibers away from the
concrete, which will result in a reduction in the growth
rate of cracks. Upon complete damage to the fiber—con-
crete interface, the fibers separate from the concrete, and
a crack begins to grow. Additionally, with increasing fiber
weight fraction, the displacement of the middle of the
opening corresponding to the maximum load increases,
resulting in greater ductility before failure. A compari-
son of the load-CMOD curves of the samples indicates
that the descending branch of the control sample curve
shows a significant softening strain with an increase in
fiber content. The behavior of this behavior is modified
by the inclusion of fibers in the samples, which results
in a softer fracture and a larger load-CMOD curve area.
As a result, it enhances the energy absorption capacity
of LWFRC when under maximum load. Therefore, it can
be stated that with the increase in the weight fraction of
fiber content, the plasticity and fracture behavior of con-
crete appear as soft ductile materials.

The P-CMOD curve for notched LWFRC beams at
different amounts of LDHs microparticles is shown in
Fig. 17. For certain amounts of steel fibers, it can be seen
that adding LDHs microparticles increases their bearing
capacity. By adding 1 wt.% LDHs, the bearing capacity of



Ramazani et al. Int J Concr Struct Mater (2024) 18:37

15 T T T T

——— LWC-LDHs0-SF0 (Exp.)
LWC-LDHs0.2-SF02 |
LWC-LDHs0.2-SF0

LWC-LDHs0.5-SFO
—e—e— LWC-LDHs1-SF0

el
T

S

-=—=s— LWC-LDHs2-SF0 T
~0—0- LWC-LDHs2.5-SFO

Load (kN)

3F -5

Oy,
Nl

0 0.1 0.2 0.3 0.4 0.5
CMOD (mm)
Fig. 17 Load-CMOD curve for grooved fiber reinforced
concrete beams for different amounts of weight fraction of LDHs
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0

these beams is increased by 37% in the absence of steel
fibers. Due to the microstructure of lightweight concrete
and the presence of nanometer-sized holes in it, this
type of nanoparticle fills very small pores and even voids
that are nanometer-sized in concrete, and by creating a
denser structure, lightweight concrete can achieve bet-
ter mechanical performance. The high specific surface
area and surface energy of LDH microparticles cause
the microparticles to act as atomic nuclei and cause
strong adhesion between concrete components. Due to
the resistance of microparticles against the growth of
microcracks, lightweight concrete exhibits enhanced
mechanical properties as a result of this effect. As shown
in Fig. 17, the excessive increase of LHD microparti-
cles weakens the mechanical properties of lightweight
concrete. When 2 wt.% LDHs are used, load capacity is
decreased by 3.3% in comparison to 1 wt.% LHDs. There-
fore, an increased dosage of LDHs had an adverse impact
on their uniform distribution within the cement paste,
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consequently diminishing the strength of the hardened
cement.

A load-CMOD diagram can be used to measure differ-
ent parameters, an example of which is shown in Fig. 18
based on EN14651 standards. Using the load-CMOD
curve, the residual strength parameter is determined for
four CMOD values of 0.5, 1.5, 2.5, and 3.5 mm. Detailed
information regarding the residual flexural strength of
the different samples is presented in Table 4. In the pres-
ence of steel fibers and for a minimum weight fraction
of LDHs microparticles of 0.2 wt.%, the failure mode
changed from brittle to ductile. If the amount of LDHs
is less than 0.2 wt.%, the residual strength will be much
lower, causing brittle failure in the material, and the use
of fibers in this case may not be of great benefit.

Two factors determine the residual strength of a light
fiber concrete beam: the first is the strength of the fibers
themselves, and the second is the strength of the adhe-
sive between the fibers and concrete. Using finite element
models, it has been observed that steel fibers do not break
during crack growth, indicating that the tensile strength
of fibers is greater than the external force of fiber elonga-
tion. Accordingly, it is concluded that residual strength in
light fiber concrete is primarily determined by its ability
to extend fibers from concrete, and if the adhesive force
between fibers and concrete can be increased, the resid-
ual strength of these concretes and fracture toughness
will be significantly enhanced. To create the possibility
of fiber bridging in concrete, the amount of LDHs micro-
particles should be greater than 0.2 wt.%. Compared to
the control sample, LWC-LDHs1-SF1 and LWC-LDHs1-
SF2 exhibit a 61% and 122% increase in maximum
strength, respectively, showing that LDHs microparticles
significantly increase the bearing capacity of light fiber
concrete beams reinforced with microparticles. Increas-
ing the amount of LDHs microparticles from 0.2 wt.%

CMOD (mm)

|
|
|
|
|
|
1

0 CMOD,=05  CMOD,=15
Fig. 18 Typical load-CMOD curve (Di Maida et al. 2018)

CMOD, = 2,5

CMOD, = 3,5
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Table 4 parameters of the load-CMOD curve and residual strength according to EN 14651

Sample ID The wt.% of The wt.% of Frnax (kN) Load increase (%)  Fi

fiber content LDHs content

(%) (%) Fy F, Fy Fy

(0.5 mm) (1.5 mm) (2.5 mm) (3.5 mm)

LWC-LDHs0-SFO - - 10.56 - - - - -
LWC-LDHs0.1-SFO 0.0 0.1 11.24 6.44 - - - -
LWC-LDHs0.2-SFO 0.0 0.2 11.98 1345 - - - -
LWC-LDHs0.5-SF0O 0.0 0.5 13.17 24.72 - - - -
LWC-LDHs1-SFO 0.0 1 14.76 39.77 - - - -
LWC-LDHs2-SFO 0.0 2 14.38 36.17 0.38 - - -
LWC-LDHs2.5-SFO 0.0 25 11.04 455 041 - - -
LWC-LDHs0.2-SF0.5 05 02 13.02 23.30 11.65 2.75 1.00 0.62
LWC-LDHs0.5-SFO.5 0.5 0.5 14.57 3797 12.78 4.56 345 239
LWC-LDHs1-SF0.5 0.5 1 15.34 45.27 14.40 6.97 401 1.54
LWC-LDHs2-SF0.5 05 2 13.74 30.11 10.2 3.03 1.03 -
LWC-LDHs0.2-SF1 1 0.2 13.98 32.39 13.79 4.26 152 0.76
LWC-LDHs0.5-SF1 1 0.5 15.23 44.22 14.98 7.45 5.67 2.04
LWC-LDHs1-SF1 1 1 17.02 61.17 16.23 10.37 8.03 345
LWC-LDHs2-SF1 1 2 14.34 35.80 11.23 8.56 4.65 1.14
LWC-LDHs0.2-SF2 2 0.2 18.09 71.31 17.87 7.64 267 1.08
LWC-LDHs0.5-SF2 2 05 20.31 92.33 19.51 11.34 6.35 2.85
LWC-LDHs1-SF2 2 1 2345 122.06 21.09 15.65 10.23 527
LWC-LDHs2-SF2 2 2 21.34 102.08 18.84 10.03 5.85 293

to 1 wt.% increases the carrying capacity by approxi-
mately 30% for a fiber weight fraction of 2 wt.%. Since the
mechanical properties are reduced with 2 wt.% of LDHs,
it can be argued that determining the optimal amount
of microparticles will reduce the use of microparticles
and as a result reduce economic costs. The authors pos-
ited that LDHs could contribute to filling and nucleation
effects within the cement paste, potentially enhancing the
compressive and flexural strength of the mortar. How-
ever, in instances where the mortar included LDHs with
a minimum particle size (0.3 pm), the strength declined
beyond an LDH dosage of 2.0%. This decrease was linked
to LDH aggregation within the mortar, undermining the
potential strength-enhancing effects of LDHs.

Analysis from Table 4 is insightful in comparing the
effects of LDHs microparticles and steel fibers on the
maximum force in the concrete. It seems that increas-
ing the amount of LDHs microparticles from 0.5 wt.%
to 1 wt.% resulted in a significant rise in the maximum
force, showing a 12% improvement. Meanwhile, a similar
increase in the amount of steel fibers (from 0.5 wt.% to 1
wt.%) resulted in a 5.3% increase in the maximum force.
From these findings, it’s evident that under the same con-
ditions, the impact of LDHs microparticles on enhanc-
ing the mechanical characteristics of concrete appears to
surpass the effect induced by steel fibers. This compara-
tive analysis highlights the potential significance of LDHs

microparticles in improving the overall strength of the
concrete structure.

6 Conclusion

Fiber-reinforced lightweight concrete is distinguished
by its behavior in the cracked tensile zone, called tensile
softening behavior. There have been numerous studies
conducted on this behavior and several softening models
have been presented. A multiscale finite element model
has been developed to investigate the bending behavior
and crack propagation of LWFRC notched beams rein-
forced with LDHs microparticles. The finite element
model is composed of three phases: cement mortar,
LDHs microparticles, and steel fibers, which are distrib-
uted randomly and have a specific weight fraction in the
beam. A CZM concept was used to develop the interface
between fibers and cement mortar. The parameters of
the CZM model were determined by updating the model
and minimizing the difference between the finite element
model results and the experimental results.

A multiscale finite element model developed in this
study predicts the behavior of crack propagation and
failure in LWFRC beams reinforced with LDHs micro-
particles with high reliability and appropriate accuracy.
A fiber-reinforced concrete sample with a greater weight
fraction of fibers displayed a much better failure behavior
than other samples, but the use of this sample is costly.
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As a result, the use of LDH microparticles in conjunction
with fibers was recommended in this study. Based upon
the parametric study of the effects of nanoparticle weight
fraction and steel fibers on load-CMOD curves of differ-
ent samples, it has been found that the maximum load is
achieved by increasing the amount of LDH microparti-
cles to 1 wt.% and for 1 wt.% and 2 wt.% of steel fibers,
the beam’s strength increased by 61% and 122%, respec-
tively. Accordingly, LDH microparticles have a significant
impact on the bending characteristics of fiber-reinforced
lightweight concrete beams compared to the control
sample. When the weight fraction of LDH microparti-
cles exceeds 1 wt.%, the bearing capacity of the beams
decreases. For lightweight concrete to achieve the highest
flexural properties, 1 wt.% of LDHs microparticles should
be used.
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