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Abstract: The formation of cracks in concrete structures occurs due to a multitude of causes ranging
from shrinkage to external loading and environmental exposure. This phenomenon can significantly
affect the lifecycle of concrete structures. Self-healing concrete (SHC) is considered a promoted
innovation capable of overcoming this inevitable occurrence. In accordance with current SHC
development processes, this paper utilizes the numerical simulation approach to test the performance
of reinforced SHC beam specimens modeled using the commercial software ABAQUS 6.14 (Vélizy-
Villacoublay, France). This paper aims to contribute to the scarce literature on SHC models by
utilizing the overlooked dicyclopentadiene (DCPD) agent and ambiguous variability of crystalline
admixtures. The SHC is introduced to the beam models at various depths and analyzed using load
against displacement curves compared with a reference model of ordinary concrete. The effects
of SHC on the mechanical properties of structural elements were determined. The results show a
distinct improvement of the load-carrying capacity of SHC beams, indicating an efficient contribution
of SHC in structural applications.

Keywords: self-healing concrete; finite element modeling; structural resilience; sustainability

1. Introduction

As the most widely consumed construction material, concrete possesses a high flexibil-
ity for various applications. In a typical steel reinforced concrete structure, crack formation
threatens the corrosion of reinforcement, leading to a compromised durability. As such,
costly and inconvenient maintenance and manual crack repair become a requirement. The
application of self-healing concrete (SHC) with autonomous crack repair and property
recovery promises substantial development in concrete constructions.

The SHC technology has a significant trend regarding environmental and economic
sustainability for an improved lifecycle [1-5]. Moreover, SHC’s healing processes is fairly
durable due to the long life of embedded systems [1,6], promising longer structural service
life. In contrast, alternative treatments, such as applying chemicals (e.g., epoxy resins,
waxes, and acrylic) and polymers are prone to weathering, sustainability issues, weak
bonding with concrete, and degradation with age [7]. SHC can be applied as a building
facade protection and refurbishment, cement mortar to create a self-healing product, foster-
ing road construction and limestone structure (e.g., historic structures) [8-10]. In large-scale
applications, SHC is suitable for structures exposed to wet environments, such as marine
structures susceptible to reinforcement corrosion. Additionally, tunnels, underground
structures, infrastructures, and bridges are also suitable applications of self-healing con-
crete; other possible applications include tunnel-lining, structural basement walls, highway
bridges, concrete floors, and marine structures [11].

SHC mechanisms are established across two main strategies: autogenous and au-
tonomous healing using either chemical (i.e., mineral or expansive admixtures, etc.), or
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biological components (i.e., microorganisms such as bacteria or fungi, etc.) [12]. The auto-
genous healing strategy relies on prolonging the natural chemical processes of maturing
concrete in which hydration may contribute to crack closure. However, this is limited
to smaller crack widths due to finite hydration phases and has a high reliance on envi-
ronmental conditions. Autonomous healing strategies often make use of immobilization
techniques where a healing agent is kept dormant mainly within an encapsulation system,
or a vascular network system. The latter strategy has gained popularity due to its ability
to challenge the shortcomings of natural healing in addressing larger crack widths over
prolonged periods.

The current direction of research promises to highly regard the use of computer
modeling to achieve material optimization [13-16]. In summary, the earlier instances
of simulating SHC performance has involved the autogenous healing where the delayed
hydration of cement was the target of assessment [17]. More recently, numerical simulations
are targeting SHC performance at the structural element level [18].

1.1. Research Gaps and Future Perspective

There exist several research areas aimed towards SHC progression for use in construc-
tion. However, the gap in research of SHC lies in the lack of conclusive field studies and
limited reports regarding the feasibility of SHC in its use for structural applications. Hence,
the standardization of SHC in construction is unlikely to be achieved solely through more
laboratory and field studies, hinting at the need for alternative testing methods such as
computer modeling techniques. This approach attains the design by testing standard while
productively contributing to the lack of understanding involving the chosen healing sys-
tems (i.e.,: crystalline admixture and dicyclopentadiene). It is anticipated that this work will
shed light on an important aspect of SHC testing and development for construction, with
specific regard to enhancing the attention of research on the several technical deficiencies
found in employing numerical simulation of a relatively unexplored model. Furthermore,
recent numerical studies have highlighted the need for developing three-dimensional
models of SHC [14]. The framework basis of this study therefore includes:

1.  Finite element study carried out with an advanced and reliable numerical simu-
lation platform;

2. Constitutive models, including details of the material properties of ordinary concrete,

the reinforcement, and the SHC, in addition to the model configuration showing

elements and meshing types;

Modeling the reference beam (reinforced concrete beam);

Validating the deflection obtained from simulation with the theoretical formula;

5. Modeling the SHC beams.

The outcomes of the present numerical study show that the use of SHC may sig-
nificantly improve the structural performance of ordinary reinforced beams, as illus-
trated hereafter.

-

1.2. Previous Work on Mechanical Properties of SHC

The lack of standards in preparing and testing SHC are further enhanced by the
wide variations of healing systems. As such, this paper aims to minimize the mystified
applications of SHC in construction by employing healing agents which have shown
promising practicality yet remain ambiguous in performance. This paper aims to address
this gap by investigating the existing technical literature of commonly and controversially
reported self-healing systems to observe the implications of SHC on a structural beam
element. Two parameters are adopted from selected literature for this study, namely the
modulus of elasticity and the tensile strength of the given SHC system to investigate the
structural performance of selected healing systems.

Self-healing material that is amongst the most convenient to implement is the crys-
talline admixture (CA). However, CA is widely commercialized with varying compositions
used across research, hindering validation and progress in understanding its self-healing
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potential [19]. The CA may be introduced into the concrete without strategic techniques
such that it can be mixed without compromising its composition [20]. This paper uses the
tensile properties reported in an experiment conducted to study the mechanical properties
of fiber-reinforced SHC samples containing 1.1% of the CA, and samples were pre-cracked
at the age of 2 and 28 days before curing [21]. Following healing at 28 days, the water-cured
samples have shown the highest mechanical properties where the splitting tensile strength
had an increase of 2.88% and the compressive strength was increased by 13.98%. In a study
using numerical modeling of SHC containing CA, there was a reported improvement in
the recovery of the load-bearing capacity of specimens after cracking [22].

Another seemingly underreported yet promising healing agent is dicyclopentadi-
ene (DCPD) [23]. In an experimental study investigating the properties of DCPD SHC,
two healing agents were used and tested, namely, DCPD and sodium silicate (SS) [24].
Concrete cylinder specimens were prepared using a standard ready-mix concrete with a
water/cement ratio of 0.5 and a nominal compressive strength of 28 MPa. The healing
activity was tested with loading and unloading cycles; the specimens were then left to
cure for 48 h. The modulus of elasticity was tested conforming to ASTM C 469 with the
variation of applying 70% of the peak strength, followed by the comparison of the concrete
with and without self-healing microcapsules before and after a 1-week healing period. In
terms of practicality, sample preparation was more convenient with the SS microcapsules
prepared at a pH of 3.1 and added to the mixing water at a content of 5% by weight of
cement. However, the modulus of elasticity was found to be higher in samples containing
DCPD at a content of 0.25% by weight of cement. The Young’s modulus of the concrete
with DCPD was 33.68 GPa and 40.54 GPa before and after healing, respectively; whereas
the SS specimens reported 32.88 GPa and 34.80 GPa before and after healing, respectively.

2. Materials and Methods

The commercial software Abaqus 6.14 (Dassault Systemes, 2014) [25] is used for the
analysis of the structural engineering performance of reinforced beam elements containing
SHC. A total of seven models with identical dimensions (0.3 x 0.6 cross-section and 6 m
length) have been analyzed to study the influence of SHC on a structural beam. The control
model is a reinforced concrete (RC) beam, created as a reference to capture the typical
behavior of a structural beam member under distributed loads. The other six models are
self-healing concrete beams treated to various depths, ranging from 100 mm past the lower
bound to the full depth of the beam (600 mm) as shown in Figure 1.

The SHC has a layered design, which functions as a single composite component
within the normal concrete. Additionally, the steel reinforcement bars are 40316 at the
tension zone of the beam and 2(J16 at the compression zone, whereas the shear links are
42038 distributed along the beam, with spacings of 145 mm. The design of the reference
beams is based on the provisions implemented in Eurocode 2 [26] and ACI (1995) [27].

A significant number of constitutive models built to describe the mechanical behavior
of RC members exist, however, there are no specific constitutive models available of the
finite element (FE) solutions for the structural analysis of SHC members. The concrete dam-
aged plasticity (CDP) model used is based on the model proposed by Lubliner et al. [28]
and Lee and Fenves [29], with the concrete smeared cracking (CSC) assumption adopted.
This model assumes a damaged isotropic elasticity, combined with isotropic tensile and
compressive plasticity to reflect concrete’s inelastic behavior. This model is generally ac-
cepted to be reliable and as it can efficiently detect the formation and propagation of cracks
to accurately capture the permanent damage occurring during the fracturing process [30].
As such, the CDP model is a commonly used method across different simulation software
in analyzing RC structures [31,32].
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Figure 1. Designed cross-sections. (A) Reference beam. (B) Addition of SHC at 100 mm. (C) Addition
of SHC at 200 mm. (D) Addition of SHC at 300 mm. (E) Addition of SHC at 400 mm. (F) Addition of
SHC at 500 m. (G) Full SHC section.

2.1. Constitutive Models
2.1.1. Material Properties of Concrete and Steel Reinforcement

The uniaxial compressive stress—strain relationship in the present CDP model is
considered as an elasticity that is perfectly applicable to both concrete and steel. The CDP
model requires that the elastic behavior of the material be isotropic and linear, hence, the
beams are modeled as such. The model assumes two main failure mechanisms, namely
the tensile cracking and compressive degradation of the concrete. The CSC assumption
represents the discontinuous macrocrack brittle behavior where cracks are accounted on
the basis of their effect on the stress and material stiffness. The use of such model is to avoid
convergence problems for the FEM simulations carried out with Abaqus, as it requires high
computational capacity.

Microcracking in the concrete is represented by the increase in the values of hardening
variables. The hardening variables characterize damaged states in tensile cracking and
compressive crushing independently. These variables govern the yield surface evolution
and elastic stiffness degradation in relation to the dissipated fracture energy generating
microcracks and is expressed as:

~pl _ pl
€ :h(a,?’l) e
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where ¢ is the plastic part of the strain rate, and h (E , Epl) is the stiffness degradation

variable used to calculate the Cauchy stress. The Cauchy stress is related to the effective
stress through the stiffness degradation relation governing the effective stress:

c=01-d)o

where o is the stress, (1 —d) is the ratio of the effective load-bearing area, and 7 is the

effective stress. Where no damage exists, the effective stress is equivalent to the Cauchy

stress. However, the effective stress is more representative than the Cauchy stress in the

event of damage occurrence such that it portrays the effective stress area resisting loads.

As such, damage related to the failure mechanisms of the concrete (cracking and crushing)

manifest as reductions in the elastic stiffness, hence the basic assumption of linear elasticity.
Plastic flow is governed by a flow potential G according to the flow rule:

9G(7)

= }\
& 6

where ¢/ is the plastic part of the total strain rate, A is the nonnegative plastic multiplier,
and A and F obey the Kuhn-Tucker conditions: AF = 0; A >0;F <0.

As such, the elastic—plastic damage response is portrayed in terms of effective stress
and hardening variables with the constitutive relations summarized as:

o= DSI : (s—spl> € {(7|F((7,E7”1) < 0},

where Dgl is the undamaged elastic stiffness, ¢ is the strain rate, Pl is the plastic strain rate,
and F ((7,57’1) is the yield function capped as an inviscid model.

Since the grade of the concrete used is C25/30, the material parameters are calculated
according to EN1992-1-1. The mean compressive strength is calculated using Equation (1):

fcm:8+fck (1)

where f.;, (MPa) is the mean compressive strength and f.x (MPa) relates to characteristic
compressive cylinder strength of concrete at 28 days.

The longitudinal modulus of elasticity of the concrete can be calculated using the
relations available in Equation (2):

f cm 03
Em = 22,000 x (10 ) )

where E.;; (GPa) is the longitudinal modulus of elasticity and fc, (MPa) is the mean
compressive strength of concrete.

The tensile strength of concrete under uniaxial stress is difficult to assess, and the
results are very scattered. Therefore, it should be determined according to EN1992-1-1, as
in Equation (3):

fctm = 0'30fck(%) (3)

where fi, (MPa) is the mean value of axial tensile strength of concrete and f is the
characteristic compressive cylinder strength of concrete at 28 days.

The material properties assigned for concrete are shown in Table 1 and steel properties
are shown in Table 2.
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Table 1. Material properties of ordinary concrete.

Concrete C25/30
fex MPa) 25
fem (MPa) 33
E. (MPa) 31,476
Jetm (MPa) 2.56
v 0.2

Table 2. Material properties of steel.

Steel B500C
fs (MPa) 500
E; (MPa) 200,000

v 0.3

Moreover, the five input parameters of the plasticity part of the CDP model are
varied within a specified range as shown in Table 3. These parameters are considered
default values [32].

Table 3. Plasticity parameters.

Y (Dilatation Angle) e (Eccentricity) (fb0/fc0) Kc Viscosity
36° 0.1 1.16 0.667 0

The actual transition seen in the experiments of the technical literature (after which
the specimens are kept for healing) is disregarded such that only the healed properties are
studied in reflection of the degree of self-healing. The compressive behavior of the concrete
is assumed to be the same as that of ordinary concrete, with a mean compressive strength
of 33 MPa. The tensile strength is taken from another experiment in which the CA was
used [21]. The elastic modulus of the healed SHC is adopted from an experiment in which
the healing agent DCPD was used [24]. The healed material properties of SHC are shown
in Table 4.

Table 4. Material properties of SHC.

Concrete C25/30
fex healed (MPa) 25
E healed (MPa) 40,540
fetm healed (MPa) 4
v 0.2
Density, p 25 x 1077

2.1.2. Numerical Model for the Structural Analyses

The three-dimensional 8-node first-order continuum elements (C3D8R-Bricks) are used
for reference concrete beams, SHC beams, and bearing steel plates. The other primary com-
ponents in this analysis are the longitudinal reinforcements modeled as three-dimensional
truss elements 2-node linear (T3D2). The T3D2 truss is used to model the reinforcing bars
and links in the FE models of all beam specimens. To derive accurate results from the FE
model, all the components were allocated a uniform mesh size of 30 to ensure that the
same nodes are shared. The 8-node linear brick element is the mesh element type used
for modeling concrete, SHC, and bearing plates, with three translation degrees of freedom
at each node (C3D8R). The refined mesh discretization included 40,000 shells along with
1200 truss finite elements to accurately simulate the response of concrete and steel rein-
forcement. Perfect bond was assumed at the interface of steel and concrete.
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2.2. Reference Beam Modeling

The reference beam serves as a benchmark comparing the structural performance of
a conventional RC beam with SHC models. This assumption is fundamental to perform
comparative analyses, due to lack of adequate experimental tests for model calibration
and validation. Four parts form the beam models: concrete, steel rebars, steel stirrups,
and steel-bearing plates. Moreover, the beam is subjected to excessive loads as a uni-
formly distributed load (UDL), along the full length of the beam with the applied load of
500 kN, which is equivalent to the UDL of 83.3 kN/m. This is to allow the beam to enter the
plastic zone.

The UDL load is converted to point load as shown in the pressure equation resulting
in 0.27 MPa applied with the step type of Static, General. The analysis case is demonstrated
in Figure 2:

500 x 1000
P =———— =027 MP
FESSHIE = €000 x 300 a
UDL in MPa (pressure) 2ndRf. 216
Stirrup
[ T T T T T T I T T T | A
€
—» 25 600 550

25

— 250
300

il
!

<> v 6000

) v
0 Matie.dglo Links42¢8 @145 150

Figure 2. Schematic view of the modeled beam. Note: units in mm.

To establish the boundary conditions, two reference points (RP1 and RP2) are identified
immediately below the support. Both points display a “Coupling” interaction with the
central element of the bottom face of the support and are assigned as pinned supports.
Restricting the central element of the support with the reference point avoids any distortion
of the steel plates, such that the support can rotate as one component. Additionally, the
reason for creating the reference points is to measure the reaction forces in the supports’
bottom face’s central element, and then to calculate the total loads on the beam as in
Figure 3. Moreover, the upper face of the support interacts with the bottom face of the
beam via a “Tie” interaction. Furthermore, the embedded element option is used to connect
the reinforcing elements to the concrete element, the steel reinforcement is used as the
embedded element, and the concrete is designated as the host.

Figure 3. Support interaction with reference points.
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2.3. Validation of the Abaqus model through Comparisons with Theoretical Formulations

The model of the RC beam is defined as isotropic and linear for the elastic behavior of
the concrete and steel, which can be defined only by the modulus of elasticity and Poisson’s
ratio. This is because the theoretical formula does not account for plastic deformation.
In assessing the percentage difference of deflection attained in using Abaqus, an error
percentage of approximately 3% was found where the analytical deflection was 7.24 mm,
and theoretical was 7.47 mm as shown in Equation (4):

_Swlt 5 x 33.3 x 5850%

0= 384 EI 384 x 31476 x 5.4 x 10°

= 7.47 mm (4)

where § (mm) is the deflection, w is the distributed loads, L is the effective span, E is the
elastic modulus, and I is the second moment of the area.

2.4. SHC Beam Modeling

In modeling SHC beams, the self-healing component is added as a layer that can work
homogeneously with the ordinary concrete. Using the partition tool in Abaqus, we can cut
the ordinary concrete and assign the cut part a self-healing material. The mesh, step, and
interaction used in the reference beam are also utilized in the SHC models. In partial SHC
models, the bottom section of the reference beam is replaced with SHC. Furthermore, the
loading cycles and parameters of the SHC models are the same as those of the reference
beam, but the applied load is increased to 1000 kN, equivalent to a UDL 166.6 kN/m.
This is utilized to account for the increased bearing capacity of the SHC beams and to
ensure that plasticity is reached. Furthermore, the analysis is terminated upon reaching the
reference beam'’s peak deflection of 48 mm, by which 60% of the applied load was reached.
Plastic deformation also occurred for all SHC specimens. However, the loads were reduced
sequentially to cope with the computer capacity and reduce the analysis time.

3. Results

The three main points of relevance for structural behavior observations of the simula-
tion results are characterized at three sections, namely, critical yield, cracking, and ultimate
points as shown in Table 5. A representation of the load against deflection curves is shown
in Figure 4. The yield point signifies the elastic deformation’s limit in which plastic deflec-
tion follows to indicate the stiffness of the beam. The latter points are considered in order to
assess the behavior of the beams under excessive loads such that the cracking point occurs
around significant increases in shear stresses that induce cracks, and the ultimate point is
taken as the maximum load-bearing capacity of the beam by which failure is met.

Load against midspan deflection

600

500 Z

400

300

Load (KN)

200

100

0 5 10 15 20 25 30 35 40 45 50

Deflection (mm)

Ref. SHC 100 =——SHC 200 SHC 300 =——SHC 400 == SHC 500 = FULL SHC

Figure 4. Load against displacement curves of beam models.
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Table 5. Beam model deflection and load results at three critical points, and the increase in percentage
with respect to the reference model.

Yield Point Cracking Point Max Point
Model Deflection (mm) Load (kN) Deflection (mm) Load (kN) Deflection (mm) Load (kN)
Ref. 1.505 103.081 24.362 468.285 48.000 489.387

SHC100 1.902 141.949 24.667 500.776 48.000 523.600
SHC200 2.087 154.240 25.654 527.928 48.000 551.278
SHC300 2.070 154.399 25.504 544.401 48.000 568.725
SHC400 2.086 155.897 25.448 554.187 48.000 578.893
SHC500 2.067 159.036 25.842 557.020 48.000 583.322
Full SHC 2.000 166.109 24.308 559.441 48.000 584.741

Increase in Overstrength (%) Increase in Overstrength (%) Increase in Overstrength (%)
SHC100 32 7 7
SHC200 40 13 12
SHC300 40 12 15
SHC400 41 17 17
SHC500 43 17 18
Full SHC 47 18 18

4. Discussion

In the reference model, the beam remained in the elastic zone with loads up to 200 kN.
The beam yielded at a load of 103 kN, with a maximum deflection of 1.5 mm at the midspan,
whereas at the ultimate point, the load was 489 kN, with a deflection of 48.5 mm. Moreover,
the beam cracked at a load of 468 kN, with a deflection of 24.3 mm. The yield strength was
the property of the beams that showed the most significant improvement with SHC models.
It is evident that the load-carrying capacity of SHC beams increased with the increase in
SHC depth. Additionally, the midspan deflection was only 0.5 mm higher in the full SHC
beam, with an approximate doubling of the yield strength at 46%. However, the increased
load-bearing capacity of the beams could indicate positive healing capacity at smaller loads.
In agreement with the experimental study adopted for CA, load-carrying capacity has also
been improved in incorporating CA. This has been attributed to the formation of hydration
products enhancing strain capacity. On the same note, the adopted study using DCPD has
also recorded an improvement in the modulus of elasticity in using the healing agent.

Regarding cracking and ultimate strength, all SHC beams exhibited similar behavior,
but with minor differences. The reference beam displayed cracks at a load of 468 kN,
and deflected up to 24.4 mm. In contrast, the partial SHC models had higher deflections
withstand greater loads before cracks formed. However, the deflection of the full SHC
beam showed a displacement identical to the reference beam at the cracking point, but it
had a higher load capacity. This may be an indication of increased stiffness against tensile
stresses in the full SHC beam.

The most notable results of strength increase were found in the yielding strengths
of the beams, indicating a possibility for improved concrete elastic behavior with SHC
addition. This was also indicated in a study where fibers were added into the SHC
mixture to prevent cracks from branching [33], an indication that SHC beams may also
benefit structurally from modifications restricting crack propagation. The overall trend of
increased displacements could be reasoned with increased loading capacity, however, the
partial SHC models lie mostly within the beam’s tension zone, hence it can be inferred that
the healing system contributes to the overall stiffness. In a study of bacterial self-healing
RC beams, higher deflection displacements and higher loads were sustained parallel to
increased widths of cracks [34]. This may indicate that at the macroscale, self-healing
systems contribute to the elastic behavior of concrete. This occurrence has also been seen
in other self-healing concrete systems where larger crack widths are measured in parallel
with improved compressive strength values with an alternative sample found healing
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larger widths and reporting compromised values [35]. As such, it may be inferred that
in practical applications, the efficiency of a healing system is not to be solely measured
according to its capacity to restrict cracking. Future investigations may attempt to quantify
this phenomenon to understand the influence of higher deflections found in SHC structural
members by deriving an expression for stiffness as a function of crack width.

The two healing agents used may be assumed suitable systems to interplay due to
the controlled mechanism found in CA and DCPD such that they are not susceptible to
premature activation [23,36] and therefore, the degree of spontaneous interplay may be
deemed minimal. This is supported by the improved mechanical properties found in using
the SHC beam models in comparison with the reference beam lacking these healing agents.
Moreover, the general trend of improved properties agrees with the performance reported
in the experimental studies adopted. As no studies exist implementing the two healing
agents, the practical manifestation of the combined action of DCPD and CA must be exper-
imented for durability properties in recognition of realistic environmental conditions. The
validation of the numerical study with an equivalent experiment can enhance confidence
in the promising mechanical performance reported, ultimately promoting the use of the
ambiguous healing systems.

5. Conclusions

In this study, six models of SHC and one reference model were built using finite
element methods (Abaqus software). The SHC beams were modeled as layers, each
layer introduced at a certain depth. Additionally, the reference beam was modeled with
material properties similar to an ordinary concrete’s grade C25/30. Since no large-scale
SHC simulation studies have previously been carried out, the mechanical properties of the
healed concrete from existing literature were adopted in this study, namely the Young’s
modulus and tensile strength. Moreover, the concrete’s Young’s modulus is based on that
of healed specimens from experiments in which DCPD was used as a healing agent, and the
tensile strength where CA was used. Therefore, the presented results reflect the activation
of the self-healing process, and they show that the self-healing material produced higher
strength than the reference concrete.

The purpose of this numerical analysis was to study the behavior of an RC beam
with and without SHC. Therefore, a comparison between the reference beam and SHC
beams was conducted using the mean of the load versus deflection curve. The beams were
compared at three points (i.e., yield, cracking, and ultimate points) that reflect the practical
performance of each structural beam. According to the simulation results, the following
conclusions are drawn:

1.  The addition of SHC improved the overall performance of the structural beam;

2. Most significant improvements in the SHC models were achieved in yield strength
when lower loads were considered;

3.  The small cracks that formed at lower loads seemed to be healed, since the increases
in overstrength at these loads were significant (as much as 47% higher than the
original strength);

4. There was good indication of the effectiveness of the SHC at excessive loads, such as
cracking and ultimate loads;

5. The maximum strength of the SHC beams was higher than the reference beam, with
an increase in overstrength of only 18% compared to the original.

6. Further Research

In addition to the undertaken numerical simulation tests, SHC specimens could be
tested for compression and flexural strengths to determine compression resistance, tensile
strength (indirectly), and Young’s modulus. Moreover, an analytical study as such may
benefit from verifications with 3D computed tomography scan [14]. Investigations with
microscopic analysis of structural elements of SHC could also be conducted to visualize the
chemical aspect of the structural implications observed. The increased deflection values



Buildings 2023, 13, 809 11 0f12

of SHC may warrant further experiments involving hygro-thermo-chemical modeling
observing the effects of loading on deformations and cracking distribution of SHC struc-
tural elements. In addition, further loading cycles may be simulated in future studies to
simulate long-term performance. Aside from mechanical properties, SHC beam elements
could benefit from investigating their environmental durability in exposure to different
conditions in reflection of practical implications. Furthermore, simulations verified against
experimental methods may improve cost quantifications and lifecycle assessments.
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