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Preface to "Multiscale Simulation of Composite
Structures: Damage Assessment, Mechanical Analysis
and Prediction”

Composites can be engineered to exhibit high strength, high stiffness, and high toughness.
Composite structures have increasingly been used in various engineering applications. In recent
decades, most fundamentals of science have expanded in length by many orders of magnitude.
Nowadays, one of the primary goals of science and technology seem to be to develop reliable
methods for linking the physical phenomena that occur over multiple length scales, particularly
from a nano-/microscale to a macroscale. To engineer composites for high performance and to
design advanced structures, the relationship between material nano-/microstructures and their
macroscopic properties must be established to accurately predict their mechanical performance and
failure. Multiscale simulation is a tool that enables studying and comprehending complex systems
and phenomena that would otherwise be too expensive or dangerous, or even impossible, to study
by direct experimentation and, thus, to achieve this goal.

This reprint assembles high-quality chapters that advance the field of the multiscale simulation
of composite structures, through the application of any modern computational and/or analytical
methods alone or in conjunction with experimental techniques, for damage assessment or mechanical

analysis and prediction.

Stelios K. Georgantzinos
Editor
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Abstract: Composites can be engineered to exhibit high strength, high stiffness, and high toughness.
Composite structures have been used increasingly in various engineering applications. In recent
decades, most fundamentals of science have expanded their reach by many orders of magnitude.
Currently, one of the primary goals of science and technology seems to be the quest to develop reliable
methods for linking the physical phenomena that occur over multiple length scales, particularly from
a nano-/micro-scale to a macroscale. The aim of this Special Issue is to assemble high quality papers
that advance the field of multiscale simulation of composite structures, through the application of
any modern computational and/or analytical methods alone or in conjunction with experimental
techniques, for damage assessment or mechanical analysis and prediction.

Keywords: composite structures; multiscale simulation; finite element analysis; damage assessment;
mechanical analysis

To engineer composites for high performance and to design advanced structures,
the relationship between material nano-/micro-structures and their macroscopic properties
must be established in order to accurately predict their mechanical performance and failure.
Multiscale simulation is a tool that enables the study and comprehension of complex
systems and phenomena that would otherwise be too expensive or dangerous, or even
impossible, to study by direct experimentation and, thus, to deal with.

The mechanical characterization of textile composites is a challenging task due to their
nonuniform deformation and complicated failure phenomena. However, Zhao et al. [1] in-
troduced a three-dimensional mesoscale finite element model to investigate the progressive
damage behavior of a notched single-layer triaxially braided composite subjected to axial
tension. The damage initiation and propagation in fiber bundles were simulated using
three-dimensional failure criteria and the damage evolution law. A traction-separation law
was applied to predict the interfacial damage of fiber bundles. The proposed model was
correlated and validated by the experimentally measured full field strain distributions and
effective strength of the notched specimen. The progressive damage behavior of the fiber
bundles was studied by examining the damage and stress contours at different loading
stages. Parametric numerical studies were conducted to explore the role of modeling
parameters and geometric characteristics on the internal damage behavior and global mea-
sured properties of the notched specimen. Moreover, the correlations of damage behavior,
global stress—strain response, and the efficiency of the notched specimen were discussed
in detail. The results of this paper delivered a throughout understanding of the damage
behavior of braided composites and can help in the specimen design of textile composites.

Accelerated construction in the form of steel-concrete composite beams is among
the most efficient methods to construct highway bridges. One of the main problems
with this type of composite structure, which has not yet been fully clarified in the case
of continuous beam, is the crack zone initiation that gradually expands through the beam
width. Gautam et al. [2] proposed a semi-empirical model to predict the size of cracks
in terms of small box girder deflection and intensity of the load applied on a structure.
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A set of steel-concrete composite small box girders were constructed using steel fibrous
concrete and experimentally tested under different caseloads. The results were then used
to create a dataset of the box girder response in terms of beam deflection and crack width.
The dataset obtained was then utilized to develop a simplified formula providing the
maximum width of cracks. The results showed that the cracks were initiated in the hogging
moment region when the load exceeded 80 kN. Additionally, it was observed that the
maximum cracked zone occurred in the center of the beam due to the maximum negative
moment. Moreover, the crack width of the box girder at different loading cases was
compared with the test results obtained from the literature. A good agreement has been
found between the proposed model and experiment results.

With the aim of damage reduction in person subjected to ballistic impact, polymeric,
carbon, and glass fibers are commonly used to develop protective systems. However, dur-
ing recent decades, it has been found that a combination of high strength yarns in different
directions generates flexible woven fabrics, which are light and highly resistant at the same
time. Therefore, aramid fibers are one of the protection materials most used today, with
a growing trend in the industry. Feito et al. [3] investigated the effect of the impact angle
of a projectile during low-velocity impact on Kevlar fabrics using a simplified numerical
model. The implementation of mesoscale models is complex and usually involves a long
computation time, in contrast with practical industry needs to obtain accurate results
rapidly. In addition, when the simulation includes more than one layer of composite ply,
the computational time increases even in the case of hybrid models. With the goal of
providing useful and rapid prediction tools to the industry, a simplified model has been
developed in this work. The model offers an advantage in the reduced computational
time compared with a full 3D model (around 90% faster). The proposed model has been
validated against equivalent experimental and numerical results reported in the literature,
with acceptable deviations and accuracies for the design requirements. The proposed nu-
merical model allows for the study of the influence of the geometry on the impact response
of the composite. After a parametric study related to the number of layers and the angle of
impact, using a response surface methodology, a mechanistic model and a surface diagram
were presented to help with the calculation of the ballistic limit.

Concrete-filled steel tubes (CFSTs) show advantageous applications in the field of
construction, especially for a high axial load capacity. The challenge in using such structures
lies in the selection of many parameters constituting CFST, which necessitates defining
complex relationships between the components and the corresponding properties. The axial
capacity (Pu) of CFST is among the most important mechanical properties. Nguyen et al. [4]
investigated the possibility of using a feedforward neural network (FNN) to predict Pu.
Furthermore, an evolutionary optimization algorithm, namely invasive weed optimization
(IWO), was used for tuning and optimizing the FNN weights and biases to construct a
hybrid FNN-IWO model and to improve its prediction performance. The results showed
that the FNN-IWO algorithm is an excellent predictor of Pu, with a value of R? of up to
0.979. The advantage of FNN-IWO was also pointed out with gains in accuracy of 47.9%,
49.2%, and 6.5% for root mean square error (RMSE), mean absolute error (MAE), and R?,
respectively, compared with the simulation using the single FNN. Finally, the performance
when predicting Pu as a function of structural parameters, such as the depth/width ratio,
the thickness of the steel tube, the yield stress of steel, the concrete compressive strength,
and the slenderness ratio, was investigated and discussed.

Circular opening steel beams have been increasingly acknowledged in structural
engineering because of their many remarkable advantages, including their ability to bridge
the span of a large aperture or their lighter weight compared with conventional steel beams.
Nguyen et al. [5] investigated and selected the most suitable parameters used in particle
swarm optimization (PSO), namely the number of rules (n,), the population size (npop),
the initial weight (wiy;), the personal learning coefficient (c1), the global learning coefficient
(c2), and the velocity limits (fy), in order to improve the performance of the adaptive
neuro-fuzzy inference system in determining the buckling capacity of circular opening
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steel beams. This is an important mechanical property in terms of the safety of structures
under subjected loads. An available database of 3645 data samples was used for the
generation of training (70%) and testing (30%) datasets. Monte Carlo simulations, which
are natural variability generators, were used in the training phase of the algorithm. Various
statistical measurements, such as root mean square error (RMSE), mean absolute error
(MAE), Willmott’s index of agreement (IA), and Pearson’s coefficient of correlation (R),
were used to evaluate the performance of the models. The results of the study show that
the performance of ANFIS optimized by PSO (ANFIS-PSO) is suitable for determining
the buckling capacity of circular opening steel beams but is very sensitive under different
PSO investigation and selection parameters. The findings of this study show that n,;;, = 10,
Npop =50, Wini =0.1t0 0.4, c; =[1, 1.4], o = [1.8, 2], and fy = 0.1, which are the most suitable
selection values for ensuring the best performance for ANFIS-PSO. In short, this study
might help in selecting suitable PSO parameters for the optimization of the ANFIS model.

Commonly, nanocomposite material applications are associated with the simultaneous
actions with more than one type of loading. Specifically, the investigation of nanocompos-
ites subjected to both thermal as well as mechanical loads is perhaps one of most interesting
fields of research, since high-temperature applications are very frequent. Giannopou-
los et al. [6] provided a computationally efficient and reliable hybrid numerical formulation
capable of characterizing the thermomechanical behavior of nanocomposites, which was
based on a combination of molecular dynamics (MD) and the finite element method (FEM).
A polymeric material was selected as the matrix—specifically, poly(methyl methacrylate)
(PMMA), commonly known as Plexiglas, due to its extensive applications. On the other
hand, the fullerene Cy49 was adopted as a reinforcement because of its high symmetry
and suitable size. The numerical approach was performed at two scales. First, an analysis
was conducted at the nanoscale level by utilizing an appropriate nanocomposite unit cell
containing Cpyp at a high mass fraction. A MD-only method was applied to accurately
capture all of the internal interfacial effects and, accordingly, its thermoelastic response.
Then, a micromechanical, temperature-dependent finite element analysis took place using
a representative volume element (RVE), which incorporated the first-stage MD output,
to study nanocomposites with small mass fractions, for which a atomistic-only simula-
tion would require a substantial computational effort. To demonstrate the effectiveness
of the proposed scheme, numerous numerical results were presented, while the investi-
gation was performed in a temperature range that included the PMMA glass transition
temperature, Tg.

Although some work has already been conducted on the vibrations of composite
structures reinforced by nanoparticles, there are only a few studies that focused on the vi-
bration behavior of carbon fiber-based laminate composites with pure graphene inclusions.
Georgantzinos et al. [7] developed a computational procedure to investigate the vibration
behavior of laminated composite structures, including graphene inclusions in a matrix. Con-
cerning the size-dependent behavior of graphene, its mechanical properties were derived
using nanoscopic empiric equations. Using the appropriate Halpin—Tsai models, the equiva-
lent elastic constants of the graphene reinforced matrix were obtained. Then, the orthotropic
mechanical properties of a composite lamina of carbon fibers and hybrid matrix can be
evaluated. Considering a specific stacking sequence and various geometric configurations,
carbon fiber-graphene-reinforced hybrid composite plates were modeled using conven-
tional finite element techniques. Applying simply support or clamped boundary conditions,
the vibrational behavior of the composite structures was finally extracted. Specifically,
the modes of vibration for every configuration were derived, and the effect of graphene
inclusions in the natural frequencies was calculated. The higher the volume fraction of
graphene in the matrix, the higher the natural frequency for every mode. Comparisons
with other methods, where possible, were performed to validate the proposed method.

Giannopoulos and Georgantzinos [8] investigated the thermomechanical effects of
adding a newly proposed nanoparticle within a polymer matrix such as polyethylene.
A nanoparticle was formed by a typical single-walled carbon nanotube (SWCNT) and two
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equivalent giant carbon fullerenes that were attached by their nanotube edges through
covalent bonds. In this way, a bone-shaped nanofiber that may offer enhanced thermo-
mechanical characteristics when used as a polymer filler, due to each unique shape and
chemical nature, was developed. The investigation was based on molecular dynamics sim-
ulations of the tensile stress—strain response of the polymer nanocomposites under a variety
of temperatures. The thermomechanical behavior of the bone-shaped nanofiber-reinforced
polyethylene was compared with that of an equivalent nanocomposite filled with ordinary
capped single-walled carbon nanotubes to reach some coherent fundamental conclusions.
That study focused on the evaluation of some basic, temperature-dependent properties of
the nanocomposite reinforced with these innovative bone-shaped allotropes of carbon.

The flexural strength of Slender steel tube sections is known to achieve significant
improvements upon being filled with concrete; however, this section is more likely to fail by
buckling under compression stresses. Al Zand et al. [9] investigated the flexural behavior
of a Slender steel tube beam that was produced by connecting two pieces of C-sections and
filled with recycled-aggregate concrete materials (CFST beam). The C-section’s lips behaved
as internal stiffeners for the CFST beam’s cross section. A static flexural test was conducted
on five large-scale specimens, including one specimen that was tested without concrete
(hollow specimen). The ABAQUS software was also employed for the simulation and
non-linear analysis of 20 additional CFST models in order to further investigate the effects
of varied parameters that were not tested experimentally. The numerical model was able
to adequately verify the flexural behavior and failure mode of the corresponding tested
specimen, with an overestimation of the flexural strength capacity of about 3.1%. Generally,
the study confirmed the validity of using the tubular C-sections in the CFST beam concept,
and their lips (internal stiffeners) led to significant improvements in the flexural strength,
stiffness, and energy absorption index. Moreover, a new analytical method was developed
to specifically predict the bending (flexural) strength capacity of the internally stiffened
CFST beams with steel stiffeners, which was well-aligned with the results derived from
the current investigation and with those obtained by others.

The composite shear wall has various merits over traditional reinforced concrete
walls. Thus, several experimental studies have been reported in the literature to study
the seismic behavior of composite shear walls. However, few numerical investigations
were found in previous literature because of difficulties in the interaction behavior of steel
and concrete. Najm et al. [10] presented a numerical analysis of smart composite shear
walls that use an infilled steel plate and concrete. The study was carried out using the
ANSYS software. The mechanical mechanisms between the web plate and concrete were
investigated thoroughly. The results obtained from the finite element (FE) analysis show
excellent agreement with the experimental test results in terms of the hysteresis curves,
failure behavior, ultimate strength, initial stiffness, and ductility. The results indicate that
increasing the gap between the steel plate and the concrete wall from 0 mm to 40 mm
improved the stiffness by 18% compared with the reference model, which led to delaying
failures in this model. Expanding the infill steel plate thickness to 12 mm enhanced
the stiffness and energy absorption at ratios of 95% and 58%, respectively. This resulted
in a gradual decrease in the strength capacity of this model. Meanwhile, increasing the
concrete wall thickness to 150 mm enhanced the ductility and energy absorption at ratios
of 52% and 32%, respectively, which led to restricting the model and reducing the lateral
offset. Changing the distance between shear studs from 20% to 25% enhanced the ductility
and energy absorption by about 66% and 32%, respectively.

A major part of the computational cost required for determining an optimal material
design with extreme properties using a topology optimization formulation is devoted to
solving the equilibrium system of equations derived through the implementation of the
finite element method (FEM). To reduce this computational cost, among other method-
ologies, various model order reduction (MOR) approaches can be utilized. Kazakis and
Lagaros [11] presented a simple Matlab code for solving the topological optimization for
the design of materials combined with three different model order reduction approaches.
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The three MOR approaches presented in the code implemented are the proper orthogonal
decomposition (POD), the on-the-fly reduced order model construction and the approx-
imate reanalysis (AR) following the combined approximations approach. The complete
code, containing all participating functions (including the changes made to the original
ones), was also provided.

Funding: This research received no external funding.
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Abstract: The main part of the computational cost required for solving the problem of optimal
material design with extreme properties using a topology optimization formulation is devoted
to solving the equilibrium system of equations derived through the implementation of the finite
element method (FEM). To reduce this computational cost, among other methodologies, various
model order reduction (MOR) approaches can be utilized. In this work, a simple Matlab code
for solving the topology optimization for the design of materials combined with three different
model order reduction approaches is presented. The three MOR approaches presented in the code
implementation are the proper orthogonal decomposition (POD), the on-the-fly reduced order model
construction and the approximate reanalysis (AR) following the combined approximations approach.
The complete code, containing all participating functions (including the changes made to the original
ones), is provided.

Keywords: topology optimization; microstructure; homogenization; Matlab; reduced order models;
reduced basis; on-the-fly construction; POD; approximate reanalysis

1. Introduction

The basic theory for the implementation of topology optimization in material design
was presented first in 1994 by Sigmund [1], followed by Sigmund and Torquato in 1997 [2]
and by Gigiansky and Sigmund in 2000 [3]. Since then, many other studies have been
published dealing with a variety of different material optimization problem formulations.
Neves et al. [4] and Fujii et al. [5] used the density-based approach to design periodic
microstructures for optimal elastic properties. Guest and Prévost [6] dealt with the topology
optimization of the fluid flows in the design of porous periodic materials. Challis et al. [7],
Amstutz et al. [8] and Gao et al. [9] proposed level set-based approaches for the design
of microstructures, and Huang et al. in [10,11] presented a Bi-directional Evolutionary
Structural Optimization (BESO)-method-based approach for the optimal design of periodic
microstructures. A detailed review of the different methodologies in the optimal design
of materials together with a description of the variety of the approaches presented so far
to deal with the topology optimization of the macro design concurrently with the micro
design can be seen in [12].

In the past, due to the increased computational effort required for solving the topology
optimization problem, various methodologies along different directions (approximate re-
analysis, model order reductions, machine learning, etc.) have been presented. Indicatively,
Kirsch and Paralambros [13] first proposed a unified approach to structural reanalysis
using the combined approximations in topology optimization. Wang et al. [14] presented
a methodology of recycling search spaces in iterative solvers during the optimization
procedure. Amir et al. [15] proposed an approximate reanalysis approach in topology
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optimization based on the combined approximations approach and the use of approx-
imations for dealing with the solution of the analysis problem, generated by a Krylov
subspace iterative solver [16]. In addition, in [17], Amir et al. addressed the computational
cost of the robust topology optimization formulation. Gogu [18] presented an on-the-fly
approach for the construction of the reduced order model. Alaimo in [19] proposed an
reduced order model approach where a reduced basis is created based on the functional
principal component analysis (FPCA). Ferro et al. [20] proposed a proper orthogonal de-
composition (POD) approach where the stages of the SIMP method were used as reduced
basis vectors during the optimization procedure. Senne et al. [21] proposed a combination
of the approximate reanalysis technique with the sequential piecewise linear program-
ming method, and Xiao et al. [22] proposed a reduced order modeling approach which
constructed the reduced basis using the proper orthogonal decomposition (POD) approach.
Meanwhile, in the same direction, to reduce the computational effort, various machine
learning methodologies have been presented, and the precursor of these was a study by
the authors [23].

So far, many Matlab code implementations of the topology optimization formula-
tion have been presented in various publications. For the density-based approach, the
first code was the so-called top99 [24] implementation that was followed by the top88
one [25]. Both Matlab codes were dealing with the 2D topology optimization problem
formulation. Liu et al. [26] and Ferrari [27] presented an extension of the density-based
approach into the 3D space, with Ferrari [27] suggesting code modifications for achieving
better performance. Talischi et al. [28] and Chi et al. [29] expanded the 2D and 3D
density-based approaches by using the capability to deal with unstructured meshes as
well. Amir et al. in [30] presented a code implementation for improving the computa-
tional cost of the topology optimization procedure using the multi-grid, preconditioned
conjugated gradients solver (MGCG). Huang et al. [31] presented an Evolutionary Struc-
tural Optimization (ESO) topology optimization code implementation based on the top99
for the 2D space. Wang et al. [32] and Challis [33] published code implementations that
rely on the level set approach for the topology optimization for 2D problem formulations.
Otomori et al. [34] and Wei et al. [35] also presented level set-based code implementa-
tions for the topology optimization using the reaction diffusion equation and radial basis
functions, respectively. In 2019, an integration of a topology-optimization procedure with
SAP2000, well-known commercial software for analysis and design of structural systems,
was presented by the authors [36]. In addition, Gao et al. in [37] presented IgaTop, a
topology optimization formulation using isogeometric analysis.

Subsequently, several code implementations were also presented that were deal-
ing with the homogenization-based topology optimization approaches. Specifically, nu-
merical homogenization implemented for 2D and 3D material design was presented in
studies [38,39]. In addition, an energy-based homogenization approach combined with the
optimal design of materials was presented in [40]. In this study, a topology-optimization-
based Matlab code implementation is presented that deals with the problem of material
design at the microstructure level, assisted by model order reduction (MOR) approaches.
In particular, the topology optimization procedure is combined with the proper orthogonal
decomposition (POD), the on-the-fly reduced order model construction and the approx-
imate reanalysis following the combined approximations approach. Although the code
provided covers the case of microscale material design for 2D design domains, it can easily
be extended to 3D design domains by modifying the homogenization part to produce
the 3D elasticity tensor of the unit cell and extend the problem formulation’s description
to handle both macro and micro scales. The implementation of the MOR approaches is
independent of the dimensionality of the formulation due to being applied in the solution
part of the finite element analysis performed at the macro scale.

The layout of the work is composed of four sections accompanied by
Sections 1 and 6. In particular, a short description of the optimal design problem of
materials is presented in Section 2; subsequently, in Section 3 the theoretical part of the
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integration of the model order reduction methodologies into the material optimization
problem is provided. The detailed description of the most critical parts of the Matlab code’s
implementation is provided in Section 4, followed by test examples in Section 4 where the
ease of use of the code is presented.

2. Optimal Design of Materials

The formulations of the topology optimization (TO) problem used for the design of
materials are expressed as the optimal distribution of material volume fraction into the
unit cell design domain so that the structural response is optimized. Thus, compared
to the original TO problem, the design variables are different, from density values X of
the finite elements used to discretize the macro design domain to densities x of the finite
elements discretizing the micro-unit cell design domain. In this scope, it can be seen that
the optimization procedure performed involves two different scales; the macro scale and
the micro one (Figure 1). The design variables as well as the volume constraint are defined
at the micro scale, where as the objective function is set on the macro scale; however, it is
still expressed as a function of x. The transition between the two scales is achieved through
the elasticity tensor by means of the homogenization method [38].

macro scale

= ‘\'\ ‘\.‘ micro scale (unit cell)
NN N }
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Figure 1. Schematic representation of the periodic unit cell (micro scale) inside the macro structure
(macro scale).

The mathematical formulation of the typical topology optimization problem is thus
changed according to the following expression of Equation (1).

C(x) =FT - U(x)

s.t.
F=K-U(x) 1)
V(x)/Vo=f
0<x, <1

where C(x) is the compliance, F is the load vector, U(x) is the resulting displacements
from the structural analysis, F = K - U is the linear system of equations derived from the
finite element method, V(x) is the material volume resulting from the densities x, V} is
the full domain material volume and f is the volume fraction applied as a constraint. The
derivative of the objective function is obtained using the adjoint method [41] as described
in the following expression of Equation (2):

o€ _ ur. oK

o~ U ?

while 0K /dx, is calculated using the following expression of Equation (3):

oK _actt
ox, ox,
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where CH is the homogenized elasticity tensor. According to the homogenization theory,
the elasticity tensor is obtained by applying unit strains globally to the unit cell domain as
well as locally to the finite elements used to discretize the unit cell domain and then using
the following expression of Equation (4).

1 ¥ i i ‘
SR o U R ORCRW LR "
e=1""e

where superscript 0 denotes the globally applied strains, thus u° are the displacement fields
resulting from the globally applied unit strains, u are the displacement fields resulting
from the locally applied unit strains and C! is the elasticity tensor. If Equation (4) is then
differentiated with respect to y,., the derivative of the elasticity tensor can be obtained using
the following expression of Equation (5):

oCH  9E 1 o) (i) 40 .00 ()
Txe_aTCe.V xe(ue _ue)'ke'(ue — Ue )dVE ®)

Furthermore, the derivative of the Young modulus with respect to each unit cell
element density is obtained using the modified SIMP approach [42]. Thus, the Young
modulus as a function of density value x is defined using the following expression of
Equation (6):

E(x) = Epin + xV - (EO - Emin) 6)

and the derivative from the expression of Equation (7):
e, = ¥ (o= Enin) )

3. Model Order Reduction in Material Optimization

The main focus of the model order reduction (MOR) approaches is to reduce the
computational cost required for solving the linear system of equations formulated from
the finite element method (FEM). This is achieved by creating a reduced basis model and
finding an approximate solution instead of solving the full-order system of equations. The
creation of the reduced basis system of equations is accomplished by substituting first
the displacement vector U in the finite element equilibrium system of equations with an
approximation vector @ - y. Matrix ® = {®;,..., Py, } consists of the reduced basis vectors,
and its first dimension corresponds to the dimension of vector U. Its second dimension
refers to a small number (e.g., 5 to 10) chosen as the number of the reduced basis vectors.
The left and right hand sides of the resulting equation is then multiplied by ®7, as shown
in the following expressions of Equation (8).

F=K-U=
F~K-®.-y=

ol . Frol K- ®.y=
FefzKeff~y

®)

where F is the load vector, U is the displacement vector, K is the stiffness matrix, F, ff is
the reduced approximation of the load vector, K, is the reduced approximation of the
stiffness matrix and y is the reduced basis displacement vector. In general, to assess the
accuracy of the projected solution, the residual load can be obtained and divided by the
norm of the original load vector, as shown in the following Equation (9).

2 _ K- ®-a—F|

e T — )

10
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Thus, the most important part of the procedure is the creation of the reduced basis
vectors that represent the main variation in most of the reduced model approaches. In the
following subsections, the methodology as well as the creation of the reduced basis vectors
of three MOR approaches will be presented. The three approaches implemented are the
proper orthogonal decomposition (POD), the on-the-fly reduced order model construction
and the approximate reanalysis following the combined approximations approach. In most
MOR approaches, the approximation of the displacement field is taken into account in the
calculation of the sensitivities through the expression of Equation (10).

=TT . 2 p.y— YV AT. 222 10
0Xe oxe Y 1:21 Loox. ! (10)

where the first term of the expression corresponds to the sensitivity calculated from the
approximate solution and the second part denotes the adjustment term which corrects
the sensitivity calculation, taking into account that the solution is a approximation. The
term A; is the solution vector of the following expression of Equation (11) for each reduced
basis vector.

Ki-Aj=2-y;-(F-K-®-y) (11)

U; used in Equation (10) and K; of Equation (11) denote the displacement vector
and stiffness matrix of each reduced basis vector, respectively. Aiming to simplify the
code implementation of the adopted MOR approaches into the optimal material design
procedure that is described below, the sensitivity adjustment term in not taken into account.

3.1. Proper Orthogonal Decomposition

According to the proper orthogonal decomposition (POD) approach, the construction
of the reduced basis vectors is achieved by means of the singular value decomposition (SVD)
factorization methodology. In particular, a small number (e.g., five to ten) of optimization
iterations is performed first that is equal to the number of the reduced basis vectors, in
which the full-scale system equations are solved and the resulting displacement vectors
are stored in the matrix A. Thus, matrix A is composed of different snapshots of the
displacement field in the early phases of the optimization procedure. Before applying the
SVD factorization methodology to the matrix A, the mean of the displacement snapshot
of the final reduced basis vector is subtracted from A, as described in [22]. Then, SVD
methodology is applied to matrix A and three different matrices are generated, as shown
in the following Equation (12):

A=UT-2-V (12)

Matrix U in general contains information about the spacial correlation of the snapshots
of matrix A. Matrix X is a diagonal matrix containing the weight coefficients denoting the
importance of each column of matrix U, and finally V contains the corresponding time
dynamics of each of the columns of matrix U. The columns of matrix U are also called the
POD modes and are used as the reduced basis vectors ®; consisting of matrix . Thus, in
the POD approach, the reduced basis matrix ® coincides with the first matrix (i.e., U) of
the SVD of matrix A.

=1 (13)

Subsequently, given the creation of the reduced basis matrix ® in each optimization
iteration, the displacement vector is obtained using the constructed reduced model and
then projected to the full scale. The accuracy of each new solution in validated using
Equation (9), and if the deviation is too large, a full-scale finite element analysis (FEA)
is performed and the matrix A is updated with the new snapshot of displacements (mth

11
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column of matrix A), removing the earliest generated one (i.e., the first column of matrix
A). A new SVD is performed on the updated variant of A and a new reduced basis matrix
® is used for the next iterations.

3.2. On-the-Fly Reduced Order Model Construction

Similarly to the POD approach, according to the on-the-fly approach a number of
optimization iterations are performed first in order to generate displacements snapshots
of the early optimization stages. Then, the reduced basis vectors are created based on the
Gram-Schmidt orthogonalization methodology which is applied onto the displacement
snapshots of the early optimization stages, as follows: for the first reduced basis vector,
only the first displacement snapshot is utilized, in which a normalization is performed
following the expression of Equation (14):

Uy

b, =
A

(14)

For the next reduced basis vectors, the following Gram-Schmidt orthogonalization
procedure is applied, taking into account all previous reduced basis vectors, as shown in
the following expression of Equation (15).

i
Qi g = Uiy — )_(Uiy1, P))D; (15)
=

Subsequently, the new C/I\>i+1 is normalized (as denoted in Equation (16) and the result-
ing vector is added to the reduced basis matrix.

~

Diiq
[| D]l

Following the same steps as described for the POD approach, when the reduced
basis matrix @ is constructed, the subsequent optimization iterations rely on approximate
displacement fields obtained using the reduced basis matrix and the accuracy of every new
reduced basis based FEA in assessed using the expression of Equation (9). If the accuracy
is not acceptable, a new reduced basis vector is created by means of a full-scale FEA and
using the previously described procedure. Then, matrix ® is updated by removing the
earliest generated reduced basis vector (i.e., first column of matrix ) and adding the new
one as the mth column of matrix .

i1 = (16)

3.3. Approximate Reanalysis

In contrast to the POD and on-the-fly approaches, in the approximate reanalysis,
one the reduced basis vectors is not created based on displacement snapshots obtained
from the initial optimization iterations. Instead, new reduced basis vectors are created
in each optimization iteration. These reduced basis vectors are based only on a single
snapshot of the displacement field obtained by solving the full-scale system of equations;
the displacement field snapshot is updated during the optimization procedure. The fist
reduced basis vector is equal to the displacement snapshot used as the basis of the reduced
order model, and thus is defined using the following expression of Equation (17):

O =U; = Kal .F (17)

Using @ and Ky as the basis of each reduced basis matrix &, at each iteration, a new
set of reduced basis vectors is constructed. Each vector is obtained using the following
expression of Equation (18):

Ko-U=F—AK-U;{ i=2...imax (18)

12
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where ®; = U;, AK is the difference between the original stiffness matrix Ky and the one
corresponding to the current iteration. The size of the reduced basis is not the same for
every iteration; after the creation of each reduced basis vector the accuracy of the solution
is validated using Equation (9), and if it is below a certain threshold, the accuracy of the
solution is accepted. A maximum size of reduced basis vectors is also provided. The update
of the first reduce basis vector is usually performed after either a fixed number of iterations
or after the change in the design variables or the compliance is significant. For a more detail
review of the approximate reanalysis approach, the reader is referred to [15].

4. The Matlab Code Implementation

Part of the implementation of the methodologies described previously into a Matlab
code is based on two existing codes. For the homogenization part, the basis was the Matlab
code presented by Andreassen in [38], whereas for the topology optimization part, the basis
was the Matlab code presented also by Andreassen in [25]. For efficiency, in the following
sections only the parts of the code modified and the logic behind these modifications will be
presented, starting from the part of the homogenization method and then to the topology
optimization part. The code implementation presented here is composed of nine Matlab
files. These are: homogenize function (i.e., homogenize.m Matlab file) that implements the
homogenization procedure, elementMatVec function (i.e., elementMatVec.m Matlab file) that
is used to compute the element load vectors and stiffness matrix, Q4elementStiffnessMatrix
function (i.e., Q4elementStiffnessMatrix.m Matlab file) that is used for performing a similar
role to the elementMatVec function, interpolate function (i.e., interpolate.m Matlab file) that
performs the SIMP interpolation scheme, UCOpt function (i.e., UCOpt.m Matlab file) that
performs the material topology optimization procedure, and three additional Matlab files
containing the procedures of the corresponding MOR approaches, i.e., pod.m Matlab file
containing the pod function, onthefly.m Matlab file containing the onthefly function and
ar.m Matlab file containing the ar function.

4.1. Homogenization Code Implementation (Matlab File “homogenize.m”)

In this section, the modifications made to the homogenization Matlab files will be
presented. For a more in-depth description of the functionalities of the original Matlab
homogenization code, the reader is referred to [38]. There were two main modifications
of the current implementation compared to the original function, denoted as homogenize,
that is used for implementing the homogenization method, originally presented by An-
dreassen [38]. The first modification refers to the transition from the lame parameters to
the Poisson ratio and Young modulus parameters, and the second one to the addition of
the derivative of the homogenized tensor dC /dy, with respect to the densities at the unit
cell level.

Input parameters: The input arguments of the new implementation of the homogenize
function are the following:

1‘function [CH,DCH] = homogenize(lx, ly, E, nu, dE, phi)

where lame parameters as well as the mapping parameters are replaced by matrix E
containing the values of the Young modulus for every finite element used to discretize the
unit cell domain, matrix dE contains the derivative of the Young modulus based on the
modified SIMP approach, following the expression of Equation (7) and the Poisson ratio nu
that is the same for all finite elements. In addition, an extra output argument was added to
the method called DCH which is the derivative of the elasticity tensor from the expression
of Equation (5), calculated using the parameter matrix dE.

Initialization: Due to the elimination of the mapping variable, the number of elements
along the directions of the abscissa and ordinate of the unit cell are taken from the size of
matrix E, and thus Line 4 (of the original code in [38] function) was slightly modified to
take the number of elements from matrix E, as follows:

\‘[nely, nelx] = size(E);

13
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By using the Young modulus and Poisson ratio, the need for decomposing into two
parts the loading vectors and stiffness matrix as described in [38] is not required. Thus,
function elementMatVec was modified to return three loading vectors corresponding to
the three different unit strains, as shown in the following expression of Equation (19) and
the element stiffness matrix computed using the Poisson ratio parameters without the
Young modulus.

fi= /V B . C, -édV, (19)

Thus, Line 9 (of the original code in [38]) was modified to have the following form:

[ke, fe] = elementMatVec(dx/2, dy/2, phi, nu);

9

Assembly of the stiffness matrix and loading vectors: elementMatVec function (see
Matlab file “elementMatVec.m”) was modified to compute the element loading vectors and
stiffness matrix using the Poisson ratio by changing the first Line of the function to compute
the elasticity tensor from Poisson ratio and Young modulus of one instead of the Lame
parameters as presented below:

o)A =[1 nu 0;, nul 0; 00 (1-nu)/2];
5|C = 1/(1—nu”n2)=A;

Thus, in the last lines of the function where the loading vectors and stiffness matrix
are computed, the lines are

4|% Element matrices

s ke = ke + weight+(B” = C = B);

%|% Element Loads

7| fe = fe + weight+(B’” x C = diag([1 1 1]));

In the assembly of the global stiffness matrix part of the homogenize function, Lines
34 and 35 (of the original code in [38]) are removed due to Young modulus already being
a matrix, and Line 37 (of the original code in [38]) is modified to multiply the element
stiffness matrix with a vector of the Young modulus, as shown below:

:?‘SK = ke(:)*E(:) : ,;

Moving now to the creation of the global loading vector, Line 41 (of the original code
in [38]) is replaced by a simple multiplication of the element loading vector with the element
Young modulus.

o[ sF = fe (:)«E(:) .7

Due to the element loading vectors as well as the element stiffness matrix no longer
being separated into two parts, Lines 53 and 54 (of the original code in [38]) are removed
from the code. In addition, an extra line is added bellow the initialization of the elasticity
tensor, initializing the derivative of the elasticity tensor. During the iterative procedure
performed from Lines 64 to 75 (of the original code in [38]), the parameters sumLambda
and sumMu are replaced with the parameter sumYoung which is obtained in the same
way using ke instead of keLambda and keMu. An extra procedure is added to compute
the derivative of the elasticity tensor in which the variable sumYoung is multiplied with
the derivative of the Young modulus and then added to the cell variable DCH. DCH is a
cell variable of a size of the number of elements, and contains the 3 x 3 derivative of the
elasticity tensor of each element. The new iterative procedure is presented below:

o for i =1:3

o for j = 1:3

66 sumYoung = ((chiO(:,:,i) — chi(edofMat+(i—1)*ndof))=+ke) .x...
(chiO(:,:,j) — chi(edofMat+(j —1)*ndof));

sumYoung = reshape (sum(sumYoung,2), nely, nelx);

14
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% Homogenized elasticity tensor
70 CH(i,j) = 1/cellVolumex*sum(sum(E.*sumYoung));
finalSum = dE.+sumYoung;
for k=1:nely
73 for 1=1:nelx
7 DCH{k,1}(i,j) = 1/cellVolume=finalSum (k,1);
end
end
end
| end

4.2. Topology Optimization Code Implementation

In this section, all modification applied to the top88 code published in [25] will be
presented. The aim of all modifications was to transfer the code implementation from
the conventional topology optimization formulation into the optimal design of materials.
The new function used to perform the optimization procedure is called UCOpt. In this
function, in addition to the input parameters already present in the original top88 code,
four extra parameters were added. Due to the two different scales (micro and macro), two
parameters (i.e., lx, ly) representing the dimensions along the directions of the abscissa and
ordinate of the macro domain, respectively, were added for the case of macro scale, and
two parameters (i.e., nlx, nly) representing the number of elements along the directions of
the abscissa and ordinate of the unit cell were added for the micro scale. Thus, the resulting
function is presented below:

;‘ function UCOpt(1x,ly,nelx,nely,nlx,nly, volfrac ,6 penal,rmin, ft)

As for the creation of the stiffness matrix variable KE, a new function is utilized. This
function takes into consideration the length of the finite element along the directions of the
abscissa and ordinate in the form of dx and dy, as well as the elasticity tensor instead of the
Young modulus and the Poisson ratio used in the original code. This change is applied to
enable the creation of the stiffness matrix from the homogenized elasticity tensor created
by the homogenization function. In addition, the creation of the element stiffness matrix is
performed inside the optimization procedure before the finite element analysis. Moving
to the initialization of the design variables, in Lines 40 to 47 (of the UCOpt function), the
injtialization of the design variable is performed, in which instead of mapping the volume
fraction to all densities and circle of zero densities is created in the centre of the unit cell,
and all other densities are set to one, as shown in Figure 2.

Figure 2. Initial unit cell.
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This is achieved using the following iterative procedure:

x = ones(nly,nlx);
for i = 1:nlx
for j = l:nly
3 if sqrt((i—nlx/2-0.5)"2+(j—nly/2—-0.5)"2) < min(nlx,nly)/3
’ x(j, i) = 0;
15 end
6 end
| end

.

Moving to the optimization loop, two additional steps are added before performing
the finite element analysis part. In the first step, a function called interpolate is utilized
to compute the Young modulus and its derivative with respect to the design variables
using the expressions of Equation (6) for the element Young modulus and Equation (7)
for the corresponding derivative. During the second step, the resulting Young modulus
and its derivative are provided to the homogenize function, which in turn produces the
elasticity tensor and its derivative for each element consisting the unit cell. Moving to the
finite element analysis part, the function Q4elementstiffnessMatrix is utilized to obtain the
element stiffness matrix from the homogenized elasticity tensor, which in turn is used to
perform the finite element analysis and compute the macro-domain displacements. For the
computation of the sensitivities, an iterative procedure is utilized, looping for each element
of the micro domain to create a different stiffness matrix for each unit cell element based
on each element’s derivative of the homogenized elasticity tensor. Then, the variable ce is
computed in the same manner as in the original code, resulting in the computation of the
derivative dc.

o for i = 1:nly

s for j = 1l:nlx

dKE = Q4elementStiffnessMatrix (1x/nelx/2,ly/nely /2,90 DCH{i,
K

70 ce reshape (sum((U(edofMat)*dKE) .*U(edofMat) ,2) ,nely, nelx) ;
7 ¢ = ¢ + sum(sum(ce));
dc(i,j) = — sum(sum(ce));
end

74 end

4.3. Model Order Reduction: Code Implementation

In this section, the implementation of the three model order reduction approaches will
be presented. Aiming to create an easy integration of the three approaches into the UCOpt
function presented in the previous section, the usage of the class structure is opted for
the three MOR approaches. Thus, each approach is created as a single Matlab class object
containing three common functions denoted as solve, fea and counts, respectively. The solve
function is implemented differently for each class, while it is used by the UCOpt function in
order to compute every set of displacements during the optimization procedure. The two
other functions are the same for all three classes and they are used to perform the full-scale
finite element analyses (function fea) and to return the number of full- and reduced-scale
iterations performed (function counts). Since the class properties are modified during
the optimization procedure, all MOR classes inherit from the handle a Matlab class. In
order to use the MOR classes in the UCOpt function, an extra parameter is used called p,
representing the MOR class, while Line 62 (of the pod class) is modified to call the solve
function of the p class, as presented below:

2|%  U(freedofs) = K(freedofs, freedofs)\F(freedofs);
»|U(freedofs) = p.solve (K(freedofs, freedofs) F(freedofs));
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4.3.1. POD: Code Implementation (Matlab File “pod.m”)

The pod class was developed for the code implementation of POD approach, which
except for the constructor function, requires seven properties and three functions. Out of
these properties, three refer to iteration trackers, i.e., parameters labeled as loop, fIl and rdc
tracking the total number of TO iterations performed, the total number of full finite element
analyses and the total number of reduced basis finite element analyses, respectively. The
forth parameter refers to the tolerance tol that represents the residual force tolerance used
as a criterion for updating the reduced basis vectors after the creation of the reduced basis.
The remaining three parameters correspond to the number of the reduced basis vectors Nb,
the reduced basis matrix fi and a matrix containing the displacement snapshots A that is
used to create the reduced basis matrix.

The implementation of the POD approach is performed inside the solve function. The
solve function is separated into two main sections. The first section is executed during the
first iterations for creating the first variant of the reduced basis matrix fi, as shown below:

=x|U = obj.fea(K,F);

x| obj.A(:,obj.loop) = U;

x| if obj.loop == obj.Nb

o% obj.A = obj.A — mean(U) ;

2 [obj.fi,~,~] = svd(obj.A, "econ’);
x| end

The second section is executed after the first creation of the reduced basis. In particular,
in this section the reduced displacement field y is calculated, projecting it to the full scale of
the displacement field U. Then, it is determined if the forces residual is acceptable. If the
forces’ residual is deemed not acceptable, then the reduced basis is updated using a new
set of displacement snapshots. The implementation is presented below:

1|y = obj.fi "*K+obj.fi \ obj.fi +F;
p|U = Ob]fl*y,
»|dF = K«U-F;
res = norm(dF);
;| if res > obj. tol
U = obj.fea(K,F);
Ob]A(,l) = [
obj.A(:,obj.Nb) = U;
v obj.A = obj.A — mean(U) ;
[obj.fi,~,~] = svd(obj.A, "econ’);
else
obj.rdc = obj.rdc + 1;
sl end

@

%

[

For the creation of the reduced basis matrix fi, the svd function of Matlab is utilized
selecting the 'econ’ option for generating an economy-size decomposition of matrix A.

4.3.2. On-the-Fly: Code Implementation (Matlab File “onthefly.m”)

In the implementation of the on-the-fly reduced order model approach, the number
of properties required by the corresponding class is reduced from seven to six, basically
removing only the displacement snapshot matrix A. All other properties remain the same
as those used in the POD implementation of the corresponding class. In the same manner
as in the POD class, the implementation of the on-the-fly approach requires the use of the
solve function. The on-the-fly implementation is also separated into two main parts. In
the first one where the reduced basis matrix fi is computed, the norm function of Matlab
is utilized to perform the normalization of the displacement field vector, whereas the
procedure is exactly as described in Section 3.2 where the theoretical description of the
on-the-fly reduced order model approach is provided.
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2| if obj.loop ==

x| U = obj.fea(K,F);

=] obj.fi(:,obj.loop) = U/norm(U) ;

;| elseif obj.loop <= obj.Nb

U = obj.fea(K,F);

2 Uorth = U — obj. fix*(obj.fi +U);

x| obj.fi(:,obj.loop) = Uorth/norm(Uorth);
0| else

)

%

In the second part of the on-the-fly implementation, the procedure mirrors that of
the POD implementation where instead of the svd function of Matlab, the update of the
reduced basis matrix is performed as described in the expressions of Equations (15) and (16)
in Lines 42 to 45 (of the onthefly class).

x|y = obj.fi +K+obj.fi \ obj.fi =F;
1|U = obj. fixy;
»|dF = K«U-F;
»| res = norm(dF);
u|if res > obj. tol
U = obj.fea(K,F);
obj.fi(:,1) = [];
v|  Uorth = U — obj. fix(obj.fi +U);
obj. fi(:,obj.Nb) = Uorth/norm(Uorth);
9| else
obj.rdc = obj.rdc + 1;
end

%

=

4.3.3. Approximate Reanalysis: Code Implementation (Matlab File “ar.m”

To keep the same structure of the code implementation for the approximate reanalysis
approach as that of the previously presented two MOR approaches, the displacement
snapshots are updated in a fixed number of iterations without taking into account the
change in the objective function or the design variables. For the implementation of the
approximate reanalysis approach, two new properties were added compared with the
implementation of the on-the-fly approach. These properties correspond to the stiffness
matrix KO of the full-scale FEA and to a counter rf that keeps record of how often a new
full-scale FEA will be performed.

As far as the solve function goes, its first part, i.e., Lines 32 to 35 (of the ar class), deals
with the initialization of the reduced basis matrix fi. As discussed earlier, at the beginning
of this section the criterion for the update of this procedure is simplified. More specifically,
the update of the reduced basis matrix takes place in the first iteration and then after a fix
number of iterations specified by the class variable 7 f, as shown bellow:

s if (obj.loop == 1) |l (mod(obj.loop,obj.rf) == 0)
x| U = obj.fea(K,F);

27 Obj.fi(:,l) = LL

28 Ob]KO = K,‘

sl else

In the second part of the solve function, the reduced displacement vector is obtained.
In more detail, in Line 37, the difference between the stiffness matrices (dK) is computed.
Then, a while loop is implemented (see Lines 41 to 49 of the ar class) which builds the
reduced basis matrix fi until either the maximum number of reduced basis vectors is
reached or the residual is smaller than the tolerance value tol predefined.

0| else
31 dK = K—Ob]KO,
U = obj.fi(:,1);
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res = 100;
34 S = 1,‘
while (res > obj.tol) && (s <= obj.Nb)

s =s + 1;
57 U = obj.KO\(F — dK+U);
3 obj.fi(:,s) =U;

3 y = obj.fi +*K+obj.fi \ obj.fi '«F;
0 U = obj.fixy;

41 dF = K*[J—F;

2 res = norm(dF);

13 end

u| obj.rdc = obj.rdc + 1;
5| end

5. Test Examples

In this section, three simple test examples will be presented in order to demonstrate
the ease of use of the proposed topology optimization Matlab code and how the three
MOR approaches are integrated in order to assist the search procedure. The first test
example refers to a simple bridge problem, the second one refers to the cantilever beam
problem and the third one corresponds also to a cantilever beam problem with the load
applied at the central right side of the domain. The macro domains for all test examples
are schematically presented in Figure 3. In all test examples, the number of the iterations
required, the number of full-scale FEAs and the final objective function value achieved are
presented when the three MOR approaches are implemented, as well as the case without
the application of any MOR approach.
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Figure 3. Test examples considered. (a) Bridge test example. (b) Cantilever beam 1 test example.

(c) Cantilever beam 2 test example.

5.1. Bridge Test Example

The implementation of the MBB beam test example with respect to the load vector
and fixed degrees of freedom is the default implementation of the UCOpt function. The
optimization parameters were a grid of 300 x 150 finite elements in the directions of the
abscissa and ordinate for the discretization of the macro domain and a grid of 50 x 50 finite
elements in the directions of the abscissa and ordinate for the discretization of the micro
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domain. A target volume fraction of 40%, penalization factor for the SIMP approach of 3,
filter radius of 1.5 and application only of a sensitivity filter (option ft = 1) were chosen.
As far as the three MOR approaches go, the size of the reduced basis was chosen to be 8 for
the POD and on-the-fly approaches and 10 for the approximate reanalysis, the tolerance
for the update was set equal to 0.01 for all approaches and the update frequency for the
approximate reanalysis was set to every six iterations. The script implementation for the
POD-assisted optimization implementation is presented below:

ilp = pod(8, 0.01); % for the proper orthogonal decomposition
approach
-|UCOpt(10,10,200,100,50,50,0.5,3,1.5,1,p);

For the implementation of the other two MOR approaches, changes are only required
in the first line where the MOR is created, as follows:

1‘p:onthef1y(8, 0.01); % for the on—the—fly approach

and

1‘p=ar(10,0.01,6); % for the approximate reanalysis approach
The results obtained of every MOR approach as well as the implementation without

MOR assistance are presented in Table 1.

Table 1. Bridge test example: Results of each MOR approach as well as the classic implementation.

Approach Total itrns Full FEAs Compliance
FEA 26 26 105.14
POD 26 8 105.14
on-the-fly 26 8 105.14
AR 26 5 105.14

On the results of topology optimization achieved, in terms of unit cell structure, for
the various implementations (with and without MOR), minor differences are observed,
while the compliance value resulting from the four implementations is the same. Thus,
only one of the results achieved, and in particular, the one obtained by means of the POD
approach, is presented in Figure 4.

m

Figure 4. Optimized periodic unit cell for the bridge test example macro structure.

5.2. Cantilever Beam 1 Test Example

For the implementation of the first cantilever beam test example, changes to the load
vector and fixed degrees of freedom should be made. In more detail, Lines 13 and 14 of the
UCOpt function should be changed, as presented below:

s|F = sparse(2+(nelx+1)+(nely+1),1,—1,2+(nely+1)*(nelx+1) ,1);
| fixeddofs = 1:2x(nely+1);

The optimization parameters were a grid of 200 x 100 finite elements in the directions
of the abscissa and ordinate for the discretization of the macro domain and a grid of 50 x 50
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finite elements in the the directions of the abscissa and ordinate for the discretization of
the micro domain. Similarly to the first test example, a target volume fraction of 50%,
penalization factor for the SIMP approach of 3, filter radius of 1.5 and application only of
the sensitivity filter (i.e., option ft = 1) were chosen. For the MOR approaches, the size
of the reduced basis was chosen to be 4 for the POD and on-the-fly approaches and 10
for the approximate reanalysis, the tolerance for the update was set equal to 0.01 for all
approaches and the update frequency for the approximate reanalysis was set to every five
iterations. The results obtained for the first cantilever beam test example are presented
below in Table 2.

Table 2. Cantilever Beam 1: Results of each MOR approach as well as the classic implementation.

Approach Total TOP itrns Full FEAs Compliance
FEA 107 107 257.3
POD 104 20 257.3

on-the-fly 101 21 257.3

AR 107 22 257.3

Similarly to the first test example, on the results of topology optimization achieved,
in terms of unit cell structure, for the various implementations (with and without MOR)
minor differences are observed, while the compliance value resulting from the four imple-
mentations is the same. Thus, only one of the results achieved, and in particular, the one
obtained by means of the on-the-fly approach, is presented in Figure 5.

VYVVVYY

Figure 5. Optimized periodic unit cell for the cantilever beam 1 test example macro structure.

5.3. Cantilever Beam 2 Test Example

For the implementation of the second cantilever beam test example (labeled as
cantilever beam 2), changes to the load vector and fixed degrees of freedom should be
applied. In more detail, Lines 13 and 14 (of the UCOpt) function should be changed as
presented below:

s|F = sparse (2+((nely+1)*nelx + (nely+1) — ceil(1/2+nely))
,1,—1,2+(nely+1) +(nelx+1) ,1);
u| fixeddofs = 1:1:2x(nely+1);

The optimization parameters were a grid of 300 x 100 finite elements in the directions
of the abscissa and ordinate for the discretization of the macro domain and a grid of 50 x 50
finite elements in the the directions of the abscissa and ordinate for the discretization of
the micro domain. Similarly to the first test example, a target volume fraction of 50%,
penalization factor for the SIMP approach of 3, filter radius of 1.5 and application only
of the sensitivity filter (i.e., option ft = 1) were chosen. For the MOR approaches, the
size of the reduced basis was chosen to be 4 for the POD and on-the-fly approaches
and 10 for the approximate reanalysis, the tolerance for the update was set equal to 0.01
for all approaches and the update frequency for the approximate reanalysis was set to
every five iterations. The results obtained for the second cantilever beam test example are
presented below in Table 3.
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Table 3. Cantilever Beam 2: Results of each MOR approach as well as the classic implementation.

Approach Total TOP itrns Full FEAs Compliance
FEA 84 84 1369.0
POD 83 16 1369.1

on-the-fly 84 16 1368.9

AR 84 17 1368.9

Similarly to the remarks reported for the first two examples presented before, on the
results of topology optimization achieved, in terms of unit cell structure, for the various
implementations (with and without MOR) observed minor differences are observed, while
the compliance value resulting from the four implementations is the same. Thus, only one
of the results achieved, and in particular, the one obtained by means of the approximate
reanalysis approach, is presented in Figure 6.

o
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Figure 6. Optimized periodic unit cell for the cantilever beam 2 test example macro structure.

6. Conclusions

The scope of this work is to present an open source numerical implementation of a
methodology dealing with the optimal design of material structure using the theories of
topology optimization and homogenization as well as the application of reduced order
models. The code presented is written in Matlab, and two of the functions are partially
based on existing well-known codes, published on the topology optimization and homog-
enization formulations. The implementation of the three model order reduction (MOR)
approaches is simple, and the aim is to provide the means to integrate such models in any
type of topology optimization problem formulation. Although the code implementation of
the topology optimization part is based on a 2D space variant, it can easily be extended to
the 3D space as well without the need to modify any of the three MOR classes presented in
this study. The authors would be happy to receive suggested improvements that can be
implemented in the public domain of the UCOpt codes.
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Abbreviations

The following abbreviations are used in this manuscript:

BESO  Bi-directional Evolutionary Structural Optimization
FE Finite Element

FEA  Finite Element Analysis

FEM  Finite Element Method

MOR  Model Order Reduction

POD  Proper Orthogonal Decomposition

SIMP  Solid Isotropic Material with Penalization
STO  Structural Topology Optimization

SVD  Singular Value Decomposition

TO Topology Optimization

TOP  Topology Optimization Problem
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Abstract: The flexural strength of Slender steel tube sections is known to achieve significant im-
provements upon being filled with concrete material; however, this section is more likely to fail
due to buckling under compression stresses. This study investigates the flexural behavior of a
Slender steel tube beam that was produced by connecting two pieces of C-sections and was filled
with recycled-aggregate concrete materials (CFST beam). The C-section’s lips behaved as internal
stiffeners for the CFST beam’s cross-section. A static flexural test was conducted on five large scale
specimens, including one specimen that was tested without concrete material (hollow specimen). The
ABAQUS software was also employed for the simulation and non-linear analysis of an additional
20 CFST models in order to further investigate the effects of varied parameters that were not tested
experimentally. The numerical model was able to adequately verify the flexural behavior and failure
mode of the corresponding tested specimen, with an overestimation of the flexural strength capacity
of about 3.1%. Generally, the study confirmed the validity of using the tubular C-sections in the
CFST beam concept, and their lips (internal stiffeners) led to significant improvements in the flexural
strength, stiffness, and energy absorption index. Moreover, a new analytical method was developed
to specifically predict the bending (flexural) strength capacity of the internally stiffened CFST beams
with steel stiffeners, which was well-aligned with the results derived from the current investigation
and with those obtained by others.

Keywords: stiffened CFST beam; recycled concrete; finite element; flexural strength; cold-formed tube

1. Introduction

The usefulness of various types of concrete-filled steel tube (CFST) has been proven
in modern composite structural projects since they have achieved better performances
(in terms of strength, ductility and stiffness) than the corresponding conventional con-
crete/steel members under axial and flexural loading [1-4]. In general, the structural
performance of concrete-filled steel composite members, under different loading scenarios,
has been experimentally and numerically examined in several studies; for example, those
presented in [5-9].

Particularly, the adequacy of using the Slender steel tube section (Class 4; as per Eu-
rocode classification) in the concept of CFST beams has been previously investigated [10-14].
This section (Slender) has achieved more strength improvement percentages than those
of the Noncompact and Compact sections, after being filled with concrete materials, as
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compared to their corresponding hollow tube sections [10,15]. In addition, the steel tubes
of CFST members with Slender cross-sections usually have lighter self-weight than the
Noncompact and Compact sections; thus, they are more favourable in terms of reducing
the impact of cost in construction projects. However, the Slender tube section is more
likely to buckle outward at the compression zone stress because of Slender structural
sections [16,17]. Therefore, internal steel stiffeners were provided to delay and restrict the
outward tube’s buckling of the Slender CFST beams’ cross-section [18-21]. For example,
Al Zand et al. [19] experimentally and numerically examined the effect of using varied
shapes of internal steel stiffeners that were welded along all sides of high-slenderness cold-
formed square CFST beams. Their investigation showed that these CFST beams’ flexural
stiffnesses and strength capacities were improved by about 22-29% when a single stiffener
was welded along each tube’s internal sides, and these values were increased by a further
48-59% when double steel stiffeners were provided. Furthermore, in some cases, the CFST
beam’s cross-sections were externally stiffened, either by using additional steel plates that
were fixed mechanically along the beam’s flanges [5], or by preparing a cold-formed tube’s
cross-section with V-grooves that were provided along the sides of the CFST beam [22].
However, the welding of additional steel stiffeners for the stiffening of the CFST beam’s
cross-section could require an additional fabrication process and extra labour costs. Thus,
using pre-fabricated cold-formed tubular steel sections (C-sections/C-Purlins) without
extra welding and /or mechanical fixation could be considered as a new concept for use in
the stiffened Slender CFST beam system, particularly for lightweight flooring structures.
For example, in Malaysia, the cost of 1 ton of fabricated steel sections is about 1000 USD,
and the equivalent cost of hot-rolled sections is about 1200 USD, while the cost of 1 ton of
concrete is about 40-50 USD. This material’s cost comparison shows that it is very useful if
the engineers can utilise CFST beams that have been prepared from cold-formed sections
filled with concrete in the lightweight composite structures, even though the self-weight
of these composite beams can increase by 5-8 times as compared to the equivalent steel
beams due to the effect of concrete infill material.

The research topic of CFST has received considerable attention over the past few years
from a wide range of structural engineering scholars. A dependent stress—strain model
was developed for the CFST column [23]. The flexural behaviour of steel-fibre-reinforced
self-stressing recycled-aggregate CFST was studied by [24]. The behaviour of heated
CFST stub columns, containing steel fibre and tire rubber, was tested by [25]. Reinforced
CFST with steel bars was studied experimentally in terms of its seismic behaviour [26].
Several other related research studies on the advanced application of CFST can be reviewed
through [27,28]. Nevertheless, this review of the literature evidenced the importance of the
enhancement of concrete properties for the achievement of better reliability and robustness
in construction projects [29-31].

In recent years, engineers have been increasingly utilizing the recycled aggregate
generated from the demolition of existing materials and waste materials in the field of
construction [24,32-34]. There have been several studies on the behaviour of Recycled-
Aggregate Concrete (RAC) material, which is prepared by crushing the old structural
elements of concrete. For example, variations in the RAC replacement percentages (0%,
25% and 50% of the raw aggregate) were adopted in the concrete infill material for CFST
members under flexural and compression loads [11,24,35-40]. The results achieved were
quite similar to those obtained for CFST members filled with normal concrete, albeit with
slightly lower strength capacities [38]. Recently, Liu et al. [24] used RAC and sulphoalu-
minate cement in varied concrete mixtures, which were reinforced with steel fibre and
used as infilling material for 54 CFST beams. Their experimental study reveals that the
reinforcement of the recycled-aggregate concrete mixture with 1.2% steel fibre can achieve
similar flexural behaviour to that of the CFST beams that are filled with normal concrete.
Furthermore, using the lightweight concrete infill material can significantly reduce the
overall self-weight of the CFST members [17,41-43], which is significant given that the
self-weight represents one of the most important challenges in terms of adopting composite

26



Materials 2021, 14, 6334

members of this type in modern structures. Generally, using expanded polystyrene (EPS)
beads as a replacement for the raw aggregate is the most effective method that is usually
used to achieve lightweight concrete mixtures [19,44-46]. For instance, EPS can also be
sourced from waste polystyrene materials (recycled materials). However, the performance
of cold-formed steel tubes (the Slender tube section) filled with lightweight and recycled
concrete material under pure flexural loading has not yet been extensively investigated.
In such cases, as explained earlier, the overall self-weight and the cost impact constitute
important factors in the Engineer’s decision to adopt this system in modern composite
structures. Therefore, at present, finding an alternative CFST composite structural design
concept is a matter of urgency.

The main objectives of this research can be highlighted as follows: The first aim was
to examine the suitability of using the new concept of cold-formed tubular cross-sections
fabricated from two pieces of galvanized C-sections (face-to-face connection) in the Slender
CFST beam’s system, in which the lips of these C-sections are expected to behave as
internal steel stiffeners along the top and bottom flanges. Second, this research project
aimed to explore the behaviour of the proposed Slender CFST beams, specifically when
recycled-aggregate concrete mixture is used instead of the normal concrete mixture, in
order to reduce the self-weight and cost of the beam’s section. Lastly, to date, all of the
theoretical methods for predicting the flexural strength of CFST beams were developed
according to different standards, and they were mostly intended to be applied for beams
with conventional tube sections (unstiffened sections). As such, this study aimed to
develop a new analytical method that can theoretically predict the flexural strength capacity
(ultimate bending moment; M,) of the internally stiffened CFST beam’s cross-section with
varied numbers/sizes of steel stiffeners; this constitutes one of the main novelties of the
current research work. Therefore, five CFST specimens were prepared for this purpose and
were experimentally tested under pure flexural loading, including one specimen without
concrete filling material (hollow tube section). The finite element (FE) ABAQUS software
was used to develop and analyse an additional 20 models that were designed to examine
the effect of further parameters that were not explored experimentally.

2. Experimental Approach
2.1. Preparation of Samples

In order to suggest a new concept for the design of Slender steel tube cross-sections
that are internally stiffened, in this research, five specimens were produced from two steel
C-sections connected by means of tack welding to obtain the suggested steel tubular section,
as shown in Figure 1. These prefabricated tubular sections had 20 mm lips that functioned
as internal stiffeners along the top and bottom flanges of the tubular beams. A single
specimen was tested as a hollow tube beam (HB), while the other four tubes’ specimens
were filled with different concrete mixtures (filled beam; FB). The raw coarse aggregate
of the concrete mixtures was replaced with different recycled-aggregate materials (EPS
and RAC), since one of the main objectives of this research was to reduce the self-weight
and cost of the mixture. The replacement percentages of raw coarse aggregate (by volume)
were equal to 0% (filled beam designation; FB-RCO0), 30% (FB-RC30), 50% (FB-RC50), and
70% (FB-RC70), as presented in Table 1. All steel tubes specimens were placed vertically,
after which the concrete material was poured from the top ends in multiple stages, while
the bottom ends were temporary sealed to prevent water leakage.

2.2. Material Properties

Steel tube: Three coupons were cut from the cold-formed C-sections and prepared in
accordance with the ASTM-E8/E8M-2009 standard. The average results of the yield tensile
strength (f,,), maximum elongation (%), ultimate tensile strength (f,), and elastic modulus
(Es) were 489 N/ mm?, 27.4%, 558 N/mm?, and 201 x 103 N/mm?2, respectively, and these
results were obtained from the direct tensile of coupons test.
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Concrete mixtures: the recycled aggregates used in the suggested concrete mixtures
were EPS beads (4-6.3 mm) with a density of 9.5 (kg/m?), and RAC (4.75-16 mm) with
a density of 1278 kg/m?; these densities were much lower than that of the raw coarse
aggregate (1490 kg/m?). As explained earlier, the first concrete mixture was prepared
without the use of any recycled aggregate (normal concrete; 0% replacement aggregate:
RCO0). The second concrete mixture (RC30) was prepared by replacing 30% (by volume) of
the raw coarse aggregate by EPS beads only. Meanwhile, the concrete mixtures RC50 and
RC70 were also made by replacing 30% of the raw aggregate with EPS beads and adding
another 20 and 40% (in terms of total volume) of RAC, respectively, bringing the total
replacement to 50 and 70%, respectively. In addition, silica fume (SF) material was used
to enhance the bonding performance between the cement and EPS beads, as previously
advised in [45]. Lastly, for all concrete mixtures, a water/cement (w/c) ratio of 0.46 was
used together with the superplasticizer liquid (Real Flow 611). The proportions of the
concrete mixtures are presented in Table 2. For each concrete mixture, three samples of
concrete cubes (150 mm) were prepared, cured for up to 28 days, and tested in accordance
with BS 1881: 1983.

Initial Tack
welding

—h
o
(e
"
QA
.
Cross-section
Figure 1. Cold-formed steel C-sections (all dimensions in mm).
Table 1. Designations and results of the tested specimens.
Specimen DxBxt L, fy feu E. M, K; K EAI
Designations (mm) (m) (MPa) (MPa) (GPa) (kN-m) (kN-m?) (kN-m?) (kN-mm)
HB 200 x 150 x 1.5 2.8 489 - - 141 1207 1121 201.8
FB-RCO 200 x 150 x 1.5 2.8 489 26.2 21.1 57.7 2216 1924 5996
FB-RC30 200 x 150 x 1.5 2.8 489 14.6 14.5 53.7 2157 1751 5539
FB-RC50 200 x 150 x 1.5 2.8 489 14.1 13.8 52.6 2194 1726 5493
FB-RC70 200 x 150 x 1.5 2.8 489 13.7 13.2 51.5 2066 1690 5439
Table 2. Proportions of the concrete mixtures (kg/m3).
Mixture Fine Coarse Silica EPS RAC Slump .
Designations Cement Agg. Agg. Fume (%) EPS (%) RAC Water (mm) Density
RCO 390 700 1115 - - - - - 180 128 2295
RC30 350 700 781 40 30 21 - - 180 147 1881
RC50 350 700 558 40 30 21 20 190 180 151 1813
RC70 350 700 335 40 30 21 40 380 180 154 1772
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2.3. Test Setup

All specimens were tested under four-point static loads, as shown in the schematic
of the test setup in Figure 2. A hydraulic jack with a maximum capacity of 500 kN was
used to apply the static load on the suggested CFST specimens. Utilizing linear variable
differential transducers (LVDTs) type KYOWA, Osaka, Japan, the vertical deflections of the
specimens were recorded at different locations. The strain gauges SG1 to SG5 were fixed
vertically at the mid-span of each CFST specimen. A data logger was used for collection of
the data from the load cell, strain gauges, and LVDTs during the tests, and these data were
recorded in a computerized system.

A
 feofoo

Data logger ||

L.=2800

y
A 4

Figure 2. Schematic of specimens’ test setup (all dimensions in mm).

3. Discussion of Experimental Results
3.1. Failure Modes

All specimens were tested beyond their strength capacities in order to study their
extreme failure performance. The hollow steel tube specimen (HB) showed the inward
tube’s buckling failure at the support points only, wherein the failure of tube’s webs was
increased gradually by increasing the applied load, as shown in Figure 3a. Meanwhile,
all filled specimens (FB-RCO, FB-RC30, FB-RC50, and FB-RC70) showed almost typical
failure modes regardless of the types of their concrete mixtures. It was found that, for
all filled specimens, outward buckling failure started occurring at the top tube’s flange,
between the two-point loads of these filed specimens, particularly when the applied load
values reached about 70-80% of their ultimate loading capacity, as shown in Figure 3b. This
performance was due to the effects of the concrete infill materials, which mainly prevented
the occurrence of inward buckling failure of the steel tube. Figure 3c presents all filled
specimens after testing at the extreme failure limits.
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Steel tube buckling
At support

Top flange
Outward buckling

(b)

Figure 3. Cont.
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Figure 3. Typical failure modes: (a) unfilled specimen (HB); (b) filled specimen (FB-RC30); (c) all
filled specimens after testing.

Furthermore, the 20 mm lips located at the top and bottom edges of the prefabricated
cold-formed C-sections were well bonded with the concrete core, thus implying that these
lips functioned sufficiently as internal stiffeners for the top and bottom flanges of the steel
tubes of these filled specimens. Therefore, the outward buckling failure occurred only at the
half-width of their top flanges (see Figure 3b). These lips achieved similar contributions to
those of the additionally welded steel stiffeners that were included in previous research to
stiffen the Slender CFST members [19,47]. Moreover, there was no slippage failure between
the steel tube and the concrete core observed at both opened ends of the tested filled
specimens. Unlike the unfilled specimen (HB), the filled specimens (FB-RCO, FB-RC30,
FB-RC50 and FB-RC70) displayed a smooth deflection behaviour during the loading stages,
which was quite similar to the half-sine curve, as illustrated in Figure 4. This performance
allowed the CFST beams to distribute the point loads with almost uniform stress along the
beam’s span, which was very similar to the beams that were loaded in a uniform loading
scenario during the practical application of the members. Based on this finding, the above
hypothesis was confirmed insofar as the currently suggested prefabricated cold-formed
tubular steel beam filled with recycled concrete materials performed very similarly to the
conversional CFST beams, which were tested earlier, for example, in [11,17,19,48].

3.2. Flexural Behaviour and Strength Capacity

This section discusses the flexural behaviour, ultimate moment capacity (M), and the
moment vs. strain relationships of the tested specimens. The relationships between the
bending moment and the deflection at mid-span for the tested specimens are compared in
Figure 5, including the hollow specimen (HB). In general, for the concrete filled specimens,
the moment—deflection curves continued to show linear behaviour until an archive of about
50-60% of their M,, values, after which these curves behaved as elasto-plastics up to the
loading limits of about 70-80% of their M,, values (at this point, buckling failure of the top
flange started to occur). Thus, due to further outward buckling failure, the same moment-
deflection curves showed fully plastic behaviour with continual slow decreases. The M,
value of the filled specimens was recorded at the deflection limit of L./50 — L. /60 [49],
which was about 46 mm to 56 mm. However, the moment—deflection curve of the unfilled
specimen (HB) showed an almost linear behaviour until the peak loading point (M,,)
was achieved, at which the bottom flanges started to buckle inwardly at the supporting
points; furthermore, as a result of extreme tube buckling failure, the loading curve began
to descend.
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Figure 4. Deflection shapes of the filled specimens: (a) FB-RCO; (b) FB-RC30; (c) FB-RC50; (d) FB-RC70.
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Figure 5. Moment vs. mid-span deflection relationships.

The M, values of the tested specimens are presented in Table 1. The HB specimen
achieved the ultimate flexural capacity of 14.1 kN-m; this capacity increased to 57.7 kN-m
when the same fabricated steel tubular specimen was filled with normal concrete (FB-RC0),
achieving an improvement of 409%. The tubular specimen filled with varied recycled
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concrete achieved M, values that were slightly lower than those of the FB-RCO specimen
(57.7 kN-m); these values were 53.7 kN-m, 52.6 kN-m and 51.5 kN-m, for specimens FB-
RC30, FB-RC50 and FB-RC70, respectively. In addition, it was noticed that, regardless of
the aggregate replacement percentages, the concrete filled tubular specimens achieved
much higher flexural strength capacity values as compared to the capacity of the hollow
specimen (HB), with a strength improvement of about 363 to 381%. It is worth mentioning
that the self-weight of the tube beam was substantially increased due to the addition of the
filled concrete; however, the flexural strength was remarkably enhanced, as stated above
(363-409%). From the structural engineering point of view, this represents a very important
finding regardless of the increment of the weight, and, in this case, the role of the structural
engineer, who can prospectively determine scenarios in which this would be reliable for
the targeted purpose of construction projects. On the other hand, the cost was also found
to be a vital element in the construction design when we compared the concrete cost with
the steel cost; this was the case because, in global terms, the cost of 1 ton of steel is about
15-20 times the cost of 1 ton of concrete material.

Furthermore, the moment vs. longitudinal tensile strain relationships obtained at the
mid-span of the steel tube of the filled specimens are presented in Figure 6. In this figure,
it can be seen that the moment-strain relationships showed a fairly typical behaviour for
all of the filled specimens regardless of the percentages of replacement aggregate in the
concrete material [11,24]. The strain gauges SG1 and SG2 (see Figure 2) showed gradually
increasing negative values (compression stress) with the increasing of the bending loads,
while the strain gauges located at the bottom-half of beam’s cross-section (SG4 and SG5)
showed gradual increases in their tension-related stress values. In contrast, the strain
gauge SG3 (located in the middle of the specimen’s mid-span) showed a slight increase
in tension-related stress, confirming that a positive correlation was discovered with the
upward movement of the neutral axis in the tested filled specimens as the bending loads
increased. Figure 7, as an example, shows the maximum strains distributed at the tube’s
mid-span depth along its cross-section for specimens FB-RC0 and FB-RC30 during a variety
of loading stages. In the current study, the aforementioned moment-strain relationships
of the fabricated filled-steel tubular beams behaved similarly to those obtained for the
conventional cold-formed CFST beams [11,48].

3.3. Flexural Stiffness

The initial stiffness (K;) and serviceability stiffness (K;) levels of tested specimens are
usually measured from the moment vs. mid-span curvature relationships [50-53], which
are based on moment values of 0.2M,, and 0.6M,,, respectively. The K; and K; values of the
tested specimens are presented in Table 1. The HB specimen achieved the lowest flexural
stiffness values as compared to those of the filled specimens (FB), which were 1207 kN-m?
and 1121 kN-m? for K; and K;, respectively. These values increased to 2216 kN-m? and
1924 kN-m? for the FB-RCO specimen due to the influence of the normal concrete infill
material. In general, similar flexural stiffness improvement behaviours were recorded
for all of the filled recycled concrete materials (FB-RC30, FB-RC50 and FB-RC?7), but with
slightly lower values than that of FB-RCO, since they had lower concrete modulus (E.)
values. For example, compared to the FB-RCO specimen (0% aggregate replacement), the
FB-RC70 specimen, which was filled with recycled concrete (30% EPS plus 40% RAC)
achieved lower K; and K values (—6.7% and —12.1%, respectively). From the above
discussion, it can be concluded that even when using the recycled aggregate in the concrete
infill materials of the cold-formed CFST beams, the flexural stiffness can nevertheless
be significantly improved, to a far greater degree than that of the corresponding hollow
tube beam.
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Figure 7. Depth of steel tube cross-section vs. longitudinal strain relationships: (a) FB-RCO; (b) FB-RC50.
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3.4. Energy Absorption Index

The ability of CFST beams to dissipate energy compared to that of the hollow steel
tube beams was confirmed in several previous research studies [19,54]. Most commonly;,
the energy absorption index (EAI) of CFST beams was estimated from the cumulative area
under the load vs. the deflection curves, up to the point at which the maximum beam
strength limit had been reached [22,54,55]. The EAI values of the tested specimen in the
current research are presented in Table 1; these values clearly confirm that the energy
dissipation ability of the newly fabricated hollow specimen was extremely enhanced when
filled with normal/recycled concrete materials. For example, the EAI value of the HB
specimen increased from 201.8 kN-mm to 5996 kN-mm (29.7 times) when it was filled with
normal concrete (FB-RCO0). Moreover, compared to the tubular specimens that were filled
with normal concrete (0% replacement aggregate), the specimens that were filled with
recycled aggregate (EPS and RAC) had a slightly lower ability to dissipate energy, which can
be considered a logical outcome since they achieved slightly lower loading capacities (see
Figure 6). It is interesting to note that the EAI values of specimens FB-RC30, FB-RC50, and
FB-RC70 were approximately 5539 kN-mm (—7.6%), 5493 kN-mm (—8.3%), and 439 kN-mm
(—9.2%), respectively, as compared to the value of the FB-RCO specimen (5996 kN-mm).
These values represent significant achievements when compared to the value obtained
for the corresponding unfilled HB specimen (201.8 kN-mm), being approximately 26.9 to
27.5 times higher

4. Numerical Approach
4.1. Development and Verification of the Numerical Model

The suggested CFST beam was further investigated in terms of its flexural behaviour
by using the ABAQUS 6.14 software to conduct non-linear finite element (FE) analysis. In
order to reduce the time conception of the analyses of the models, a typical 3D quarter
model was built to simulate the actual tested CFST specimen, as shown in Figure 8, which
had the advantages of the symmetric cross-section and the beam’s loading scenario already
having been prepared [15,19,56-58]. The actual test loading scenario was implemented in
the FE modelling scenario by allowing the nodes that were positioned at the upper tube’s
flange (loading point) to gradually move downwards during the FE analysis, using the
incremental downward displacement option (displacement control approach), which is
available in the software. The nodes placed at the support’s location were restricted from
horizontal and vertical movement, but they were allowed to freely rotate around the X-axis
to simulate the roller support. Then, the loading value of the FE model was obtained from
the reaction forces that were observed at the support’s nodes [19,56].

The main component materials of the currently developed FE CFST models are the
concrete infill and the steel tube (double C-sections). For the concrete component, the
C3D8R element type was used, which has eight nodes integrated with six degrees of
freedom, while, for the steel tube components, the type S4R shell element was used. The
penalty friction coefficient of 0.75 was adopted in the current FE analysis to realise the
mechanical interaction between the surfaces of the steel and concrete parts. In general,
several parameters that mainly affected the proper friction coefficient values, such as the
loading type, the size/shape of the beam’s cross-section, and the properties of the materials
were selected [10,19,56-58]. Thus, in the current study, a convergence study was adopted
in order to establish a suitable friction coefficient value (0.75), where several preliminary
FE CFST models, which had varied friction coefficient values ranging from 0.4 to 0.9, were
utilised. A finer mesh size was used for the distance between the two applied loads to
sufficiently represent the failure modes of the analysed CFST models.

Consequently, the material properties of the steel tube and concrete components of
the FE model were the same as those of the corresponding tested specimen. Generally, the
concrete material is considered to be a brittle material since it cracks under tension-related
stress and is crushed under compression stress [15]. Thus, the “Concrete Damage Plasticity”
approach was adopted for the current FE models in order to ensure the compressive and
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concrete elements

steel elements

tensile performance of the concrete infill component [15,57,59,60]. The elastic modulus
and Poisson’s ratio of the steel component were identified in the elastic-isotropic section,
while the plastic-isotropic option was used to identify the steel-yielding strength and the
relevant strain values. For both the steel and concrete materials of the developed FE CFST
models, the constitutive stress vs. strain relationships were estimated by adopting the same
expressions that were used earlier in [15,56].

loading point

symmetry
Y-X plane

Quarter Model

rolled support point

Figure 8. Typical finite element CFST model.

The validity of the current FE models was confirmed via the corresponding experi-
mental results; almost all of the filled specimens with varied concrete mixtures achieved
similar behaviours and close flexural strength capacities. Thus, the FB-RC30 specimen
(a steel tubular beam filled with a recycled concrete mixture of 30% EPS beads) was se-
lected to verify the relevant FE model. The numerical analysis showed that the moment
vs. mid-span deflection relationship of the FB-RC30 (FE) model sufficiently agreed with
that of the corresponding tested specimen (FB-RC30), as shown in Figure 9a. The flexural
strength capacity value of the numerical model of FB-RC30 was overestimated by about
3.1% (55.4 kN-m) as compared to that obtained from the corresponding tested specimen,
which was an acceptable degree of deviation. In addition, the outward buckling failure
occurring at the top-half cross-section of the tested FB-RC30 specimen, for the distance
between the two-point loads, was numerically simulated by the relevant FE model, as
shown in Figure 9b.

4.2. Parametric Studies

After confirming the validity of the developed CFST model, additional models were
built and analysed to investigate the influence of further parameters. In particular, the
effects of varied tube thickness (1.0 mm to 3.0 mm), concrete infill strength (14.6 MPa to
55.0 MPa), steel yield strength (275 MPa to 550 MPa), and steel tube depth (150 mm to
250 mm) were studied, and these were categorized into groups A, B, C and D, respectively.
Table 3 presents the model’s designation along with the physical properties adopted for
the 20 CFST models, including the M, K; and K; values derived from their FE analyses.
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Figure 9. Verification of the FB-RC30 FE model with the corresponding tested specimen: (a) flexural
behavior; (b) numerical failure mode.
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Table 3. FE model designations and analysis results.

As Is Ac Ic
Models DXxBxt fy feu E. 2 4 2 4 M, K; K
Designation (mm) (MPa) (MPa)  (GPa) (‘X“;‘SZ) (‘;‘i’gs) (‘;‘34) (‘;‘;‘37) (&kN-m)  (kN-m?) (kN-m?)
FBI-A 200 x 150 x 1.0 489.0 146 16.2 7.72 487 2.92 9.52 38.1 2093 1929
# FB2-A 200 x 150 x 1.5 489.0  14.6 162 115 7.23 2.88 9.28 55.4 2375 2125
FB3-A 200 x 150 x 2.0 489.0 146 16.2 15.3 9.54 2.85 9.05 724 2511 2345
FB4-A 200 x 150 x 2.5 489.0 146 162 19.0 118 2.81 8.82 88.8 3024 2815
FB5-A 200 x 150 x 3.0 489.0 146 16.2 27 14.0 277 8.60 105.0 3575 3285
# FB1-B 200 x 150 x 1.5 489.0 146 16.2 115 7.23 2.88 9.28 55.4 2375 2125
FB2-B 200 x 150 x 1.5 489.0 250 21.2 115 7.23 2.88 9.28 58.7 2491 2219
FB3-B 200 x 150 x 1.5 489.0 350 25.0 115 7.23 2.88 9.28 60.3 2699 2339
FB4-B 200 x 150 x 1.5 489.0 450 28.4 115 7.23 2.88 9.28 61.0 2819 2529
FB5-B 200 x 150 x 1.5 489.0 550 314 115 7.23 2.88 9.28 62.2 3033 2798
FB1-C 200 x 150 x 1.5 2750 146 16.2 115 7.23 2.88 9.28 36.0 2293 1978
FB2-C 200 x 150 x 1.5 3500  14.6 16.2 115 7.23 2.88 9.28 39.3 2274 1998
FB3-C 200 x 150 x 1.5 4200 146 16.2 115 7.23 2.88 9.28 483 2302 2011
# FB4-C 200 x 150 x 1.5 489.0 146 16.2 115 7.23 2.88 9.28 55.4 2375 2125
FB5-C 200 x 150 x 1.5 5500  14.6 16.2 115 7.23 2.88 9.28 59.9 2432 2173
FB1-D 150 x 150 x 1.5 489.0 146 16.2 10.0 3.74 215 3.85 37.0 1287 978
FB2-D 175 x 150 x 1.5 4890 146 162 10.8 5.32 252 6.17 46.1 1814 1436
# FB3-D 200 x 150 x 1.5 489.0 146 16.2 115 7.23 2.88 9.28 55.4 2375 2125
FB4-D 225 x 150 x 1.5 489.0 146 16.2 12.3 9.51 325 133 66.0 3286 2686
FB5-D 250 x 150 x 1.5 489.0  14.6 162 13.0 122 3.62 183 77.1 4407 3530

# Verified FE model with the corresponding tested FB-RC30 specimen.

4.2.1. Performance of Bending Behaviour

In Figure 10, the moment vs. mid-span deflection curves of the analysed FE models
are presented independently for each group. These curves showed elastic behaviour at
the initial loading stage up to a certain limit, followed by plastic behaviour until the
ultimate strength capacity of the CFST model was achieved. The models with varied tube
thicknesses and depths showed a major influence on their moment—deflection curves at
both the elastic and plastic loading stages, as shown in Figure 10a,d for the FE models in
groups A and D, respectively. This is a logical flexural behaviour since the cross-section
parameters (the steel area and moment of inertia) of the suggested CFST models were
increased as a result of enhancements in their tubes’ thicknesses and/or depths. However,
the use of varied tube yield strengths did not bring about a major impact on the models’
moment—deflection behaviours at the elastic stage, but a major effect was found at their
plastic stage only, as shown in Figure 10c for the models in group C. Moreover, very limited
improvement was recorded for the moment-deflection curves’ behaviour when only the
compressive strength of the infill material increased, as shown in Figure 10b.

4.2.2. Performance of Stiffness

The stiffness values of the analysed FE models are given in Table 3. The K; and K;
values improved significantly with the increases in the steel tube’s thickness and /or the
depth of the studied models (group A and D), while very limited improvements were
recorded when only the concrete compressive strength was increased (models in Group C).
For example, the FB2-A model achieved K; and K; values of 2375 kN-m?2 and 2125 kN-m?,
respectively. These values were improved by about 50-55% (3575 kN-m? and 3285 kN-m?)
when only the tube’s thickness increased from 1.5 mm to 3.0 mm (FB5-A). Moreover, the
stiffness K; and K; values of the FB1-B model were improved by about 18-19% (2819 kN-m?
and 2529 kN-m?) when only the f,, value increased by about three times (from 14.6 MPa to
45 MPa).
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Figure 10. Moment vs. mid-span deflection of CFST models with varied parameters: (a) group A; (b) group B; (c) group C;

(d) group D.

4.2 3. Performance of Bending Strength

The ultimate bending strength capacities (M,) of the analysed FE models are given
in Table 3. In addition, they are independently compared for each group in Figure 11.
Generally, compared to all of the studied parameters, increasing the tube’s thickness
(group A) led to major improvements in the suggested CFST models” M,, values; these
improvements were even more significant than the effects of tube’s depth (Group D).
Meanwhile, increasing the strength of the concrete infill led to limited improvements in
their M,, values. This can be considered a reasonable outcome since the tube’s thickness
directly increased the overall area of the steel cross-section, including the internal stiffeners
(the lips of the C-sections) at the top and bottom beam’s flanges. Similar outcomes have
been recorded in other studies for the conventional CFST beams that were investigated
here [10,14,61]. For example, the FB2-A control model with 1.5 mm thickness achieved
an M, value of 55.4 kN-m; this value was increased to about 30.6% (72.4 kN-m) and
60.3% (88.8 kN-m) when only the tube’s thickness was increased to 2.0 mm and 2.5 mm,
respectively. Meanwhile, the same M,, value (55.4 kN-m) for the FB1-B model, in which
concrete infill of 14.6 MPa strength was used, was increased by about 12.2% (62.2 kN-m)
when a three-times-higher compressive strength was used (55 MPa; model FB5-B).
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Figure 11. Effects of the M, values of CFST models with varied parameters: (a) group A; (b) group B; (¢) group C;

(d) group D.

5. Design Guidelines
5.1. Evaluation of the Obtained Flexural Stiffness

This section evaluates the currently known flexural stiffness values (K; and Ks) ob-
tained from existing experimental and numerical approaches. The theoretical expressions
that are presented in the AIJ-1997 [62], EC4-2004 [63], and ANSI/AISC 360-10 [64] standards
are used:

K= Esls + ClEch (1)

where E; and I; are the modulus of elasticity and moment of inertia, respectively, for the
steel part. E. and I, are the modulus of elasticity and moment of inertia, respectively, for
the concrete part. The C1 is a reduction factor for the concrete stiffness part, which is taken
to be 0.6 in EC4-2004, and 0.2 in AIJ-1997. However, in the ANSI/AISC 360-10 standard,
the C1 value is estimated to be 0.6 + 2A/(As + Ac), but should not exceed 0.9. The E,
value in Equation (1) is 9500 (f + 8)'/3, 4700 (f.)® and 21,000 (f./19.6)* for the EC4-2004,
AISC-2010 and AIJ-1997 standards, respectively. Furthermore, the theoretical methods
developed by Han et al. [51] and Al Zand et al. [56] for the independent prediction of the
values of flexural stiffness at the initial and serviceability levels (K; and Ks) were adopted.

The predicted values of flexural stiffness (Kyyegicteq), and the experimentally and nu-
merically obtained values (Kyptgineq), are compared in Figure 12. Generally, the obtained
flexural stiffness values at the initial loading stage (K;) are slightly overestimated by the
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theoretical prediction, which is acceptable since it is within +20% [50,52]. However, the
AlJ-1997 standard achieves the lowest predicted stiffness values (K-AlJ) as compared to
the other standards and methods, since this standard uses the lowest concrete stiffness
redaction factor (C1 = 0.2). Additionally, the EC4-2004 and ANSI/AISC 360-10 standards
showed a more conservative prediction for the stiffness values (K-EC4 and K-AISC) at
the serviceability level (see Figure 12b), given that they use a single-expression formula
(Equation (1)) to estimate the flexural stiffness value of the CFST members, unlike the
expression methods of Han-2006 and Al Zand-2020, in which the flexural stiffness values
of CFST beams are estimated at two different loading stages (two independent levels: K;
and K).
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Figure 12. Verification of the obtained flexural stiffness: (a) Ki; (b) K.

5.2. Evaluation of the Obtained Flexural Strength

The ultimate flexural strength (M,,) values obtained for the tested and analysed CFST
models were evaluated, using the existing theoretical methods given by EC4-2004 [63],
Han-2004 [61], and Al Zand-2020 [56], to verify the findings of the current study. In Table 4,
the predicted M,, values of the currently investigated beams and models are compared,
using the above theoretical methods (M,-rcs, My-Han and M,,_z,,4), With those obtained
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from the current experimental and numerical investigations, including six models analysed
by others [19]. Generally, the existing methods showed a conservative prediction of the
M, values of the investigated CFST beams and models, with reasonable coefficient of
variation (COV) values, since these methods were mainly developed for conventional
CFST beams (section of beams without internal steel stiffeners). In Table 4, it can be seen
that M,_gc4 achieved a mean value (MV) of 0.643. However, M,,_y,,, and M,,_z,,4 achieved
higher MVs, which were 0.740 and 0.734, respectively, since these two methods took into
account the effects of the total area of the steel (As) of the CFST beam’s cross-section. The
above comparison confirmed that the lips of the C-sections used in the Slender CFST
beams investigated in this study behaved as internal steel stiffeners, which led to sufficient
improvements in their flexural strength capacities [19].

Table 4. Verification of the obtained M, values of the tested specimens and analysed FE models.

Model A Ast Mu Mu-EC4 Mu-EC4 Mu—Han Mu-Han Mu-PI Mu—PI Mn Mn
Designations ~ (W/H)  (Wye/t)  (kN.m)  (kN.m) M, (kN-m) M, (kN-m) M, kNm) /M,
FB-RCO 98.0 48.0 57.7 39.1 0.678 42.3 0.732 42.6 0.738 48.9 0.848
FB-RC30 98.0 48.0 53.7 37.3 0.694 39.3 0.731 37.2 0.692 46.7 0.870
FB-RC50 98.0 48.0 52.6 37.2 0.706 39.2 0.745 36.8 0.700 46.6 0.886
FB-RC70 98.0 48.0 51.5 37.1 0.720 39.1 0.759 36.5 0.709 46.5 0.903
FB1-A 148.0 73.0 38.1 25.8 0.678 27.2 0.713 27.1 0.711 30.1 0.789
FB2-A 98.0 48.0 55.4 37.2 0.671 39.2 0.707 37.1 0.670 46.7 0.842
FB3-A 73.0 355 72.4 48.2 0.665 51.7 0.714 48.6 0.671 61.4 0.848
FB4-A 58.0 28.0 88.8 58.8 0.663 64.8 0.730 61.7 0.695 75.1 0.846
FB5-A 48.0 23.0 105.0 69.3 0.660 78.5 0.747 68.0 0.647 88.6 0.844
FB1-B 98.0 48.0 55.4 37.2 0.671 39.2 0.707 37.1 0.670 46.7 0.842
FB2-B 98.0 48.0 58.7 38.9 0.663 419 0.713 421 0.717 48.6 0.829
FB3-B 98.0 48.0 60.3 40.0 0.663 44.5 0.738 45.5 0.755 49.9 0.827
FB4-B 98.0 48.0 61.0 40.8 0.669 46.9 0.769 49.3 0.809 50.7 0.832
FB5-B 98.0 48.0 62.2 414 0.666 49.1 0.789 53.7 0.863 51.4 0.826
FB1-C 98.0 48.0 36.0 22.0 0.611 23.7 0.660 239 0.665 27.8 0.772
FB2-C 98.0 48.0 39.3 27.4 0.697 29.1 0.741 28.9 0.735 34.7 0.883
FB3-C 98.0 48.0 48.3 324 0.671 34.2 0.708 33.2 0.688 41.1 0.851
FB4-C 98.0 48.0 55.4 37.2 0.671 39.2 0.707 37.1 0.670 46.7 0.842
FB5-C 98.0 48.0 59.9 415 0.693 43.8 0.731 40.4 0.674 51.1 0.853
FB1-D 98.0 48.0 37.0 245 0.662 254 0.688 234 0.632 31.0 0.839
FB2-D 98.0 48.0 46.1 30.6 0.663 32.0 0.694 29.9 0.649 38.5 0.836
FB3-D 98.0 48.0 55.4 37.2 0.671 39.2 0.707 37.1 0.670 46.7 0.842
FB4-D 98.0 48.0 66.0 444 0.672 47.1 0.713 45.0 0.682 55.4 0.839
FB5-D 98.0 48.0 77.1 52.1 0.676 55.7 0.722 53.6 0.695 64.8 0.840

# SB2-SI (St1.5) 131.3 65.2 60.1 35.0 0.584 454 0.755 53.1 0.885 43.2 0.719
# SB2-SI (St3.0) 131.3 64.7 64.2 35.3 0.550 51.3 0.799 56.8 0.884 48.1 0.749
# SB2-SI (St4.5) 131.3 64.2 69.7 35.6 0.510 57.2 0.820 60.9 0.873 53.6 0.768
# SB3-DI (St1.5) 131.3 43.1 65.5 35.3 0.539 50.9 0.777 56.5 0.863 50.3 0.769
# SB3-DI (St3.0) 131.3 424 76.5 35.8 0.468 63.0 0.823 65.4 0.854 62.4 0.816
# SB3-DI (St4.5) 131.3 41.8 88.0 36.4 0.413 74.6 0.848 753 0.856 76.6 0.870
MV - - - - 0.643 - 0.740 - 0.734 - 0.831
COvV - - - - 0.112 - 0.057 - 0.110 - 0.049

# FE CFST models stiffened with internal I-steel stiffeners analysed by Al Zand et al. [19].

5.3. Development of the New Analytical Method

Generally, the cross-sections of steel tubes are classified into Compact, Noncompact
and Slender sections based on their ability to buckle under compression stress. The tube’s
effective-width (W,g)-to-thickness () ratio, usually known as the slenderness ratio (A), is
used as a limit for this classification in the majority of related standardised codes. In the
current study, the slenderness limits that are specified in ANSI/AISC 360-10 [64] (Chapter I)
were adopted for the classification of the rectangular steel tube beams that were filled with
concrete (cross-sections of CFST members). Figure 13 presents the relationship between
the nominal flexural strength (Nominal moment; M) and the slenderness ratio (1) of
the cross-section of CFST beam’s tube. First, the tube’s cross-section was classified as a
“Compact section” if the A value was within the limits of the compactness ratio (A,), which
was equal to 2.26 (Es/ Fy)o'5 . Second, if the value of A was larger than that of A,, but within
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the limits of the noncompactness ratio (A;), which was equal to 3.0 (Es/ Fy)O'S, then the
tube’s cross-section was classified as a “Noncompact section”. Third, when A exceeded
the limit of A, but was within the limits of the maximum ratio (Ay;;;;), which was equal to
5.0 (Es/ Fy)0'5, then the cross-section of the CFST beam’s tube was classified as a “Slender
section”. This was the case because the ANSI/AISC 360-10 code does not permit the use of
Slender CFST beams if their A values exceed the maximum limit (A1)

A
Compact Noncompact  Glender

l\/IV.=l\/I:>
M=interpolation (Mr & My)
Mv:=My

M:=M_~

v

/\ 7 Ar A m
Tube slendernessratio (A1)

Figure 13. Moment vs. slenderness ratio relationship of the tube’s cross-section.

In this study, a novel analytical method for the prediction of the nominal moment

(M) was developed based on the fundamental theory of stress block diagrams of CFST
beams that are internally stiffened with steel stiffeners, as shown in Figure 14. For this
purpose, several assumptions were adopted, which are listed as follows:

i.

ii.

iii.

iv.

vi.

Vii.

Vviii.

iX.

This method was limited to rectangular CFST beams with internal stiffeners under
pure static bending.

The shear span-to-depth ratio was assumed to have no significant effects on the CFST
beam’s deflection behaviour [51,61].

Full interaction between the concrete infill and the steel tubes/stiffeners was as-
sumed [19,51,61].

In the classification of the stiffened steel tube of the CFST beam, the effective flat
width between the web and stiffener (w,) was used instead of the overall effective
tube width (W) for estimation of the stiffened slenderness ratio (Ast = weg/t). In
another words, (Ast = weg/t) was used instead of (A = W,g/t) for the classification.

A nominal concrete confinement, which varied considerably based on the slenderness
limit, was assumed to have been generated by the steel tube.

The tension-related stress of the concrete, which occurred due to cracking failure,
was ignored.

The variations in stress due to the stiffener’s depth and the flange’s thickness
were ignored.

Compact section (see Figure 14a): this section was assumed to have rigid-plastic
behaviour and the steel stress was assumed to remain within the yielding limit (F,)
at both the tension and compression zones. The concrete compression stress was
assumed to be within the limits of the ultimate strength (f;;) and distributed as a
rectangular stress block to the N.A. position.

Noncompact section (see Figure 14b): this section was assumed to have elastic-plastic
behaviour at the tension zone and elastic behaviour at the compression zone, and the
steel stress was assumed to be within the limits of Fy, [12,64]. The concrete compression
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stress was assumed to be within the limits of 0.9f;, and distributed as a triangular
stress block to the N.A. position.
x.  Slender section (see Figure 14c): this section was assumed to have pure elastic be-
haviour, and the steel stress was assumed to be within the limits of Fy at the maximum
tension face and within the limits of the buckling stress (F,,) at the maximum compres-
sion face [12,64]. For this section, a lower concrete compression stress was assumed,
which was taken to be within the limits of 0.8f,.

Xi.

Finally, when the forces over the stiffened CFST beam’s cross-section attained equi-

librium (see Figure 14), the summarized forms of the new analytical formula for

predicting the M, for each section classification could be expressed as follows:
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Figure 14. Stress block diagrams of stiffened CFST beam with internal stiffeners: (a) compact section; (b) non-compact
section; (c) slender section.

Accordingly, the embedded steel stiffeners that were provided to stiffen the sec-
tions of the CFST beams/columns significantly reduced the flat distance of their tube’s
flanges /walls, which led to a delay in the tube’s buckling failure, as discussed earlier in this
paper and previously confirmed in the literature [19,22,47]. On that basis, the classification
of the tube sections of the CFST beams could be changed from Slender to Noncompact
and/or to Compact due to the influence of these stiffeners, as evidenced in the comparisons
between the stiffened slenderness ratios (Ast) and the A values in Table 4. Furthermore,
when compared to the M, values obtained from the current study and the additional
models analysed in [19], the new analytical method achieved the best prediction values
(M), with MV and COV values of 0.831 and 0.049, respectively, as compared to the existing
theoretical methods shown in Table 4.

6. Conclusions

The conclusions of the investigated CFST beams are summarized as follows:
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> The experimental investigation confirmed that the bending capacity of the suggested
prefabricated Slender CFST beams made from two pieces of C-sections was enhanced
by about 3.7 times even when filled with 70% replacement recycled concrete material.

> Under the static bending load, the prefabricated tubular steel beams (double C-
sections) filled with recycled concrete (0, 30%, 50%, and 70%) behaved very similarly
to the conventional CFST beams. Additionally, the lips of these C-sections were
adequately bonded to the concrete and acted as internal stiffeners for the Slender
CFST beam’s cross-section, which delayed the outward buckling failures at their
top flanges. For example, the use of recycled aggregate to replace raw aggregate at
a proportion of up to 70% resulted in slightly lower flexural stiffness and strength
capacity values (—7.2% to —10.7%) compared to those obtained using normal concrete.

> Generally, it is worth highlighting that the suggested fabricated steel tube beams’
self-weight was increased substantially due to the effect of concrete infill materials.
In turn, the flexural strength capacities of these beams were remarkably enhanced,
by approximately 409% and 363%, when using normal concrete and 70% recycled
concrete mixtures, respectively. These findings are very important from a structural
engineering point of view as, regardless the increment of the beams’ self-weight, they
can be used to prospectively determine the scenarios in which this composite system
would be reliable for the targeted purpose of construction projects. Cost also played
a vital role in the construction design process, which was demonstrated when we
compared the cost of the concrete and steel sections in the local market.

> The flexural behaviour of tested CFST beam was accurately simulated using the
ABAQUS software. The results obtained from the non-linear analyses of FE CFST
models that were prepared for investigation of various parameters confirmed that
slightly increasing the thickness of the tubes in these models had a major influence
on their flexural strengths and stiffnesses as compared to the effects of other parame-
ters. In contrast, a limited degree of influence was achieved when the compressive
strengths of the concrete infill material and/or the yielding strengths of the steel tubes
were increased.

> Lastly, the newly developed analytical method achieved the best prediction of the
flexural strength capacities of the internally stiffened CFST beams that were tested
and analysed in this study, since it was able to independently consider the influence
of internal steel stiffeners along with the effects of the properties of steel tubes and
concrete. However, this method was found to only be reliable for the internally
stiffened rectangular CFST beams.

It is worth highlighting the main research limitation of the current investigation,
namely that the uncertainties related to this model could be further examined as they are
very significant in terms of the parameters of structural behavior. In addition, further
experimental /numerical investigations, other than the rectangular cross-sections under
static/dynamic loading scenarios, could be conducted on the stiffened CFST beams.
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Abbreviations

Area of concrete core cross-section (A.), area of steel tube cross-section (As), coefficient of
variation (COV), depth of rectangular steel tube (D), depth of steel stiffener (ds;), modulus of elas-
ticity for concrete (E;), modulus of elasticity for steel (Es), compressive strength of concrete cube
at 28 days (fcy), characteristic concrete strength of 0.67f. (f;), ultimate strength of steel (f,), yield
strength of steel (f,), steel tube buckling stress (F.), moment of inertia for concrete tube cross-section
(Ic), moment of inertia for steel tube cross-section (Is), initial flexural stiffness of composite section
(K;), serviceability level of the flexural stiffness of the composite section (K;), effective length of the
specimen (M), ultimate bending moment capacity (flexural strength capacity; M;), nominal bending
moment (M), plastic limit bending moment (M, = M), yield limit bending moment (My), mean
value (MV), steel tube/C-section thickness (t), steel stiffener thickness (t;;), width of rectangular
steel tube (W), effective width of rectangular steel tube (Wepp), effective width/distance between two
internal stiffeners and/or between the edge of the tube and the first internal stiffener (weﬁc), distance
of N.A. from the top flange of the tube for the Compact section (y.), distance of N.A. from the top
flange of the tube for the Noncompact section (y,,), distance of N.A. from the top flange of the tube
for the Slender section (ys), slenderness ratio of steel tube cross-section (A), slenderness ratio at the
compactness limit (A;,), slenderness ratio at the noncompactness limit (A;), maximum limit of the
slenderness ratio (Aj;,;t), stiffened slenderness ratio (Ast = weg/t).
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Abstract: The composite shear wall has various merits over the traditional reinforced concrete walls.
Thus, several experimental studies have been reported in the literature in order to study the seismic
behavior of composite shear walls. However, few numerical investigations were found in the previous
literature because of difficulties in the interaction behavior of steel and concrete. This study aimed to
present a numerical analysis of smart composite shear walls, which use an infilled steel plate and
concrete. The study was carried out using the ANSYS software. The mechanical mechanisms between
the web plate and concrete were investigated thoroughly. The results obtained from the finite element
(FE) analysis show excellent agreement with the experimental test results in terms of the hysteresis
curves, failure behavior, ultimate strength, initial stiffness, and ductility. The present numerical
investigations were focused on the effects of the gap, thickness of infill steel plate, thickness of the
concrete wall, and distance between shear studs on the composite steel plate shear wall (CSPSW)
behavior. The results indicate that increasing the gap between steel plate and concrete wall from
0 mm to 40 mm improved the stiffness by 18% as compared to the reference model, which led to delay
failures of this model. Expanding the infill steel plate thickness to 12 mm enhanced the stiffness and
energy absorption with a ratio of 95% and 58%, respectively. This resulted in a gradual drop in the
strength capacity of this model. Meanwhile, increasing concrete wall thickness to 150 mm enhanced
the ductility and energy absorption with a ratio of 52% and 32%, respectively, which led to restricting
the model and reduced lateral offset. Changing the distance between shear studs from 20% to 25%
enhanced the ductility and energy absorption by about 66% and 32%, respectively.

Keywords: composite steel plate shear wall; hysteresis curves; ductility; energy absorption;
finite element model

1. Introduction

The components of composite steel plate shear walls (CSPSWs) consist of web plates,
infill steel plates, concrete, and shear studs. The composite steel plate shear wall proves to
be excellent over reinforced concrete walls in terms of ultimate strength, stiffness, ductility,
and energy dissipation [1].
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Previous studies have demonstrated a high interest in using composite steel plate
shear walls in buildings and construction [2—4]. The appropriate provisions for compos-
ite shear walls, such as various seismic behaviors of composite shear walls, are ASCE
7-10 and AISC 341-10 [5,6], which are prepared by allowing the use of CSPSW systems
in earthquake zones. Scholars have conducted numerous experimental tests to examine
the behavior of composite shear walls in the absence of boundary walls. Nie et al. [7],
Mydin [8], Wright [9], and Wang [10] described that composite shear walls not only
have high ultimate strength but also have excellent ductile behavior. The local buck-
ling of the web and fracture failure of corners of the wall are the observed failure modes.
Zhang et al. [11] and Zhang et al. [12] showed that more channels reduce the ultimate
strength and stiffness of the wall but observed improvement in the ductile and energy
dissipation behavior. Lastly, to calculate the ultimate strength, initial stiffness has been
proposed. However, all the essential variables are not included in the proposed equation,
which leads to moderate results. Therefore, this creates a strong demand to perform an
exhaustive numerical analysis of composite shear walls [13,14].

Several studies have suggested the equation-based FE analysis for composite shear
walls. Nguyen et al. [15], Epackachi et al. [16], and Rafiei et al. [17] developed finite element
models and checked their accuracy. The parametric analysis of the connector in the wall
shows that an increase in the number of connectors could improve the bearing capacity
of the steel plate and that a change in the spacing of the connector could affect the failure
mode of the steel plate. Wei et al. [18] studied the axial compression performance of
composite shear walls. The effect of distance-to-thickness ratios on the failure mode was
studied, and a formula to calculate the axial compression of a composite shear wall has
been suggested. The higher axial compression ratio of the wall is beneficial to restrain
the internal concrete and enhance the compressive strength of the concrete. Thus, the
energy dissipation capacity of the composite shear wall is enhanced [19,20]. Increasing
the thickness of the steel plate can increase the stiffness and ultimate bearing capacity
of the wall, as the hysteretic curve of the wall is plumper [21-24]. Epackachi et al. [25]
simulated shear walls with different aspect ratios. When the aspect ratio was between
0.6 and 3.0, the coupling effect of the moment and shear force was obviously achieved.
The specifications [6,26—28] define the formula for the shear capacity of composite shear
walls. The formulas for the shear and flexural capacity were given, but the formula for
estimating the flexural-shear coupling was not supplied [29]. Kantaros et al. [30] reported
a comparison of the mechanical properties of different scaffold designs that, however,
featured the same porosity and similar dimensions. Compressive strength testing was
conducted in three 3D-printed scaffold designs. Moreover, a finite element study was
conducted, simulating the compressive strength testing. The results of the compression
testing experiment were found to be in good agreement with the computational analysis
results. Nedelcu and Cucu [31] studied the buckling modes identification by an FEA of
thin-walled members using only GBT cross-sectional deformation modes. The authors
presented the latest developments of an original method based on generalized beam theory
(GBT) capable of identifying the fundamental deformation modes of global, distortional, or
local nature in general buckling modes provided by the shell finite element analysis (FEA)
of isotropic thin-walled members.

In summary, the seismic performance of the CSPSW is typically affected by various
factors such as the thickness of the infill steel plate, thickness of the concrete wall, distance
between the shear studs, ratio of reinforcement, concrete strength, steel yield strength, and
layout of the shear stud [32]. Rahai, A. and Hatami, F. [33] investigated the performance
of the composite shear wall and established the base for the research on seismic behavior.
Although few analyses have suggested the formulas for calculation of lateral stiffness,
ductility, and energy dissipation, they were all based on the test results. The predictive
effect with other parameters is unknown. In addition, the previous studies mainly focused
on the behavior of traditional CSPSW.
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This study’s objective was to examine the behavior of the smart CSPSW under cyclic
load and to investigate the consequence of many parameters on this new type of CSPSW.

2. Smart Structure Technology

The research on how to maintain the safety of humans inside buildings is an important
issue of concern in modern times, as buildings with a low security level pose a threat to
human life. Smart structure technology is a modern building and structure control system
that notes its own condition, detects impending failure, monitors the damage, and adapts
to changing environments [34,35]. The smart technology of composite steel plate shear
wall is installed by adding a gap between the steel frame and concrete wall; this gap is
provided to improve the performance of CSPSW. The most important benefits of this gap
are improvement in stiffness, ductility, and energy absorption of all the systems [36].

A smart composite shear wall system consists of an infill steel plate, boundary frame
(beam and column), and concrete wall attached on one side of the infill steel plate or
both sides (in this research, the steel plate was attached on one side only). The reinforced
concrete wall is in mediating contact with the boundary steel frame because there is a gap
in between [37]. The difference between the traditional and smart CSPSW is in the change
in the behavior of the concrete wall under cyclic loading, whereas in the traditional CSPSW,
the concrete wall works in conjunction with a steel plate. However, in smart CSPSW, due
to the gap between the steel frame and concrete wall, RC will not work and resist lateral
load until the inter-story drift has reached a certain value. Figure 1 shows the structural
components of the newly developed shear walls [38—41].

Cast-in-place
R/C Wall
=N Shear Studs or
> Boundary Column REe
4] Connections of No Gep
N
|| Beam-Column
> Boundary Beam
N Traditional Composite Shear Wall
||~ Steel Plate Wall
I Wall Boundary Pre-cast
Connections R/C Wall
N Bolts
\\ Concrete Wall
Gap
Shear Connectors
gl

Innovative Composite Shear Wall
()

Infill concrete

Shear studs

(b)

Figure 1. Traditional and innovative composite steel plate shear wall: (a) all compounds of the
composite shear wall, (b) cross-section of composite shear wall.
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3. Experimental Program
3.1. Sample Design
The experimental work conducted on CSPSW was carried out by Rahai and Hatami [33]

to study the behavior of composite shear walls made of concrete and steel. The details of
the experimental work of CSPSW are shown in Figure 2.
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Figure 2. Experimental specimen dimensions.

The frame’s parameters had a length (center to center of column) of 2000 mm and
height (center to center of the beam) of 1000 mm. For this model, IPE2000 from ST37 was
used for the flexural frame strengthened with 12 mm plates connected to both flanges. Steel
of 3 mm thickness was used for the plates. The thickness of the concrete plate was 50 mm,
reinforced with 1% of concrete volume.

There was a 30 mm gap between the concrete cover and the boundary elements. In
order to connect the concrete cover to a steel plate, 7 mm diameter * 100 mm length bolts
were used. Moreover, to reinforce the concrete, a 6.5 mm reinforcing bar diameter was
used with a center-to-center distance of 65 mm [31]. Table 1 shows the characteristics and
strength of steel that was used in all models St37 with yield stress of 240 MPa and ultimate
stress of 370 MPa. The steel’s behavior was considered a bilinear elastic—plastic curve for
modeling. The compressive strength of concrete in the 28th day’s cylindrical core sample is
45 MPa, and its tensile strength is equivalent to 3 MPa.
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3.2. Loading Program and Test Setup

Horizontal loading was controlled by force [33]. In the force loading phase, the
horizontal forces were 600 kN, and loading was cyclically loaded with 1/60 Hz frequency.
The experimental load characteristics are shown in Table 2. The loading history is illustrated
in Figure 3.

Table 2. Cyclic loading time history.

Time (s) . .
Start End Max. Load (KN) Loading Shape Frequencies (Hz.)
0.0 71 0.0 Cyclic 0.0
72 180 300 Cyclic 1/60
181 360 500 Cyclic 1/60
361 540 600 Cyclic 1/60
Jack support Hydraulic jack
P
+3.40
3“storey
+3.00
“ g S

Hydraulic jack

2" storey

[N] Vertical load
[EHorizontal loads

1% storey

Reaction steel Reaction steel
frame frame

Figure 3. Cyclic loading arrangement.

4. Finite Element Model (FEM)
4.1. Model Overview
4.1.1. Part and Element of the FE Model

The numerical study was performed by finite element analysis using ANSYS. The
finite element model consists of five parts: the infilled steel plate, shear studs, outer steel
frame, reinforced concrete wall, and reinforcement. The outer steel frame consists of a web
and flange plate.

The four nodded shell 181 elements from the ANSYS element library were used to model
the outer steel frame, infilled plate, web, and flange plate. The element has six degrees of
freedom at each node. The change in stress in the thickness direction cannot be ignored in
shear stud and concrete walls because the sizes in the three directions have little difference.
Therefore, the element choice to represent the shear stud and reinforcement was a link 180.
The element used to represent the concrete wall was 3D solid65. In the test, the shear studs
were welded on the web plate. Thus, the shear studs were tied to the steel plate in the FE
model. In the test, the reinforcement and the steel studs were fixed in the concrete.

4.1.2. Contact of FE Mode

The friction contact model has been used between the steel plate and concrete. The
tangential friction coefficient is 0.6 [37], as shown in Figure 4a. Interface surface between
infill steel plate and concrete wall represented by targel70 and contact 174. Finally, the load
slip action is represented by comb 39, as shown in Figure 4. The assembled FE model is
shown in Figure 4e.
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A T e T

(a) (b)

Gap Between
~—— Steel Plate and
Concrete

Steel Frame

Infill Steel Plate

Concrete Wall

(e)

Figure 4. Contact between different elements: (a) interface surface; (b) load slip; (c) reinforcement;
(d) shear stud; (e) assembled FEM.

4.1.3. Boundary Conditions

The bottom frame is a fixed-end constraint, and the boundary condition of the top
beam is a sliding constraint. Therefore, six degrees of freedom are constrained at the bottom
steel frame (i.e., Ul = U2 = U3 = UR1 = UR2 = UR3 = 0), and four degrees of freedom are
constrained at the top steel frame (i.e., U3 = UR1 = UR2 = UR3 = 0).

4.1.4. Steel Constitutive Model

Steel plate is a major element in the composite shear wall. Preferably, this plate is
chosen of steel with a low yield point. For example, an St37 steel plate is preferred for
high-strength steel plates because an St37 steel plate, due to its low yield point, is preferred
to encourage the yielding of steel plates.

4.1.5. Concrete Constitutive Model

The reinforced concrete cover on one side or both sides of a steel plate carries some of
the story shears by improving the diagonal compression field and increasing strength and
stiffness. Of course, the major role of the reinforced concrete cover is to prevent out-of-plane
buckling of steel plate prior to reaching yielding. In some cases, shear studs not only are
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subjected to shear but also to a considerable tension due to local buckling of the steel plate.

For cast-in-place concrete, welded shear studs are usually utilized; for pre-cast concrete
walls, bolts can be used.

4.2. Validation of Finite Element Model

Before performing an actual parametric study, the validation of the FE model was
performed. The results of hysteretic curves obtained from FE analysis and test results
were compared, as shown in Figure 5. It is observed that predicted FE results are directly
matching with actual test results. Therefore, it is concluded that the FE model is able to
simulate the hysteretic curves of the composite steel plate shear wall in a significant way:.

—a—FEM —%— Expremental

Base shear (kN)

Displacement (mm)
Figure 5. Comparison of deformation load in the numerical and experimental model for CSPSW.

In the test loading process, the steel plate experienced severe buckling at different
positions with increasing horizontal displacement as shown in Figure 6. The FE model
could simulate the local buckling phenomenon, as shown in Figure 7.

Figure 6. Cont.
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(d) (e)

Figure 6. Local buckling, out-of-plane and crack formation for experimental specimen. (a) A View of
Test Specimen (b) steel plate buckling; (c) plastic hinge at the base of column; (d) concrete crack at
mid of the test; (e) concrete crack at end of the test.

Figure 7. Local buckling, out-of-plane deflection for numerical specimen.
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The results obtained during the last cyclic loading from the experimental test and the
ANSYS output are presented in Figures 6-8, which show the comparison of out-of-plane
deflection and crack formation in the composite shear wall in different experimental and
numerical specimens. The lateral displacement was found to be 6.47 mm and 7 mm in the
case of numerical and experimental tests, respectively.

Figure 8. Concrete crack formation for numerical specimen.

5. Parametric Analysis

For optimization of shear wall parameters in tall structures, the parametric study
was performed by changing the section size and design guidelines as suggested [33]. The
consequences of numerous variables have been vitally studied on the stiffness, ductility,
and energy dissipation of the composite shear wall. In order to study the hysteric behavior
of the model in parametric analysis, the cyclic load was applied to the wall. The boundary
conditions in the model were consistent with the test.

The variables consisted of the gap between the concrete wall and steel frame, the
thickness of the infill steel plate, the concrete wall, the distance between the shear studs,
the ratio of reinforcement, concrete strength, steel yield strength, and layout of a shear stud.
The selected standard model parameters are different, and many were chosen as follows:
the gap between the concrete wall and steel frame was 40 mm, concrete wall thickness was
50 mm, the steel ratio was 1%, and infill steel plate thickness was 3 mm. In addition, a
distance of 200 mm between the shear studs was selected, the axial compressive strength of
the concrete was 45 MPa, the yield strength of the infill steel plate was 240 MPa, and the
layout of the shear stud (H*V) was 3*8.

In the parametric analysis, the gap had a range of 0-30-40-50 mm, the thickness of
the infill steel plate had a range of 3-6-12 mm, the thickness of the concrete wall had a
range of 50-75-100-150 mm, and the distance between the shear studs had a range of
200-210-220-230-240-250 mm.

5.1. Influence Rules of the Parameters

The influence rules of key design parameters are studied by including material dis-
placement, stiffness, ductility, and energy dissipation. The structural behavior of the
composite steel plate shear wall, when subjected to cyclic load, is characterized by four
different stages when increasing the applied load; these stages are:
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The initial elastic stiffness phase;
The shear yielding stiffness phase;
The post-yielding stiffness phase;
The pre-failure stiffness phase.

Meanwhile, the smart CSPSW, at first loading, displays a linear elastic response where
the steel frame and infill steel plate, beams and columns, undergo inelastic deformations.

After that, the interaction between the infill steel plate and the reinforced concrete
panel in the compression field is extra efficient. While the lateral loading is further raised,
the infill steel plate responsible is immaterially and geometrically nonlinear. Moreover, the
lateral shear stiffness of the wall decreases substantially owing to the shear yield of the
infill steel plate.

During the third phase, with the excess of lateral unloading, the pure shear yield
transpires pending the full shear yield appearing in the infill steel plate, and the lateral
stiffness reduces gradually at this phase.

While the lateral load surpasses the shear yield capacity of the infill steel plate, the
material and geometric nonlinearity responsible for steel frame and boundary elements is
massive. At this phase, the frame supplies utmost lateral stiffness.

From the results, it can be seen that increasing the model thickness (infill steel plate
and concrete wall) worked to increase the structural strength capacity and the model’s
ability to absorb and dissipate energy, which led to a delay in the model failure; at the same
time, it prevents the rapid drop in the load-carrying capacity.

Similarly, increasing the distance and layout of the shear studs (certified number of
shear studs) increased the structural strength capacity and enhanced the ability of the
model to absorb energy and the model ductility.

What is more, if the properties of smart CSPSW were increased, the structural strength
capacity and model ability to absorb and dissipate energy would be enhanced.

5.1.1. The First-Group Models (Influence of Gap between Concrete Wall and Steel Frame)
1.  Lateral displacement

After loading the first-group models SW-GOmm, SW-G30mm, SW-40MM (R), and
SW-G50mm gradually, it can be noted that the model passed through four phases as

explained below. Furthermore, lateral displacement of group 1 at each phase can be seen
in Figure 9.

v —
B SW-GOmm ®SW-G30mm = SW-G40mm(R ) ® SW-G50mm| g § <
[N
m .
(") on
g 2
g/ ) ~
= ~
=]
o [N
=]
g ol\o S\r ~
Q ()] —
< < o -
& + @0 —
kS a
= —_
8
| J] | II
(phase A) (Phase B) (phase C) (phase D)

Figure 9. Lateral displacement of group 1.
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e Phase A:

In this phase, the applied load causes linear relation between the horizontal unload
and the resulting displacement. This relationship for the models SW-GOmm, SW-G30mm,
SW-40MM (R), and SW-G50mm continued until yield deflection was reached.

In this phase, the lateral displacement of models SW-G30mm, SW-40mm (R), and
SW-G50mm was larger by 12%, 17%, and 28%, respectively, as compared with the reference
model SW-GOmm. By increasing the lateral load, the first yield will occur in the steel plate
defined. The out-of-plane displacement of group 1 for 0 mm, 30 mm, 40 mm, and 40 mm
gaps is shown in Figure 10.

0 mm gap 30 mm gap 40 mm gap 50 mmgap
Figure 10. Out-of-plane displacement for the various gaps between the steel frame and concrete wall.

It is worth mentioning that, in this stage, all the models of traditional and smart
composite steel plates with a gap of 30, 40, and 50 mm, respectively, were symmetric in
their behavior until they reached the shear yield zone.

e Phase B:

This phase began at the shear yield zone, which represents the first point of the
transformation curve to a flat line that has a high incline, as a result of the high increase in
the specimen deflection.

When increasing the gap between the steel frame and concrete wall, the interaction
between the reinforced concrete panel and infill steel plate in the compression zone became
more active. Thus, the results caused a decrease in the lateral shear stiffness for this model.
The shear yield zone of the models SW-G30mm, SW-40mm (R), and SW-G50mm was found
to be larger by 11%, 15%, and 24% as compared to the reference model SW-GOmm.

e TPhaseC:

During this phase, when lateral load increases, the shear yield spreads until the full
shear yield occurs in the infill steel plate; the models with gaps gave good results under
increased lateral load.

For models with a gap of 30 and 40 mm, the lateral displacement was lower than that
of the model without a gap of SW-GOmm by 23% and 20%. However, this displacement for
models with a gap (50) mm was larger than that of reference model SW-GOmm by 4%.

e PhaseD:

This phase refers to the pre-failure of the models. In CSPSW, the infill steel plate of
CSPSW resists lateral load by pure shear yield, as a reinforced concrete panel prevents
inelastic buckling.

In this phase and in the same cycle loading (600 KN), the deflection of SW-G50mm is
larger by 14% compared with the reference model SW-GOmm. Meanwhile, for the other

62



Materials 2022, 15, 4496

models (SW-G30mm and SW-G40mm (R)) at the same cycle loading, the deflection was
lower by 2% and 16%, respectively.

In this phase, all the models show a nonlinear inelastic reaction of the steel frame,
and the lateral stiffness is supplied by steel boundary elements. It is worth mentioning
at this stage that the symmetry between the behavior of SW-G50mm and the behavior of
SPSW shows the large gap between the steel frame and concrete wall, which leads to the
formation of cracks in the concrete before contact between them. Furthermore, the system
loses the idea of a smart composite steel plate shear wall, which depends essentially on
concrete contribution delay to work with steel frame.

2. Stiffness

Stiffness is the ratio of load vs. deformation and can be used to describe either the
elastic or plastic (after yield) range. It can be seen from the load-deflection curve that the
stiffness refers to the slope of the curve at any point along the curve. Figure 11 presents
the initial elastic stiffness (K¢) and the proportion of the initial elastic stiffness of SPSW to
CSPSW (Kec /Kes) (Rahai and Hatami, 2009).

200
180 -
160 - 149 151.9
140 -
120 -+
100 -
80 A
60
40 A
20 ~

0

176.47

130.43

Stiffness (kN/mm)

DI

A

MM

AN\

SW-GOmm SW-G30mm  SW-G40mm(R)  SW-G50mm

Figure 11. Stiffness of group 1.

Figure 11 shows the stiffness for all group one models. From this result, it can be
noted that when increasing the gap to 30 and 40 mm for SW-G30mm and SW-40mm (R),
the stiffness was increased by 2% and 18%, respectively, in comparison with the reference
model SW-GOmm. Consequently, the model resistance deformations increased. How-
ever, in the model of gap 50 mm, its stiffness decreased significantly by 13% as com-
pared to the reference model SW-GOmm, where the specimen was resistant to lateral load.
SW-40mm (R) has terrific stiffness among all the models of the first group, and stiffness is
equal to 176.47 kN /mm.

3. Ductility

Ductility refers to the deformation that a material can undergo after it has yielded
or exceeded its elastic range. From the load-deflection curve, it is concluded that duc-
tility refers to the length of the curve after the yield point to failure. The ductility ra-
tio is calculated as the ratio of the maximum displacement to the yield displacement
(K = dmax/ dy). The yield point displacement (8y) is calculated through the notion of equal
plastic energy. Hence, the area bounded by the perfect elastic—plastic curve is equal to that
of the actual push-over curve [30] (Shafaei et al., 2016).

The results of Figure 12 show that the model SW-G50mm has minimal ductility up
to 1.71 as a result of the high value of the deflection at the ultimate load, and this caused
sudden buckling and rapid drop in the load-carrying capacity when the ultimate load
was achieved.
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Figure 12. Ductility ratio of group 1.

The great ductility of models with a small gap was because of the high estimation of
the lateral displacement at an ultimate load contrasted and the lateral displacement value at
the yield load and, in this manner, brought on a gradual failure in the model load capacity.

From the above results, it appears that there was a proportional relationship between the
ductility and the gap between the steel frame and concrete wall; therefore, increasing the gap
resulted in a decrease in the ductility due to the decreased moment of inertia when the gap
was increased. Consequently, this affects the ability of shear wall to resist the lateral load.

4. Energy Absorption

Energy absorption ability is a critical indicator of the model’s resilience to loading.
Models with high energy absorption ability are typically found to have high imperviousness
to impact and crash loading and hence are valuable for high-performance structures.

The absorbed energy by a shear wall in a half-cycle can be objectively accepted as the
zone under shear load displacement, from which the region of recoverable elastic is not
subtracted. It is assumed that the unloading and the elastic moduli are approximately the
same. For instance, when the max cycle load of the reference model is equal to 600 kN,
the displacement value will be about 4.01 mm, and its curve will take a parabola shape.
Therefore, energy absorption is equal to (1/3*displacement*load), where the former law
represents the area of the parabola shape [30] (Shafaei et al., 2016).

Figure 13 shows the energy absorption of each model through each phase. Through
phase B, it can be noticed that an increased gap between the steel frame and concrete wall
could increase the energy absorption by 2%, 34%, and 35% for SW-G30mm, SW-G40mm (R),
and SW-G50mm, respectively, as compared to reference model SW-GOmm.

Models with the gap (SW-G30mm, SW-G40mm (R), and SW-G50mm) had good energy
absorption, which was due to the high area under the curve of load deformation, and it
referred to the increase in the resistance of the model to the deformation.

In phase D, it can be seen that the energy absorption of the models SW-G30mm,
SW-G40mm (R), and SW-G50mm was larger by 10%, 6%, and 12% as compared to model
SW-GOmm.

From the results of the phases above and the calculation of stiffness, ductility, and
energy absorption, it is noticed that the gap between the steel frame and concrete wall should
be limited by a specific value of 4% of the width because this value gives a good result,
which results in a delay in the failures of the model, and this model is economical in the
amount of concrete. Therefore, the other groups of smart CSPSW can use SW-G40mm (R) as a
reference model.
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Figure 13. Energy absorption of group 1.
5.1.2. The Second-Group Models (Influence of Infill Steel Plate Thickness)
1. Lateral displacement

The second group, models SW-TS6mm and SW-TS12mm, was loading gradually; the
lateral displacement of group 2 at each phase can be seen in Figure 14. Moreover, it can be noted
that they passed through four phases depending on the applied load, as discussed below.

4.0

mSW-TS3mm(R) ®SW-TS6mm ®SW-TS12mm 14
3.5 A )

3.0

2.5

2.0

1.5

lateral displacement (mm)

1.0

0.5

0.0

(phase A) (Phase B) (phase C) (phase D)

Figure 14. Lateral displacement of group 2.

e Phase A:

The applied loads cause a linear relationship between the lateral load and the resulting
displacement. This relationship for models SW-TS6mm and SW-TS12mm continued until
yield displacement was achieved. In this stage, the lateral displacement value of the models
SW-TS6mm and SW-TS3mm (R) was lower by 67% and 89% as compared with the reference
model SW-TS3mm (R), as a result of an increase in the smart CSPSW thickness of infill
steel plate which caused a decrease in the yield displacement and increase in the yield
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load values which led to an increase in the elastic stage for the models SW-TS6mm and
SW-TS12mm as compared to the reference model SW-TS3mm (R).

e Phase B:

In this phase, increasing the thickness of the infill steel plate caused an increase in the
strain hardening capacity for these models and led to an increase in the stress redistribution
significantly until ultimate displacement was achieved. For SW-TS6mm and SW-TS12mm,
the lateral displacement was lower by about 43-59% as compared to the reference model
SW-TS3mm (R). At the same load, as a result of the increased thickness of the steel plate of
smart CSPSW, there was a decrease in the yield displacement and increase in yield load
values that led to an increase in the elastic stage for all the models, as compared to reference
model SW-TS3mm (R).

e TPhaseC:

During this phase, when increasing the lateral load, the shear yield propagated until
the full shear yield occurred in the infill steel plate, therefore increasing the thickness of the
infill steel plate from 3 to 6 and 12 mm. The lateral displacement was lower by 36% and 54%,
respectively, as compared to the reference model SW-TS3mm (R).

e TPhaseD:

The collapse of the reference model SW-TS3mm (R) began before the SW-TS6mm and
SW-TS12mm. When comparing the result in this phase at the same cycle loading, it can be
noticed that the lateral displacement of SW-TS6mm and SW-TS12mm is lower by 35% and 48%,
respectively, as compared with the reference model SW-TS3mm (R). At this stage for SW-TS12MM,
the frame provides the most lateral stiffness. Furthermore, by increasing the load, the frame
reaches its collapse mechanism, and lateral stiffness declines gradually to a near-zero value.

Generally, it can be pointed out that the thickness of steel has a substantial effect on
the lateral displacement, as shown in Figure 15.
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Figure 15. Out-of-plane displacement of group 2 for various steel thicknesses.

2.  Stiffness

Figure 16 demonstrates the stiffness values for the second-group models. From this
result, it can be noted that increasing the thickness of the infill steel plates from 3 to 6 and
12 mm led to an increase in their stiffness by about 55% and 95%, respectively, as compared
to the reference model SW-TS3mm (R). Thus, it can be concluded that the stiffness of the
models was directly compared to the infill steel plate thickness.
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Figure 16. Stiffness of group 2 (thickness of infill steel plate).

3. Ductility

Figure 17 shows the ductility ratio of all the models when increasing the thickness
of the infill steel plate. From Figure 17, it can be found that the models SW-TS6mm and
SW-TS12mm have larger ductility, up to 12% and 21%, respectively, as compared to the
reference model SW-TS3mm (R). It was because of the high estimation of the deflection at
an ultimate load and the deflection value at the yield load, and in this manner, it brought
on a continuous failure in the model failure limit.

22
1.99
1.75 I

SW-TS3mm(R ) SW-TS6mm SW-TS12mm

Ductility ratio

Figure 17. Ductility ratio of group 2.

Therefore, it seems that there is a proportional relationship between the ductility and
the infill steel plate thickness; consequently, increasing the thickness causes an increase in
the ductility.

4. Energy Absorption

Figure 18 shows the energy absorption of each model through each phase. For
SW-TS6mm and SW-TS12mm in phase C, when there was an increase in the thickness of
the infill steel plate, the energy absorption increased by 5% and 14% as compared to the
reference model SW-TS3mm (R). Meanwhile, through phase D, it is noticed that an increase in
the thickness of the infill steel plate resulted in an increase in the energy absorption by 53% and
57% for SW-TS6mm and SW-TS12mm as compared to the reference model SW-TS3mm (R).

67



Materials 2022, 15, 4496

2000

ESW-TS3mm(R) ®SW-TS6mm ®SW-TSI2mm

1665
1715

1800 -
1600
1400
1200
1000

800

Energy absorption (k J)

600

400

200

(phase A) (Phase B) (phase C) (phase D)

Figure 18. Energy absorption of group 2.

Models with a large thickness (SW-TS12mm) had great energy absorption, and it was
due to the high area under the curve of load deflection. It refers to the increased resistance
of the model to the deformation. From the results of the phases above and calculation
of stiffness, ductility, and energy absorption, it can be noticed that the thickness of infill
steel plate for (2000*1000) mm (length*width) specimen dimensions should be limited by a
specific value (min 3 mm) due to the trail thickness of 1 mm of the infill steel plate which
results in a quick failure in the model. The type of failure was expressed as an opening in
the steel plate. As a result, the best range for using the thickness of the infill steel plate was
between 3 and 12 mm. The best value in terms of cost economy was 6 mm.

5.1.3. The Third-Group Models (Influence of Concrete Wall Thickness)
1.  Lateral displacement
The third-group models SW-TC75mm, SW-TC100mm, and SW-TC150MM were load-

ing gradually. From the result, it is noted that they passed through four phases depending
on the applied load, and the lateral displacement of each phase is shown in Figure 19:
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®SW-TCS0mm(R)  ®SW-TC75mm « w
N N
® SW-TC100mm SW-TC150mm MR
()]
\Q N —
=% < N
= o)
(] —
5
2 < ¢ w0
= ~ ~ =
a S o -
g = S o
i S

(phase A) (Phase B) (phase C) (phase D)

Figure 19. Lateral displacement of group 3.
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The applied load causes a linear relationship between the lateral load and the resulting
lateral displacement. This relationship for the models SW-TC75mm, SW-TC100mm, and
SW-TC150mm continued until yield displacement was achieved. In this phase, the lateral
displacement value of the models SW-TC75mm, SW-TC100mm, and SW-TC150mm was
lower by 33%, 37%, and 58% as compared with the reference model SW-TC50mm (R).
Increasing the smart CSPSW thickness of the concrete wall caused a decrease in the yield
displacement and increase in yield load values and thus an increase in the elastic stage
for the specimens SW-TC75mm, SW-TC100mm, and SW-TC150mm as compared to the
reference model SW-TC50mm (R).

e Phase B:

After increasing the thickness of the concrete wall, a comparison of the result was
performed, and it was noticed that lateral displacement of the models SW-TC75mm,
SW-TC100mm, and SW-TC150mm at the same load was lower than the reference model
SW-TS3mm (R) by 26%, 30%, and 37%. This is because of increasing the thickness of the
concrete wall of this model, which increases the strain hardening capacity for the models,
and that led to an increase in the stress redistribution significantly until data achieved the
ultimate displacement.

e Phase C:

When increasing the lateral load, the shear yield propagates until the full shear yield
occurs in the infill steel plate. In this phase, after comparison of the result, when increasing
the thickness of concrete wall from 50 to 75, 100, and 150 mm, the lateral displacement was
lower by 5%, 6%, and 16%, respectively, as compared to the reference model SW-TC50mm (R).

e PhaseD:

The collapse of the reference model SW-TS3mm (R) began before the SW-TC75mm,
SW-TC100mm, and SW-TC150mm because of the increased thickness of the concrete
wall. Thus, the failure possibility of this model under lateral load was lower than under
other loads. Consequently, when comparing the result in this phase at the same cycle of
loading, it can be noticed that the lateral displacement of SW-TC75mm, SW-TC100mm, and
SW-TC150mm is lower by 3%, 4%, and 5%, respectively.

In general, it was observed that the thickness of concrete has an influence on the term
lateral displacement, as shown in Figure 20.
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