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Abstract—In this paper, simulation tools for educational
purposes are developed to enhance understanding in under-
graduate students taking courses related to concrete struc-
tural behavior. As undergraduate students learn about
concrete structure, they commonly reach limits regarding
their understanding of failure behavior in materials. Design
codes should therefore be followed when students learn
about reinforced concrete (RC) design. Students are able to
follow a step-by-step design procedure for a RC beam using
simple calculations. However, they usually then face some
requirement, such as a design code, that requires students to
make an RC beam with several pieces of rebar instead of
one piece, because this provides a more desirable behavior
for the RC structure. Understanding why the code is re-
quired needs more than just reading. By conducting an
experiment, students can easily understand the reason for
the code. However, real experiments for concrete structures
are time-consuming and costly; therefore, provision of a
realistic simulation tool, the ‘Virtual Concrete Structure
Laboratory,” for engineering educational purposes allows
students to obtain virtual hands-on experience to learn
about concrete structure. The main purpose of this paper is
to show the effectiveness of this virtual lab in civil engineer-
ing education.

Index Terms—concrete structural behavior, hands-on experi-
ence, reinforced concrete structure, virtual laboratory

L INTRODUCTION

Experiments and laboratory work are considered im-
portant components of engineering education, and many
studies have investigated the development of virtual labs
for conducting experiments. Two approaches are usually
taken when conducting virtual labs: remote and simulation
labs. Remote labs allow the students to work on real
equipment and instrumentation in the laboratory from a
long distance, whereas simulation labs are used to explain
and reinforce complicated concepts or phenomena that are
not easily visualized. However, both lab types have some
limitations; for example, a remote lab should be open 24
hours every day, which can be expensive, whereas simula-
tion does not provides real results. Many attempts are now
being made to capitalize on recent advancements in com-
puter and web technology to overcome these issues, by
developing alternatives that can replace real laboratory
work with computers [1].

One of the main alternatives is the development of sim-
ulations that generate almost the same results as a real
experiment. Simulations that behave like real experiments
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would be significant teaching tools for engineering fields
where experiments play an important role, such as civil
engineering.

In the civil engineering field, concrete is one of the
most widely used materials. However, concrete is not an
easy material to understand in terms of its failure behav-
ior. Cracks in concrete, which are difficult to predict, can
cause behaviors such as sudden failure or even collapses
of structures. The difficulty in concrete crack prediction
arises because of the heterogeneity of concrete, which is
composed of cement, water, and aggregates. Therefore,
the behaviors of failure depend on the local characteris-
tics; and propagation of cracks is directly influenced by
locations, sizes, and characteristics of aggregates [2].

The tensile strength of concrete is about ten percent of
its compressive strength. And concrete has lower fracture
energy, showing quasi-brittle failure behavior. Hence,
cracks of different degrees and forms occur during labora-
tory tests [3]. Concrete, therefore, requires reinforcement
to overcome its weakness in tension side. Generally, rein-
forcement entails the use of steel reinforcing bars (rebar),
which are placed into the tension side of concrete struc-
tures to resist the opening of cracks. Concrete with this
type of reinforcement is called reinforced concrete (RC).

The RC design requirement is one of the main subjects
of study by civil engineering students. Designing an RC
structure is not difficult, so students can readily follow the
design procedure. However, understanding why some
requirements are needed is another story. Some of the
requirements are difficult to understand theoretically be-
cause they are based on large number of experimental
results. Therefore, students often need direct experience to
understand the design requirements. The phrase “A pic-
ture is worth a thousand words” is applicable in education
methodology.

Experiments are an efficient way to understand subjects
that are difficult to grasp using only textbooks. This is the
main reason why experimental work is essential in under-
graduate courses in engineering education [4]. However,
experiments demand a lot of time and money. For exam-
ple, running a three-point bending test with concrete re-
quires that many things be considered. Preparing and
curing a concrete beam takes at least a month. The test
equipment to be used on the cured concrete should be
handled by an expert, as a great deal of care is needed to
perform the experiment [5]. Therefore, providing a good
experimental environment for undergraduate students is
challenging.
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The difficulties of conducting a real experiment can be
overcome by using the ‘Virtual Concrete Structure Labor-
atory’ as a solution. The main purpose of this virtual lab is
to provide simulation tools that can substitute for real
experiments. Crack behavior of concrete was analyzed in
the present study using the simulation programs based on
the Rigid-Body-Spring-Network (RBSN) model. RBSN is
attractive for its simplicity, freedom in mesh layout and
generation, and provision of a discrete representation of
material disorder and failure. This system is used for anal-
ysis of fractures in heterogeneous materials such as con-
crete [6].

The objective of this paper is to develop a “Virtual
Concrete Structure Laboratory’ to enhance student under-
standing of RC behavior. The paper is presented in the
following order: introduction of the numerical model used
for analysis, explanation of the process of a virtual lab,
examples of simulations, and expectations of the virtual
lab’s effectiveness based on the responses of the students.

II. NUMERICAL MODEL [4]

A. Modeling Concrete with RBSN

This study adopted RBSN, one of the random lattice
models. In RBSN, concrete is considered as a group of
rigid cells called Voronoi cells. Between two Voronoi
cells is a spring set and these springs express the overall
behavior of concrete [6]. The general mesh generation
process is described in Fig. 1: (a) points are randomly
generated in given domain, (b) from the generated points,
Delaunay triangles are created, (c) after Delaunay triangu-
lation, the mesh can be transferred to the Voronoi diagram
[4]. The concrete structures are generated by this process.

B. Modeling Rebar with a Semi-discrete Method

Rebar is modeled with a semi-discrete method [7], [8],
which generates rebars independently in a mesh configu-
ration. The rebar crosses the facets of the Voronoi dia-
gram and contributes to the stiffness of the RBSN ele-
ments. This semi-discrete method adds no additional de-
grees of freedom to the system. Therefore, the simulation
can be run with greater efficiency. Fig. 2 shows a reinforc-
ing element within a two-cell assembly of a lattice model

[4].
III.  VIRTUAL CONCRETE STRUCTURE LABORATORY

Fig. 3 shows the testing process for the “Virtual Con-
crete Structure Laboratory.” A test is performed by step-
by-step application of mesh generation, analysis, and post
processing programs. For each step, inputs are needed and
a portion of the outputs is used as inputs for the next step.
First, the users select the geometry of specimens as inputs
for the mesh generation program. When the mesh is gen-
erated, a decision is made regarding the boundary condi-
tions and material properties to be used to run the analysis
program. After the analysis, the users can obtain the re-
sults (deformation, fracture, load-displacement curve,
visualized shape, etc.) using the post processing program.
This system can be accessed both by researchers and by
students. Students can access the website hosting the vir-
tual laboratory platform from anywhere and at any time.
The Graphic User Interface (GUI) environment and guide-
lines are provided on the website [4].
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(a) Generated point (b) Delaunay triangulation  (c¢) Voronoi diagram

Figure 1. Mesh generation process [7].
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Figure 3. The process of a virtual laboratory experiment [4].

IV. SIMULATION

Linear structural analysis, concrete failure analysis, and
RC analysis of rebar distribution effects are introduced ac-
cording to the general curriculum of civil engineering educa-
tion. In this study, the geometry and basic information from
the previous technical literature were adopted to analyze a
three-point bending test of a concrete beam and a four-point
bending test of an RC beam [9, 10].

A. Linear structural Analysis

Undergraduate students studying basic subjects, such as
the mechanics of materials, learn about the deflection of
beams as one of the main subjects taught in class [11].
Students have to use an analytical solution to find the
deflection at some point. With that solution, the students
can draw an approximate deflection curve. Beam deflec-
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tion can be visualized with a linear structural analysis
program, which could help students with the analysis of
the beam to see the deflection and obtain a load-
displacement curve. The students can then compare their
results, to check whether they are solving their problem
correctly.

A three-point bending test (Fig. 4(a)) was conducted for
verification. Fig. 4(c) shows the deformed shape of the
simulated beam. Fig. 5 and Fig. 6 are the deflection curve
and load-displacement curve, respectively, for the com-
parison between the linear structural analysis and the

analytical solution. Fig. 5 and Fig. 6 show the same results.

B. Concrete Failure Analysis

The RBSN model was adopted for concrete failure
analysis. The mesh of this model is generated according to
the Voronoi discretization of the material domain, based
on an irregular set of points, and the elemental stiffness in
RBSN model is scaled by the geometry of the rigid-body-
spring elements. This irregular lattice model exhibits an
artificial heterogeneity, which has strong implications
toward its ability to model fractures in concrete [12].

The fracture behavior of concrete is difficult for under-
graduate students to understand. Demonstrating realistic
phenomena with concrete failure analysis allows students
to appreciate the behavior of concrete structures.

The behavior of concrete was checked by simulating a
three-point bending test (Fig. 4(a)) for a concrete beam.
Fig. 7 shows the failure configurations of the two concrete
beams, having same geometry with different meshes. As
expected from the tensile strength, main cracks occur at
the central bottom part of the beam causing two beams to
fail in flexural manner. However, as depicted in enlarged
parts of Fig. 7, the detailed crack patterns in two beams
are different due to contrasting meshes. The result has
similarity with real experiments. Location and direction of
crack propagation are similar; however, surfaces of crack
in detail are distinct in every specimens with equivalent
sizes and properties due to its nonhomogeneous character-
istics of concrete. From the fact, numerical model can
provide more realistic experiences to students.

C. RC Analysis of the Rebar Distribution Effect

Concrete is a quasi-brittle material that undergoes sud-
den failure. This sudden failure is prevented using rebar to
reinforce the concrete. The placement of rebar inside the
tensile side of the concrete increases the ductility. When
students design an RC beam, the design code requires the
use of distributed rebars instead of one rebar of the same
cross-sectional area at the final stage. As the rebar is dis-
tributed, the number of cracks increases, but the size of
each crack decreases. In other words, the RC becomes
more ductile with the distribution of the rebars.

This behavior is demonstrated by simulating three RC
beam cases where the RC has the same cross sectional
area but different numbers of rebars (1, 3, or 6). Table 1
shows the material properties of the concrete and rebar
used in this RC analysis. Fig. 8 shows the RC structure
and boundary condition for a four-point bending test. The
total cross sectional area of the rebar (4s) is about 398
mm’. In case 1, the diameter of one rebar is 22.52 mm and
the number of rebars is one. In case 2, the diameter of one
rebar is 13.00 mm and the number of rebars is three. In
case 3, the diameter of one rebar is 9.19 mm and the num-
ber of rebars is six. Therefore, the total area of reinforce-
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ment is same in all cases, while number of the rebars used
is different. Fig. 9 shows the mesh configuration of RC
beam for three cases. Fig. 10 shows the simulation results.
The enlarged part of the figure shows the damaged zones
with cracks during a loading test. As the number of rebars
increases, the damaged zone spreads throughout the ten-
sile side of RC beam, implicating more material are in-
volved in resisting the load. Hence the resistance of the
beam increases. As identified in the results, even though
the cross sectional area of the rebars is same, behaviors
vary depending on the number of rebars. Therefore, the
simulation results can teach the students about rebar dis-
tribution effects, and why the design code stipulates these
requirements [4].

P
{

250

AR

1000 200 200

200 1000

(a) Test specimen configuration (unit - mm)

T
1

i

2

Vil

{
,.

(c) Deformed shape of simulated beam with linear analysis
program

Figure 4. Three-point bending test (unit: mm)
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Figure 5. Deflection curve: comparison between the linear structural
analysis and the analytical solution.
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70 TABLE L.
PROPERTIES OF MATERIALS [4]
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50 Material Property Magnitude
Tensile strength, f; 3.29 MPa
Z 40 Elasticity, E. 25.4 GPa
= 2 Concrete
'§ Fracture energy, G 81.1 N/m
— 20 Poisson’s ratio, v 0.19
Elasticity, E, 186.0 GPa
10 Rebar - RARE
Yield stress, f, 350.0 MPa
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Figure 6. Load-displacement curve: comparison between the linear
structural analysis and the analytical solution.

(@)
Figure 9. RC beam mesh configuration: (a) with a single rebar (case 1);
(b) with three rebars (case 2); (c) with six rebars (case 3) [4]
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Figure 7. Concrete failure behavior: Two similarly sized beams show
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Figure 10. Failure configurations of RC beam during the simulations: (a)
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‘ ‘ ‘ ‘ [ { ‘ ‘ V.  EXPECTATION OF EFFECTIVENESS
100@2 30 70@2 30 30 28@5 30 The beta version of the “Virtual Concrete Structure La-

boratory” was provided to the students to aid them in
understanding the behavior of RC with different rebar
distributions. In total, 28 (74%) of the 38 students used the

Figure 8. RC structure and boundary conditions for four-point-bending
test (unit: mm).
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program. Fig. 11 shows the opinions of the students re-
garding the helpfulness of the program. Of the 28 students
that used the program, 20 found it was helpful (72%), 6
students found it somewhat helpful (21%), and 2 students
found it not helpful (7%). Some responses from students
who responded positively are listed below.

* What I learned in class didn’t come to mind just by
reading textbooks. It was interesting to use this pro-
gram that shows the behavior of deformation. Just
visualizing the beam was helpful.

* It would be more helpful if more content is devel-
oped.

* | could check if my answer is correct by comparing
the results of hand calculations with the results from
the program.

* [t took considerable time to solve the problem by
hand calculations, but using this program meant that
the problem could be solved much faster.

In total, 93% of the students responded that the visuali-
zation part was helpful for enhancing their understanding.
The survey shows that conducting a virtual experiment is
as helpful as a real experiment for education purposes.
The “Virtual Concrete Structure Laboratory,” when com-
pleted, is expected to have a major role to play in improv-
ing the understanding of civil engineering by students.

VI. CONCLUSION

This study described the development of a virtual la-
boratory platform to help the understanding of civil engi-
neering course by students. Different types of concrete
beam tests were conducted and the results were as ex-
pected. The linear structural analysis program allowed the
students to understand linear elastic behavior by compar-
ing the results of an analytical solution with those from
numerical analysis. The concrete failure analysis program
allowed the students to comprehend the behavior of con-
crete-like brittle material that shows the reason of rein-
forcement requirement in concrete. The RC analysis pro-
gram explored the rebar distribution effect to show that if
the rebars are distributed, the cracks are also distributed in
a wide manner. Therefore, the students can understand the
behavior of concrete and the reasons for the design code
requirements for rebar distribution in an RC beam. There-
fore, “Virtual Concrete Structure Laboratory’ is needed
and will be helpful to students in understanding of con-
crete structure design requirements.

At present, only the beta version of ‘Virtual Concrete
Structure Laboratory’ is available because the program is
still being developed. In the near future, by the end of this
project, we expect to provide positive results for the as-
sessment of the ‘Virtual Concrete Structure Laboratory’
for engineering educational purposes.
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