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Featured Application: Reinforced transparent plastic bars applied to concrete can be used to attract
the architect’s interest as an interior and exterior materials for building design and construction.

Abstract: In this study, experiments were conducted to derive a mix design for improving the
flexural performance of light transparent concrete, which is attracting much attention and interest
as an interior and exterior material for buildings, so that it could be easily applied in the field as
a non-structural element by securing a lightweight, workability, and economic efficiency through
the improvement of the concrete mix design and the use of economical materials for promoting its
practical use. It was found that the mixing of polyvinyl alcohol (PVA) fiber was effective in improving
the consistency by preventing the aggregate from floating due to the mixing of lightweight aggregate
with a low specific gravity. The flexural performance test results showed that the load transfer factor
(LTF) from the concrete matrix to the fiber was highest in the test specimens without plastic bars,
followed by those with 5 and 10 mm plastic bars, respectively.

Keywords: polyvinyl alcohol fiber; plastic bar; lightweight concrete; fiber-reinforced concrete;
toughness; load transfer factor

1. Introduction

Concrete is a type of material that is the most closely connected to human life and has been widely
used in social infrastructure and the construction industry for the past 100 years. In recent years,
technology exchange with fields other than engineering has been made to satisfy the various human
requirements owing to societal development and changes. Especially in accordance with the desire
to create pleasant and beautiful indoor spaces, light transparent concrete has been developed. Light
transparent concrete is a material in which a large amount of optical fibers are arranged on concrete in
a straight line to give light transmittance through the concrete, and its use has expanded to include that
of a new type of interior and exterior material not only for building residents, but also for architects
seeking changes through the continuity of discontinuous space by allowing the passage of light in
addition to the separation of physical spaces, which is the original function of concrete [1,2].

Light transparent concrete was developed by Hungarian architect Aron Losconzi, and it was
selected as one of the “36 Best Inventions of the Year” by TIME Magazine. Later, Aron Losconzi
founded a company called “LiTraCon”, short for “Light-transmitting Concrete”. Since then, light
transparent concrete has been widely used in the United States and Europe as it gives spaces a new
type of functionality and improves the user satisfaction despite its high price. As light transparent
concrete, however, has limitations as an architectural member using optical fibers in that its production
requires labor-intensive work as the tens of thousands of thin fibers should be arranged in a straight
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line by human hands, and the work related to the fabrication and transport of the test specimens is
ineffective due to the heavy weight of concrete (2.3 ton/m3), it is produced and sold using the pre-cast
method [3]. To overcome the restrictions on the field applications of light transparent concrete due
to its practical limitations in terms of economic efficiency (material and labor costs) and workability
(mass production), researches are continuously being conducted to overcome the existing limitations
of light transparent concrete, and thus to increase its utilization rate in the field [4].

The critical areas for improvement can largely be divided into the construction method and
the material. For the construction method, a relatively low-cost plastic bar was used instead of an
expensive optical fiber to greatly reduce the material cost, and a method of inserting a transparent bar
of a certain size from the outside was applied to reduce the labor cost and to enable mass production [4].
In the case of the material, an artificial ultra-lightweight aggregate with a 0.6 specific gravity was used,
and high-temperature and high-pressure curing within an autoclave was applied in the production
with quicklime and sand with high silica contents as the main materials to ensure excellent adhesion
to the concrete matrix due to its surface with an open-cell structure [5–7]. To reduce the weight using
foams, a method of providing lightweight and heat insulation to concrete by making a foamed slurry
mixed with cement, sand, and admixture materials, and forming small and fine foams (0.1–1 mm)
inside the concrete matrix, was used [8]. Lastly, a basic experiment was conducted to overcome the
limitations due to the heavy weight and labor-intensive work through the application of organic fibers,
which demonstrated excellent ductility without lowering the consistency of concrete, to prevent a
reduction in the flexural performance and ductility when a transparent bar made of plastic is placed [4].

In this study, experiments were conducted to improve the mechanical properties due to the
lightweight of light transparent concrete by gradually optimizing several methods applied to overcome
the existing problems. To improve the workability and to realize the field applications through the
lightweight, two types of foaming agent and lightweight aggregates were used to optimize the unit
weight reduction, and high-quality organic fibers were mixed to solve the problem caused by the
reduced flexural performance due to the insertion of a transparent plastic bar for the purpose of
improving the flexural performance of lightweight transparent concrete. In addition, mix conditions
under which mass production can be achieved in the commercialization process in the construction
industry with the use of low-cost materials and manufacturing methods as a whole through the
derivation of the optimum flowability in which concrete can be safely placed in the specimen with the
minimum compaction were proposed.

2. Materials and Experiment Program

Transparent plastic bars were used to transmit light to the concrete: the round bars were produced
by Je-il Corporation (Seoul, Korea). The main properties and detailed images of such plastic bars are
shown in Figure 1. The diameters of the plastic bars used in this study are 5 mm and 10 mm. PVA
(polyvinyl alcohol) fiber was applied to prevent the degradation of the flexural performance due to the
insertion of transparent bars, the delayed cracking, and the increased ductility [9–12]. A fiber 6 mm
long was used to prevent interference between the plastic bars inserted at 10 mm intervals when the
concrete was placed in the light-transmitting mold. The diameter of this fiber was 26 µm, and the
specific gravity was 1.3 ± 0.1 (kg/m3). The elongation was about 8%, and the tensile strength and
elastic modulus were 1200 MPa and 24.5 GPa, respectively. The detailed images of the fiber are shown
in Figure 2. In response to the lightweight of light transparent concrete, cast-in-place foams were
mixed with concrete. Foaming agents can be classified into a synthetic foaming agent, resin soap-based
foaming agent, and hydrolyzed protein-based foaming agent depending on the specifications [13,14].
In this study, a synthetic foaming agent and protein-based foaming agent, which are mainly applied in
the field, were used to analyze the stable state and the unit weight of foams according to the type of
foaming agent. The foams were applied through the pre-foaming method, which has advantages in
that it can control the density of the cured body by adjusting the amount of foams, ensure excellent
workability, and produce spherical foams [2]. The pH (25 ◦C) of each foaming agent was 7 ± 0.5,
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and the specific gravity was 1 ± 0.5 (kg/m3) at room temperature (20 ◦C). Fly ash was also used in
this study to confirm its ability for enhancing flowability and reducing unnecessary internal air voids.
Its specific gravity and specific surface area were 2.22 g/cm3 and 3430 cm2/g, respectively.

The physical properties of the used lightweight aggregates are summarized in Table 1.

Table 1. Physical Properties of the aggregate.

Category Lightweight Aggregate

Symbol ALA
(Autoclaved Lightweight Concrete Aggregate)

Specification Crushed foam concrete
Specific gravity (kg/m3) 0.60

Maximum diameter (mm) 8

Photo
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2.1. Experiment Methodology

An experiment was conducted in four steps to derive the optimum flowability for securing
workability in the process of acquiring a lightweight for light transparent concrete (Table 2, Figure 3).
In the first step, two foaming agents with different specifications were used to determine the proper
amounts and types of foaming agents suitable for this study. In addition, the amount of foam and the
appropriate water-cement ratio were derived and applied to the next research step. In the second step,
a lightweight aggregate for strength improvement was gradually added to the foamed concrete to
which the selected foaming agent and the water-cement ratio mixing amount were applied, and the
flowability was identified by mixing fly ash to reduce the internal voids and improve the flowability.
In the third step, three kinds of test specimens were fabricated using the derived mix design, and their
physical properties were tested. In the final step, the characteristics of the flexural behavior in the
load transfer section were analyzed using a load-displacement curve derived from the flexural load
test. As a result, the optimum mix proportion of light transparent concrete with improved flexural
performance that ensures excellent workability in the construction process and superior delay effects
on crack progression at failure was derived through the above four steps.

Table 2. Experimental design for each step.

Step Experimental Content

Step 1 Slump test according to the types of foaming agents, input amounts, and water-cement ratio changes

Step 2 Slump test according to the input amounts of lightweight aggregates and presence of fly ash

Step 3 Test of basic properties of specimens using the derived mix proportions (compressive strength,
flexural strength)

Step 4 Analysis of flexural behavior characteristics and analysis on the load transfer sections of light
transparent concrete reinforced with fibers
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Figure 3. Research flow chart.

2.2. Mixing Test to Derive the Optimum Mix Proportion

Foam and lightweight aggregates were used in place of aggregates to reduce the weight of light
transparent concrete, and thus to improve its workability in the production and movement of members.
Measurement of the unit weight and a slump flow test were carried out. In the slump flow test, the flow
of the specimen using lightweight aggregate was tested in accordance with KS F 2402 (Method of test
for slump of concrete) [15], and the flow of concrete with the foams was tested in accordance with
KS F 4039 (Cast-in-Place Foam Concrete) [16]. In the slump test of foamed concrete, the changes in the
consistency of the slurries according to the type of foaming agent were confirmed by using foaming
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agents with different specifications, and the foaming agent with excellent holding power and without
foam destruction in the slurry was selected. In addition, the test was conducted by specifying the
water-cement ratios and foam input ranges, which are factors of the changes in flowability, into 40, 45,
and 50% and 500, 600, and 700 L/m3, respectively, and the proportions of the mix corresponding to
Nos. 1–18 in Table 3 were planned as the mix design. In the workability test (Nos. 19–33), according to
the changes in the lightweight aggregate ratio and the fiber mixing amount, the two types of foam
amounts (350 and 525 L/m3) and the fibers were mixed at three mixing ratios (0.1, 0.2, and 0.3%) to
confirm the consistency and flowability of concrete. In the same mix proportion, 25% of the cement
volume was replaced with fly ash under the same conditions to investigate the flowability changes
(specimen Nos. 27–34) by mixing fly ash.

Table 3. Mix design. ALA: autoclaved lightweight concrete aggregate; SFA: synthetic foaming agent;
AFA: animality foaming agent.

No. Specimen W/C
(%)

Unit Weight (kg/m3) Foam (L/m3) Fiber
Volume

(%)

Super
Plasticizer
(kg/m3)Water Binder Cement Fly Ash ALA SFA AFA

1 SFA 50 (40%)
40

278 222 222

- -

500

- -

1.40
2 SFA 60 (40%) 222 178 178 600 1.12
3 SFA 70 (40%) 167 133 133 700 0.84

4 SFA 50 (45%)
45

294 206 206 500 1.30
5 SFA 60 (45%) 235 165 165 600 1.04
6 SFA 70 (45%) 176 124 124 700 0.78

7 SFA 50 (50%)
50

306 194 194 500 1.22
8 SFA 60 (50%) 244 156 156 600 0.98
9 SFA 70 (50%) 184 116 116 700 0.73

10 AFA 50 (40%)
40

278 222 222

- - -

500

-

1.40
11 AFA 60 (40%) 222 178 178 600 1.12
12 AFA 70 (40%) 167 133 133 700 0.84

13 AFA 50 (45%)
45

294 206 206 500 1.30
14 AFA 60 (45%) 235 165 165 600 1.04
15 AFA 70 (45%) 176 124 124 700 0.78

16 AFA 50 (50%)
50

306 194 194 500 1.22
17 AFA 60 (50%) 244 156 156 600 0.98
18 AFA 70 (50%) 184 116 116 700 0.73

19 LWA25

45

176 124 124 0

175 525 -

0

0.78

20 LWA25 (0.1%) 0.1
21 LWA25 (0.2%) 0.2
22 LWA25 (0.3%) 0.3

23 LWA50

350 350 -

0
24 LWA50 (0.1%) 0.1
25 LWA50 (0.2%) 0.2
26 LWA50 (0.3%) 0.3

27 FALWA25

170 130 98 33

175 525 -

0

0.76

28 FALWA25 (0.1%) 0.1
29 FALWA25 (0.2%) 0.2
30 FALWA25 (0.3%) 0.3

31 FALWA50

350 350 -

0
32 FALWA50 (0.1%) 0.1
33 FALWA50 (0.2%) 0.2
34 FALWA50 (0.3%) 0.3

3. Results

3.1. Workability by Type of Foaming Agent

3.1.1. Mixing Test to Derive the Optimum Mix Proportion

The results of the flowability evaluation according to the changes in the amounts of foaming
agent and lightweight aggregate, and the changes in the fiber contents, are shown in Figures 4 and 5,
respectively. The results of the workability test of foamed concrete using a synthetic foaming agent
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and an animal-protein-based foaming agent confirmed that the flow decreased as the input amount
of foam increased. This suggests that the increase in the fine foam particles led to the decrease of the
flowability in the concrete [17]. In addition, it was confirmed that this flow reduction was mitigated
by the increase of the water-cement ratio. The specimen using an animal-protein-based foaming
agent underwent foam destruction in the slurry (defoaming phenomenon) after mixing. In addition,
the phenomenon of flow reduction due to an increase in the input amount of foam was not clearly
identified. As a result of the flowability test, it was confirmed that the foam particles were relatively
well distributed and maintained in the foamed concrete using the synthetic foaming agent, and thus,
the synthetic foaming agent was found to be suitable for the purposes of workability improvement and
lightweight realization for light transparent concrete. In addition, an approximate 215–230 mm flow
was confirmed in the 45% water-cement ratio, which was determined to be the appropriate flowability
range considering that lightweight aggregate and fibers are to be mixed in the future. It was found
that the water-cement ratio suitable for this study was 45%, and the proper input ratio of foam was
determined to be 50–60% of the total volume [18–20].
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The results of the workability test according to the changes in the lightweight aggregate ratio and
the fiber content are shown in Figure 5. In the specimen without fly ash, the flowability decreased
due to the increase of the consistency with an increase in the fiber content. The specimen using the
350 kg/m3 lightweight aggregate showed flowability reduction, unlike in the specimen using the
175 kg/m3 lightweight aggregate. In the case of the specimen in which fly ash 25% of the cement
volume was added, the increase of the viscosity occurred at the more than 0.1% fiber content and it
was confirmed that the fiber content and the flow were inversely proportional to each other.

The results of the workability test using the foaming agent showed that the flow decreased as
the foam input amount increased, and the increase in the water-cement ratio led to increased flow.
In addition, it was found that the synthetic foaming agent rather than the animal-protein-based foaming
agent faithfully performed a ball-bearing role without being destroyed in the slurry. The specimen
with lightweight aggregate exhibited a superior consistency when fly ash 25% of the cement volume
was added, and the flowability of the specimen with 17.5% lightweight aggregate compared to the total
volume was found to be superior to that of the specimen with 52.5% lightweight aggregate compared
to the total volume. In addition, the flow of the specimen mixed with 0.2% fiber among the specimens
containing 17.5% lightweight aggregate was 180 mm, showing consistency suitable for placement,
and it was confirmed that the trouble caused by the aggregate that floats to the top surface was solved
by the addition of lightweight aggregate. The optimum mix proportion derived from the above results
was 45% for the water-cement ratio, C × 25% for the fly ash, 17.5% for the ALA (autoclaved lightweight
concrete aggregate), 52.5% for SFA (synthetic foaming agent), and 0.2% for the fiber content.

3.1.2. Mechanical Tests from Optimum Mix Proportion

Test specimens for compressive and flexural strength tests were fabricated using the mix
proportions derived from the preceding tests. The mix design for specimen fabrication is shown
in Table 4. A specimen with a 100 mm diameter and a 200 mm height was fabricated by referring
to KS F 2405 (Concrete Compressive Strength Test Method) to investigate the compressive strength
characteristics [21], and a 100 × 100 × 400 mm3 specimen was manufactured in accordance with KS
F 2566:2014 (Test Method for the Flexural Performance of Fiber-reinforced Concrete) to examine the
flexural behavior characteristics [22]. For the test, light transparent concrete in which 5 and 10 mm
plastic bars were inserted at 10 mm intervals was manufactured along with the general flexural test
specimen to investigate the flexural behavior characteristics of light transparent concrete into which
the bars are inserted. The reason that the diameters of the two types of plastic bar (5 and 10 mm)
and the intervals between the bars were set to 10 mm is that as the number or diameter of the bars
increases, as shown in Figure 6, the ratio of the bars to the total area of the specimens also increases,
which in turn affects the light transmittance. On the contrary, the flexural strength of light transparent
concrete is inversely proportional to the number of bars and their diameter. Thus, PVA fiber was added
to address this. The mixing ratio of the fibers was determined to be 0.2%, which showed excellent
consistency in the preceding test for deriving the optimum mix proportion.

Figure 7 shows the production process for light transparent concrete. Figure 8 shows examples
of the specimen images. The compressive strength test was conducted on the specimen subjected to
28-day curing, and the compressive strength was measured using a universal testing machine with a
1000 kN capacity. With respect to the flexural behavior characteristics, deflection-measuring devices
(LVDTs) were attached to both sides of the center of the span to measure the deflection at the center of
the specimen, and a data logger (UCAM) was used to measure and record the deflection (Figure 9).
For the loading rate, the rate of increase in tensile stress was set at 0.06 ± 0.04 MPa per second.
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Table 4. Proportions of mix for the test of basic properties.

Type Specimen W/C Ratio
(%)

Water
(kg/m3)

Binder
(kg/m3)

Cement
(kg/m3)

Fly Ash
(kg/m3)

Lightweight
Aggregate (kg/m3)

Foam
(L/m3)

Fiber
Contents (%)

Bar Space
(mm)

Bar Diameter
(mm)

Foam F1 45 294 206 206 - - 500 - 10 5, 10

Fly ash + Foam +
Lightweight Aggregate F2 45 170 131 98 33 175 525 - 10 5, 10

Fly ash + Foam + Lightweight
Aggregate + Fiber F3 45 170 131 98 33 175 525 2 10 5, 10
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The results of the compressive strength test that was performed are shown in Figure 10.
The compressive strength was considerably high in F1 (5.51 MPa), followed by F2 (2.39 MPa) and F3
(1.91 MPa). This suggests that the F1 specimen without aggregate addition exhibited a high strength as
the amount of cement in it was larger than those in the remaining specimens (F2 and F3). The unit
volume weight of the F1 specimen was about 944 kg/m3, and that of the F2 and F3 specimens was
about 549 kg/m3. It was also confirmed that the weight was reduced by about 66% in the F1 specimen
compared to the OPC specimens using ordinary aggregate and sand (2388 kg/m3), and that the F2 and
F3 specimens showed an approximate 80% weight reduction (Figure 11) [23]. The load-displacement
curves for analyzing the flexural behavior characteristics are shown in Figures 12–14 and Figure 15
shows a summary of the first peak load and the toughness results. The first peak load was found to
be the highest in the F1 specimen, which contained a large amount of cement, and the first peak load
decreased with the insertion of plastic bars while the residual load was almost zero. In the case of the
F2 specimen, a relatively smooth load transfer process was observed at the cracking point compared
to the F1 specimen, but the residual load was insufficient. The F3 specimen with PVA fiber, however,
exhibited an excellent residual load after concrete matrix failure due to its smoother load transfer
compared to the F1 and F2 specimens without fiber. In addition, it was confirmed that the toughness of
the specimens containing fibers was sharply increased, and that the overall toughness was decreased
through the insertion of transparent plastic bars. The difference in the total toughness according to the
diameter of the plastic bar was found to be small. Figure 16 shows the cross-sections of the specimens
after the flexural test.
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4. Analysis and Discussion

Analysis of the Flexural Behavior Characteristics

In this study, the purpose of adding fibers to concrete was to increase the flexural toughness due
to the fiber’s bridging role, pullout, and fracture behavior, and to delay the rapid failure caused by the
deterioration of the adhesion strength between the plastic bar and the concrete matrix. In addition,
the addition of fibers can ensure the structural safety by converting brittle fracture to ductile fracture
through the crack control process while transferring the load to the fiber after matrix failure in the
concrete [24–26]. As shown in Figure 17, as the load transfer becomes smooth in the load transfer
section of the fiber-reinforced concrete, the distribution of the overall load displacement graph increases,
and the toughness also increases as the position of the starting point connected to the nonlinear section
becomes high. In addition, as the mixing ratio of the fibers increases, the energy dissipation after the
first peak load is small, and the load increase up to the second peak load is large, thus improving
the ability to transfer energy to the fiber without dissipating it. This can also affect the overall
toughness [27–30]. Based on the results of the previous research, the load transfer factor obtained
by using the area of the load reduction section after the first peak load and the load increase section
up to the second peak load is represented by Equation (1). With respect to all the specimens (F1, F2,
and F3), the areas of the load reduction section after the first peak load were compared, and their
effect on the overall toughness was analyzed to evaluate the flexural performance of light transparent
concrete due to the addition of fibers. For the specimens containing fibers, the load transfer capacities
of the specimens with plastic bars with different diameters and that of the general specimens without
plastic bars were compared, and the effects of the fiber mixing ratio and the insertion of plastic bars on
the toughness and ductility of the specimens were analyzed by referring to the load transfer factor
Equation (1) of the previous research literature (Table 5).

L.T.F. =

√
S3

S2
(1)

L.T.F.: Load transfer factor (LTF); S3: Area of the third section (kN·mm); S2: Area of the second
section (kN·mm).
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Table 5. F3 Analysis of the load transfer capacities of specimens.

Bar
Diameter

(mm)
Specimen

Load
Dissipation

Area (kN * mm)

Load
Reduction

Area Average

Load Re-Raised
Area (kN * mm)

Section Where
Load Increases

Average

Load
Transfer

Factor

No bars
1 0.16

0.07
0.25

0.30
1.57

2 0.05 0.21 4.19
3 0 0.44 ∞

5 mm
1 0

0.01
0

0.09
∞

2 0.04 0.07 2
3 0 0.19 ∞

10 mm
1 0.46

0.18
0.26

0.13
0.56

2 0.06 0.05 0.78
3 0.02 0.07 4.03

Figure 18 shows the results of the comparison of the load dissipation and toughness. The analysis
of the area of the section where the load was dissipated after the occurrence of the initial concrete
matrix cracks in all the specimens revealed that the area of the load reduction section was dramatically
increased in the specimens without fibers, and that the total toughness decreased as the load reduction
was larger after the first peak load in the load displacement graph, showing inverse proportionality.
The comparison results of the load transfer factors of the F3 specimens containing fiber revealed that
the area of the load reduction section of the specimen with a 5 mm bar (S2) was the smallest, and that
of the specimen into which a 10 mm bar was inserted (S2) was the largest. The area of the section
with load increase (S3) was again the largest in the specimen without a plastic bar, and that (S3) of the
specimen into which a 5 mm plastic bar was inserted was the smallest. The results of the load transfer
factor (LTF) analysis showed that the load transfer capacity from the concrete matrix to the fiber was
highest in the test specimen without a plastic bar, followed by the specimens with 5 and 10 mm plastic
bars, respectively. The total toughness of the F3 specimen was increased with the addition of PVA
fibers, and the insertion of the bars resulted in the reduction of the concrete matrix area, thereby
reducing the concrete matrix-fiber transfer capacity.
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5. Conclusions

In this study, foam and lightweight aggregates were used to achieve improved constructability and
lightweight of light transparent concrete, and experiments were conducted to improve the workability
to the extent that concrete can be poured tightly into the mold. As a result of the experiments,
the optimum mix proportions that can reduce the unit weight of the materials and can ensure excellent
flowability without material separation were derived, and the conclusions shown below were obtained
based on the study results.

1. The mix conditions for the realization of lightweight and for workability improvement include
45% W/C, 52.5% synthetic foaming agent, 17.5% ALA lightweight aggregate, 25% fly ash,
and 0.2% PVA, and are expected to make it possible to manufacture light transparent concrete
with good flowability and without material separation.

2. The unit weight of the specimen fabricated with the above mix proportion was 564 kg/m3,
showing an approximate 80% weight reduction compared to that of ordinary concrete
(2383 kg/m3), which suggests that the work efficiency can be improved in the placement of
concrete specimens and field applications.

3. The mixing of PVA fibers was found to be effective in improving the consistency by preventing the
aggregate from floating due to the addition of lightweight aggregate with a low specific gravity.

4. The results of the load transfer factor (LTF) analysis showed that the load transfer capacity from
the concrete matrix to the fiber was highest in the specimen without plastic bars, followed by the
specimens with 5 and 10 mm plastic bars.

5. The total toughness of light transparent concrete was increased with the addition of PVA fibers,
and the insertion of bars resulted in a reduction of the concrete matrix area, thus reducing the
efficiency of the load transfer between the concrete matrix and the fiber.

6. The additional improvement of compressive and flexural strengths by adjusting mixing
proportions or material compositions in the further research is required to apply non-structural
parts of buildings, even though it showed the enhanced possibility of workability and
post-cracking behaviors.
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CA Coarse Aggregate
LVDT Linear Variable Differential Transformer
KS Korea Standard
PVA Polyvinyl Alcohol
LTF Load Transfer Factor
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