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This study aims to reveal the potential of Light-transmitting concrete (LTC) in transmitting natural light or
sunlight, and to investigate the relationship between fibre diameter, fibre spacing, solar incidence angle, surface
area, and light transmittance properties. The artificial neural network model as well as explicit equations from
the model were developed to predict the light transmittance of LTC. The surface area was altered by varying LTC
block arrangements from one to six. It was found that light incidence angle significantly affected the light

transmittance of LTC. The highest light transmittance of LTC was achieved near solar noon, but it decreased
drastically as soon as the solar incidence angle exceeded the acceptance angle. The effect of the LTC surface area
and solar incidence angle on light transmittance diminished with a smaller fibre diameter or larger fibre spacing.
The ANN model and explicit equations developed from the network provide good accuracy in predicting light

transmittance of LTC.

1. Introduction

Light-transmitting concrete (LTC) is an innovative concrete that has
emerged in recent decades. It allows light to pass through optical fibres
embedded in opaque concrete. LTC not only adds to its aesthetic value,
but is also capable of significantly reducing energy consumption [1,2]
by allowing natural light into buildings, thus improving indoor
daylighting. It has been proven that sunlight, which is a sustainable light
source instead of artificial lighting, provides a more pleasant ambience
and healthier workplace, directly improving work productivity [2]. LTC
can be made with different types of translucent materials, namely op-
tical fibre, waste glass aggregates, epoxy resin, plastic rods and many
others. Among all the translucent elements, optical fibres are the most
commonly used for LTC fabrication due to their excellent light trans-
mittance properties which they transmit light through total internal
reflection [3].

In general, previous researchers have found that the larger the fibre
diameter, the higher the light transmittance of LTC [4-6]. However,

* Corresponding author.
E-mail address: iznisyahrizal@utm.my (1.S. Ibrahim).

https://doi.org/10.1016/j.rineng.2023.101416

Mosalam and Casquero [7] found that for the same fibre volumetric
fraction, LTC with optical fibres of smaller diameter had higher light
transmittance. This is because LTC tends to include a higher amount of
optical fibre with smaller diameter and therefore, they are more densely
arranged than those with larger fibre diameters under the same volu-
metric fraction. This statement is also consistent with the study by
Shitote et al. [8]. On the other hand, fibre spacing was less commonly
considered by previous researchers as compared with fibre volumetric
fraction and fibre diameter [9]. In general, smaller fibre spacing leads to
higher light transmittance of LTC. Huang [10] concluded that fibre
spacing, fibre diameter, and fibre volumetric fraction are correlated and
that the changes of these factors leads to different light transmittance
properties of concrete. Altlomate et al. [5] found that smaller fibre
spacing or higher fibre volumetric fraction were not always beneficial
for the light transmittance of LTC, as in some cases, larger fibre diameter
and fibre spacing resulted in higher light transmittance. This could be
due to the combined effect of fibre diameter and fibre spacing on the
light transmittance of LTC, regardless of the fibre volumetric fraction.
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It is worth noting that most of the previous studies were experi-
mental works in which the light transmittance tests were carried out
indoors with artificial light as the light source. This only revealed the
light transmittance properties of LTC under artificial light, but the
properties may not be the same when tested under natural light, as the
light intensity of sunlight is much higher than artificial light. Addi-
tionally, the position of sunlight varies throughout the day. Therefore, in
order to investigate the light transmittance properties of LTC and its
potential to reduce light energy consumption, it is necessary to conduct
experimental work using natural light as the light source.

There are only a few studies that have conducted light transmittance
tests under natural light or sunlight. Mosalam and Casquero [7] used
perforated wood incorporating optical fibres and acrylic rods to repre-
sent the LTC panels, and tested under direct sunlight. They investigated
several factors that affect the light transmittance properties of LTC,
including the fibre volumetric fraction of the embedded fibres, fibre
grid, fibre spacing, panel thickness, and the presence of concentrated
parabolic compounds (CPCs). They concluded that LTC panels with
smaller fibre diameter, where the fibre volumetric fraction was kept
constant, had higher light transmittance, especially at noon. In contrast,
also at noon, the light transmittance of panels with larger fibre di-
ameters decreased because the fibres which were close to the corner of
the panels had the transmitted light striking the black inner wall of the
testing board, which was unable to be measured by the lux meter.

Tahwia etal. [11] performed light transmittance tests under sunlight
on LTC specimens from 7.00 a.m. to 7.00 p.m., with fibre diameters of
1.0 mm and 2.0 mm, and with different fibre volumetric fractions (1%,
2%, 3% and 4%). They concluded that the relationships from the data of
light transmittance of LTC throughout the day were similar to a Gaussian
bell-shaped curve, where the maximum light transmittance was ach-
ieved at 1.00 p.m. They also reported that the fibre volumetric fraction
affected the light transmittance of LTC more significantly than the fibre
diameter, which was probably due to the convergence of the fibre di-
ameters arranged in the fibre bundles. Similar tests on light trans-
mittance were carried out by the same authors [12], but with high
performance translucent concrete, which also gave similar results.

On the other hand, Su et al. [2] developed a simulation model using
ray-tracing method to determine the daylighting performance of LTC
considering the fibre volumetric fraction, fibre numerical aperture, light
incidence angle of the sun, and latitude of the test site. They found that
the light intensity decreased sharply when the incident angle of the
sunlight exceeded the acceptance angle of the optical fibres. The larger
numerical aperture of the fibres allowed for a longer daylight period
with a more stable illuminance level. However, a larger numerical
aperture of the fibres carried the risk of excessive daylight illumination,
which was undesirable. In another study by the same authors [13], the
optical and thermal impact of LTC were investigated considering the
same factors, but with a full-scale south-facing LTC wall. It was found
that both the optical and thermal transmittance of the LTC wall
depended on the climate, as it could achieve high transmittance in
winter, while low transmittance in summer. This reduced the daily heat
loss and increased the daily heat gain in winter, although the installation
of optical fibre worsened the thermal insulation of the wall.

Lian and Yin [14] conducted simulations to analyse the lighting
situation in a building with the implementation of LTC concrete blocks.
They found that the implementation of LTC increased the illuminance
level by 24% in both the ground floor bedroom and living room, 9% in
the dining room, and 80% in the kitchen.

Several studies [1,15-17] have also conducted simulations on LTC,
but mostly concentrating on the reduction of energy consumption and
energy conservation in terms of daylighting performance, and heating
and cooling loads required due to thermal conduction of LTC walls. To
the best of the author's knowledge, translucent materials used in
buildings, such as windows, take into account the window-to-floor ratio
to achieve the desired daylighting. Excessive daylight from a large
window-to-floor ratio is undesirable as it can cause glare and visual
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discomfort. However, too little daylight is insufficient for a healthy
working environment and productivity.

Similar to windows, the effect of LTC illuminance area on light
transmittance appears to be important in determining the effective
illuminance of a building. However, it is impossible for the LTC wall
panel to have avariation of parameters; for example, volumetric fraction
of fibres (different fibre-to-concrete area ratio), which is uneconomical
and impractical. Therefore, it is necessary to investigate the effect of
surface area (with fixed fibre parameters) by changing the number of
LTC blocks on the light transmittance properties. This will provide re-
searchers and Engineers insight into the extent to which the improve-
ment of light transmittance through the variation of the surface area is
possible in the design of LTC wall panels. Apart from the aforementioned
parameters, experiments conducted by Sawant et al. [18] are the only
ones that considered the effect of different surface areas of LTC on light
transmittance under sunlight, but the analysis on the effect of surface
area of LTC on light transmittance was limited.

Apart from the simulation models mentioned, it is also necessary to
develop a computational method or model to estimate the light trans-
mittance of LTC and to determine the relationships and significance of
the parameters on the light transmittance. One of the computational
methods that has emerged in recent decades is artificial neural networks
(ANN), which can model complex relationships between the parameters
and the output data without compromising accuracy [19,20]. This can
reduce tedious and time-consuming experimental works. The architec-
ture of ANNs consists of an input layer, hidden layer(s), neurons, transfer
function, learning algorithm, and output layer(s), of which the data can
be fed into the network, learnt, and trained by the neurons in the hidden
layer(s), after which, the desired output for estimation can be achieved
[21]. Mohandes et al. [22] stated that estimation is favourable in ANNs
because of their fast processing time, short development, reliable pre-
diction, and the ability to overcome the non-linearity between the inputs
and the outputs.

ANN application has gained attention in Civil Engineering in recent
decades due to the existence of a large number of complicated problems
which are hard to analyse through traditional complicated calculations
[23]. Moradi et al. [19] compared the predictions of concrete
compressive strength containing metakaolin using empirical approach
and ANN. They found that ANN showed excellent accuracy in predicting
the concrete compressive strength with an error range of within + 20%
as compared with the empirical equation, where 68% of the predictions
were within the +40% error range. Ramkumar et al. [24] analysed the
performance of steel fibre self-compacting concrete using ANN and
found that the developed models have the potential to replace the
existing conventional regression model with a predictive reliability of
0.9995.

Gupta et al. [25] used ANN to predict the mechanical properties of
rubberised concrete exposed to elevated temperatures, and determined
the contribution of the input parameters to output parameters using the
explicit equations generated from the study. They found out that the
variation of exposed temperatures had the highest impact on all the
output parameters, including compressive strength and Modulus of
Elasticity, compared to rubber fibre content, water-to-cement ratio, and
duration of exposure. Chithra et al. [26] conducted a comparative study
using regression analysis and ANN to predict the compressive strength of
high performance concrete (HPC) containing nano silica and copper
slag. They stated that in situations that demand higher accuracy and
involve high complexity, ANN provides better results with higher ac-
curacy in the prediction of compressive strength as compared to
regression models, which seemed inadequate with low coefficient of
determination. Congro et al. [27] compared five different ANN archi-
tectures which involved different numbers of neurons in predicting the
residual flexural strength of fibre reinforced concrete. They used the
hyperbolic tangent sigmoid transfer function (tansig) and Bayesian reg-
ularization algorithm in their network models. They found out that 36
neurons were the most suitable for the network to predict the residual



S.M. Chiew et al.

flexural strength with absolute error values for experimental data of less
than 1 N/mm2.

In summary, most of the previous studies used artificial light as the
light source in their experimental works. Artificial light cannot fully
represent the light spectrum of natural light. There is also a lack of
investigation between the parametric relationship of fibre diameter,
fibre spacing, LTC surface area, incidence angle of sunlight, and light
transmittance properties of LTC. Therefore, the fabrication of LTC in this
study using SCC is aimed to reveal its potential to transmit natural light
during daytime, and to investigate the relationship between fibre
diameter (0.75 mm, 1.0 mm, 1.5 mm, and 2.0 mm), fibre spacing (15
mm, 18.75 mm, and 25 mm), solar incidence angle, number of LTC
blocks (one to six blocks for varying surface areas), and light trans-
mittance properties under sunlight. Besides that, this study also aims to
develop an ANN model using backpropagation algorithm, considering
the parameters in the experiments, to predict the light transmittance of
LTC.

2. Materials and methods

2.1. Materials and concrete mix

Polymethylmethacrylate (PMMA) optical fibres were used in this study
to fabricate LTC due to their excellent light transmittance properties [3].
Besides that, PMMA optical fibres are low cost and have high chemical
resistance [9,28], and it is assumed that the heat produced during the
cement hydration does not have an adverse effect on its chemical
composition or light transmittance properties. Table 1 shows the phys-
ical properties of PMMA optical fibres.

Self-compacting concrete (SCC) was used to cast LTC in order to
minimise the hindrance of concrete flowing through the closely ar-
ranged optical fibres, and to reduce the possible occurrence of voids and
honey combs. Previous studies fabricated their LTC without coarse ag-
gregates so that a maximum number of optical fibres can be embedded
to achieve better light transmittance performance [5,29-31]. However,
besides its aesthetic purposes, LTC also has the potential to be used as a
structural material, for instance, as load-bearing walls, and as such, the
elimination of coarse aggregates is impossible. Therefore, in this study,
coarse aggregates were included in the concrete mix for the production
of LTC.

Table 2 shows the self-compacting concrete mix design in reference
to the study by Siddique [32]. Ordinary Portland cement (OPC) or CEM |
type was used with 65% of carbon oxide (CaO), 21% of silicon oxide
(Si02), and 6% of aluminium oxide (A1302). Class F fly ash with a dosage
of 30% by weight was used as part of its cement replacement. This was
based on the recommendation from previous studies [32-34] where
they concluded that 30% was the optimum dosage for fly ash in terms of
both fresh concrete properties and mechanical properties. Fly ash was
used in the SCC mix to enhance the concrete flowability [35], which is
required for the passing ability through the optical fibre during concrete
placement without any compaction. The composition of Class F fly ash is
shown in Table 3. Sand as fine aggregate was used in the concrete
mixture with a passing percentage of 54.4% through the 600 |im sieve,
while the maximum particle size of the crushed coarse aggregate was 10
mm. The superplasticiser used in this study was polycarboxylic
ether-based Type F admixture complied with ASTM C494 and BS-EN

Table 1

Properties of PMMA optical fibre.
Core Material Polymethylmethacrylate
Cladding Material Fluorinated polymer
Working Temperature - 50°C-700C
Attenuation Loss <250 db/km
Numerical aperture 051
Acceptance angle 30.660
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Table 2

Mix proportions of SCC for 1 m3in reference to the mix design by Siddique [32].
Cement (kg/m3 385
Fly Ash (kg/m3 165
Fine Aggregate (kg/m3 590
Coarse Aggregate (kg/m3 910
Water (kg/m3 253
Superplasticiser (L/100 kg Cementitious Material) 0.5

Table 3

Chemical composition of Class F fly ash.
Composition Content (%)
A.203 213
Sio2 59.5
SO3 0.6
Fe203 71
CaO 7.18
MgO 1.42
K20 153
Na20 1.42

934-2:2012 [36]. The superplasticiser is milkfish in colour, and pro-
vides high workability and excellent concrete quality during casting
[37].

2.2. LTC fabrication

The formwork was prepared using wooden boards with holes drilled
into them to allow the optical fibres to pass through. The minimum
spacing between the holes was kept at 15 mm, so that the 10 mm coarse
aggregates can pass through between the optical fibres without
obstructing the casting work. The holes were drilled with fibre ar-
rangements of 4 x 4 grids (25 mm fibre spacing), 5 x 5 grids (18.75 mm
fibre spacing), and 6 x 6 grids (15 mm fibre spacing) as shown in Fig. 1.
The optical fibres were manually inserted into the predrilled holes
before assembling the formwork.

A total of 36 LTC cube blocks with dimensions 100 mm wide x 100
mm high x 100 mm long were cast according to The European Guidelines
for Self-Compacting Concrete [38]. The design strength of the concrete
was 40 N/mm2 18 specimens were cast with constant fibre diameter of
2.0 mm but different fibre spacing, while another 18 specimens were
cast with constant fibre spacing of 15 mm but with different fibre di-
ameters. Upon the completion of the concrete mixing, the fresh concrete
property tests of the SCC, e.g., slump flow test, V-funnel test, and L-box
test, were carried out before placing them in the formwork to ensure that
the concrete mix achieved the desired flowability, filling ability, and
passing ability, respectively, according to the European Guidelines.
After the fresh properties’ tests, the concrete was allowed to flow freely
into the formwork without a compaction process. The cast specimens
were cured for 24 h at room temperature and 28 days in the curing tank
before testing. The plain SCC was tested at 28 days in accordance with
BS EN 12390-3:2009 [39] to determine the compressive strength with
the loading direction perpendicular to the direction of the optical fibre

arrangement.

2.3. Light transmittance test setup

A lux meter was used to measure the light intensity transmitted by
the LTC blocks under sunlight, because it directly measures the light
intensity in lux, which is the unit of illuminance in the International
System of Units (S1). The light transmittance field test was conducted
with the test setup facing south at the walkway of Structure and Material
Laboratory, Universiti Teknologi Malaysia. The light transmittance
testing board was designed as shown in Fig. 2. The openings made at the
top of the wooden board were to allow the placement of the LTC blocks,
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Fig. 1. Fibre arrangement of LTC specimen.

Fig. 2. Light transmittance test setup with different number of LTC specimen that altered the LTC surface area.

while at the same time allowing light to pass through so that it can be
measured by the lux meter. The lux meter was placed at the bottom-
centre of the wooden board. The inner surface of the wooden board
was painted black to minimise light reflection and to ensure that all
transmitted light detected by the lux meter came directly from the LTC
blocks. In order to measure the light transmittance of LTC with varying
surface areas, wooden boards with two types of openings were fabri-
cated to allow the measurement of light transmittance from one to six
blocks, as shown in Fig. 2. The arrangement of LTC blocks for varying

the surface area is shown in Fig. 3.

The light transmittance test was carried out from 9.00 a.m. to 4.00 p.
m. because the light intensity of LTC before 9.00 a.m. and after 4.00 p.m.
is insignificant due to low initial light intensity and the large solar
incidence angle. The chosen weather for the testing was either clear blue
sky (<30% of cloud cover) or intermediate sky (30%-70% of cloud
cover) [40] because the initial measured light intensity showed no sig-
nificant difference between these two types of day sky, as detected by
the lux meter. Five measurements were taken consecutively every hour
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Fig. 3. LTC block arrangement for light transmittance test under sunlight.

from 9.00 a.m. to 4.00 p.m. for each LTC blocks arrangement of one to
six. Averages of the measurements of every hour were then taken. The
test was discontinued when the sky became dark or if it started to rain.
The result data were only considered for further analysis if continuous
measurements were taken throughout the period time from 9.00 a.m. to
4.00 p.m. on the field test.

Solar incidence angle (0i) is referred to as the angle between the
normal to the plane surface of the specimen and the direction of the
sunlight. The term Oi can be computed using Eq. (1) as follows:

0i = 900 —O0a, at horizontal plane (1)

where Oais the solar altitude angle, of which the angle is between the
sun’sray and the surface of the horizontal plane. The solar altitude angle
was obtained using the Solar Elevation Angle Calculator [41]. To
investigate the light transmittance of the LTC, light transmittance in unit
lux and in percentage (p) using Eq. (2) was considered:

p="r x 100% (2)
Lo

where LT is the light transmittance through LTC in lux, and LO is the
initial light intensity in lux.

3. ANN model development

Artificial neural network (ANN) is a computational model which
simulates the biological neural network of human brain to process in-
formation and data through neurons. When data is fed into ANN, the
network learns and adjusts the weights and biases in the hidden layer(s)
until a desirable output is obtained. It is proven to have the tendency to
cope with non-linearity, determine the relationship between the input
and outputvariables, adapt changes through learning, and has high fault
tolerance [26]. MATLAB mathematical software (R2022b) was used to
develop the ANN model in this study. Fig. 4 shows the flowchart of the
methodology in developing the ANN model. After collecting the raw
data from the experiments, they were pre-processed to make the training
easier and more efficient. This pre-processing of data is to avoid any
iteration from being stuck at the local minima which may generate
undesirable results [21,42]. In this study, inputvariables including fibre
diameter, fibre spacing, number of LTC blocks, light incidence angle,
and initial light intensity were considered in the ANN model. Initial light
intensity was recorded during the experimental works as a passive
variable. Min-max transformation was used to pre-process the input data
(x) so that the input variables have a standard range of [0, 1], using the
maximum and minimum values (xmax and xmin, respectively) of each

Data Collection and Data Selection

Fig. 4. Flowchart of methodology in developing ANN model.
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variable, shown in Table 4 and Eq. (3), as follows:

Xn—(x  xnin) / (xmax  Xrmin) (3)

For the outputvariable, which is light transmittance, the data points
were first plotted in MATLAB to understand the data distribution. It was
found that the data points tend to skew to the left, which is undesirable,
as shown in Fig. 5(a). Hence, logarithmic transformation was used to
transform the output data to reduce the potential of unequal variance
residuals for data distribution of neuron activations between the
network layers [43]. The output data (y) was transformed to be more
normally distributed (shown in Fig. 5(b)) after applying the logarithmic
function using Eq. (4):

Yn—log (y + 1) (4)

When building the network architecture, the number of neurons,
choice of transfer function, and learning algorithm are decided. In this
study, the tansig transfer function was used in the hidden layer of the
ANN model because of its steeper output gradient ofrange [—1, 1] which
can detect small deviations in the input variables with a much stronger
non-linear response [44]. The tansig transfer function can be expressed
in Eq. (5) as follows:

tansig —- -- 1 (5)

2( X jwixd+wno)

where i is the index of the input neuron, w is the weight of the neuron, Xi
is the input of the neuron and wOis the bias to the neuron. For the output
layer, purelin transfer function was used to fit the net output of the
hidden layer to the target output.

For the learning algorithm, Bayesian regularization (BR) and
Levenberg-Marquardt (LM) algorithms were considered, because both
used Jacobian derivatives which perform faster than other algorithms
that used gradient derivatives. After the performance comparison of
both algorithms, the Bayesian regularization (BR) algorithm was used in
the development of the ANN model to generate the explicit equations.
Generally, the dataset is divided into a training dataset, validation
dataset, and testing dataset. But since the BR algorithm is used, the
validation dataset is not required as the algorithm has its own built-in
validation process [45]. Therefore, the training set consisted of 85% of
the dataset, whereas the testing set consisted of 15% of the dataset.
There is no standard rule in deciding the suitable number of neurons in
ANN. Most of the previous studies [19,25,45] used trial-and-error
methods to determine the number of neurons to be used in the
network. In this study, the network architecture consisted of one hidden
layer and seven neurons which were determined through trial and error,
with the smallest difference of the root mean square error (RMSE) be-
tween the training set and testing set.

4. Analysis of network and process of generating explicit
equations

For the network analysis, the overall performance of the ANN model
was presented as a correlation coefficient (R), which determined
whether the predicted output from the model was well fitted to the

Table 4
Maximum and minimum values of respective input variables.
Parameters Symbol Values
Minimum, xmin  Maximum, xnmax
Fibre Diameter 0 0.75 2
Fibre Spacing S 15 25
No. Of Block n 1 6
Light Incidence Angle 0.62 59.69

Initial Light Intensity LO 9230 117,500
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targeted output. The performance graphs with R values were presented
for the training dataset, testing dataset, and the overall performance of
the network for the BR algorithm. Besides the R value, mean square error
(MSE), root mean square error (RMSE), epoch of the network, error
histogram, and error range of the network were presented. In order to
further validate the performance of the network, a blind test with new
data which was never exposed to the network, was fed into the network.
The blind test consisted of the results randomly selected from the data
collected in the testing day where the tests were terminated due to poor
weather conditions.

After achieving the satisfied network model, the trained ANN was
saved and the weights and biases of the hidden layers were extracted
from the model to develop the explicit equations. The output of the ANN
model, Oscan be computed using Eq. (6) and Eq. (7) [25] as follows:

2
Os—bias. -- 1 xw (6)
+ 1+
where,
1
H —E wk x Ij + biask )
—

where g is the number of input variables; r is the number of hidden
neurons; s is the number of output parameters; biass and biask are the
biases for sth output neuron and kth hidden neuron (Hk); wh° is the set of
weights connecting the output layer and hidden neurons, and wj'k is the
set of weights connecting the inputvariables to the hidden neurons [25].
However, Osis not the final value for the output of ANN if using
explicit Eg. (6) and Eg. (7). It is necessary to consider the data pre-
processing and post-processing blocks which automatically run in the
network object when data is fed into the network. In the ANN tool of
MATLAB, the data feed into the network was pre-processed using the
mapminmax function which normalises the data to the range of [—1, 1]
by default. The mapminmax function is defined in Eq. (8) as follows:

(o] N
(xmax Xryin)

y —2Xx (8)

wherey is the normalised data before it is fed into the network, xn, x nmax
and xmin are the input matrix, maximum, and minimum values of the
input matrix after first normalisation, respectively. Hence xnmn and
xnmex of the input variables are 0 and 1, respectively, after first nor-
malisation using Eg. (3). After computing the output from explicit
equations using weights and biases, the output has to undergo a post-
processing function which is the inverse of the mapminmax function,
and lastly the inverse of logarithmic function, to obtain the light trans-
mittance in unit lux. Fig. 6 presents the summary of the process in
generating the explicit equations from the trained network.

5. Results and discussion

The SCC cast achieved the desired fresh properties with slump flow
between 600 mm and 710 mm, V- funnel time ranging between 2 sand 5
s, passing ratio above 0.9, in addition to no segregation being observed.
The fresh properties of SCC were said to achieve the requirements stated
in The European Guidelinesfor Self-Compacting Concrete [38]. The average
compressive strength at 28 days for the three 100 mm cubic SCC spec-
imens was 45.71 N/mm2, whereas the compressive strength of all the
LTC specimens were within the range of 41 N/mm2and 47 N/mm2 as
shown in Fig. 7, which was desirable and above the design strength.

The concrete compressive strength had increased with the inclusion
of the optical fibre and with the increment of fibre diameter from 0.75
mm to 1.0 mm. However, when the fibre diameter was further increased
from 1.0 mm to 1.5 mm and 2.0 mm, the compressive strength
decreased. This is due to a larger surface area of fibre being in contact
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(b)

Fig. 5. Distribution of output data points: (a) before logarithmic transformation, and (b) after logarithmic transformation.

with the concrete matrix, in which the hydrophobic and smooth nature
of the fibre surface results in the weak bond between the fibre-matrix
interface. Besides that, the effect of fibre spacing on the 28-days
compressive strength of concrete is found to be relatively insignificant
compared to the fibre diameter.

Fig. 8 shows the light transmittance of LTC (p) under natural light to
illustrate the proportion of light that passed through the LTC block(s).
Fig. 8(a) shows the light transmittance of LTC with a constant fibre
diameter of 2.0 mm, whereas Fig. 8(b) shows the light transmittance of
LTC with constant fibre spacing of 15 mm. The blocks were classified
with label ‘LTC’ followed by the fibre diameter as shown in Fig. 8. For
instance, “LTC2.0" indicates LTC block with a fibre diameter of 2.0 mm.
The variation ofeach group is presented using different symbols and line
types, whereas the variation of the surface area, which is determined by
the number of LTC block arrangements, is presented using different
colour tones.

In previous studies [7,11,18], the light transmittance of LTC under
natural light was usually illustrated with the hourly measured time on
the x-axis. Although the light transmittance changed with time, this was
not sufficient to explain the relationship between the light transmittance
of LTC and solar incidence angle. Therefore, in Fig. 8, instead of using
the hourly measured time, the solar incidence angle was plotted on the
x-axis, with the positive angle representing the solar incidence angle
before solar noon (the highest position of the sun during the day
occurred between 12.50 p.m. and 1.10 p.m. during the field test period),
while the negative angle representing the solar incidence angle after
solar noon.

The graphs shown in Fig. 8 are consistent with the graphs from the
findings of the previous studies [2,7,11,12,18] in which the data points
formed a Gaussian bell-shaped curve. However, it is difficult to compare
the results with the previous studies because the test conditions are
different, such as the test location (the sun position varies depending on
the longitude and latitude, as shown in Fig. 9), sky conditions, local
weather, and season (as Malaysia is located near the equator with
tropical weather which experiences hot and humid climates throughout
the year), and the parameters considered in the tests, such as the spec-
imen size, fibre volumetric fraction, the numerical aperture of the op-
tical fibre, and others. From Fig. 8(a), it was clear that for a constant
fibre diameter of 2.0 mm, the smaller the spacing, the better the light
transmittance properties of LTC. This is because the closer spacing of the
optical fibres allows more adjacent light rays to interfere and overlap,
resulting in higher light intensity. Additionally, smaller spacing allowed
more optical fibres to be incorporated into the LTC blocks, which

directly increased the fibre content.

Furthermore, it is noteworthy that the light transmittance increased
with the decreasing of solar incidence angle. When the solar incidence
angle was within the acceptance angle range (+30.66°, between 10.00 a.
m. and 3.00 p.m.), the light transmittance increased dramatically as
more light rays entered the optical fibres and underwent total internal
reflection. All LTCs achieved the highest light transmittance between
12.00 noon and 1.00 p.m., when the light incidence angle was close to
zero, regardless of the fibre diameter, fibre spacing, or number of LTC
blocks arrangement. This is because the sun was almost perpendicular to
the surface of the LTC blocks when the angle of light incidence was close
to zero, allowing a maximum number of light rays to pass through the
optical fibres by total internal reflection. However, after the solar noon,
the solar incidence angle increased and eventually exceeded the
acceptance angle of the optical fibre. More light rays were scattered and
refracted out of the optical fibre instead of experiencing total internal
reflection, thereby causing the light transmittance to decrease.

On the other hand, Fig. 8(b) shows that the light transmittance
increased with the increase of the fibre diameter when the fibre spacing
was kept constant at 15 mm. This is because a larger fibre diameter
contributed to a higher ratio of fibre surface area to the concrete surface
area, allowing more light rays to enter each optical fibre and undergo
total internal reflection. This resulted in higher light transmittance. It is
worth noting that the effect of the angle of solar incidence on the LTC
was still significant at a fibre diameter of 2.0 mm, but as the fibre
diameter reduced, the effect of solar incidence angle gradually dimin-
ished. This is particularly evident in the LTC blocks with a fibre diameter
of 0.75 mm, where the light transmittance did not show any drastic or
significant increase or decrease even though the solar incidence angle
was within the acceptance angle. This is because only a limited number
of light rays entered the smaller fibre diameter of the optical fibre as
compared with the larger ones. Most of the light rays falling on the LTC
specimens were either scattered, reflected from the concrete surface, or
refracted out of the optical fibre.

It is noted that the surface area of LTC determined by the number of
LTC blocks did not have significant effect on the light transmittance of
LTC, as compared with fibre diameter, fibre spacing, and light incidence
angle, as shown in Fig. 8. Nonetheless, the effect of the increment in the
number of LTC blocks only became slightly significant when the fibre
diameter increased to 2.0 mm, or the fibre spacing decreased to 15 mm
(6 x 6 fibre grid). This can be explained by the fact that the increase of
the LTC surface area by increasing the number of LTC blocks only
amplified the original light transmittance properties of LTC. In other
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Fig. 6. Process of generating explicit equations from the trained ANN model.

words, if the fibre diameter is large (or with smaller fibre spacing),
where the original light transmittance of one LTC blocks is higher, the
amplification is large, or vice versa.

In order to have a clearer picture of the light transmittance properties
when encountered with different solar incidence angles, the rate of
increment or decrement of light transmittance was compared between
LTC blocks with fibre diameters of 2.0 mm and 0.75 mm, and with the
largest and smallest fibre spacing (15 mm and 25 mm), as shown in
Fig. 10. The surface area for comparison was kept constant with a six
blocks arrangement. The rate of increment and decrement was
computed starting from 9.00 a.m. onwards. Therefore, it was assumed
that the rate of change of light transmittance at 9.00 a.m. was zero. The
last number of the legends in the figure represented the fibre spacing for
comparison purposes. It was found that the rate of increase was the
highest at 11.00 a.m. for LTC2.0 and LTCO0.75. This is because the solar
incidence angle between 10.00 a.m. and 11.00 a.m. was within the
acceptance angle range of the optical fibres, which drastically increased
the number of light rays entering the optical fibres and undergoing total
internal reflection.

It is noteworthy that LTCO0.75 had more drastic rate of increment as
compared to LTC2.0. This could be due to the fact that fewer light rays
entered the optical fibres for the 0.75 mm diameter than the 2.0 mm.
This is attributed to the smaller relative surface area of the optical fibres
with diameter of 0.75 mm to capture light rays when the solar incidence
angle was beyond the acceptance angle. Hence, once the solar incidence
angle was within the acceptance angle range, the difference in light
transmittance of LTC0.75 at 11.00 a.m. as compared with the earlier
hours was more significant than that of LTC2.0, even though the light
transmittance of LTCO0.75 was much lower.

Solar incidence angles were within the acceptance angle range be-
tween 11.00 a.m. and 2.00 p.m. It can be seen that the rate of increment
for all the specimens decreased, regardless of the fibre spacing and fibre
diameter. Among the compared specimens, LTC2.0 with a fibre spacing
of 15 mm showed a drastic decrease in the rate of increment of light
transmittance, and between 12.00 noon and 2.00 p.m., the rate of
increment or decrement was very small and can be considered insig-
nificant. This shows that further changes in the solar incidence angle
within the acceptance angle range did not have much effect on the light
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5x5

Fibre Grid

Fig. 7. Compressive strength of control specimen and LTC specimens on 28 days.

Fig. 8. Light transmittance under natural light with (a) constant fibre diameter
of 2.0 mm, and (b) constant 6 x 6 grids (fibre spacing of 15 mm)

*Notes: Number of block arrangement, LTC2.0: diameter (0) 2.0 mm; LTC1.5: 0
1.5 mm; LTC1.0: O 1.0 mm; LTC 0.75: 0 0.75 mm.

transmittance of the LTC blocks. This indicates that LTC2.0 with a fibre
spacing of 15 mm has the potential to maintain a slightly longer period
of stable high illuminance as compared to LTC2.0 of 18.75 mm and 25
mm fibre spacing and LTCO0.75 of 15 mm fibre spacing.

Fig. 9. Sun ray on earth [46].

After 1.00 p.m. of which the time had passed the solar noon, the rate
of decrement in light transmittance began to increase. This is because
the solar incidence angle started to increase again after the solar noon.
More and more light rays were reflected or refracted out of the core of
the optical fibre instead of experiencing total internal reflection,
resulting in a decrease in light transmittance. It is evident that there was
a dramatic increase in the rate of decrement in light transmittance angle
after 2.00 p.m. because the solar incidence angle had increased beyond
the acceptance angle. The rate of decrement in the afternoon was not as
high as the rate of increment of light transmittance in the morning. This
is probably due to the fact that the intensity of sunlight in the afternoon
decreased slower than the increment in the morning.

Based on the experimental results, LTC2.0 with fibre spacing of 15
mm performed the best in natural light transmittance, regardless of the
number of blocks arrangement. According to MS 2680: 2017, the
Malaysian Standard of on energy efficiency for residential building [40],
the recommended range for useful daylight illuminance is 100 lux-2000
lux. In the experiment, only LTC2.0 with fibre spacing of 15 mm was
able to transmit sunlight at more than 100 lux from 10.00 a.m. to 3.00 p.
m., which is sufficient for residential buildings as recommended in the
standard. Furthermore, it is undeniable that it is impractical to replace
all windows in a building with LTC [13], but implementing LTC can
definitely help to reduce light energy consumption without causing
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Fig. 10. Rate of increment or decrement of light transmittance throughout the day.

glare or visual discomfort.

6. Development of empirical approach to determine light
transmittance of LTC

6.1. Analysis of ANN network

Fig. 11 presents the best training performance of the ANN model
using BR algorithm, whereas Table 5 shows the comparison of the sta-
tistical indicators for training set and test set. The minimum MSE that
can be achieved before the training is terminated is 0.00618 after 132
iterations. Both MSE and RMSE shown in Table 5 indicate that the model
works relatively well with the points of dataset and the deviation be-
tween the predicted output and targeted output is relatively small. Be-
sides that, R-values for training, testing and all data are above 0.997,
which is close to 1.0, as shown in Fig. 12. This indicates that the trained
model is well fitted to the data points in both training and testing
datasets, and no overfitting was observed.

Fig. 13 presents the error histogram of the ANN model using BR al-
gorithm. The error of the neural network is distributed over 20 bins and

Best Training Performance is 0.0061668 at epoch 132

133 Epochs

Fig. 11. The performance of trained ANN model using BR algorithm.

Table 5

Comparison of statistical indicators of training set and testing set.
Dataset MSE (unscaled) RMSE (unscaled) R
Train Data 0.00616 (117.3127) 0.0785 (10.8311) 0.9982
Test Data 0.007921 (133.2131) 0.0890 (11.5418) 0.9969

ranges from —0.1968 to 0.2275. The zero-error line falls under the bin
with an error value of 0.0042, where 34 training data points fall within
this range. This indicates that the difference between the predicted and
targeted value of the training points of these data are close to zero.
Moreover, most of the errors of the overall dataset are less than £0.1
with no outliers found, which indicates a very good accuracy of the
trained ANN.

Fig. 14 further explains the distribution of the percentage of esti-
mations in various error ranges. All the datasets fall within an error of
+30%, where the maximum error of the network is 25.1% which con-
sists of only one data estimate. Furthermore, 51.7% of the data estimates
have less than +5% error, and 78% of the estimations are within the
+10% error range, which shows that the trained ANN has high accuracy
in estimating the light transmittance of LTC using BR algorithm. Error
ranges which fall within the + 20% mark indicate a high accuracy in
estimation, which is also in agreement with the findings by Moradi et al.
[19] and Congro et al. [27]. The comparison of the predicted light
transmittance and experimental light transmittance within the error
range of +20% is also illustrated in Fig. 15. It can be seen that most of
the data points are concentrated along the regression line and within the
range of +20%. This indicates the efficient capability of the trained ANN
model in estimating light transmittance of LTC.

6.2. ANN validation

Although R-value, MSE, and RMSE show a good prediction of the
trained network, it is necessary to further validate the performance and
accuracy of the trained network with new data which has never been
exposed to the network. Therefore, a blind test, which is common to be
applied in the artificial system [27], was conducted with 10 sets of new
data being fed into the trained network to verify the accuracy of the
network. The data selected were within the lower limit and upper limit
of each variable and parameter.

Table 6 shows the results of the blind test with the targeted output
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Fig. 12. The correlation between the predicted and targeted output for (a) train data, (b) test data, and (c) all data.

Error Histogram with 20 Bins

0 | [ ]
0 5 10 15 20 25 30
Error Range (%)

. . Fig. 14. of estimations in various error ranges.
Fig. 13. Error histogram of the ANN model.

. . i estimations are within the 25% error, with the maximum being 23.8%
and predicted output aswell as the error of estimation. The scaled values A . i o
) . A error. Meanwhile, 80% of the estimations are within the 20% error and
in brackets are the normalised values, which are yet to convert to the

actual light transmittance in lux, whereas the values without brackets
are the actual light transmittance. It is worth noting that all the

70% of them have errors within 15%. The error from the blind test shows
consistency with the error range in Figs. 14 and 15, which verifies that
the trained ANN model with BR algorithm shows good accuracy in
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Light Transmittance [Experimental]

Fig. 15. Comparison of predicted and experimental light transmittance of LTC
within the + 20% error.

predicting light transmittance of LTC.

6.3. Explicit equations from trained model

For the convenience of the user, explicit equations were generated
from the trained model to predict the light transmittance of LTC. Eq. (9)
to Eq. (15) are the net output from the hidden layers according to Eq.
(7). After obtaining the net output of H1 to H7, they were used in
computing the output, OT based on Eq. (6), where tansig and purelin
transfer functions were also used. Finally, the light transmittance (in
unit lux) was obtained through the denormalization of the mapminmax
function and logarithmic function using Eq. (17) and Eq. (18). However,
the input variables must be first normalised using the minimum and
maximum values of the respective parameters as stated in Table 4,
before using the explicit equations.

Hi = 1.4369 x 0 + 0.0613 x S- 0.1126 x n+ 1.3478 x Oi + 0.6046 x Lo

- 0.1428
9)

H2= 0.9097 x 0 - 0.7222 x S+ 0.0428 x n- 0.2144 x Oi - 1.007 x Lo
- 0.6185

(10)

H3—1.3744 x 0 - 0.2858 x S+ 0.2366 x n- 0.4101 x Oi - 0.3240 x Lo

+ 1.1475
(11)
Table 6
Validation analysis using blind test for the ANN model.
Blind test Input Data
0 S n Oi LO
1 2 15 3 12.67 78,000
2 15 15 1 14.99 125,000
3 2 25 4 29.84 67,600
4 0.75 15 2 15.52 112,400
5 2 18.75 6 15.76 83,000
6 2 18.75 4 8.95 100,300
7 15 15 5 0.62 115,100
8 15 15 2 44.96 83,100
9 2 25 6 11.49 89,600
10 0.75 15 1 4.41 117,400
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H4= 0.6141 x 0 + 0.0929 x S- 0.1297 x n+ 1.0176 x Oi + 1.1315 X Lo
- 0.1946
(12)
H5= 0.2401 x O + 0.0497 x S- 0.5555 x n+ 0.4694 x 0i + 0.0386 x Lo
- 1.0965
(13)
H6= 0.0171 x O - 0.1885 x S- 0.0148 x n+ 1.0686 x 0i - 0.2987 x Lo
0.2061
(14)

H7= 1.8860 x 0 + 0.0837 x S- 0.1092 x n+ 2.1415 x 0i + 0.6133 x Lo

+ 0.0727

(15)
3.025 1.1002 1.0@06414 0.6794

OT— - °.84°7 : — + p——— + e+
1+ e~2HL 1+ e~22 1+ e~H 1+ e~ 1+ e~2H

1.4178 1.4972
+ -
1+ e~2b6 1+ e~V
(16)
(O« + 1)(4.8667)

Oua — 5 + 1.5686 17)
Lt —e(- 1 (18)

where 0O is the fibre diameter, S is the fibre spacing, n is the number of
blocks, 0Oiis the light incidence angle, and Lo is the initial light intensity.

7. Conclusions

LTC has the potential to transmit natural light to enhance the illu-
minance in a building and reduce energy consumption for lighting.
Therefore, the relationship and effects of variables such as fibre diam-
eter, fibre spacing, surface area, and light incidence angle on the light
transmittance of LTC were investigated in this study. Besides that, the
obtained experimental results were used to develop an ANN model using
the Bayesian Regularization (BR) algorithm, and explicit equations were
generated from the trained model. Based on the results obtained from
the experimental works and the ANN model developed in this paper,
several conclusions can be drawn:

« Light transmittance of LTC increased with a larger fibre diameter and
smaller spacing. The light transmittance of LTC increased with a
decrease of the solar incidence angle, especially when the solar
incidence angle was within the acceptance angle range, namely be-

tween 11.00 a.m. and 2.00 p.m. However, the effect of solar

Targeted (Scaled) Predicted (Scaled) Error (%) (Scaled)

418.7 (6.0395) 319.2 (5.7690) 23,7582 (4.4791)
2765 (5.6258) 2456 (5.5078) 11.1708 (2.0975)
741 (4.3188) 69.9 (4.2615) 56461 (1.3272)
60.4 (4.1174) 50.4 (3.9397) 16.5505 (4.3159)
289 (5.6699) 269 (5.5984) 6.9219 (1.2606)
333.3 (5.8120) 327.5 (5.7946) 1.7314 (0.2996)
340.7 (5.8339) 362.3 (5.8952) 6.3368 (1.0502)
41 (3.7377) 35.4 (3.5957) 13.5608 (3.7992)
1825 (5.2122) 143.7 (4.9748) 21.2506 (4.5553)
51.6 (3.9627) 47.6 (3.8835) 7.7681 (2.0002)

0: fibre diameter, S: fibre spacing, n: number of blocks, 0;: light incidence angle, LO: initial light intensity

12
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incidence angle on light transmittance diminished with smaller fibre
diameter and larger fibre spacing.

The effect of the LTC surface area became significant only with a
larger fibre diameter.

Sixblocks arrangement of LTC2.0 with a fibre spacing of 15 mm have
the most stable illuminance (no sharp drop) between 12.00 noon and
2.00 p.m. among all the tested blocks.

The ANN model developed with the Bayesian Regularization (BR)
algorithm shows good accuracy in predicting light transmittance of
LTC with an MSE of 0.00618 and above 90% of the predicted output
being within +20% of error. This was further validated by a blind
test conducted with available experimental data which were never
exposed to the network.

Explicit equations generated from the trained network have a high
accuracy in estimating the light transmittance of LTC in a faster and
more economical manner.

There are some gaps which are still needed to be bridged in LTC
investigation to obtain a comprehensive understanding on LTC before
they are implemented in the industry. Some recommendations are
suggested in this study:

« Itis recommended to have further investigations on the effect of the
distance between the specimens and the lux meter, as well as the
thermal conductivity of LTC.

The presence and influence for different sky conditions should be
considered in investigating the light transmittance of LTC in the
future, to have an insight on the extent of reduction or increment of
the amount of light transmitted through LTC.

Since a larger light area of LTC develops a higher solid angle (espe-

cially for different surface areas of wall panels), it is recommended to
include the concern of solid angle in future investigation, especially
on the effect of surface area towards the light transmittance of LTC
wall panels.

Appendix

Results in Englneering 20 (2023) 101416

* Parameters such as weather conditions, testing location, and light
solid angle should be considered in developing an ANN model in
future studies, so that the model can be more comprehensive and can
be widely used to estimate or determine the performance of light
transmittance of LTC.
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Sample Calculation using explicit equations from ANN model using BR algorithm.
Input Data: 0 = 2mm; S= 15mm; n= 1; 9i= 59.45°;, L0O= 52,100 lux, Using Eqg. (3) to normalise input data, the normalised fibre diameter (0O n) is

computed:On= (2-0.75)/(2-0.75), = 1.
Similarly

Sn= 0; nn= 0; 9fn= 0.9959; L® = 0.3960

The normalised input data undergoes the normalisation again using mapminmax function (Eq. (8)) built in ANN, where xmin = 0 and xnmax = 1.

For example,

Om=2(1~0)- 1=1
1- 0

Similarly, Sm= - 1; nm= - 1; Oim= 0.9919; LONn= - 0.2081.
The normalised data is ready for the explicit expressions.

There are seven neurons in the ANN model developed. The net output of the hidden neurons (Hk) can be computed using Eq. (9) to Eq. (15):

Hi = 1.4369 x 0 m+ 0.0613 x Sm—0.1126 x nm+ 1.3478 x 9fm+ 0.6046 x LOM—0.1428

= 1.4369 x 1+ 0.0613 x (- 1) - 0.1126 x (- 1) + 1.3478 x 0.9919 + 0.6046 x (- 0.2081) -0.1428 = 2.5564

Similarly, H2 = 0.9674; H3 = 2.2318; H4= 1.2301; H5= 0.1070; H6= 1.1363; H7 = 3.9806.

Then, Hk undergoes tansig activation function using Eq. (15), given:

= 00,07 3.025 1.1002 1.0096 2.0414 0.6794
r= _ . _ 1+ e-2Hl+ 1+ e-22+ 1+ e-H + 1+ e-H
3.025 1.1002 1.0096 2.0414

1.4178
_1l+e-H_ 1+e-H + 1+ e-H

1.4972

0.6794 1.4178 1.4972

= —°.84°7 —1+ e- 22940 + 1+ e-20%/4) + 1+ e~222318 + 1+ e~21201) _ 1+ e~20100 _ 1+ e—21133 + 1+ g-239W\H = _ 0.1710

OT has to undergo postprocessing from the ANN network using Eq. (16), where xnmmn = 1.5686 and xnmax = 6.4365:



S.M. Chiew et al.

D-1.5686)

-0.1710 —2- —{O-D ___________ -

oD

(6.4353 - 1.5686)

(-0.1710 + 1)(4.8667)
~ +1.5686 — 3.5858

The final prediction of light transmittance (LT) is computed using Eq. (17)

Lt—e3588 1, — 35.0835 lux
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