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ABSTRACT

Self-compacting concrete (SCC) is the most flowable concrete type that exerts high pressure on formwork. SCC is
the most commonly used concrete globally for construction applications due to its cost-effectiveness. However, to
make a formwork resist the exerted lateral pressure of SCC, it is required to have a suitable design for formwork.
This paper presents a novel approach on how could create and prepare the Fiber Bragg Grating (FBG) optics
using as a sensor to measure lateral pressure and temperature of SCC. To ensure the FBG sensor works properly
a validated methodology is conducted. In the first stage, FBG sensors are calibrated with temperature sensitivity
and then are calibrated with water pressure. The latter calibration is used to verify lateral pressure with SCC.
However, this is not the only sensor used to record the result, a genuine sensor such as a transducer sensor
has been positioned close to the FBG sensor to validate the results of the FBG sensor. The created FBG sensor
demonstrates highly promising results, effectively validating the outcomes of the transducer sensor, while also
reducing costs and enhancing usability for construction applications.
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Graphical Abstract

1 Introduction

Having different types of concrete makes it easy for the construction industry to produce and implement
various projects with a specific type of concrete for certain applications [1,2]. Self-compacting concrete
(SCC) is the most flowable concrete in the construction industry [3]. SCC could be used highly for
congested reinforcement members due to the flowability of the materials and the high performance [4].

Distinguishing between SCC and other types of concrete is the physical properties of the materials such
as extremely workable, self-flows, and easily spread through the steel reinforcement [5]. Under the influence
of its weight, and expels trapped air without resorting to external or internal means of compaction [6]. This
feature led to overcoming the problems of pouring concrete on the site without the need for compaction and
vibration to provide a homogeneous concrete mix. This study focused on the problems associated with the
SCC exerted lateral pressure while casting large mass into the formwork. Regarding the SCC, there are
different types of SCCs provided by different companies with the availability of materials and a mix of
production. These types of SCCs depend on the placement of pouring concrete; therefore, the slump rate
of each SCC would be mostly different [7]. Consequently, likely, the lateral pressure changed
dramatically from one batch to another.

The lateral pressure could affect the formwork and geometry of the structure if properly not poured
concrete while casting. This may cause an increase in the cost of formwork design and manufacturing.
The exerted pressure from concrete and the thixotropy of the concrete materials with direct contact with
the formwork could cause damage or break the formwork panels. Arslan et al. [8] dictated that the
conventional concrete in the first meter behaves similarly such as hydrostatic pressure, however; with
the increase in height, the internal resistance of the materials increases. This can be shown by how the
concrete materials behaved as fresh concrete and may change the rate of shear behaviours according to
the mix proportion and stressing distributions of the vibrators.

Earlier studies discussed lateral pressure such as a detailed state-of-the-art by Khayat et al. [4]. They
collected the theoretical equation of lateral pressure of SCC on the formwork discussing different
standards and guidelines. They stated that the detailed properties of SCC, labour and waste reduction,
reducing the placing and finishing time, and removing hazardous noise and vibration. However, they
mentioned that the lateral pressure of the SCC can exert high lateral pressure may be as high as the
hydrostatic pressure. This is counted as a disadvantage of the SCC that required a robust formwork to be
designed and well erected before pouring SCC [7].

396 SDHM, 2024, vol.18, no.4



Lateral pressure on formwork exists as long as the concrete is in a fresh state condition and the most two
significant factors that affect the lateral pressure exerted on formwork are the thixotropy level and casting rate
of the SCC. The higher thixotropic materials caused a sudden decrease in the lateral pressure [9]. It is
important to mention that the lower yield stress and plastic viscosity of the concrete are considered high
flowability and superior exerted pressure. On the other hand, a faster rate of hardening fetches a faster
rate of decay of the lateral pressure. Concrete materials have a rheological behavior known as a Bingham
fluid model which is different from the Newtonian fluid model such as water. The Bingham model is
usually known as the following Eq. (1) below:

s ¼ s0 þ h _c (1)

where s is the shear stress (Pa), s0 is yield stress (Pa), h plastic viscosity of materials in (Pa.s), and _c the shear
strain rate (1/s). Meanwhile, this equation in a normal fluid is different and a s0 is yield stress (Pa) is
negligible in the formula. Therefore, yield stress affects the behaviour of the materials to be viscous or
non-viscous.

The above equation has been developed by earlier studies by Roussel et al. [10], the yield stress s0 could
be modified to (1 + λ) s00, which λ represents the flocculation rate of the materials in the history of concrete
material flowing such as a phase of mixing, remixing and pumping phase. However, the applied shear when it
reached the maximum rate then the λ is equal to zero. Therefore, λτ00 will be equal to zero, this is represented
as this in the following Eq. (2):

s ¼ s00 þ ks00 þ h _c (2)

The casting (placement) rate is one of the crucial parameters in measuring the lateral pressure of SCC.
The higher rate of casting resulted in higher lateral pressure. On the contrary, if placement rates are reduced
most probably reduces the pressure, this is also observed in the current study.

However, Brameshuber et al. [11] studied that placing concrete from the bottom of the form exhibits
higher pressures than the concrete placed from the top. These effects happen to a great extent related to
the shearing forces to which the plastic concrete is subjected during placement. They were being a greater
one, while the concrete is pumped into the forms from the bottom to up.

An earlier study by Ren et al. [12] used the fiber Bragg grating sensor in the foundation pit to measure
from three directions of the pit; however, this test was used to determine the sensitivity value of the FBG
sensor rather than show how the sensor is being made in the laboratory and how can be verified with
other sensors. Nevertheless, the study by Júnnyor et al. [13] predicted the soil stress under the one-
directional of the agricultural machine, the results showed that the risks decreased at 0.5 m below the
pressure-affected area. The risk of the operation does not only come from the vertical direction but also
horizontally available as well. It also showed the soil type, and management of the cultivation system
except the tyre pressure and type of the track have major factors on the stress distribution in the purpose
of the reading the pressure.

There is a limited study relating to the effects of formwork dimensions regarding formwork pressure.
One of the studies by Khayat et al. [14] showed that smaller cross-sections resulted in lower maximum
pressure. It was explained that this occurred due to an arching activity that caused to constrain the
exceeded of the lateral pressure. Having reinforcement theoretically assists in slowing down the pressure
on the formwork because it can cause it to hold part of the concrete lateral forces, although this might be
most time negligible. Another investigation also revealed that the type of formwork made of different
types of materials affected formwork pressure [15]. Precisely, a rigid and smooth surface of formwork
might result in higher lateral pressure and delay in the rate of pressure drop after casting time.
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The surface roughness of the forms plays a major role in pressure due to the dynamic friction that occurs
during concrete casting [15]. They have represented that applying demolding agents, such as oil on the
formwork surface can cause decreased friction and lead to an increase in lateral pressure.

SCC can be formulated in various ways as a materials mix design. Many papers showed the effect of
SCC materials composition on the formwork pressure, which includes the rheological properties and
chemical reaction of materials. It is mentioned that the following parameters such as aggregate content
and size, w/c ratio, cement type, silica fume, fly ash, slag, ground limestone filler, superplasticizer type,
and VMA type highly affect the lateral pressure characteristics [16,17].

Commonly, it is revealed that increasing aggregate content and size caused a rise in a lower initial lateral
pressure. On the other hand, rich concrete mixes develop greater pressure than normal and lean mixes. This is
attributed to the internal friction of coarse aggregate carrying some of the hydrostatic load with fluidity and
admixtures. However, if the content of the fine aggregate increases, the lateral pressure increases on the
formwork due to the easy dispersal of materials, lower density of the materials, and quick detachment
from coarse aggregates. This paper aims to show how effective are the FBG sensors in real-life
applications in terms of accuracy and efficiency. Therefore, making FBG sensors compared with the
piezoelectric is discussed in detail in the following sections.

2 Research Significance

Exerted lateral pressure from SCC on formwork causes a high risk on the construction site if it is not
properly handled. Sometimes it causes damage or collapse or might cause a high risk of injury or death
of a worker on site. It is developing sensors to discover the lateral pressure using an advanced technique
such as fiber optic Bragg grating. The benefit of using such a sensor would be easy to install on-site,
cheap, and friendly compared to electrical transducer sensors. In addition, fiber optic does not have any
electrical part and does not cause mistaken readings due to an issue in the electrical part; it is dependent
on the lightning signal.

3 FBG Sensing Principle

FBG or fiber brag grating sensing technique is a technology that depends on the wavelength of light that
passes through the core of the fiber. Fiber optics have a diameter of approximately about 8 to 12 µ. The fibers
that are made for telecommunication without having any grid or collinear in the fiber are called bare fiber.
Therefore, FBG is made in a vertical line pattern to refractive the index changes in the core of the single-
mode fiber, forming a refractive index modulation so-called grating. Bragg wavelength can be made due
to reflected light from the periodic refraction change according to the following Eq. (3) [18]:

k ¼ 2n� (3)

where n is known as an effective index of the refraction and � is the grating periodicity of the FBG. There is
usually a reflection of the light when it passes through the core, however, when the light passes through the
FBG, it will change the reflection of the light as shown in Fig. 1. The change of reflection in the light assists
us in determining the location and features of the FBG responses.

There are many types of fibers in terms of resistance and design which are usually made on request.
Except that fibers are available in multimode which is used for short distances less than 500 m and single
mode which is the most used one in telecom works for long distances greater than 500 m. This is not the
only difference but also the core size is another point where the multimode core has a larger diameter
between 50 to 100 microns whereas the single mode core diameter is between 8.3 to 10 microns [19,20].
It is usually common that the single-mode fibers operate with the lowest attenuation in the range of
1310 or 1550 nm; however, the multimode operates at 850 or sometimes at 1300 nm [21,22].
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Fibers have many names that can be differentiated in terms of the resistance of the bendability. Fibers
such as G652D, G657A1/A2/B2, or G657B3 are fibers mostly used in the telecommunication industry;
however, the most used optic fiber for communication links of more than 100 km is G652D type. This
type also has a limited resistivity in bending compared to G657A1/A2/B2 or G657B3 but can also be
used in long distances as shown in Fig. 2 [23]. Differences between G652D and G657A are used to
separate them for the double and single jacket of coating.

Therefore, the selection of optical fiber type for such techniques of developing a sensor device, first of
all, should be based on the resistance of the bendability of the fiber in the package. Hence, it was important
for us to select a type of optic fiber to resist the higher bendability while packaging it in the specific kit.
Secondly, the ability of the fiber optics in terms of resistivity of the cable to transmit data over
100 kilometers without requiring loss in signal [24].

Figure 1: Optical fiber includes the Fiber Bragg grating with details of sending the signal through fiber and
how to receive back the signal

Figure 2: Relation of singlemode optical fiber between (G652 and G657) fibers in terms of bending radius

SDHM, 2024, vol.18, no.4 399



Another point, to consider in making an FBG sensor is to fusion splicing with a minimum loss. As it is
obvious different diameters in the fiber core may cause a loss in receiving a signal; therefore, it is highly
critical to mitigate the loss by using a satisfactory fusion system and a good process of coating on the
fibers, as shown in Fig. 3. It is shown that the tiny diameter of the core may not fuse on the exact
alignment with the other fiber during the splicing process, so it might cause a loss in db during the fusion
process.

In fiber technology losing the signal is called attenuation, these kinds of attenuation might be due to
intrinsic or extrinsic factors. The loss might happen due to splicing, patch connection, and bending of the
fiber optics. Six types of optical fiber losses affect directly signal transmission and reception which come
from internal and external factors, absorption loss, dispersion loss, scattering loss from internal factors,
and the splicing, connector, and bending loss counted as external factors. Absorption is usually defined as
a portion of the attenuation in optical fiber resulting from the conversion of optical power to heat. There
are two types of absorption intrinsic and extrinsic, intrinsic absorption is very low compared to other
forms of loss. The main cause of intrinsic absorption in the infrared region is the features of vibration
frequency of atomic bonds in silica glass absorption is caused by the vibration of silicon-oxygen bonds
the interaction between the vibrating bond and the electromagnetic field of the optical signal causes
intrinsic absorption light energy is transferred from the electromagnetic to the bond causing attenuation.
Extrinsic absorption is much more significant in terms of absorption losses than intrinsic absorption and it
is usually caused by impurities introduced into the glass during the manufacturing process such as iron,
nickel, and chromium. Nowadays, modern manufacturing techniques significantly reduce the impact of
extrinsic absorption.

4 Experimental Program

The experimental program has been planned in three major phases. The first phase is the preparation of
the FBG packaging. The second stage, FBG is resistance calibration and temperature compensation. The
third phase is to validate the custom-made FBG with the transducer sensor.

Figure 3: (a) Cladding and core of the fiber under a microscope, (b) Fusion splicing of two cores of the fiber
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4.1 Materials Preparation
The major materials are used to measure the lateral pressure of SCC. It has an industrial name which is

called Agilia vertical. The SCC has been supplied by Holcim Australia; therefore, it is a secret mix design for
concrete ingredients. Table 1 shows only the basic physical properties of SCC (Agilia Vertical).

4.2 Sensor Preparation
FBG sensors were made at the photonic laboratory at the University of Technology Sydney (UTS-Tech

lab). The four FBG sensors were created two of them to measure temperature in each sensor and the other two
to record the pressure from external force. The sensor package was made in a threaded pipe tube diameter of
25 mm and the end of the tube was covered with a threaded 3D-printed ABS part. Fig. 4 shows a real-life
photo of the custom-made sensor which includes the brass pipe with the end covered by an ABS 3D-printed
tube.

Fig. 5 shows the details of the FBG packaging for the optic fiber sensor which was made in the
laboratory. This figure explains the details of the materials used in making the FBG sensor which consists
of the diaphragm steel plate, epoxy resin, optic fiber, 3D printed part, and brass tube pipe.

5 Methodology

5.1 Analytical Investigation
To have a sensor which be able to suit with standard, it requires a proper analytical procedure. As it is

obvious, a linear relationship is a statistical relation used to describe a straight-line relation among variables.
A linear relationship can be shown in a graph and represented in Eq. (4):

T ¼ mkþ b (4)

Table 1: Physical compositions of SCC

OPC Fine aggregate Coarse aggregate Agilia concrete

Density (kg/m3) 1440 1680 2550 2380

Figure 4: FBG sensor mounted on the formwork panel
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where T is used to represent both temperatures in temperature compensation and pressure in water
calibration. In comparison, λ is used to represent the wavelength shift in both procedures of temperature
compensation and water calibration. Each of m and b counted as a constant in the equation.

Fresh concrete temperature is not stable, particularly once mixed water with cementitious materials. At
the stage of the dormant period, the initial and final stage of setting time, concrete releases a lot of heat.
Therefore, besides the FBG pressure, it is required to have an FBG temperature sensor along with FBG
pressure. Therefore, in each sensor package, the FBG temperature has been allocated. Then, FBG could
record the reading data of the temperature and pressure from each sensor.

In this investigation, it has been used only two FBG sensors. Besides each of FBG sensors has been
allocated with the transducer sensors.

5.2 Experimental Preparation

5.2.1 Temperature Compensation
After the FGB sensor is made, it is required to do the packing of the FBG into the proper package. The

optic fibers are attached to the diaphragm to read the pressure. In the first step, the FBG pressure sensor is
attached by a specific type of epoxy resin to the diaphragm. Similarly, the FBG temperature sensor is inserted
into the pipe glued to the body of the sensor and suspended in the tube without being attached to the
diaphragm, see Fig. 5. Then, each of the sensors passes through five cycles to stabilize them at different
heat ranges. The temperatures were set at (25.2, 32.5, 41.8, 51.2, 61.3)°C. The maximum temperature
was set at 61°C because it was obvious that the concrete temperature did not rise more than 61°C. Fig. 6
shows the FBG sensor foiled under an aluminium sheet on the heater to record the wavelength at
different temperature ranges and find the relationship equation of the temperature compensation.

Figure 5: Schematic illustration of FBG sensor from side view and top view
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5.2.2 Calibration Using Water
After the FGB sensor is made and packaged in the tube. Then it is important to check the validity of the

sensor and how could be used in real-life applications. Fig. 7 displays the pipe with a fill of water at different
levels to record the pressure of water in wavelength and compare it with the theory of fluid mechanics for
measuring pressure. As it is obvious, the pressure will be equal to the gravity multiplied by the density of
the fluid multiplied by the height of the water in the tube. The recorded pressure of water at different
levels was taken and this was checked with the formula of the hydrostatic pressure, then, this was used to
check with the pressure of the concrete in the formwork.

Figure 6: FBG sensor on the heater to record wavelength at different temperatures

Figure 7: (a) FBG sensor mounted on the pipe to measure lateral pressure of water, (b) FBG sensor mounted
to the real-application formwork to measure lateral pressure of concrete
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6 Experimental Results and Discussion

The results of the FBG temperature and pressure (sensor number 2) are shown in Fig. 8 to calibrate it.
Both sensors were recorded at the stabilization of the wavelength at a certain degree of temperature which
took about an hour to stabilize them and give them a right wavelength. The range of temperature has been
recorded at (25.2, 32.5, 41.8, 51.2, 61.3)°C. At the later stage, this will be used to compensate temperature
from the lateral pressure. This can be used for different materials such as water and concrete.

To achieve a stable wavelength at a certain degree of heating, it is required to wait for a certain time for
the fiber optic in the package on the heater, the time is required to achieve this certainty about 1 h. It then
makes the relationship between the temperature and wavelength shift at various regimes of heating until
will makes a linear relationship. Fig. 9 shows the relationship in both FBG temperature and pressure
sensors for sensor number 2.

Figure 8: FBG sensors for temperature and pressure recorded wavelength fluctuation at different ranges of
temperature

Figure 9: Relationship between temperature and wavelength shifts for FBG sensor number 2
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The relationship between temperature and wavelength shifts was used to compensate for the temperature
degree from the real pressure of fluid materials applied on the formwork. This happens while casting concrete
in the process. To find the lateral pressure of fresh concrete not the change in the temperature degree. This can
be represented in both of the following Eqs. (5) and (6):

T ¼ 107:71k� 166518 (5)

P ¼ 94:846k� 146637 (6)

Eq. (2) is used for the temperature sensor (T) and Eq. (3) is used for to pressure sensor (P). The recorded
temperature is used to compensate for the lateral pressure and we will receive the actual pressure after
substitution from the temperature. As is obvious concrete is not like other materials varies its temperature
while mixing water with cement and evolves a lot of heat during mixing time and after a certain time of
mixing.

In the next step, the sensor should be calibrated with a liquid known density; therefore, water as a liquid
has been used to calibrate the sensor. Fig. 10 shows the calibration equation at a certain height, the height and
wavelength were recorded for each of them and used in Eq. (7).

Pw ¼ 16:296kþ 0:1177 (7)

where Pw is the pressure of the water at a certain level in the pipe. After FBG sensors were prepared and
calibrated for the temperature and pressure, in the next step, the sensors were mounted into the panel of
the formwork. The transducer sensor then was used beside the FBG sensors to validate the result of
pressure. Fig. 11 shows the result of the transducer and FBG sensors, the result showed that both sensors
are matched. FBG sensor 1 is 2.29% different from transducer sensor 1; however, FBG sensor 2 is 0.04%
different from transducer sensor 2. Sensor 1 was mounted at 225 mm from the ground level and sensor
2 was mounted at 375 mm from the ground level. Sensor 1 recorded 60 kPa, and sensor 2 recorded 57 kPa.

The results achieved by the transducer sensor 1 at the height of 225 mm recorded 60 kPa, and similar
results achieved by the FBG sensor 1 at the height of 225 mm recorded 58.626 kPa. The results achieved for
the transducer sensor 2 at the height of 375 mm recorded 57 kPa and almost the same results achieved by the

Figure 10: Relationship between pressure and wavelength in water calibration
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FBG sensor at the height of 375 mm recorded 56.9772 kPa. This can be counted as very accurate results from
the FBG sensors. This percentage of the errors between the transducer and FBG sensors could happen due to
the location of sensors even at the same level concrete may not have the same pressure distribution as a
normal fluid. It is known that concrete behaviour like Bingham fluid does not provide the same pressure
distribution as a Newtonian fluid.

Another reason might be counted in having small differences in the sensors due to the sensitivity
behaviour of the FBG sensor might be more accurate than the transducer sensors in terms of the
temperature compensating and less noise in the measurement in FBG.

7 Summary and Conclusion

The Fiber Bragg Grating sensor is a new model in the construction industry that can be used for
monitoring and measuring the health of the structural elements. A great advantage of this sensor
compared to the traditional sensor is non-metallic and does not require electronic devices to calibrate for
measurement and monitoring. Based on the experimental results the following major points are concluded:

1. Fiber optic sensors were used successfully to measure lateral pressure. FBG sensors are temperature-
compensated which means can measure pressure by taking out the temperature changes in the liquid or fluid.
These sensors were calibrated with water to verify the theory of the hydrostatic pressure.

2. To validate the custom-made FBG sensors, the transducer sensors were used beside the FBG sensors.
The transducer sensors were the most used in infrastructure applications; therefore, the FBG sensor was used
to replace the transducer which can be cheaper and more advanced than transducer sensors.

3. The accuracy of the results of FBG sensors ensures that FBG could be an effective sensor that depends
on laser light rather than power signals. Therefore, it can measure pressure without the need for complicated
electronic parts.

4. Future focus is to use FBG as an industry sensor package to replace the electronic sensors.

The developed sensors in this study are reusable and could be used to measure pressure and temperature
for different materials not only for self-compacting concrete. Therefore, FBG sensors could be a replaceable
measurement instrument for the infrastructure application.

Figure 11: Results of the transducer and FBG sensors used to measure lateral pressure of SCC
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