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Abstract: Reinforced concrete structures are an essential part of our modern society, and monitoring
their structural health is of paramount importance. Early detection of decay allows for the reduction
of repair costs and, more importantly, the prevention of catastrophic failure. For this purpose, a
single fiber reflectance spectrometer was embedded in cement paste samples for the monitoring
of water at the fiber tip through its sensitivity to changes in the refractive index. It monitored the
curing of samples with different water-to-cement ratios (w/c), between 0.45 and 0.60, measuring the
water exhaust during the hardening of the cement paste. It also measured the capillary coefficient
from cement paste samples of 0.50, 0.55 and 0.60 w/c: 0.668 ± 0.002 mm/

√
h, 1.771 ± 0.052 mm/

√
h

and 6.360 ± 0.269 mm/
√

h, respectively. The capillary coefficient values agree with gravimetric
measurements of sorptivity and are further confirmed through porosity measurements made with
a scanning electron microscope. Thus, single fiber reflectance spectroscopy can be a gateway to
inexpensively measure the entire life cycle of cement, from its curing until its eventual decay,
assessing, in situ, its durability through the capillary coefficient.

Keywords: fiber optic sensor; cement paste; cure; hydration; durability; permeability; real-time
monitoring; capillary coefficient

1. Introduction

Reinforced concrete has been a go-to for infrastructure and housing projects in the
last century and is paramount for our developed society. Most of our infrastructure has
been built in the past 50 years with a service life of 50–100 years [1], creating a demand for
their monitoring. Concrete on its own is capable of withstanding large compressing forces.
However, it requires embedded steel beams to minimize cracking under tensile forces [2].

The properties of concrete are established early on during the hydration of cement and
depend on the water-to-cement ratio (w/c), the type of cement used, the added aggregates or
pozzolans and the curing methods employed [3,4]. Cement curing has five different stages:
Mixing, dormancy, hardening, cooling and densification [3]. In mixing, the dissolution of
cement grains occurs in a brief exothermic reaction, during which the formation of ettringite
restricts the further dissolution of cement grains. Thus, cement advances to the next phase
of hydration—dormancy. This lasts between two to four hours, whilst water begins to
be saturated with calcium and hydroxide ions. Eventually, this triggers the formation of
calcium–silicate–hydrate (C-S-H) and calcium hydroxide (CH) in an exothermic reaction,
causing the cement to become stiffer—hardening. These hydration products, C-S-H and CH,
begin to limit the dissolution of cement, which lowers its temperature—cooling. Over time
undissolved cement continues to hydrate, leading to its densification.
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Porosity is heavily dependent on the w/c. The same volume of cement powder
generates a larger volume of cement paste the more water is used during mixing. However,
it also results in a more porous material [5]. Hence, a higher w/c equates to a more porous
paste, better capillary continuity and better overall cement permeability. For 0.40, 0.50, 0.60
and 0.70 w/c the expected porosity is 11%, 22%, 30% and 37%, respectively [5]. The interlink
between pores is not static, e.g., while the capillaries from a 0.45 w/c paste are expected to
become discontinuous after seven days, it will take six months for the same to happen for
a 0.60 w/c paste [3].

Over time, cement’s porosity as well as the formation of small (30–50 µm) to large
(>150 µm) cracks lead the way for the decaying of reinforced concrete structures (RCS) [6].
Carbonation [7] and chloride ion ingress [8] destroy the passivation of the embedded steel
beams while freeze-thaw [9] and alkali-silica reaction [10] negatively affect the cement paste.

Monitoring RCS is fundamental to prevent catastrophic failures and optimize their
expensive repair. Optical fiber sensors were applied for this purpose because they are
light, small, resistant and impervious to electromagnetic interference. They were used to
measure temperature, strain and relative humidity using fiber Bragg gratings and/or long
period fiber gratings [11–14]. pH measurements, indicative of carbonation, also proved
fruitful [15], making use of multimode fibers with pH sensitive polymers in their tip.
Non-reversible optical fiber sensors were, also, produced for the monitoring of chloride
ion ingress [16,17].

The availability of water is a key factor in the life cycle of cement, being the driving
force of curing [3], self-healing [18] and a requirement concerning many of its decay
mechanisms [19]. In the present work, a single fiber reflectance spectrometer [20] is
proposed for the monitoring of water in cement curing and, once hardened, in the pores.
Thus, we present a solution that allows the monitoring of cement’s full life cycle, which
could prove valuable for the monitoring of RCS given that cement is one of its major
constituents. We found single fiber reflectance spectroscopy to be successful in achieving
the capillary coefficient of cement paste, a parameter through which the durability of
cement can be estimated. These values were compared to the sorptivity and the porosity
of the samples achieved through gravimetric measurements of water uptake and using
scanning electron microscope, respectively, as seen in the following sections.

1.1. Single Fiber Reflectance Spectroscopy

In single fiber reflectance spectroscopy, light from a broad-band light source travels
through the first branch of a bundle of two multimode fibers into a larger, sensing, multi-
mode fiber. At the distal end of the sensing fiber, light is reflected back into the bundle,
being measured by a spectrometer at the end of the second multimode fiber, Figure 1a.

The reflection of light on the fiber tip is dependent on the refractive index (RI) of the
fiber core (nc = 1.4584 at 589.29 nm) and the RI of the external medium (np), Equation (1).
For cement, np depends on how the pores are filled; if they are filled with water np is 1.3325;
if they have no water at all, np will be 1.0. Generally, the RI will be in between these two
values with some pores being filled, some being partially filled and the others empty [21].
Due to the durability of cement, we consider that throughout a single measurement of water
uptake, there will not be enough change concerning the cement to introduce noise into the
monitoring of the capillary coefficient, whether that be through changes in the refractive
index of its constituents or micro/macro-mechanical changes in the cement matrix.

Rpore =

(
nc − np

)2(
nc + np

)2 (1)
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Figure 1. (a) Scheme of single fiber reflectance spectrometer embedded in cement paste. Light is emitted from an LED to 
a 200 μm multimode fiber, travels to a sensing 600 μm multimode fiber, where it is reflected at the fiber tip into a 200 μm 
multimode fiber and acquired by a spectrometer. (b) Sorptivity test with part of concrete sample submerged underwater 
with its sides covered with parafilm. The bottom face of the sample is in contact with water and the top is exposed to air. 
The SMA905 connector is shown, but it is not used; only the weight of the sample is measured. 

1.3. Scanning Electron Microscope  
In the Scanning Electron Microscope (SEM) a beam of electrons undergoes a series of 

inelastic and elastic collisions which generate a signal that is detected and transformed 
into an image [27]. In inelastic collisions, incident electrons knock out electrons of atoms 
in the sample, with the latter having lower energy. The signal from these low energy elec-
trons constitutes the secondary electrons (SE) where only those from the near surface can 
escape, making it a high-resolution method for the measurement of the topography of the 
sample. In SE, the edges from a rough surface are brighter since they have more area from 
which electrons can escape. 

Electrons that experience elastic collisions, backscattered electrons (BSE), retain their 
energy, thus they can escape from greater depths of the sample. The brightness from these 
images is related to the atomic number of the atoms in the sample. A higher atomic num-
ber leads to more collisions, hence a brighter spot. In a polished piece of cement, anhy-
drous cement appears brightest, followed by calcium hydroxide, calcium silicate hydrate 
and ettringite. Porosity lowers the atomic size within a phase, making it darker, with voids 
being black [28]. 

2. Materials and Methods 
2.1. Experiment Setup 

A multimode fiber was illuminated with a UV LED (ultra-violet light emitting diode) 
of 370 nm (XSL-370-TB-5, Roithner LaserTechnik GmbH, Vienna, Austria) and the re-
flected spectra was acquired with a micro spectrometer (C12880MA MEMS, Hamamatsu, 
Shizuoka, Japan). A pair of 200 μm multimode fibers connected the LED and the spec-
trometer to a 600 μm multimode fiber that was embedded in the cement paste, Figure 1a. 

An ATmega328P was used to control the LED and the spectrometer, Figure 2a and 
the data were sent to a computer via USB (Universal Serial Bus) using UART (Universal 

Figure 1. (a) Scheme of single fiber reflectance spectrometer embedded in cement paste. Light is emitted from an LED to a
200 µm multimode fiber, travels to a sensing 600 µm multimode fiber, where it is reflected at the fiber tip into a 200 µm
multimode fiber and acquired by a spectrometer. (b) Sorptivity test with part of concrete sample submerged underwater
with its sides covered with parafilm. The bottom face of the sample is in contact with water and the top is exposed to air.
The SMA905 connector is shown, but it is not used; only the weight of the sample is measured.

This type of sensor is typically used to study changes in the spectrum of reflected
light after its interaction with a sample, e.g., human skin [22]. Here it is employed for the
monitoring of water during cement curing, and, once hardened, in the cement paste. The
porosity of cement paste influences the sensor’s sensitivity, with changes in porosity and
pore connectivity equating changes in the sensor’s response.

1.2. Capillary Coefficient and Sorptivity

The capillary coefficient is a parameter that defines the rate of water uptake of a porous
material and has been used as a measure of concrete durability [23,24]. To achieve this value
a water absorption test is conducted where the bottom face of a concrete sample is under
water and the upper face is in open air. The sides of the sample should be impermeable,
thus allowing water to travel in a single direction, vertically. The driving force of capillary
absorption is surface tension on fine pores (10 nm–10 µm), which matches the gravity forces
of water. The one-dimensional movement of water is described by the Lucas–Washburn
equation [25]:

h = k
√

t (2)

where h is the height reached by water, k is the capillary coefficient and t is the time. If one
measures the volume of water that is being absorbed by the sample per unit of cross section,
the water absorption is described by a similar formula, Equation (3) [25]:

I = S
√

t (3)

where I is the volume of absorbed water per unit of cross section, S is the sorptivity and t is
the time. Figure 1b displays how the samples containing a sensing multimode fiber were set
for the measuring of sorptivity. Measuring k requires robust technologies, such as: Neutron
radiography, nuclear magnetic resonance, gamma ray or X-ray computed tomography. This
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makes measuring S more attractive, since it is achieved through gravimetric measurements,
even though the relationship between k and concrete’s durability is easier to attain [26].
Both k and S have the same dimensions [LT−

1
2 ], but they are not the same thing, with

sorptivity containing information of concrete’s porosity (ϕ), Equation (4) [26]. This equation
opens the possibility to cross-reference capillary coefficient values with sorptivity values
provided the w/c ratio or the porosity of cement are known. These measurements can also
be employed to cement pastes, as seen below.

S
k
= ϕ (4)

In these tests it should be assumed that concrete is fully matured, meaning that only
a small amount of water will be lost to chemical interactions with the cement paste [23].
If this is not the case, other solutions that do not interact with cement could be used: Water
saturated with Ca(OH)2 [24].

1.3. Scanning Electron Microscope

In the Scanning Electron Microscope (SEM) a beam of electrons undergoes a series of
inelastic and elastic collisions which generate a signal that is detected and transformed into
an image [27]. In inelastic collisions, incident electrons knock out electrons of atoms in the
sample, with the latter having lower energy. The signal from these low energy electrons
constitutes the secondary electrons (SE) where only those from the near surface can escape,
making it a high-resolution method for the measurement of the topography of the sample.
In SE, the edges from a rough surface are brighter since they have more area from which
electrons can escape.

Electrons that experience elastic collisions, backscattered electrons (BSE), retain their
energy, thus they can escape from greater depths of the sample. The brightness from these
images is related to the atomic number of the atoms in the sample. A higher atomic number
leads to more collisions, hence a brighter spot. In a polished piece of cement, anhydrous
cement appears brightest, followed by calcium hydroxide, calcium silicate hydrate and
ettringite. Porosity lowers the atomic size within a phase, making it darker, with voids
being black [28].

2. Materials and Methods
2.1. Experiment Setup

A multimode fiber was illuminated with a UV LED (ultra-violet light emitting diode)
of 370 nm (XSL-370-TB-5, Roithner LaserTechnik GmbH, Vienna, Austria) and the reflected
spectra was acquired with a micro spectrometer (C12880MA MEMS, Hamamatsu, Shizuoka,
Japan). A pair of 200 µm multimode fibers connected the LED and the spectrometer to a
600 µm multimode fiber that was embedded in the cement paste, Figure 1a.

An ATmega328P was used to control the LED and the spectrometer, Figure 2a and
the data were sent to a computer via USB (Universal Serial Bus) using UART (Universal
Asynchronous Receiver–Transmitter). The spectrometer is connected to the microcontroller
unit (MCU) through a breakout board [29]. The acquisition procedure makes use of the
code provided by the breakout board manufacturer [30] to retrieve the spectrum from the
spectrometer: readSpectrometer() sends the data from the spectrometer to the MCU and
printData() sends it from the MCU to a computer via UART.
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sample B) of the measurement. At the end of each one-minute interval two spectrums 
were measured—a dark one and one with the reflected light from the LED, Figure 2b. 

  

Figure 2. (a) Experimental setup for the monitoring of the cure and capillary coefficient of cement used during this work with
a (1) microcontroller, (2) LED, (3) spectrometer, (4) 200 µm multimode fiber bundle, (5) sensing 600 µm multimode optical
fiber, (6) cement paste sample and (7) recipient with water. (b) Graphical display of the MCU code, with one-minute pauses
between readings, the sensor is reset by reading its stored values, followed by the integration time, e.g., a 200-millisecond
delay, for the dark spectrum and the reflected light spectrum, which are measured and sent to a computer via UART.

2.2. Acquisition Scheme

This spectrometer does not have a shutter, but even if the entire system were com-
pletely isolated, there would be an ever increasing dark current in between readings.
Consequently, a simple way of using this sensor is to continuously acquire and send data
with only a small, but consistent, pause between spectrum readings. This would mean
that both the spectrometer and the ATmega328P will be continuously working even if the
data ends up not being used. Moreover, the data management will fall on the computer
on the other side of the UART communication. Since the aim of the sensor is the in situ
measurement of the capillary coefficient of RCS, energy needs of the system must be taken
into account. Thus, the sensor should acquire data sporadically and not continuously,
which in this case means data are retrieved every minute. During the one minute pause
the sensor will fill up in charge. For this reason, we cleared the spectrometer by making a
reading before the integration time (e.g., 200 milliseconds for sample B) of the measurement.
At the end of each one-minute interval two spectrums were measured—a dark one and
one with the reflected light from the LED, Figure 2b.

2.3. Sample Preparation

The distal ends of SMA905 connectorized multimode fibers of 600 µm were embedded
during the curing of several samples of cement paste with w/c between 0.45 and 0.60 w/c,
Table 1. The capillary coefficient was achieved by submerging the samples (wet/dry cycles)
and monitoring the water filling up the capillary pores through changes in reflectance at
the optical fiber tip, Figure 3a. In these samples the parafilm was placed in the bottom face
of the cement paste to allow the water intrusion to be parallel to the optical fiber tip surface.
Water moves from the sides of the sample inward.
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Table 1. Cement paste samples used for the cure and wet/dry cycle monitoring.

Sample Name w/c Cure Time (days) Cure
Monitoring

Wet/dry
Monitoring Shape Size

�× h (cm)

A 0.45 3 Yes No sphere 2.49 × -

B 0.50 7 Yes Yes cylinder 3.46 × 1.77

C
0.55

3 No Yes cylinder 3.48 × 2.59

D 1 Yes No cylinder 3.45 × 2.87

E
0.60

3 Yes No sphere 2.46 × -

F 3 No Yes cylinder 3.48 × 2.52
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of the sample is sealed with parafilm. (b) Fiber core embedded in concrete with a point of view of the fiber tip illustrated
in (c), with height, h, reached by water in the pores. The red arrow is the direction of water ingress.

Most of the samples were cured for three days in a mold sealed from the outside
environment with water being added after the first twenty-four hours. The only exceptions
were the 0.50 w/c sample B, which was cured for seven days with water being added
two times during this period. And sample D (0.55 w/c), which was cured unsealed from
the outside environment, allowing photos of the cement paste to be taken. As well as, the
extraction of 0.5 grams of cement paste for the topography analysis of cement particles
through SEM. This was done with the objective of seeing the exhaust of water and the
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formation of C-S-H and CH during the hydration of cement. Half grams of cement were
extracted from sample D 1 h and 45 minutes, 3 h and 4 minutes and 5 h and 58 minutes after
the start of the sample’s hydration. The extracted cement was submerged in ethanol for
one day with ethanol being renewed after 1 h. After the first 24 h, the ethanol was removed,
and the samples were stored in a container with silica-gel to prevent contamination from
ambient humidity. A small part of these samples was then placed in carbon tape with
its cement particles being observed through SEM (FlexSEM 1000, Hitachi High-Tech,
Tokyo, Japan) in SE mode. The samples whose capillary coefficient was measured were
broken up to estimate their porosity through SEM by means of BSE.

2.4. Capillary Coefficient and Calibration

Looking through the cement into the fiber tip embedded in it, with water moving
in a single direction as in Figure 3b, it would be possible to see water filling through the
pores from the bottom of the circle upwards to its top, as seen in Figure 3c. The area of the
fiber in contact with air will be proportional to our signal, the latter being the sum of the
spectrum of the reflected light. The area of the fiber tip in contact with water is related to
the height of the water at the fiber tip, through Equation (5).

α = cos−1
(

0.3 − h
0.3

)
A = 0.283α

π − (0.3 − h) ∗ 0.3 ∗ sin(α)
(5)

Here, α is the angle the center of the fiber tip makes with the intersections of the water
level and its circumference. h is the height of the water, 0.3 is the radius of the fiber in mm,
0.283 is its area in mm2 and A is the area covered with water. The intensities measured in
the wet/dry cycles were normalized to the area of the fiber tip and converted to the height
of water through a conversion table, populated using Equation (5). Assuming that the
movement of water around the optical fiber tip is one dimensional and parallel to the fiber
tip surface, a good estimate of the capillary coefficient can be achieved from the slopes of
the height of the water as a function of the square root of time in the “wet” cycles.

It is important that the time is reset in the estimation of each of the slopes, with the
start being the beginning of the signal drop, indicating that water has reached the fiber
tip. This deviates from the measurement of the capillary coefficient, which begins the
moment water is in contact with the sample. With the fiber tip we can only see part of this
measurement, as seen in Figure 4a,b. A fiber that is next to the surface of the sample that is
in contact with water can make the proper estimation of the capillary coefficient, through
Equation (2), since the signal drop coincides with the submersion of the sample. Applying
Equation (2) to the signal from fibers 2 and 3 of Figure 4b will lead to an underestimation
of the capillary coefficient.

The relationship between the distance of the fiber tip, and its error in the estimation of
the capillary coefficient can be seen on the curves of Figure 4c. In this case the distance from
the fiber tip to the surface of the sample that is in contact with water is known. We can use
these distances to plot calibration curves that yield the true value of the capillary coefficient
from the measured ones, Figure 4d. These curves are plotted using the values at 0 mm
in the graph of Figure 4c and plotting them as a function of the values at 12.0 (sample B),
13.8 (sample C) and 16.2 (sample F) mm of the same graph. Thus, the calibration curves
for samples B, C and F are, respectively, 5.346x − 2.85 × 10−3, 5.723x− 2.67 × 10−3 and
6.189x− 2.17 × 10−3.
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2.5. Validation and Noise Estimation

To verify the estimated capillary coefficient, gravimetric measurements of the sample’s
sorptivity were made according to Figure 1b. Parafilm was used to seal the sides of the
sample and the recipient was filled with water until about 5 mm of the sample was covered
with water. In each measurement of the sample’s weight, the excess water from the bottom
and side surfaces of the cement paste was removed beforehand. Through Equation (4),
the porosity of the samples can be assessed and ultimately confirmed using SEM. Five
BSE images were taken for each sample of cement paste, achieving a viewing area of
0.024 mm2. Each pixel had 8 bits of brightness information, 0 being dark and 255 being
white. The images were cleaned using a gaussian filter to remove some of the graininess
and a threshold of 30/255 was chosen, below which the pixels are dark enough to be
considered pores. The contrast and brightness setting of the SEM were kept the same with
only the focus being adjusted between measurements.

The signal-to-noise ratio of the system was calculated by removing the shape of the
data through a Savitzky–Golay filter (see Figure 5) calculating the standard deviation of
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the noise (σ) and using it to divide the mean value of the signal (µ), Equation (6). Figure 5
has the signal drop from a 0.6 w/c sample (F) submerged in water, complemented by
two spectra, one from a data point before the water has reached the fiber tip—higher
light intensity; and another for cement that is saturated with water—lower light intensity.
Each data point was achieved by summing the individual intensities from the wavelength
between 350 and 390 nm.

SNR =
µ

σ
(6)
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data points are obtained.

3. Results

A single fiber reflectance spectrometer was used to monitor both the cure and wet/dry
cycles of a cement paste sample of 0.5 w/c, sample B. The data acquisition lasted for fifteen
days of continuous monitoring (see Figure 6a) with another wet cycle being done a week
later (see Figure 6b), resulting in a total of eighteen days of observation. The curing of
samples A, D and E with, respectively, 0.45, 0.55 and 0.60 w/c were monitored. Samples C
and F with w/c of 0.55 and 0.60 were submerged in water once to estimate the capillary
coefficient from the water ingress.

From all the data acquired, the worst signal-to-noise ratio was 18, measured in the
“wet” cycle of the samples C and F with 0.55 and 0.60 w/c, Table 2. The low SNR of
samples C and F can be explained by the non-optimization of the integration time for
these measurements. The small integration time employed led to a small amount of signal
reaching the spectrometer, riddling the data with noise.
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Table 2. Signal-to-noise ratio (SNR) for each of the tests undertaken during this study.

Sample Name w/c Test SNR

A 0.45 Cure 220

B 0.50

Cure 87

Wet/Dry 60

Wet 608

C 0.55 Wet 18

D 0.55 Cure 253

E
0.60

Cure 34

F Wet 18

3.1. Cure

According to Figure 6c, concerning the curing of sample B, in the first 3 h there was a
slight decrease in reflected light followed by a step increase from 3 to 6 h, point 1 of the
figure. The step increase is also found in samples A, D and E in Figure 7a and happens at
the same time as the samples become visibly stiffer (Figure 7d), indicating that the cement
is transitioning from dormancy to its hardening phase. This is corroborated by SEM images
acquired through SE from cement extracted during the curing of sample D, Figure 7b–d.
The SEM images of Figure 7b,c have particles of cement with little to no formations of
C-S-H at the surface, in stark contrast with Figure 7d where the particle’s surface is more
uneven. This time frame agrees with the two to four hours the dormancy phase is expected
to last [3].

The depletion of water in the fiber vicinity is temporarily reversed between 6 and 16
h in sample B, Figure 6c. This could be due to water bleeding, a common feature during
cement hydration, where large aggregates could accumulate water underneath them [5].
This did not happen for samples A and E, whose intensity kept increasing, indicating
further depletion of water. The excess water ended up being used by 41 h and water was
added externally to aid the curing of cement with it remaining saturated for the remainder
of the curing. In this saturated state, the normalized intensity is between 44 and 59%. At
the end of the seven days (168 h), sample B was removed from the mold and left to dry,
leading to a fast increase in reflected light intensity, Figure 6a.
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Figure 7. (a) Reflected light intensity from the curing of samples A, B, D and E with w/c of 0.45, 0.50, 0.55 and 0.60,
respectively, accompanied by images from the cure and particles (SE images) of sample D at 1 h and 45 minutes (b), 3 h and
4 minutes (c) and 5 h and 50 minutes (d) after the beginning of the curing.

3.2. Wet/Dry Cycles

Once sample B was dry, it underwent wet/dry cycles to access the sensor’s response.
It is clear in Figure 6a,b that the wet cycles led to a reduction in the reflected light on the
fiber tip, while the dry cycles led to an increase. The signal for saturated cement paste
went from 44% at the end of the curing, to 56% in the first wet cycle and 68% in the second.
For the dry cycle, the planes were at 98%, 92% and 100%. Two separate zones of reflected
light intensity, one for mostly dry cement paste and another for wet cement paste were
found, divided by the dashed redline of Figure 6a.

Plotting the wet cycles as the height of water on the fiber tip, deduced from Equa-
tion (5), over the square root of time (Figure 8a) and applying the corrections of Figure 4d
to the slope values, the capillary coefficient of the sample B was estimated, Figure 8b. There
is a decrease of the capillary coefficient between the first and the other two measurements,
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decreasing from 1.373 ± 0.01 mm/
√

h to 0.668 ± 0.002 mm/
√

h (average of the last two
measurements).
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The same procedure was done for the samples of cement paste C and F (Figure 9a,b);
as expected, an increase in capillary coefficient with an increase in w/c was found, with
values ranging from 1.771 ± 0.05 mm/

√
h to 6.360 ± 0.27 mm/

√
h for 0.55 and 0.60 w/c

respectively, Figure 9c.
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3.3. Samples’ Sorptivity and Porosity

Gravimetric water absorption tests (Figure 1b) were conducted to estimate the sorp-
tivity value of samples B, C and F, with the obtained data in Figure 10a. An increase in
sorptivity was found the higher the w/c with samples B (0.5 w/c), C (0.55 w/c) and F (0.60 w/c)
having, respectively, sorptivity values of 0.131 ± 0.004 mm/

√
h, 0.505 ± 0.080 mm/

√
h

and 2.290 ± 0.110 mm/
√

h.
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Figure 10. Volume of absorbed water per unit cross section over the square root of time for samples B (0.50 w/c), C (0.55 w/c)
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(d) Comparison of the porosity achieved through SEM and through Equation (4).

Using the corrected values of the capillary coefficient and these values of sorptivity,
Equation (4) is used to achieve the porosity of the samples used: 19.4 ± 0.6 % (sample B),
28.5 ± 4.8% (sample C) and 35.9 ± 9.8 % (sample F). These porosity values are close to
the expected ones [5], meaning that both the capillary coefficients from the single fiber
reflectance spectrometer and the sorptivity values are in agreement.

BSE images from SEM were used to confirm the porosity achieved previously. These
images will not yield the true porosity of the samples, but they can be used to compare the
porosity between samples [27]. Figure 10b has BSE images that went through a Gaussian
filter on the left and their porosity, pixels with brightness below 30 in 255, on the right. It is
possible to see from this image alone that there is an increase in porosity with an increasing
w/c. The histograms of the scale of grays for the images taken, five for each sample, can



Chemosensors 2021, 9, 312 14 of 16

be seen in Figure 10c along with the chosen threshold (30/255). Figure 10d compares the
porosity achieved through the relationship of Equation (4) and the one measured through
SEM. Both curves are extremely similar, having between them a Pearson product–moment
correlation coefficient (ρ) of 0.99998.

4. Discussion

Monitoring the availability and the mobility of water in concrete is key in estimating
the decaying rate of cement paste; thus, this has been one of the objectives of many
previous studies [19]. In this work the use of single fiber reflectance spectroscopy achieved
valuable information for both the curing of the cement as well as for hardened cement
paste. It is important to note that in single fiber reflectance spectroscopy water ought to be
transparent to the chosen wavelength of the light source. Thus, theoretically, the measured
light intensity should be only sensitive to changes in the refractive index at the fiber tip.
This way, light that goes out of the fiber and bounces back into it from the cement paste is the
same regardless of the portion of fiber tip in contact with water. Water is highly transparent
to visible light, which broadens the pool of available light sources. A wavelength of 370 nm
was chosen due to convenience and, despite the absorption at this wavelength being
higher—1.37 × 10−3 cm−1—than the optimum value of 2.5 × 10−4 cm−1, at 475 nm [31],
the loss of signal at the vicinity of the fiber tip due to water absorption remained negligible:
Considering an extreme case where there is gap of 0.5 cm between the fiber tip and the
cement paste, the loss of signal due to water absorption would require an SNR of 730 to
be measured. Even in this case, that value is greater than any other SNR achieved in this
study, Table 2.

This sensor was sensitive to the hardening of different samples of cement paste
(Figure 7a–d), a key mark of the cement’s hydration. At point 3 of Figure 6c, an excessive
amount of water was added, which left the sample saturated. Since the addition of water
during the cement’s curing is one of the methods used to improve cement paste’s cohe-
sion [3], the monitoring of this procedure is an important feature of this sensor. This could
enable the user to fine tune the amount of water and the timing of its addition.

The sensor can monitor the absorption of water in cement paste as seen in Figure 6a,b,
but its information on the amount of water in cement paste shows strong variability for
sample B: Saturated cement paste had its signal change from 44% to 68%, while dry cement
paste was between 92% and 100%. This is to be expected since over the lifetime of cement
paste there are changes in the pore size and connectivity that may lead to the trapping of
water and/or air in the cement paste that is in the vicinity of the fiber tip. This is especially
important to consider during these measurements since we used recently made cement
paste. There is, still, cement to be hydrated and for 0.50 w/c cement paste the breakage
of pore connectivity is expected within the first 28 days [3]. This variability is, also, to be
expected in fully matured paste, since the cement paste that surrounds large aggregates
(interfacial transition zones), in this case a multimode optical fiber, is different from the
bulk cement paste: It is more brittle and with larger pores [5]. Still, it is reasonable to
assume that for values of reflected light above 80%, in Figure 6a, the cement paste is mostly
dry and below this value the cement paste is mostly wet.

Transforming the reflected light intensity to height of absorbed water through Equa-
tion (5) an estimation of the capillary coefficient was achieved from the slopes of the plot in
Figure 8a, as seen in Figure 8b. These values were then corrected using the calibration slope
of Figure 4d. The decrease of the capillary coefficient from the first measurement to the last
two, from 1.373 ± 0.010 mm/

√
h to 0.668 ± 0.002 mm/

√
h, strengthens the idea that there

is a reduction in the pore size and connectivity. This is likely due to loss of pore connectiv-
ity as well as the further hydration of anhydrous cement. Submerging samples C and F
yielded a capillary coefficient of 1.771 ± 0.010 mm/

√
h and 6.360 ± 0.269 mm/

√
h, which

are expected values since the capillary coefficient is expected to increase with increasing
w/c.
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The sorptivity values achieved, 0.131 ± 0.004 mm/
√

h, 0.505 ± 0.080 mm/
√

h and
2.290± 0.110 mm/

√
h, through gravimetric measurements of samples B, C and F (Figure 10a)

corroborate the capillary coefficients reached with the single fiber reflectance spectrom-
eter, resulting, through Equation (4), in porosity values of 19.4 ± 0.6%, 28.5 ± 4.7% and
35.9 ± 9.7%, which are near the expected values [5], and they also increase with increasing
w/c. Moreover, measuring the porosity of these samples through SEM, we found that both
curves of porosity are identical with ρ = 0.99998. Thus, the capillary coefficient values from
single fiber reflectance spectroscopy can be used to extract valuable information concerning
the concrete’s decay.

For future work, the application of hydrogels for improvements in cement curing due
to their water retaining properties can intrinsically be studied from this device. Moreover,
the hydrogel’s usage to promote self-sealing and self-healing could also be monitored
in hardened cement [5,17]. This sensor also has the potential to monitor the alkali–silica
reaction through its gel since it has an RI of around 1.5 [28].

5. Conclusions

A single fiber reflectance spectrometer was successfully used to monitor the amount
of water available in the vicinity of a fiber tip embedded in cement paste. It could sense the
water exhaust at the hardening stage of cement hydration in samples with different w/c,
as well as the addition of extra water to aid curing the cement paste. This information is
invaluable for the tweaking of cement paste’s long-term properties.

It continually monitored a sample of 0.50 w/c for 15 days, from the beginning of curing
until the end of the wet/dry cycles. The latter contain information on the amount of water
absorbed by the sample, as well as the rate of water uptake—the capillary coefficient.
The capillary coefficient is also a measure of cement paste durability and the values
obtained by the single fiber reflectance spectrometer agree with gravimetric measurements
of sorptivity and SEM measurements of porosity for samples of 0.50, 0.55 and 0.60 w/c.
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