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ARTICLE INFO ABSTRACT
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This study utilized a novel in situ fiber-optic Raman probe to continuously monitor the hydration progress of
tricalcium silicate (C3S) and dicalcium silicate (CS) without the need for sampling, from early hydration stage to
later stages, and from fresh to hardened states of paste samples. By virtue of the remarkable ability of this
technique in characterizing either dry or wet and crystalline or amorphous samples, the hydration processes of
C3S and C5S pastes with different water-to-solid (w/s) ratios could be monitored from the start of the hydration
reaction. The main hydration products, calcium silicate hydrate (C-S-H) and portlandite/calcium hydroxide
(CH), have been successfully identified and continuously monitored for variations in their respective amounts in
situ. The effect of w/s ratio on the hydration processes of C3S and C3S pastes was also considered. Meanwhile, the
x-ray diffraction (XRD) and thermogravimetric analysis (TGA) results showed a great correlation with the in situ
Raman test results about hydration products, which demonstrated the reliability of this technology. Moreover,
the signal-to-noise ratio (SNR) of this Raman probe is significantly superior to existing technologies for in situ
fiber-optic Raman spectroscopy. This remote fiber-optic Raman probe enables the use of Raman spectroscopy in
future construction projects for on-site monitoring and evaluation of health conditions and performance of

concrete structures.

1. Introduction

Hydration reactions of cement-based materials are of great signifi-
cance to their mechanical properties and durability. Various technolo-
gies have been applied to study the hydration processes regarding
reaction heat, chemical changes, or microstructures, such as isothermal
calorimetry, x-ray diffraction (XRD), thermogravimetric analysis (TGA),
nuclear magnetic resonance (NMR), scanning electron microscopy
equipped with energy-dispersive x-ray spectroscopy (SEM-EDS), and
Raman spectroscopy [1-3]. The Raman activity during the hydration of
pure cement phases, white cement, and ordinary Portland cement has
been reported as early as 1976 [4]. Compared with other test methods,
Raman spectroscopy has advantages such as [5,6]: 1) simple sample
preparation; 2) rapid testing; 3) superb ability in recognizing both
crystalline and poorly-crystallized phases; and 4) optional quick map-
ping and capability to reveal the global structure evolution of materials
when combined with confocal microscopy. Taking advantage of these
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merits, Raman spectroscopy has been proven to be a valuable tool for
characterizing clinker phases and hydration products, including trical-
cium silicate (C3S) [7], dicalcium silicate (C,S) [8], tricalcium aluminate
(C3A) [9-11], tetracalcium aluminoferrite (C4AF) [9,10], gypsum
(CaS04-2H0) [12], calcium hydroxide (CH) [13], calcium silicate hy-
drate (C-S-H) gel [14,15], ettringite (AFt) [16], and monosulfate (AFm)
phases [4,9,17].

However, most of the existing Raman-powered studies on chemical
changes used powder samples, and only a small number of in situ and
real-time Raman tests on cementitious materials have been carried out.
To enable in situ and/or real-time Raman tests, Tarrida et al. [7] cast C3S
paste (with a water-to-solid ratio, i.e., w/s ratio, of 0.4) in the glass tubes
and examined the hydration kinetics of C3S paste from 1 to 50 days via in
situ unpolarized macro-Raman spectra, using a multichannel Raman
spectrophotometer from Dilor was employed, which utilized a 514.5 nm
green line of an ionized argon laser for excitation. In another study
conducted by Black et al. [9], wet cementitious samples (with a high w/s
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ratio of 1.0) under glass coverslips were prepared. The in situ and
real-time analyses of the hydrating C3A and C4AF pastes in the presence
and absence of sulfate was performed with a Renishaw system 2000
Raman spectrometer fitted with a 632.8 nm (25 mW) He-Ne laser. In
addition, Masmoudi et al. [18] implemented in situ Raman studies on the
hydration process of cement paste with or without partial replacement
of cement by volcanic ash from the fresh state at 10 min to the hardened
state at 48 h. The cement paste samples (with a water-to-cement ratio, i.
e., w/c ratio, of 0.55) were cast on a glass slide and measured by a
Renishaw via Raman Microscope with an excitation wavelength of 785
nm line of a diode laser with an exposure time of 10 s and a grating of
1200 L/mm connected to a CCD camera detector. Moreover,
Torres-Carrasco et al. [19] obtained in situ Raman spectra and images
over a cement paste sample (w/c ratio of 0.35), revealing its hydration
kinetics from the fresh state at 2 h to the hardened state at 48 h by
confocal Raman microscopy (CRM). The CRM used a 5 mW laser power
of a 532 nm excitation laser (green laser) and a 100 x oil objective lens
(N.A. 1.25). As can be seen from the above studies, various wavelengths
of lasers or/and different customized techniques have been used in
cementitious materials inspection, aiming to obtain better in situ and
real-time Raman spectra. The main reason for changing lasers in
different wavelengths is that some fluorescent impurities in the analyzed
cementitious samples can generate a strong fluorescent signal under
specific wavelength lasers and thus interfere with the Raman spectra.
Since the Raman spectra are calculated based on the energy difference
between incident and scattered light, the Raman effect is independent of
the laser wavelength. Hence, changing the wavelength of the laser
source can effectively attenuate the excitation of fluorescent impurities
in the sample to reduce the influence of the Raman fluorescence back-
ground signal without influencing the Raman effect. Regarding the
techniques used in the above literature review, it can be noted that
existing in situ and real-time Raman spectroscopy tests are usually car-
ried out by bench-mounted Raman spectroscope in a laboratory condi-
tion and require some preparations for test samples, such as sampling,
polishing, stoppage of hydration, or/and freeze/vacuum/oven drying.
These facts limit the application of Raman spectroscopy for on-site
real-time research and structure health monitoring (SHM). In addition
to in situ Raman technology, previous studies have extensively investi-
gated the monitoring of cementitious materials using various in situ
methods, with a particular emphasis on the piezoelectric-based elec-
tromechanical impedance (EMI) approach [20-22]. These studies have
primarily concentrated on the non-destructive monitoring of both the
hydration process and the bond development occurring at the
steel-concrete interface in reinforced concrete structures.

In recent years, optical fiber technology has experienced significant
advancements [23-26], and fiber-optic Raman spectroscopy has bur-
geoned by integrating the transmission ability of optical fiber into the
fingerprint characterization capacity of Raman spectroscopy systems,
providing great potential for on-site real-time monitoring [27-33].
However, fiber-optic Raman spectroscopy has rarely been utilized to
investigate the complex chemical reactions in cementitious materials.
Several feasibility studies of using it on cementitious materials were
performed by Yue et al. [34-38]. They had developed an optical fiber
excitation Raman spectroscopy system using an “optical fiber excitation
+ spectrometer objective collection” configuration. Their research
proved the viability of establishing and utilizing fiber-optic Raman
spectroscopy for early hydration of cement paste at the fresh stage [38]
and exploration of some durability-related mechanisms, such as chloride
penetration, sulfate attack, and carbonation in cementitious materials
[34-37]. However, the current optical fiber excitation Raman spec-
troscopy system relies on optical fibers solely for sample excitation,
while signal collection and analysis are performed using a separate
commercial benchtop Raman spectroscopy system. This dual setup in-
creases the complexity of the testing system, making it more cumber-
some and suitable mainly for laboratory use. Furthermore, in
comparison to the original benchtop Raman spectroscopy system, the
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utilization of the optical fiber setup allowed for the examination of the
sample’s surface at the micron-scale under ambient conditions, regard-
less of the analyte states. However, this led to a significant reduction in
the signal level. The reduced signal-to-noise ratio (SNR) of the Raman
spectrum was primarily attributed to the lower excitation power density
and signal collection efficiency of the fiber-optic setup. Consequently,
this resulted in lower quality spectra and extended data collection times.
Additionally, due to the reliance on the benchtop Raman instrument for
signal collection, the fiber-optic system was unable to perform in situ
inspections. Therefore, there is a pressing need for technical advance-
ments in remote and in situ fiber-optic Raman spectroscopy systems.
These advancements would facilitate the study of cementitious materials
and enable the deployment of efficient, reliable, and real-time analysis
techniques for in-field applications.

This paper presents an innovative approach using a remote fiber-
optic Raman probe for in situ and real-time monitoring of early-/later-
stage hydration of clinker phases, specifically C3S and CjS, in cementi-
tious materials. Significantly, the fiber-optic Raman probe allows the
rapid in situ and real-time monitoring of wet and dry cementitious
samples via direct sample surface scanning without sampling and
external interference. This study reveals the hydration processes of C3S
and C,S from the early to later hydration stages following the evolution
of C-S-H gel and CH. For data validation of the fiber-optic Raman probe,
the spectrum of silica wafer was first acquired by the Raman probe and
compared with that from commercial benchtop Raman spectroscopy. In
addition, the XRD and TGA analyses were also conducted to verify the
information obtained from the fiber-optic Raman probe. Based on the
results harvested, the feasibility and potential of the fiber-optic Raman
probe as an on-site and remote characterization and monitoring tech-
nique for cement hydration can be evaluated. The results projected that
this fiber-optic Raman probe has great potential to become a novel
sensor system to monitor the condition of concrete structures. Further-
more, it contributes to the advancement of remotel monitoring of the
hydration process of concrete in extreme environments, such as when
concrete is utilized to immobilize radioactive waste in nuclear facilities
and many other applications.

2. Materials and methods
2.1. Sample preparation

The C3S and C,S materials used in this research were purchased from
Kunshan Chinese Technology New Materials Co., Ltd. (Jiangsu, China).
Their purities were both higher than 99%. De-ion water was used in the
preparation of all samples. C3S pastes with two different w/s ratios (i.e.,
0.4 and 0.5) and C,S pastes with three different w/s ratios (i.e., 0.5,
0.55, and 0.6) were prepared and cast in 2 x 2 x 2 cm cube molds for the
testing. In the realm of cement research, different w/s ratios are
commonly employed for C3S and CyS due to their distinctive reactivity
and hydration characteristics. The w/s ratio plays a crucial role in
determining the availability of water for hydration reactions and
significantly influences the hydration process of each compound. CsS,
being the most reactive compound in cement, plays a vital role in the
early-age strength development. It readily reacts with water, resulting in
the formation of calcium silicate hydrates (C-S-H), which contribute to
the binding and strength of the cementitious matrix. Optimal hydration
of C3S requires a w/s ratio between 0.4 and 0.5, providing sufficient
water for dissolution, hydration, and the formation of hydration prod-
ucts that enhance the strength and durability of the cementitious matrix.
Additionally, a w/s ratio of 0.4-0.5 facilitates the development of a
workable paste with favorable flowability. This ensures that the
cementitious mixture can be easily mixed, placed, and consolidated
during construction or testing processes. Consequently, w/s ratios of 0.4
and 0.5 are chosen for preparing CsS samples in order to investigate
them further.

A w/s ratio of 0.5 is commonly employed for C,S as it provides a
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well-balanced amount of water for hydration, ensuring reasonable
reactivity and achieving a satisfactory compromise between workability
and strength development of the cement paste. A slightly higher w/s
ratio of 0.55 is selected to explore the influence of increased water
availability. This ratio facilitates a greater water supply, enhancing the
hydration process and potentially leading to higher hydration degree
and improved strength development. The objective is to investigate the
effect of increased water content on the kinetics of hydration and the
resulting properties of the cementitious material. Furthermore, a w/s
ratio of 0.6 is chosen to increase the water content in the mixture
further. This promotes more extensive hydration of C»S and can signif-
icantly influence the microstructure and properties of the cementitious
system.

2.2. Raman spectroscopy, XRD, and TGA

In Raman spectroscopy analysis, a chemical component is identified
by its characteristic peak, known as Raman shift [39]. The Raman shift is
unique for each component due to the unique molecular vibrations that
exist within this component. Therefore, the chemical composition in a
sample can be determined by analyzing the Raman shift. By studying the
hydration process of cementitious powders, the Raman shifts can be
determined. For example, C3S has a strong vibration corresponding to a
broad frequency shift from 813 to 890 cm™}, but the most intensive
peaks are located from 840 to 848 cm ! [40-43]. A substance may have
more than one designated Raman shift. For C-S-H Raman spectra, it has
two designated regions of characteristic shifts caused by the vibration of
two different types of comparable molecular solids in these two regions
[40,41,43]. The peak at 600 to 700 cm ! is caused by the Si-O-Si
bending mode in C-S—H gels, while the peak at 520 to 550 cm™* cor-
responds to the v4 internal modes of the 5103* chemical bond [40-43].
In summary, the Raman peaks of the leading chemical substances
involved in this study are listed in Table 1.

The XRD analysis was carried out to verify the phases change of the
hydration process of C3S and CyS pastes. The hydration reactions of
paste samples were stopped by immersing initially crushed paste in
high-purity isopropanol for 24 h. Then, the paste samples were dried in a
vacuum desiccator and ground into powder for testing. The XRD tests
were carried out by a PANanalytical X’pert Pro MPD diffractometer,
using CuKa radiation (A = 1.54 A) and an X-Celerator solid detector. The
diffraction patterns were examined with 20 ranging from 10° to 65° and
a scan speed of 0.03348°/s.

In addition, the TGA analysis was conducted to measure the weight
change of C3S and CyS pastes as a function of temperature under
controlled heating conditions. The main goal of utilizing TGA is to
quantify the change of composition to further correlate with the Raman
results. Prior to testing, the samples were collected at specific testing
ages and subsequently ground into fine powders. A solvent exchange
method was employed to halt the hydration process, involving
immersing the samples in isopropanol for 15 min, followed by thorough
rinsing with diethyl ether. The samples were then dried in a vacuum
oven for 1 h to remove any residual solvents. The TGA method utilized in
this research study involved heating the prepared samples from 30 °C to
1000 °C, at a heating rate of 10 °C/min. The tests were carried out under
a nitrogen (N3) atmosphere, maintaining a constant flow rate of 100 ml/

Table 1
Characteristic Raman peaks for cementitious ingredients and hydration
products summarized from pioneering research.

Chemical ingredients Raman shift (cm™)

C3S 834-845 [40-43]
CoS 846-864, 972-975 [40-44]
CH 354-359 [40,41,43]

C-S-H 425-500, 600-700 [41,42,44]
V4[Si0%"] 520-550 [42,43]

v1[Si03F7] 979-984 [42,43]
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min.
3. Instrumentation

An in situ fiber-optic Raman probe was employed to study the
chemical changes of C3S and C,S samples during the hydration process.
The Raman probe was constructed with a probe body and an extension
probe. A 105 pm core diameter fiber and a 100 pm core diameter fiber
was employed inside the probe to work as the optical excitation and
absorption path. A long-pass filter (OD 1) and a band-pass filter
(centered at 532 nm) were installed inside the probe to block laser re-
flections and eliminate inelastic background signals generated by the
silica fiber. A convex sapphire lens was employed at the probe’s tip to
provide a working distance of 7.5 mm for the Raman probe for
noncontact measurement. In addition, a 25 cm long extended probe with
a tip diameter of 0.9 cm was installed with the probe body for testing in
small and harsh environments. A 532 nm laser (green laser) with 100
mW source power and a 3 cm ™! spectral resolution QE pro spectrometer
were used in the Raman system. The laser spot size on the target sample
is approximately 100 pm when the working distance is 7.5 mm. During
the experiment, Raman spectra were collected with the QE-Pro spec-
trometer. The Raman spectra region was focused on between 100 and
1500 cm™! which has the most significant chemical features of the
cement paste material. The data acquisition time was set to 30 s with
Oceanview software (Ocean Optics, Inc.). Furthermore, five Raman
spectra were collected and averaged for each measurement to ensure a
good SNR. All spectra were obtained with these stated experimental
parameters. A vacuum chamber was used to ensure that the sample
would not be over-carbonized during the experiment. Several hollow
channels were made in the top of the vacuum chamber to allow for the
installation of the Raman probe, vacuum pump, oxygen cylinder, CO5
sensor, and pressure gauge. As shown in Fig. 1, a rubber tube was
designed to seal the gap between the hollow channels and the insertion
device. After the device cable and rubber tube were inserted, epoxy glue
was used to seal the rest of the gap. A vacuum pump was inserted into
the vacuum chamber to extract the air and clean the hydration cement
materials’ experimental environment. While pumping, an oxygen cyl-
inder was used to supply oxygen to the vacuum chamber to balance the
air pressure inside the chamber. An external pressure gauge was
mounted above the vacuum chamber to monitor the pressure inside. In
addition, saturated sodium chloride solution was placed in the vacuum
chamber as a humidity control agent. In real-time, a humidity meter and
a carbon dioxide sensor were used to detect the humidity value (~70%)
and check the carbon dioxide level (<10 ppm) in the vacuum chamber.
The samples are placed in the vacuum chamber immediately after being
mixed. Once the vacuum chamber is closed, the test samples are sub-
jected to a long-term and real-time Raman data acquisition period.

4. Results and discussion
4.1. In situ fiber-optic Raman probe calibration by the silicon wafer

A silicon wafer was employed as a calibration standard to assess the
performance of the fiber-optic Raman system. The well-defined Raman
peak of silicon at 520 cm ™! was used for calibration purposes. Fig. 2
illustrates the Raman spectrum of the silicon wafer obtained using the in
situ fiber-optic Raman probe. The Raman signal from the silicon wafer
was successfully retrieved and exhibited excellent agreement with the
expected sharp peak at 520 em, as previously reported in the literature
[37,45]. This outcome strongly indicates the reliability and accuracy of
the characterization results achieved by the proposed fiber-optic Raman
system. Additionally, the results obtained from this study demonstrate a
significantly improved SNR compared to previous investigations in the
field [34-37]. The observed improvement in the SNR can be ascribed to
a combination of key factors incorporated into the experimental setup.
In order to mitigate the interference signal originating from the silica
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Fig. 1. The schematic diagram of the in situ fiber-optic Raman probe in experiment. The Raman probe was inserted into the vacuum chamber for continuous
measurement. A 0.75 cm working distance was provided between the probe tip to the testing sample. The air inside of the vacuum chamber was evacuated by a

vacuum pump.

i
-
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Fig. 2. Raman spectra of silicon wafer collected from the in situ fiber-optic
Raman probe. A sharp Raman peak was observed at 520 cm™!. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

fiber, a dual optical fiber configuration was implemented. This
arrangement effectively eliminated the interference signal by employing
two optical fibers into the fiber-optic Raman probe, ensuring a clean and
accurate measurement of the Raman spectra discussed in our previous
study [31,33]. To enhance the excitation efficiency and optimize photon
delivery to the target samples, convex lenses were strategically intro-
duced at the distal end of the fiber-optic Raman probe. These convex
lenses facilitated the precise focusing of incident light onto the sample
surface, generating a higher density of excited photons and significantly
improving the overall excitation efficiency. The integration of convex
lenses within the probe design enhanced the photon flux, leading to
improved Raman signal acquisition and heightened sensitivity for ac-
curate measurements. Additionally, in order to reduce the interference
caused by laser reflection, optical filters were meticulously incorporated
into the probe assembly. These optical filters were strategically posi-
tioned to filter out the laser reflection signal selectively, thereby
diminishing unwanted background signals and minimizing interference.

4.2. CsS hydration reaction monitored by in situ fiber-optic Raman probe

With the previous description of the in situ fiber-optic Raman system,
this section will focus on the results and discussion of the experiments.
To reflect the effect of water content on the hydration products and the
reaction time, two C3S pastes with w/s ratios of 0.4 and 0.5 were pre-
pared, respectively. The two prepared samples were separately placed in
a vacuum chamber for 60 days to monitor the cement hydration reac-
tion. The pressure, humidity, and CO, concentration in the vacuum
chamber during the hydration reaction were accurately controlled. Due
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to the time expense in preparing the samples and providing the exper-
imental environment, the Raman spectra collection started after 5 min of
hydration of the C3S. In order to ensure the high SNR of Raman spectra,
all Raman spectra were taken with an integration time of 30 s and a 5-
fold average. During the first 24 h of the hydration process, the
Raman spectra were taken every 30 min using the in-house programmed
software. After 24 h of hydration, the interval of spectrum acquisition
was adjusted to be 2 h. The in situ real-time Raman spectra were
analyzed from 5 min at the beginning of hydration to 60 days at the end
of hydration, and the Raman region was from 300 to 1200 cm ™}, which
included the most significant features of the hydrated C3S paste samples,

(a)CH - 356 cm” v4[Si04“'] -526 cm™
C-S-H - 655 cm™ C,S-842 cm’
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i . 42 days
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as shown in Fig. 3. Fig. 3 (a) & (b) show the Raman spectra of C3S paste
samples with 0.5 and 0.4 w/s ratios. Both Fig. 3 (a) and (b) reveal three
distinct Raman peaks centered at around 842 cm™!, representing the
raw material component of C3S [40-43], which are the most evident on
the spectra collected 5 min after the material has been hydrated. At 526
em™!, a Raman peak with relatively low Raman intensity was found
from both w/s ratio samples, corresponding to the v4 internal modes of
the SiOﬁ’ chemical bond [42,43]. This Raman peak also explains the
presence of silica in the C3S paste material. The main products of C3S
hydration, i.e., CH and C-S-H, were not found in the Raman spectra
during the first 5 min of the C3S hydration for both w/s ratio samples. At
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Fig. 3. Raman Spectra of C3S hydration samples with varying w/s ratios from 5 min to 60 days. (a) Raman spectra of 0.5 w/s C3S sample hydration reaction in 60
days. (b) Raman spectra from 0.4 w/s C3S sample hydration reaction in 60 days. (c) Raman spectra of 0.5 w/s C3S sample hydration reaction from 5 min to 12 h. (d)

Raman spectra of 0.4 w/s C3S sample hydration reaction from 5 min to 12 h.
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12 h of the C3S hydration, the spectrum was still dominated by the three
Raman peaks centered at 842 cm™?, but a slight change was observed in
the 500-700 cm ™! Raman region. The hydration reaction did not affect
the v4 internal modes of the SiOﬁ’ chemical bond at 526 cm ™! after 12 h
of hydration. However, a weak Raman peak at 655 cm ™' could be found
in the Raman spectra. After comparing and analyzing the results with
those of previous studies, it can be concluded that this Raman peak at
655 cm ! belongs to C-S-H [40,41,43]. However, comparing the Raman
spectra of C3S pastes with 0.4 and 0.5 w/s ratios within the first 12 h of
hydration, as shown in Fig. 3 (c) & (d), a peak at 356 cm ! was observed
to be a little more significant with the 0.4 w/s C3S sample. Additionally,
the CH was observed with 0.4 w/s at 2 h, but with 0.5 w/s between 2 and
4 h, which indicates a relatively later formation detectable of CH in
pastes with higher w/s ratios. This result demonstrated that the C3S
paste with a higher w/s ratio might undergo a longer dormant period,
which causes the later hydration and delayed formation of CH [40,41,
43]. By comparing the Raman spectra of both 0.4 and 0.5 w/s C3S hy-
dration samples for one and three days, it is clearly demonstrated that
the relative Raman spectra of the hydration products C-S-H and CH
become more and more intense as the hydration reaction proceeds. After
three days of the hydration reaction, the Raman peaks of the original
reactants C3S could be seen to become weaker gradually, while the
Raman peaks of the products C-S-H and CH continually increased. This
phenomenon was verified in both samples with different w/s ratios. At
the final stage of the hydration reaction (60 days), both hydration ratios
of the samples exhibit the characteristic peaks of CH, 4[Si0371, C-S-H,
and C3S. After a long hydration period, the product C-S-H replaces the
reactant C3S to become dominant in the Raman spectrum for the
300-1200 cm ™! Raman region.

As discussed, Raman spectroscopy is well known as an excellent
qualitative detection tool for detecting the decrease or disappearance of
cement clinker minerals and the appearance of hydration products.
However, the quantitative analysis of samples by Raman spectroscopy
has always been a subject of research significance and a great challenge.
From the previous studies and the results of this paper, it can be seen
that the main products of C3S hydration are concentrated in the C-S-H
at 655 cm™!, while the dominant Raman peak of the C3S hydration
products is at 842 cm™! [41-44]. Therefore, to further investigate the
hydration process and chemical composition of C3S with two different
w/s ratios, the Raman region of 550-950 cm ™! was exemplified, as
shown in Fig. 4.

In order to show more clearly the process of the C3S hydration re-
action, more sets of Raman data at different times are added to Fig. 4.
Fig. 4 (a) and (b) show the Raman 3D plots of the C3S hydration reaction
at 0.5 and 0.4 w/s ratios, respectively. The intensity of the C-S-H Raman
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peak increases with the hydration reaction, and the C3S Raman peak
decreases with the hydration reaction, as seen from the Raman spectra
presented in the 3D plots. As illustrated in Fig. 4, the Raman signal of the
C-S-H product in both 0.4 and 0.5 w/s C3S samples initiated the reac-
tion at a similar time. However, at the 21-day mark, the Raman peak
intensity of C-S-H in the 0.4 w/s sample exhibited almost no discernible
growth trend, whereas the Raman peak intensity of C-S-H in the 0.5 w/s
sample continued to exhibit a graduate increase. This observation sug-
gests that the larger the w/s ratio of the C3S paste sample, the longer the
dormant period, aligning with our previous findings and the conclusions
drawn in the referenced research [40,41]. At 42 days of the hydration
reaction, the intensity of the C-S-H Raman peak of 0.5 w/s C3S paste
tends to slow down significantly, and there is almost no significant in-
crease compared with the Raman peak of the C-S-H after 60 days of the
hydration reaction. To better infer and demonstrate the hydration pro-
cess of cement clinker by Raman spectroscopy, the Raman peak in-
tensities of C-S—H at 655 cm ™! and C3S at 842 cm ™! were extracted for a
deeper analysis.

Raman spectroscopy provides valuable insights into molecular vi-
brations and structural changes within a material. It relies on the in-
elastic scattering of light, where incident photons interact with the
sample, causing energy exchange with the molecular bonds. This
interaction results in the emission of scattered light with different en-
ergy levels, which can be detected and analyzed. Different phases or
components in a material can exhibit distinct Raman spectra due to
molecular vibrations or crystal structure variations. As the hydration
process progresses, phase transitions or transformations may occur,
leading to changes in the material’s composition and structure. These
changes can manifest as alterations in bond lengths, bond strengths, and
molecular interactions. These phase transitions can be accompanied by
alterations in the Raman spectra, including changes in peak positions,
intensities, or line widths. An increase in the intensity of a specific
Raman peak suggests an enhancement or accumulation of the corre-
sponding molecular species or phase. Since the fiber-optic Raman probe
continuously monitors the cementitious sample in situ during the entire
experiment without any external interference, the intensity of Raman
peaks directly correlates to the corresponding vibrational mode popu-
lation. Vibrational modes with higher populations will generate Raman
signals with greater intensity. Therefore, continuous monitoring of the
Raman spectra is beneficial to track the changes in peak intensities and
correlate them with variations in the concentration of specific phases or
molecular species. This information provides insights into the redistri-
bution or enrichment of components during hydration. Additionally, to
further differentiate between samples with different water ratios, the
ratios of Raman peak intensities between the reactants and products
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Fig. 4. The 3D Raman spectra of C3S hydration samples with two different w/s ratios from 5 min to 60 days in the Raman region between 550 and 950 cm™". (a) 3D
Raman spectra of the 0.5 w/s C3S hydration sample. (b) 3D Raman spectra of the 0.4 w/s C3S hydration sample. Two significant peaks of C-S-H and C3S were

observed at 655 and 842 cm™! at both samples with w/s ratios of 0.4 and 0.5.
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were investigated. This additional analysis provides a more accurate
correlation for distinguishing between samples with varying water
content. Therefore, the Raman peak intensity ratios of the reactants and
products in the spectra were correlated with the hydration reaction time
to further analyze the hydration reaction’s mechanism, as shown in
Fig. 5. When the hydration reaction proceeded for about 21 days, the 0.4
w/s C3S sample first showed a flat growth curve, implying that it entered
the final stage of the hydration reaction. The higher hydration ratio of
0.5 w/s sample showed a slow growth trend at about 28 days and
entered the late stage of hydration reaction at day 42. This data re-
inforces the finding of longer hydration cycle for cement materials with
higher w/s ratios.

There are several methods and models used to study and model the
hydration process of cement. Kinetic models describe the dissolution of
cement clinker and can be extended to capture later stages of hydration,
providing a comprehensive view of the process [46]. Experimental
methods, such as quantitative analysis and seawater testing, allow for
the direct determination of composition and provide insights into the
effects of environmental factors on cement hydration [47,48]. Ther-
modynamic modeling employs calculations to predict the formation and
stability of cement hydrates, aiding in understanding phase evolution
[49]. Researchers often combine these approaches to gain a deeper
understanding of cement hydration and its impact on material proper-
ties. According to the observation in Fig. 5, the fitted growth patterns of
the ratios of Raman peak intensities of the product (C-S-H) to the
reactant (CsS) are very much similar to the Avrami function model [50].
The Avrami equation essentially describes how a solid transform from
one phase (state of matter) to another at a constant temperature
[50-53]. It assumes the reaction can be complete and can be generally
applied to investigate the chemical reaction rates of materials. However,
the cement’s hydration can never be completed in a cement paste’s
actual reaction. Due to this discrepancy between the assumptions of the
Avrami equation and the nature of the hydrated cement, the experi-
mental results of fitting the hydration kinetics with the Avrami equation
usually need modification by introducing another parameter to make
the fitting results better. The modified Avrami equation can be used to
describe the hydration kinetics of cement in the form of
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Fig. 5. The relative Raman peak ratio of C-S-H and C3S as a function of time.
The blue dot represents the 0.5 w/s C3S hydration sample, and the red dot
represents the 0.4 w/s C3S hydration sample. Two exponential functions were
applied for the curve fitting analysis. A minimum 0.985 R square value in-
dicates the curve fitting accuracy. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Cement and Concrete Composites 142 (2023) 105214

a=—a,xe"* +a, €))]

where k and n are constants, « is the fraction of material reacted as a
function of time, and oy is newly introduced and assigned as the
maximum/ultimate degree of hydration. In light of the modified Avrami
equation for cement hydration and the similar fitting function models
obtained in Fig. 5, the variations of C3S peak intensities were called out
for further analysis of C3S consumption along with hydration time in
Fig. 6 in order to understand better the relationship between Raman
spectra of hydrated C3S and degree of hydration reaction. The most
dominant peak at 842 cm ! in the C5S Raman spectrum was used in this
discussion. The Raman peak at 842 cm ™" at 5 min hydration was set as
the initial value of zero while calculating the C3S peak intensity varia-
tion. Compared with the Raman peak at the initial 5 min hydration, the
consumption of Raman peak intensity was collected for different hy-
dration periods, normalized, and fitted. However, after rigorous data
analysis and literature review, it was found that the Avrami equation is
commonly used as a model for early hydration reactions [52-54] and is
not necessarily applicable to long-period hydration reactions. The de-
gree of hydration would be varied along with the hydration reaction.
Because of this reason, the following relation was unfolded for the
normalized variations of C3S peak intensities and the hydration reaction
times, which is

a=—a; " Lo kM 2

where « is normalized C3S peak intensity variation (i.e., consumption,
corresponding to the degree of reaction), k and n are constants, a; is a
control parameter regarding the degree of reaction in the early hydra-
tion stage, and M is an adjustment parameter to better fit the long-period
hydration stage. The C3S peak intensity variation can somewhat reflect
the C3S consumption, and the above relation can reflect the hydration
kinetics of C3S and the degree of hydration from low to high. Based on
Eq. (2), the 0.5 and 0.4 w/s C3S hydration samples’ Raman data can be
fitted reasonably well, and a minimum R square value of 0.993 is ob-
tained to address the curve fitting uncertainties. In Fig. 6, the Raman
peak of the reactant CsS at 842 cm ™! decreases gradually with the in-
crease of the hydration reaction time. Both 0.5 and 0.4 w/s CsS
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Fig. 6. The consumption (mirrored by variation of Raman peak intensity) of
Cs3S as a function of time. The blue dot represents the 0.5 w/s C3S hydration
sample, and the red dot represents the 0.4 w/s C3S hydration sample. Two curve
fitting functions between consumption of C3S and time were discovered and
mirrored the degree of hydration. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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hydration samples’ signals show that the Raman peak intensity of C3S at
842 cm™! changes dramatically in the first ten days. Due to the less
amount of water, the 0.4 w/s C3S sample shows a slightly less steep
curve than the 0.5 w/s C3S sample at 14 days and becomes flattened at
28 days. The 0.5 w/s C3S sample with a higher w/s ratio possesses a
slower/delayed hydration kinetics at the initial stage due to its long
dormant period. However, it has a faster hydration rate at 14 days and
becomes flattened after 28 days with a higher C3S consumption level,
demonstrating a higher degree of hydration. Coefficient M was calcu-
lated as 1.212 for both 0.5 and 0.4 w/s C3S samples, indicating the
sustained reactivity of C3S over time. This observation underscores the
persistent nature of hydration reactions in C3S, which contribute to the
gradual development of cementitious properties and strength as the
degree of hydration advances. By establishing the coefficient ‘M’ as
1.212 for both the 0.5 and 0.4 w/s C3S samples, the research reinforces
the understanding that Cs3S exhibits a prolonged hydration behavior
characterized by a continuous increase in the degree of hydration over
an extended period. These findings have significant implications for the
design and optimization of cementitious materials, providing a deeper
comprehension of the hydration kinetics and performance of CsS in
various construction applications. Further investigation will be keep
carrying on in the future research.

In order to validate the findings of the Raman spectroscopy analysis
and determine the phases present in the cement paste, XRD analysis was
conducted. Fig. 7 illustrates the XRD pattern results depicting the pro-
gression of hydration in the C3S sample at various time intervals,
including the initial state, 12 h, 14 days, 28 days, and 60 days. The XRD
results reveal distinct features at different stages of hydration. In the raw
state, the anhydrous mineral phase CsS is clearly identified. As the hy-
dration reaction proceeds, the formation of Ca(OH),; and C-S-H gel
becomes apparent, as observed at the 12-h time point. During the period
from 14 to 28 days, the intense peak corresponding to the raw C3S phase

0 Ca,SiO;
O Ca(OH),

% C-S-H gel (hump)
o

60d

u]

Raw C;S

10 15 20 25 30 35 40 45 50 55 60 65
26 (%)
Fig. 7. XRD results of the hydration process of the C3S sample. XRD patterns

illustrate the hydration progress of the C3S sample at different time intervals,
including the raw state, 12 h, 14 days, 28 days, and 60 days.
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diminishes significantly, indicating its consumption during the hydra-
tion process. At 60 days of hydration, the XRD pattern demonstrates a
considerable presence of Ca(OH), and a small amount of unreacted C3S
material. The observed decrease in the peaks associated with the C3S
feedstocks after 60 days of hydration aligns well with the Raman spec-
troscopic results discussed earlier, confirming the consumption of these
silicates during the hydration process. The poorly ordered nature of
C-S-H prevents its characterization as sharp peaks in the XRD pattern.
However, its presence can be identified as a broad peak or a hump,
indirectly verified by the consumption of calcium silicate C3S. The XRD
verification further substantiates the accuracy of Raman spectroscopy in
elucidating the principles of the hydration reaction using a remote fiber-
optic Raman probe. Consequently, the application of in situ real-time
fiber-optic Raman sensors in the cement industry exhibits promising
potential.

The TGA method can be used to determine the degree of hydration. It
was observed that the decomposition of Portlandite occurs between
approximately 370 °C and 500 °C. The tangential method was used to
identify the onset and end points of this decomposition, allowing for the
calculation of Portlandite content based on the weight loss attributed to
the release of HyO from Portlandite within the specified temperature
range. Subsequently, the C-S-H gel content could be calculated using
stoichiometric relations derived from the hydration reaction equations.
Finally, the degree of hydration was determined by comparing the
content of the hydrated product (C-S-H gel) to the unreacted cementi-
tious materials. This comparison provided insights into the extent of
cementitious material hydration. Based on the TGA curves displayed in
Fig. 8, the degrees of hydration of the C3S paste were determined and
presented in Fig. 9. As depicted in the figure, the Raman and TGA results
exhibit a generally consistent trend with slight discrepancies observed at
certain ages. Several potential reasons account for the variation between
the Raman and TGA results: Firstly, the Raman analysis examines a
relatively smaller or different area compared to the TGA samples. In
future tests, it is advisable to include duplicate samples to enhance the
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Fig. 8. TGA curves of C3S paste samples with w/s ratio of 0.4 (a) and 0.5 (b).
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Fig. 9. Degrees of hydration of C3S paste samples, in comparison with
Raman results.

reliability and accuracy of the analysis, although the current study pri-
marily focuses on evaluating the feasibility and potential of the tech-
nique. Secondly, the TGA method may introduce systematic or random
measurement errors due to factors such as sampling and sample prep-
aration, determination of onset points, procedural influences, method
biases, and environmental effects such as carbonation during the test
and sample handling. Lastly, interference from the water-rich surface
layer has the potential to occur during the initial hydration phase of
Raman probe testing. To address this issue, future investigations will
explore the optimization of immersible fiber Raman sensors.

4.3. C2S hydration reaction monitored by in situ fiber-optic Raman probe

C3S and CsS are essential components of silicate cement. They both
have hydraulic properties and can react with water or aqueous solutions
to produce hydrated calcium silicate (C-S-H) or/and (CH) as the main
hydration product, thus contributing to the material’s self-consolidation
properties and spontaneous strength. However, the main difference
between C3S and C,S comes from the chemical composition. From the
perspective of their molecular weights, CoS contains a higher calcium
percentage than C3S. Theoretically, when hydrating two samples of the
same mass, C2S will consume more water over hydration and have a
higher amount of hydration products due to its higher calcium content.
To examine this property, three samples of C2S were prepared with
different water ratios, 0.5, 0.55, and 0.6 w/s, respectively. The three C2S
samples were each placed in a vacuum chamber for 60 days for hydra-
tion reaction experiments. Real-time Raman spectra were collected 5
min after the start of the hydration reaction until 60 days of hydration,
as shown in Fig. 10. Four dominant Raman peaks, C-S-H, v4[S10%7], and
CoS (852 & 975 cm’l), were demonstrated for the three w/s ratio
samples. In the first 5 min of the hydration reaction, the raw material
Raman peak of C,S dominates in the three hydration ratio samples. It is
noteworthy that the v4 internal modes of the SiO4~ chemical bond was
also found at the beginning of the hydration reaction [42,44]. As the
hydration reaction proceeded to 1 h, weak C-S-H Raman spectra were
formed at 655 cm ™! for 0.5 and 0.55 hydration ratios. C-S—H was first
observed with the 0.6 w/s sample between 1 and 2 h. The intensity of the
C-S-H Raman spectra gradually increased as the hydration reaction
proceeded for one day. However, unlike C3S at the same hydration
period, barely CH was formed at 356 cm ™" for all three C,S samples. This
phenomenon indicates that the C-S-H was formed as the main product

Cement and Concrete Composites 142 (2023) 105214

by the C5S hydration reaction due to the lower hydration kinetics. As the
hydration reaction proceeded for 14 days, the C2S sample with w/s ratio
of 0.5 showed a slow reaction rate due to the slow increase in the Raman
intensity of the C-S-H product. In contrast, the C,S samples with 0.55
and 0.6 w/s ratios did not show any reduction trend in the hydration
reaction. When the hydration reaction proceeds for 28 days, the CyS
sample with w/s ratio of 0.5 already appears to be characterized near the
end of the hydration reaction. The 0.55 w/s C5S started to show a trend
of a slower rate of hydration reaction. However, the 0.6 w/s C3S sample
continued to show a trend of continued hydration.

The progress of the hydration reaction could be initially inferred
from the Raman spectra by the 60-day long-period examination of the
C,S samples with three hydration ratios. To further understand the
correlation between the hydration products and the Raman spectra of
C,S samples, the Raman spectra of 550-950 cm ' were selected for
detailed analysis, as shown in Fig. 11. Fig. 11 (a) and (b) show that
samples with 0.5 w/s gradually enter the late stage of hydration reaction
between 14 and 21 days of hydration reaction; samples with 0.55 w/s
enter the late stage of hydration reaction between 21 and 28 days. The
C,S sample with 0.6 w/s showed a slow hydration rate at 28 days of
hydration reaction, as shown in Fig. 11 (c).

The Raman characteristic peak intensity ratios of C-S-H at 655 cm ™
and C,S at 852 cm™! were further analyzed, as shown in Fig. 12. Three
exponential functions were applied to perform the curving fitting for all
three datasets. The minimum value of R square of 0.992 ensured the
accuracy of the curve fitting calculation. During the first five days of the
hydration reaction, the Raman peak intensity ratio of the three hydra-
tion ratios of C3S samples was uniform. However, on the seventh day of
the hydration reaction, the Raman peak intensity ratios of the three
samples showed differently due to the different hydration ratios. As the
hydration reaction proceeded, the three curves showed different growth
rates, which indicated that the samples with higher hydration ratios
would produce more products with the same hydration period but
different hydration ratios. Based on the modified Avrami equation (2),
three curve functions were applied to all CS samples, as shown in
Fig. 13. A minimum value of R square of 0.991 was calculated to address
the peak fitting uncertainties. A similar phenomenon was observed that
the higher water-to-solid ratio has greater reactant consumption and a
higher degree of hydration. The C,S sample analysis revealed coefficient
‘M’ values of 1.238, 1.253, and 1.283 for the 0.6, 0.55, and 0.5 w/s
ratios, respectively. These findings provide valuable insights into the
hydration potential of CoS during the long-term hydration stage, high-
lighting the influence of the w/s ratio and the early-age degree of hy-
dration, which aligns with established principles of classic cement
chemistry. The observed variations in the coefficient ‘M’ values for the
different w/s CyS samples indicate distinct hydration behaviors.
Notably, the lower w/s C5S sample (0.5 w/s) exhibited the highest co-
efficient ‘M’ value of 1.283. This observation suggests that the CyS
sample with a lower w/s ratio possesses a greater hydration potential
during the long-term hydration stage. This correlation between the w/s
ratio and the coefficient ‘M’ aligns with the fundamental principles of
classic cement chemistry, where a lower early-age degree of hydration is
known to contribute to a higher potential for hydration over an extended
period. By demonstrating the relationship between the coefficient ‘M’
values and the w/s ratios of C,S samples, the findings provide valuable
insights into the hydration characteristics of C5S. These results enhance
our understanding of the long-term hydration behavior of CzS, offering a
deeper comprehension of the influence of the w/s ratio on the hydration
potential and overall performance of cementitious materials. More
investigation will be studied in future research.

The XRD patterns of CoS were examined at various time points,
including the initial state, 12 h, 14 days, 28 days, and 60 days, as
illustrated in Fig. 14. The XRD analysis clearly identifies the raw CyS
phase in the initial state. As the hydration reaction progresses, new
peaks corresponding to Ca(OH); and C-S-H gel emerge, observed
notably at the 12-h time point. With the hydration process advancing to



B. Zhang et al.

Intensity (a.u.)

Intensity (a.u.)

Cement and Concrete Composites 142 (2023) 105214

(a)v,‘[SiO,“‘] -526 cm™ C-S-H - 655 cm™
C,5-852cm” B-C,S-975cm™’

0.5w/s

A 60 days

28 days

Intensity (a.u.)

(b) v4[S|O4“'] 526 cm™ C-S-H - 655 cm™
C,S- 852 cm™ B-C,S - 975 cm™

0.55 wis

60 days
MW.JI :\_._J:\-\A__.._.
! FAN M m 28 days

1

1
/ 14d
P /\w /! \NJA\«\ —
' ,\ 7 days
P PN I“\__/'\ ..... \/ , SR
1
1
t i /:l h 3 days
e ﬂ :
1 I
| . : '\ 1day
i ! : :
' 1 1
! l 12 hrs
1

Intensity (a.u.)

(c)v4[SiO4“'] - 526 cm™ C-S-H - 655 cm™’

! / \ A 28 days

C,S-852cm™ B-C,S-975cm™!
0.6 wis

I A 60 days
1

14 days

\_/\w

300 450 600 750 900 1050 1200

Ramanshift (cm™)

300 450 600 750 900 1050 1200

Ramanshift (cm™)

300 450 600 750 900 1050 1200

Ramanshift (cm™)

(d) v,[Si0*] - 526 cm™ C-S-H - 655 cm™!
C,5-852cm™ B-C,S-975cm’

0.5w/s
N/\v 12hre
et LU

%/’“\__,/‘\"J/LJ | - _8 _.,h r_s_

5 mins

Intensity (a.u.)

(€)valsio,*]- 526 cm™ C-S-H - 655 cm!

c,5-852cm™ B-C,S-975cm™
0.55 wi/s
f \ 12 hrs
8 hrs
4 hrs
2 hrs
C-S-H

5 mins

Ramanshift (cm™)

Intensity (a.u.)

(f) v,[8i0,*] - 526 cm™ C-S-H - 655 cm™!

C,S-852cm?! B-C,S-975cm™!
0.6 wis
12 hrs
8 hrs
R i

5 mins

Ramanshift (cm™)

300 450 600 750 900 1050 1200 300 450 600 750 900 1050 1200 300 450 600 750 900 1050 1200

Ramanshift (cm™)

Fig. 10. The Raman spectra of three w/s ratio C,S paste samples hydration reaction from 5 min to 60 days. Four significant Raman peaks were observed from all
three w/s ratio C,S paste samples. (a) Raman spectra of 0.5 w/s ratio C,S paste sample hydration reaction in 60 days. (b) Raman spectra of 0.55 w/s ratio CS sample
hydration reaction in 60 days. (c) Raman spectra of 0.6 w/s ratio C,S paste sample hydration reaction in 60 days. (d) Raman spectra of 0.5 w/s C,S sample hydration
reaction from 5 min to 12 h. (e) Raman spectra of 0.55 w/s C,S sample hydration reaction from 5 min to 12 h. (e) Raman spectra of 0.6 w/s C,S sample hydration
reaction from 5 min to 12 h.

14 days, the raw CyS peak diminishes significantly, while the C-S-H
peak becomes dominant in the XRD patterns. The hydrated CoS samples
exhibit a substantial presence of C-S-H and remaining C,S material. The
noticeable decrease in the peaks associated with the C5S feedstocks after
60 days of hydration indicates the consumption of these silicates during
the hydration process, corroborating the earlier findings from Raman
spectroscopy. The formation of CH in CyS hydration is comparatively
lower than that in C3S hydration, making it difficult to discern in the
XRD test due to the similar CaO/SiO5 molar ratio of C5S to the formed
C-S-H gels. Using the TGA analysis method described in the C3S paste

10

section, the degrees of hydration of the C,S paste were determined and
presented in Fig. 15. As illustrated in the figure, the results obtained
from both Raman spectroscopy and TGA demonstrate a generally
consistent trend, although slight discrepancies are observed at the initial
age (1 day) due to the possible reasons that discussed in the C3S section.

Concrete monitoring is crucial for assessing the performance, dura-
bility, and structural health of concrete structures. In Situ fiber-optic
Raman probe offers a non-destructive means of evaluating hydration
products in concrete, providing real-time monitoring of their formation
and development. This technique enables the assessment of hydration
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Fig. 12. The relative Raman peak ratio of C-S-H and C,S as a function of time.
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sents the 0.55 w/s C,S hydration sample, and the green dot represents the 0.5
w/s CyS hydration sample. Three exponential functions were applied for the
curve fitting analysis. A minimum 0.996 R square value indicates the curve
fitting accuracy. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 15. Degrees of hydration of C,S paste samples, in comparison with
Raman results.

kinetics and the identification of early-stage anomalies or deficiencies in
the hydration process. Moreover, the in situ fiber-optic Raman probe
allows for the quantification of key constituents such as calcium sili-
cates, calcium hydroxide, and calcium silicate hydrates. This quantifi-
cation aids in evaluating concrete quality and composition, as well as
assessing the degree of cement hydration and the utilization of supple-
mentary cementitious materials [55-60]. Additionally, Raman

12

Cement and Concrete Composites 142 (2023) 105214

spectroscopy, when applied using fiber-optic probes, is effective in
detecting chemical changes and degradation processes in concrete
[34-37,61-63]. The fiber-optic Raman probe approach extends this
capability to remote or hard-to-reach areas, facilitating continuous
monitoring of critical regions vulnerable to chemical attacks, including
sulfate or chloride ingress, carbonation, and alkali-silica reaction. The in
situ monitoring of curing and hardening processes is another application
of the fiber-optic Raman probe method. By tracking the evolution of
Raman spectra over time, it becomes possible to measure the degree of
cement hydration and the development of hydration products. This in-
formation can contribute to optimizing curing conditions and predicting
concrete strength gain. For long-term structural health monitoring,
fiber-optic Raman spectroscopy can be integrated into optical fiber
based sensors embedded within concrete structures. This integration
enables the detection of internal stresses, strains, and chemical changes
over extended periods. By monitoring these parameters, the integrity
and performance of the concrete can be assessed, ensuring the long-term
durability and safety of the structure.

5. Conclusion

In this study, an in situ fiber-optic Raman probe was leveraged to
investigate the hydration behavior of cement clinker phases with
different w/s ratios. The hydration reactions of C3S and CgS, were
examined separately under a CO,-free environment from the beginning
to 60 days. The hydration products of C-S-H and CH were well identi-
fied over the hydration reaction. XRD and TGA tests substantiated the
above results learned from Raman spectroscopy in the known raw ma-
terials and post-hydration products. Moreover, thanks to the strong
signal and good SNR that made this fiber-optic Raman system unique,
the in situ fiber-optic Raman probe has successfully traced the evolution
of the hydration product, C-S-H, during C3S and C5S clinker hydration.
The quantitative results revealed the accelerating and decelerating pe-
riods of the clinker hydrations. It was also found that C,S had a slower
hydration rate than C3S, and higher w/s ratios consumed more reactants
and gave higher hydration degrees, which were quite consistent with
other existing reports. The experimental data had an excellent fit with
the well-known slowly evolving theoretical model. Therefore, the in situ
fiber-optic Raman probe has demonstrated great potential for long-
period real-time in situ monitoring in future cement chemistry
research. In addition, by virtue of the good SNR and the portability of
this in situ fiber-optic Raman system, it opens a new door for using
Raman spectroscopy in future construction fields for on-site monitoring
and evaluating the condition and the performance of concrete struc-
tures. Towards this long-term goal, the next-step development will be
testing the feasibility of monitoring the hydration (homogeneous) and
degradation (inhomogeneous) processes of Portland cement. For the
latter purpose, multiple fiber-optic Raman probes will be embedded into
different depths in cement paste, which is subjected to environmental
loads (e.g., sulfate, chloride, and CO5), so the ingress of harmful ions and
their reactions with cement hydrates can be analyzed in a time-resolved
manner.
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