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Highlights
"I A bespoke Raman spectroscopy based optical fibre sensing platform capablteletecting the
internal chemistry of cementitious materials has been successfullytaslished.

[0 The calcium carbonate and its profile have been successfully detected bystbptical fibre
Raman system.

[0 The study demonstrates a good potential for developing a Raman spectroscopy based
embeddable optical fibre sensor network for monitoring the chemistry and té durability of
concrete structure.

Abstract

Sensors demonstrate huge potential in civil engineering for monitoring the health condition and

performance of concrete structures. Amongst various chemical deterioration mechanisms causing
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inadequate durability of concrete structures, carbonation is one of the most severe mechanisms.
It occurs from the chemical reactions between intruded &@ calcium-bearing phases, hence

is accompanied by the formation of calcium carbonate (Gp&d the decrease of the alkalinity

of concrete pore solution, causing corrosion of rebar in concrete. Thus, detecting carbonation
process, especially, determining the carbonation profile (i.e. the content of carbonation products
formed against the depth into concrete structure), is of great importance to the diagnosis of the
health condition of concrete structures and the prediction of service life. Unfortunately, existing
sensors for health monitoring systems suffer from various limitations. Optical fiore Raman
technology offers a unique opportunity for developing a novel chemical sensor system capable of
monitoring the service-condition of concrete in situ. In the current work,H iV SRNH pFRD[LD
optical fibre sensing platform based on Raman spectroscopy was successfully establisaed with
514.5 nm laser. All the optics were tailored for efficiently exciting and receiving signals from
cementitious materials, and their diameters were restricted within 0.5 inch in order to explore the
feasibility of developing an embeddable miniature sensor system in the future. This sensing
system was then employed to detect the carbonation mechanism of a plain Portland cement (PC)
paste. The calcium carbonate polymorphs as well as the carbonation profile in the PC paste was
successfully recognised and established with the results being verified favourably by bench-
mounted Raman, X-ray Diffraction (XRD) and Thermogravimetry (TG) analyses. Our results
demonstrate a good potential for developing a novel Raman spectroscopy based optical fibre
sensor system for monitoring the health condition and the performance concrete structures in

future.
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1. Introduction

Recent decades have witnessed some interest in developing sensor devices for monitoring the
physical properties (e.g., strain) of concrete struct [1, 2]. However, as concrete are exposed
to different environment (such as €&nd SG?), it would trigger chemical deteriorations due to

the interaction between concrete and exposure environment. Monitoring the changes of internal
chemistry of concrete is, hence, more important as this can provide insight into the cause and
evolution of the deterioration mechanisms as well as the prediction of health-condition and
performance of concrete structurﬁ; [3]. Amongst the various deterioration mechanisms initiating
the durability issues of concrete structures, carbonation is a severe deterioration mechanism
causing the inadequate durability of reinforced concﬁ [3, 4]. It is mainly a chemical process
occurred when the calcium-bearing phases, such as calcium hydroxide (CH), calcium silicate

hydrate (CSH) and various calcium aluminate or ferro-aluminate hydrates, in cement matrix are

attacked by carbon dioxide (GOpenetrated into concrete through the pore networl [5-8]. The

dominant reaction is the one between calcium hydroxide [Ca{@H) CQ? (i.e., the carbon
dioxide dissolved in concrete pore solution) to form calcium carbonate (§aTds process
lowers the pH of concrete pore solution from about 13 to 8.3, in the case of complete carbonation
ﬂ. At this pH level, the passive film formed on the surface of steel bar could be destroyed,
leading to the initiation of the corrosion of rebar in the presence of oxygen and m [3, 10].

Additionally, CSH gel could also be attacked, leading to a reduction of Ca/Si ratio from around
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1.75 to a lower value of 0.67 at the early stage of carbonation, followed by a subsequent
transformation into calcium carbonate and amorphous silica gel by further carb [5, 11].
Although this reaction, unlike the carbonation of calcium hydroxide, does not affect the
alkalinity of pore solution, it favours the decomposition of CSH and, hence, reduces the stability
and strength-carrying capacity of cement matrix. Obviously, carbonation changes the cement
chemistry of the internal concrete remarkably, with the most prominent aspect of forming
calcium carbona . The calcium carbonate phases precipitated within the cemesititiou
materials could exist in different polymorphs, such as, calcite (well-crystallised phase) and
vaterite/aragonite (poor-crystallised phaﬁ,GeneraHy, the content of calcium carbonate
decreases with increasing distance from the exposed surface of concrete, which is caused by the

decreased degree of carbonation due to the reduced penetration imitcCtbe interior part of

concrete|[14-1F]. However, with increased exposure te-li#aring environment, the depth of

carbonation increases with time. As it is the cover concrete which provides the protection to the
embedded rebar, differentiating the type of calcium carbonate polymorphs formed within the
cover concrete, but more importantly, determining the carbonation profile in terms of the content
of calcium carbonate phases over the depth of cover concrete and also over time, is of great
importance for predicting the service life of concrete struct [17]. Moreover, it can provide
valuable information for the diagnosis of health condition of concrete structures so that timely

actions could be taken before any severe damages could be initiated.

Numerous studies have been reported in the literature on the investigation of concrete

carbonationﬂ f18-21]]. The phenolphthalein spray test, by spraying phenolphthalein

indicator solution onto a freshly exposed concrete surface and visually inspect the sprayed




section, is probably the most well-known method to assess the carbonation depth of Elcrete [19,
. As phenolphthalein turns purple at about pH > 8.3 and remains colourless wliéh3H

the deep-purple colour on the uncarbonated area and the clear area of the carbonated region on
the surface of concrete can be immediately differenti3, 24]. This test is convenient, quick
and cheap. However, although this test can give reproducible results to indicate the fully
carbonated region, it cannot differentiate the boundary between uncarbonated and partially
carbonated concrete or the boundary between partially carbonated and fully carbonatgtd conc
where pH may have only dropped to around 1 [25]. It is, therefore, generally accepted that
the phenolphthalein method may underestimate the carbonation26, 27]. To address this
issue, researchers have attempted to employ other techniques to study the carbonation in

cementitious materials, including Thermogravimetry (TG)/Derivative Thermogravimetry (DTG)

| , X-ray Diffraction (XRD
,], Gammadensimet 21] and Mercury Intrusion Porosimetry (m& 29].

However, most of these methods are laboratory based and sample need to be taken from the

i 3], Fourier transform infrared spectroscopy (FTIR)

structures, even though it only causes little damage to the structure. To obtain non-destructive,
continuous and real-time information about the condition of concrete structure, there is an
increasing interest and rapid advancement in developing sensor system for monitoring the

chemical environment of concrete, such as carbonation/pH profile, especially within the cover

zone |[30-32]. Amongst the sensors capable of monitoring the properties of cover concrete,

electrical sensors (ES) have attracted tremendous attentions and the most widely used is
electrical resistance based sensor, such as covercrete electrode array (CEA) [32, 33]. CEA
measures the conductance, or resistance, across the electrode pairs mounted at discrete depths in

cover-zone and, hence, give valuable insight into the spatially distributed moisture and ionic



movement within the cover concrete. However, the limitation associated with the ES mainly lies
in its inadequacy in differentiating, uniquely, each individual deterioration mechanism, such as
carbonation, as the electrical properties of concrete can also be affected by other factors such as
moisture change, ions ingress and ongoing hydration. Due to this reason, fibre optic sensors
(FOS) have attracted tremendous attentions in recent years for its merits of inert nature,
immunity to electromagnetic interference, lightweight/miniature and multiplexing into multi-
sensing [34-36]. More importantly, FOS can overcome the drawback of ES by encapsulating the
fibre tip with specific chemical dyes so that each individual deterioration mechanism can be
uniquely differentiated [30 ,36-38]. For example, fibre optic pH sensor has demonstrated its
potential in following the pH variation in concrete due to carbonation and this could provide
some timely information on the progress of carbonation within the cover concrete [30, 37].
However, FOS suffers from its irreversibility and instability of the chemical dyes in the
inherently aggressive environment of the pore solution of concrete [36, 39]. On the other hand,
attempts have also been made by the researchers to monitor the condition of rebars in concrete
directly, such as the Anode-Ladder system developed by P. Schiel3| and MctRaulpiah can

be used to monitor the galvanic current between the pairs of anode-cathode and hence, can
provide invaluable information on the corrosion rate of the rebars [40, 41]. Although this system
also can provide an early warning of the possible corrosion, it cannot provide the information
needed to understand the chemical reactions incurred in cover concrete. Hence, thee is still
need to develop a more reliable and robust sensor system which can be used to effectively
monitor the health condition and the performance, in particular the possible chemical reaction
involved, of concrete structures subjected to different deterioration mechanisms, such as

carbonation.
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various phases in cement and concrete area due to its fingerprint characterisation capécity base

on the measurement of the vibrational spectra of analytes [42-49]. In particular, Raman

spectroscopy has demonstrated its unique capabditylentify different calcium carbonate

polymorphs, such as calcite, vaterite and araggnite [50-58]. In recent years, by corti®ning

gualitative/quantitative characterisation capability of Raman spectroscopy and the light
transmission of optical fibres, optical fibore Raman technology has shown its potential as a next-
generation sensing system. Above all, the rapid developments of instrumentation, such as the
portable Raman spectrometer, the long-distance and low-loss optical fibore and some
sophisticated functional optics, offer a huge potential for a monitoring system based on optical
fibore Raman spectroscopy technology and, indeed, researchers have alreadyploey éts
applications in the areas such as biomedical diagnosis [59, 60], chemistry process monitoring [61,
62] and operations in detrimental environment [63, 64]. However, surprisingly, this technique is
not currently being attempted in the area of cement and concrete. During the past few years, the
authors have been taking the initiative to explore the potential of developing an optical fibre
Raman sensing system to characterise the deterioration mechanisms of cementitious materials,
with an ultimate target to develop a Raman spectroscopy based embeddable optical fibre sensor
network capable of monitoring and evaluating the health condition and the performance of
concrete structures on site. Our preliminary work have confirmed the feasibility of chanagter

the deterioration products formed during the sulphate and carbonation attacks in hardened
cement paste by a tailored fibre-optic excitation pathway (e.g., fibre excitation pathctivebje

collection) [65, 66]. However, to fully verify the feasibility of developing a future fitypéic



Raman based sensor system, both the excitation path and the signal collection path should be

made from optical fibre. Hence, the current work expands our previous studies by:

) developing a EHVSRNH optR@ [fibbeOdensing platform based on Raman
spectroscopy, with both the laser-excitation and signal-collection sub-paths consisting of
optical fibres (i.e., fibre excitation + fibre collection);

i) establishing the carbonation profile using the newly developed Raman based optical fibre
sensing system. The carbonation profile was then verified by bench-mounted Raman
spectroscopy (i.e. Raman spectroscopy without fibre), X-ray Diffraction (XRD) and

Thermogravemitry (TG) analyses.

2. Material and methods

2.1 Sample preparation

2.1.1 Materials

Portland cement (PC) used in this study was CEM I (in accordance with BS EN 197()111 [67]
supplied by QUINN Group (Derrylin, UK) and its chemical composition is given in Table 1. The
pure calcium carbonate (Assay > 98%), employed as a reference in this study, waseg@urchas
from the Fisher Scientific (Loughborough, UK). An acrylic paint (Sikaguard 680-s), provided by
Sika Lt. UK, was used to coat the curved face and the trowel-finished face of the hardened

cement cylinders before the accelerated carbonation.



2.1.2 Manufacture of PC paste

The cement paste was manufactured with a wateement ratio (W/C) of 0.5 using a Hobart
planetary mixer. Immediately after mixing, the bottom-half of the cylindrical moulds
(950x80mm PVC moulds) were filled with the paste and were compacted using a vibrating table
until air bubbles stopped appearing on the paste surface. Then, the top-half of the moulds were
filled and compacted again by the vibrating table until air bubbles stopped appearing on the paste
surface. After the second layer was compacted, a steel scraper was used to clear up and smooth
the top of the specimen surface. Immediately after casting, the moulds were sealed with lids, and
stored in a curing room at a constant temperature of 20&and Relative Humidity (RH) of

55(x5) % for 24 hours. The specimens were then removed from the moulds and each specimen
was wrapped with a water-saturated hessian before being sealed in an air-tight plastic bag. The

specimens were again stored in the same curing room for another 55 days.

2.1.3 Conditioning and carbonation of PC paste

After the initial curing for 56 days, the paste cylinders were dried in an oven at 4G(idr) 14

days. Following this, the specimens were wrapped individually with polythene sheets and the
joints were sealed with parcel-tape. The sealed specimens were again placed in th€C40(x1)
oven for another two weeks to allow the redistribution of the moisture inside the cylinders in
order to establish a uniform moisture distribution within the specimens before the carbonation
process. The trials indicated that a drying and humidity redistribution regime like this is

sufficient for achieving an internal RH of about 60(x5) %. After the humidity redistribution, the



specimens were taken out of the oven and allowed to cool down to room temperature of 20(x1)

°C for one day. Following the cooling process, the paste cylinders were unsealed from the

polythene sheets and the curved face and the trowel-finished face were then coated by three
layers of acrylic paint (Sikaguard 680-s), leaving only the face cast against the nudddio

CO, attack. The painting was dried under 20(2C)for five days, after which the specimens

were ready to be exposed to carbonation. The carbonation chamber (LEEC, UK) was set to
maintain a constant temperature of 20(%1)a carbon dioxide (Cfpconcentration of 5(x0.5) %

and 60(x5) % RH. The coated specimens were exposed to this carbonation environmental for six

weeks before being removed from the chamber.

After carbonation, powder samples were collected at five discrete depths (i.e. 0-2 mm, 5-7 mm,
10-12 mm, 15-17 mm and 20-22 mm) of the specimens, by means of a digital drill (accuracy of
0.1mm) with a bit of 8 mm diameter and 4 mm deep slant edge. The powder generated between
the intervals at 2~5 mm, 7~10 mm, 12-15 mm and 17-20 mm were carefully removed by a
vacuum cleaner. This was to avoid any contamination to the powder samples collected at the
targeted depths which were used to establish the carbonation profile. The powder samples
collected at each targeted depth interval were then passed through a 63 um sieve. Particles
smaller than 63 um were then transferred to air-tight plastic bags and stored in the vacuum
desiccators before being analysed by Raman spectroscopy (without/with optigabdidibeand

TG.

2.2 Bench-mounted Raman spectroscopy
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A Renishaw micro-Raman spectroscope equipped with a Charged Coupled Device (CCD)
detector was applied under controlled temperature €26 514.5nm single-line (Argon ions)

laser was employed as the excitation source. The laser beam was focused into a laseutspot a
4.95 punt through a LEICA (Germany) N Plan objective with 10X magnification, and then
interrogated the sample. Measured power at the sampling level was around 3.2 mW. The Raman
shift was calibrated before each experiment using the sharp peak pf(an&tase) powder.
Raman spectra were recorded with exposure time of 10s and accumulations of 10 to improve the
signal{o-noise ratio (SNR). In this study, the bench-mounted Raman spectroscopy analysis was
used to verify the Raman spectra obtained from the optical fiore Raman system as detailed

below.

2.3 Raman Data Process

The Raman data were analysed with the employment of OriginPro 8.6 (Origin, USA) and by

following the procedures as detailed below:

2.3.1 Data collection

Due to the heterogeneous nature of cementitious materials, five different sampling points were

analyed at each depth from the carbonated powder samples. Each Raman spectrum was first

normalised by the power density, and then processed as per to the following steps to retrieve the

Raman peak features.

11



2.3.2 Background subtraction

During the initial trials, it was realised that background could always occur which imposed
strong disturbance to the identification of the intrinsically weak Raman peaks. During the data
process, to eliminate this troublesome background, baseline correction (i.e., background
subtraction) using OriginPro 8.6 was employed first to subtract the background. After
subtracting the background, the Raman peaks those were obscured previously by the

fluorescence could be clearly observed.
2.3.3 Peaks fitting

After subtracting the background, the Raman peaks of the powder samples were fitted with
Lorentz function, to retrieve the four Raman peak features, i.e., peak wavenumber, peak height,
peak area and peak full-widdthalf-maximum (FWHM). The peak wavenumber contains the
fingerprint information for differentiating the analyt[42], e.g., calcium carbonate polymorphs
formed during the carbonation, whilst the peak height and the peak area are related to their
guantity ]. In this study, the peak height and peak aref ©03, after being normalised by
power density, were compared in terms of their applicability as the indicator of calcium

carbonate content.

2.3.4 Calculation of signalto-noise ratio (SNR)

12



The signalto-noise ratio (SNR) is one of the most important parameters of the Raman,spectra
which can indicate the quality of the spectra. In the current study, the SNR was employed to
guantitatively compare the spectra obtained from the optical fibore Raman system and bench-
mounted Raman spectrometer. The signal intensity and noise level of the five normalised Raman
spectra obtained at each depth were averaged first. The SNR values were then calculated
according to the method specified in ASTM E579m [69], as follows:

IUUAOR ROEDR

504 LQéUaaEQJE“ iRGeadn (1)

Where, the signal level is the peak intensity after subtracting the background,;
the noise level is obtained by root mean square (RMS) method, which is the standard
deviation of the intensity values of a selected Raman shift region on the spectrum after

subtracting the background.

2.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) was adopted in this study as a supplementary technique to qualitatively

verify the mineralogical compositions of the carbonated powder samples. The tests were carried

out using a PANalytical X'Pert PRO MPD diffractometer with an X-ray source of copper (Cu). A

step size of 0.0%6 ZHUH XVHG WR H[DPLQH WKPFHAtoWDP S OHWayQ WKH L

tube voltage and current were fixed at 40 kV and 40 mA, respectively.

2.5 Thermogravimetry (TG)

13



TG analysis was conducted to quantify the calcium carbonate formed in the carbonatetePC pa
powder. The TG analysis was performed with a NETZSCH STA 449C instrument under an inert
N2 environment (flow rate of 1 ml/min). The samples were placed in an alumig@g)Afucible
and heated from room temperature to 10WD at a heating rate of 20C/min. The
derivative thermogravimetric curve (DTG) were recorded simultaneously.
The quantification of calcium carbonate was considered by following its decomposition as
follows:
CagO &D2 & 2
First, the beginning and end temperature points related to the decomposition of calcium
carbonate formed at each sampling depth was determined by considering TG and DTG curves.
Following this, the percentage of this phase was calculated by Eq. (3) ow [70]:
95" L:a_?;;mg 3
Where, Wis the percentage of the Cag§; .
m is the mass of the powder sample at the mass-loss beginning point, %.
m is the mass of the powder sample at the mass-loss end point, %.
M is the molar-mass of CaG@L00.09), g/mol.

M is the molar-mass of G@44.01), g/mol.

3. Results and discussion

3.1 Establishment of optical fibre sensing platform based on Raman spectroscopy

(optical fibre Raman system)

14



3.1.1 Establishment of optical fibre platform

In this study, after a careful comparison of variddR VVLEOH RSWLFDO FRQILJXUDW
backscattering with 180sampling geometry was finally determined as the most suitable set up

for this fibre optic sensing platform for characterising the solid calcium carbonate distributed

within cementitious matrix [71-18]. This configuration employs a dichroic filter so as to combine

the laser transmission axis with the collection axis immediately before sampling objective to
IRUP D UFRD[LDOY SDWKZD\ uhiddr backscBt@ring<derietdy tazanalys

PRVW PDWHULDOV ZLWK DQ\ VWDWHW¥W KHVRBRBFLDOOFRFRAURVL
various advantages such as better signal reproducibility, capacity of pre-alignment and flexibility

with the focus objective. More importantly, it demonstrates a unique potential to be converted

into a compact configuration suitable for future sensor system [71, 72, 76]. A schematic diagram

of the Raman spectroscopy baseéF RD[LD O Y Rs8naingrsis@m edtalidhed in this study

is presented in Fig.1

The key features of this configuration, elaborated under the excitation path and the collection

path respectively below, include:

i) Excitation path. An optical fibre (1#) was employed to deliver the laser beam (hereafter
UHIHUUHG WR DV 2H[FLWDWLR QoupléiUritb”the xCithtidhXibveS XW OL
(1#) by means of a laser adapter. After passing through the excitation fibre, the divergent
laser beam was collimated first by a collimator (1#). A bandpass filter with centred

wavelength at 514.5 nm was then installed in order to eliminate the plasma lines and also

15



the silica (SiQ) Raman scattering generated from the fibre core [73, 77, 79]. Following
this, the laser beam was reflected by a mirror into a dichroic filter and finally launched
into a microscope objective (1#). After focusing by this objective, the laser spot was used
to interrogate the sample.

i) Collection path. The Raman scattered lines were first collected and paralleled by the
same objective (1#) as in the excitation path and these then passed through the dichroic
filter, by which the frequency shifted Raman signal from the sample was transmitted
while the Rayleigh-scattered laser radiation was rejected [71, 72, 76]. After passing
through the dichroic filter, the signal was launched into the collection fibre (2#) through
another collimator (2#) and finally coupled into the same bench-mounted Raman
spectrometer (as described below) by a second objective (2#) for subsequent signal

process.

Building upon this design, the various tailored optics, such as fibres, filters and mirror, which
were parameter-specified for efficiently exiting and collecting the Raman signals from
cementitious materials, were constructed into the optical fibre platform after tremendous
alignment work. The optical fibre platform established] [B0the laboratory is shown in Fig. 2.

It should be noted that the diameters of all the optics were restricted within 0.5 inch in order to
verify the concept of using mini-optics in terms of laser excitation and Raman-signal collection,
with the final target to develop this optical fibre platform into a miniature sensor system with
appropriate package regime. Through the above configuration, the concept of transmitting laser

through optical fibre and then collecting Raman signal through optical fibre was tested in this

16



study, which can then be used to verify the potential of an optical fiore Raman system for

monitoring the carbonation of concrete structures in the future.

3.1.2 Calibration

Prior to calibrating the optical fibore Raman system, bench-mounted Raman spectrometer as the
core instrument was calibrated first. In the current study; [E@atase) powder was selected as

the calibration standard due to its strong Raman signals, and similar powder status with samples.
Its sharp peaks between 300 trand 800 cmt were used as the reference bands in the
calibration. The Raman spectra of FiOnder the bench-mounted Raman spectroscopy and the
MFRD[LDOY RRaManFdy<en latke Udported in Fig. 3. Table 2 summarises the Raman

bands of the Ti@identified under both bench-mounted Raman and optical fibore Raman systems.

As can be seen from Fig. 3, the Raman spectra of Um@er these two Raman systems showed
very similar features, i.e., both spectra were dominated by three sharp peaks at the Raman shift

region of 350+750 cm'. Furthermore, from Table 2, it is evident that the three reference peaks

17



were almost identical under these two Raman systems, with the peak wavenumbers corroborate
well the results reported in the literature [81]. The above results suggest @V K WKH pFRD]JL
optical fibore Raman system and the bench-mounted Raman system have been well calibrated

with high comparability with each other and are ready to use.

3.1.3 Laser power detection

After the establishment of this Raman spectroscopy baseRD[LD O § R #attbinr,En® ILEUH
laser power through this optical pathway was monitored prior to the experiment to track the laser
power passing through the fibre, so that the laser transmission/coupling efficiency in bench-
mounted Raman and optical fibore Raman systems could be compared. Table 3 reports the laser
status at different locations of the two Raman systems. As can be seen from Table 3, the
coupling efficiency between the laser output and the excitation fibre was very high, i.e., 90%,
indicating a good coupling at the laser-fibre interface. Furthermore, it should be noted that the
power and also the power density under these two Raman systems were different. Although the
same laser generator was used in both Raman systems, the excitation power of the optical fibre
Raman system (10.4 mW) was much higher than that of the bench-mounted Raman spectroscopy
(3.2 mW), which could be attributed to the less transmission and high reflection loss of the
bench-mounted Raman pathway. However, the power density of the fibore Raman system was
still lower than that of the bencB-RXQWHG 5DPDQ V\VWH?PY\L H P:2, P: P
ZKLFK LV FDXVHG E\ WKH ELJ GLIIHW HH@AVHUWB[VLSRWE ofIL G WKH

optical fibore 5D P D Q D Q G? of bencR-mounted Raman) between these two Raman systems.

18



3.2 Characterisation of pure calcium carbonate

A pure calcium carbonate (CagOnain phase is calcite) with assay level above 98% was used

as the reference material, and was characterised by optical fibore Raman system, with the results
obtained being verified by bench-mounted Raman analysis. This test was used as a quick method
to confirm the capability of the optical fibre Ramsystem established for recognising calcite,

the main product formed in carbonation. At the same time, the Raman spectra collected were
also used as bench-marks for the subsequent optical fibore Raman system analysis of the

carbonation products formed in the cement samples subjected to accelerated carbonation attack.

The spectrum of CaCfecorded by optical fibre Raman system is presented in Fig. 4(a). As can
be seen from the original spectrum in Fig. 4(a), sloping background emerged at 3@Madm
onwards can be observed, which imposes disturbance to the identification of the genuine Raman
peaks such as the band at 1436' ¢ asymmetric stretching vibration of GO This unwanted
background may be caused by various factors, such as the intrinsic Raman pathway,
incorporation of fiore and optics as well as the contribution from the fluorescence due to
impurities in the raw materials [73, 78, 79]. Hence, the background of the spectrum was
subtracted using OriginPro 8.6. The resultant spectrum is shown in Fig. 4(b). It can be seen that
after subtracting the background, all the Raman bands became clearer. This much improved
visibility of Raman peaks in Fig. 4(b) after background subtraction would suggest that
background subtraction is a useful technique for processing the Raman spectra, especially for
those obtained from the optical fibre Raman system. Therefore, in the following sections, only

the Raman spectra after subtracting the background will be reported (unless otherwise stated).
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As can be seen from Fig. 4(b), the optical Raman spectrum of the pure calcium carbonate was
dominated by a pronounced and intense peak located at 1084umbich is the characteristic of

the ]1 symmetric stretching band of the €@roups in calcite. At the same time, three minor
bands were also identified at 280 ¢n711 cm! and 1434 cm, which can be attributed to the

CaO lattice vibration (LV), the in-plane bendingls and the asymmetric stretchings)
vibration in calcite, respectively. All these bands and related assignments are summarised in
Table 4.

Figs. 5 (a) and (b) present the original spectrum and background subtracted spectrumzf CaCO
collected under bench-mounted Raman spectroscopy, respectively. Evidently, the Raman signal
of calcite has been well retrieved by bench-mounted Raman system, i.e. a well-defined peak at
1086 cm' (. CQs), a sharp peak at 280 &nfLV) and two bands located at 712 ¢rq]s COs)

and 1436 cm (]s COs), respectively. Related bands are also summarised in Table 4. By
comparing Figs. 4(b) and 5(b), it is apparent that, as shown in Table 4, the fingerprint bands
identified from optical fibore Raman system are in good agreement with those from bench-
mounted Raman spectroscopy, indicating that the optical fiore Raman system has achieved

identical function as that of bench-mounted Raman spectroscopy for characterising calcite.

3.3 Characterisation of the PC paste
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Following the success in characterising the pure calcite with optical fibore Raman system, the
calcium carbonate polymorphs formed at the different depths of the carbonated PC paste
cylinders were analysed in order to identify the potential of optical fiore Raman system for
establishing carbonation profile in PC-based cementitious matrices. The experiments and,
accordingly, the relevant discussion, were organised in the following three steps:

)] Identification of the qualitative working capacity of the optical fibore Raman system for
characterising the calcium carbonate polymorphs formed in the carbonated PC paste. This
SDUW RI WKH VWXG\ DLPHG DW GHPRQVWLEHRAMaQ®IJ ZKHW
system can differentiate the calcium carbonate formed under different degrees of
carbonation within a bulk PC pastein this case, the calcium carbonate polymorphs
formed at five different depths (hence different degrees of carbonation would be expected)
of the carbonated PC paste cylinders were investigated. Again, the Raman peak shift was
used as the indicator of the different vibrations existing in different calcium carbonate
phases. The bench-mounted Raman spectroscopy and XRD analyses were also carried
out to provide additional qualitative information to verify the optical fibre Raman results.

i) Identification of the quantitative working capacity of the optical fibore Raman system for
characterising the content of calcium carbonate formed at five different depths of the
carbonated PC paste. To quantify the content of calcium carbonate, the first step was to
decide which Raman parameter should be used to establish the quantitative information.
Two parameters of Raman spectra of calcium carbonate, namely, peak height and peak
area which are generally considered to be able to provide quantitative information of the
analytes ], were selected as the quantitative indicators and compared with the

guantitative information obtained from TG analysis. Through this comparison, the most
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suitable parameter was identified and used as the quantity indicator in the subsequent
investigation.

i) Establishment of the carbonation profile of PC paste using the above determined
appropriate content indicator, viz. peak height, of calcium carbonate obtained from
optical fibre Raman system. The carbonation profile established from optical fibore Raman
system was then compared with the carbonation profiles obtained from bench-mounted
Raman spectroscopy and TG analysis in order to verify the reliability of optical fibre

Raman system.

3.3.1 Identification of the qualitative working capacity

3.3.1.1 Optical fibre Raman analysis

Fig. 6 depicts the Raman spectra of the carbonated PC paste powder samples at five different

GHSWKV UHFRUG H @ptieal fisre&K Ramah RyBtEmDAS §an be seen from Fig. 6, in the

optical fibore Raman spectra obtained from the samples collected at the depths of 0-Z mm, 5-

mm and 10-12 mm, a sharp peak emerged at about 1085vbich is the 1 CO; symmetric

stretching band. This result indicates that calcite and/or aragonite were fprmed [50-58] at these

near surface zones due to the ingress of. d@e intensity of this) COs band decreased with

the increase of the depth which is expected from a typical carbonation profile, i.e. the content of
calcium carbonate formed should decrease with the increase of the carbonation depth. This peak
(. COs) was absent from the spectra collected from the two deeper layers, i.e., 15-17 mm and

20-22 mm, suggesting that the carbonation front did not reach these depths. A peak emerged at
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about 1123 cn could be assigned to the huntite phase according to the literature [82]. Besides,
the minor vibration bands such as the:@Gplane bending Js) mode were not recognised under

the optical fibre Raman system, which raises the possible sensitivity issue of the optical fibre
Raman system. Nonetheless, as h€0Oz band is the most primary internal vibration band, this
result confirms the adequate qualitative working capacity of the optical fibre sensing platform for
characterising the calcium carbonate polymorphs in carbonated PC paste. However, it should be
noted that, compared to the spectra obtained from the bench-mounted Raman spectroscopy
(shown in Fig. 7), the peak intensity of the optical fibore Raman spectra was lower but its noise
level was much higher (this issue will be discussed below).

3.3.1.2 Bench-mounted Raman analysis

The spectra of the carbonated PC paste powder collected from the bench-mounted Raman
spectroscopy are shown in Fig. 7. Similarly, in bench-mounted Raman spectradafinel

peak was visible at about 1085 ¢rfi, COs) and dominated the spectra of the powder samples
collected at the depths of 0-2 mm, 5-7 mm and 10-12 mm. The growth of this band towards the
surface of the PC paste was clear, indicating a higher degree of carbonation at the roear surfa
zones. This result corroborates the results obtained from the optical fibore Raman, system
LQGLFDWLQJ JRRG FRPSD U D Edpfixal fibre REr4Z $y$tepn atidthie peh&hD [LD O
mounted Raman spectroscopy. Apart from the inteh<eOs peak, the C®in-plane bending

(]o) mode was also identified at the depths of 0-2 mm and 5-7 mm, as evidenced by the band
recognised at about 707 dniThe hump at about 996 ¢nf1 SQi) could be from the gypsum in

the raw cement [45, 83].

3.3.1.3 Verification of the formation of calcium carbonate polymorphs by XRD analysis
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Fig. 8 shows the XRD patterns of the carbonated PC paste powder collected at the five different
depths, which were used to qualitatively verify the calcium carbonate polymorphs formed. As
highlighted before, the primary reaction during the carbonation process is the one between CO
and portlandite [CH, Ca(OLl) leading to the formation of different calcium carbonate
polymorphs. From the XRD patterns in Fig.8, the calcium carbonate polymorphs, i.e., calcite
and/or vaterite/aragonite, were identified from the powder samples collected at the first three
depths (i.e., 0-2 mm, 5-7 mm and 10- P P DV PDQLIHVWHG E\ WKHLU W\SLFCLC
=29.4,36.0and39.4 IRU FDOFLW}R7.Pand328 IRU YDWHULWHAD® G

and 45.8 for aragonite, respectively. Moreover, in general, the intensity of these peaks decreased
with the increase of the depth. No calcium carbonate was observed in the samples collected at
the depths of 15-17 mm and 20-22 mm. All these observations accord wethevitimdings

from optical fibre Raman system, as well as bench-mounted Raman spectroscopy. On the other
hand, portlandite was also recognised in all the five sampling depths in the carbonated PC paste
cylinders. As expected, it showed inverse trend to the calcium carbonate, i.e., with the increase

of the depth, the peak of the CH increased.

3.3.2 ldentification of the quantitative working capacity

To identify the quantitative working capacity of the optical fibore Raman system, TG analysis was
firstly employed to quantify the calcium carbonate formed in the carbonated PC paste samples.

Two Raman peak features, namely, peak height and peak area, were then selected as potential
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indicators to quantify the calcium carbonate. By comparing with the TG results, the peak height,

in particular, the peak height of the most intense peak of the carbonatds Q@ symmetric
stretching band, was identified as the most suitable indicator to quantify the carbonates formed in
hardened PC paste samples. Details of these results and the related discussions are presented

below.
3.3.2.1 TG analysis

TG/DTG has been widely used to quantify different cement hydration and deterioration products
]. Fig. 9 and Fig. 10 show the TG and DTG curves of the carbonated PC paste
powder from five different depths, respectively. In Fig. 9, the sharp decrease of the TG curves
indicates the mass-loss of powder upon heating, which is associated with the decomposition of
certain phases. Correspondingly, DTG diagrams exhibited well-defined endothermicTjpeaks.
features of the two most important phases associated with carbonation, i.e., calcium carbonate
and calcium hydroxide (CH) can be observed and summarised as follows:

i) Calcium carbonate. As shown in Fig. 10, there were three apparent troughs at about 520
°C ~ 840°C for the samples collected at the depths of 0-2mm, 5-7mm and 10-12 mm.
Correspondingly, the dramatic mass-loss were observed at the same temperature range in
the TG curves (Fig. 9), i.e., 50C ~ 840°C. This temperature range corresponds to the
decomposition of calcium carbonate, probably including three modes, i.€C7+8@90
°C for calcite, 680°C ~ 780°C for vaterite and aragonite and 530 ~ 680°C for

amorphous phases. This result is in consistent with the XRD analysis results as shown in
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Fig. 8, in which the three calcium carbonate polymorphs were identified in the first three
depths of the carbonated PC paste cylinders.

i) Calcium hydroxide (Portlandite). The decomposition of portlandite occurred at about 450
°C ~ 520°C as evidenced by the sharp endothermic peaks observed at this temperature
range (Fig. 10).

Hence, the calcium carbonate and calcium hydroxide (CH) in the carbonated PC paste samples

were quantified with TG/DTB. Their contents (%) over the depth of the

carbonated PC cylinder samples were calculated using Eq. (3) and are plotted in Fig. 11.

From Fig. 11, it can be seen that the content of calcium carbonate decreased with increasing
depth which is expected from a typical carbonation profile. Moreover, a considerable amount of
CaCQ was identified at the first three depths of the carbonated PC paste cylinders, i.e., 25.2%,
21.4% and 8.7% for the depths of 0-2 mm, 5-7 mm and 10-12 mm, respectively. From the depth
of 15-17mm downwards, the amount of CaQiacreased sharply to about 5%, possibly owing

to the substantial decrease of the ingress of &@hese depths. In contrast, considerable amount

(> 13%) of CH existed in the carbonated PC paste cylinders from the depth of 10-12 mm
downwards and only few amount of CH was identified at the first two depths (0-2 mm and 5-7
mm), which showed an exactly opposite trend to the calcium carbonate profile, i.e., the amount
of calcium carbonate decreased with the depth, while the amoGit micreased with the depth.

This phenomenon can be well explained by the fact that, the formation of calcium carbonate

from carbonation reaction is always accompanied by the consumption (and hence the reduction)
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of calcium hydroxide. It is, thus, reasonable to expect more CH in the deeper depth, whereas less

CH and more calcium carbonate at the shallow depth of the carbonated PC samples.

3.3.2.2 Selection of the most suitable Raman peak feature as the indicator for qtigmg the

calcium carbonate content

As aforementioned, the Lorentz function (after baseline correction) was employed to fit the
Raman peaks of calcium carbonate. Under the Lorentz function, the following four features of a
particular peak can be obtained, i.e., wavenumber, height, area and FWHM (full width at half
maximum), which can be illustrated as follows:

i) Wavenumber (Xc, ch *the Raman shift of certain ionic groups;

1)) Height (H) xthe intensity of the peak above the corrected baseline;

iii) Area (A) tthe integrated area of the peak above the corrected baseline;

iv) FWHM (W, cm?) *the full-width-at-half-maximum of the peak.

Obviously, these four Raman peak features indicate distinct information about the analytes. The
wavenumber of the Raman peak is the fingerprint information to distinguish the matsagals

each ionic group has its own unique wavenumber under laser excion [42]. The FWHM is
considered to be related to the degree of crystallisation of the analytes [84]. The other two
features, i.e., peak height and peak area, are both related to the quantity of the Iytes [68].
However, in the literature, there is no information available to confirm which of these two
features is more suitable to quantify the calcium carbonate formed in cementitious materials.
Thus, there is a need to compare these two peak features in order to identify which one is more

suitable to quantify the carbonation products formed]/ASOz; symmetric stretching band is the
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most intense peak of the carbonates, it was, hence, selected as the reference band in the

following study.

a) Optical fibre Raman analysis

Table 5 presents the peak wavenumber, peak height and peak arealo€Cteband of the

optical fiore Raman spectra of the PC paste powder collected at five different depths. The
calcium carbonate contents obtained from the TG analysis are also reported. As can be seen, the
calcium carbonate was identified in the first three depths of the carbonated PC paste cylinders by
optical fibore Raman system, which corroborates well the XRD analysis shown in .Fig. 8
However, the fibre Raman system did not pick up the trace amount of:@x3td at the depth

of 15-17 mm and 20-22 mm, although these have been retrieved by TG analysis. This result
LQGLFDWHY WKDW D O VR&RiX shisteW &aH shdwRa@¢hebaOtgntloEtheHtalcium
carbonate formed during the carbonation, unlike TG analysis, it is still not sensitive enough to
differentiate the calcium carbonate at the trace levels. Nonetheless, both the peak height and peak
area decreased over the depths within the first three layers, indicating their potential as an index
to quantify the calcium carbonate formed. To identify which of these two Raman peak features is
the most suitable indicator, the calcium carbonate content obtained from the TG analysis was
plotted against the peak height and peak area respectively in Fig. 12 and Fig. 13. As shown in
Figs. 12 and 13, there were good correlations between TG and both peak height and peak area
obtained under optical fibore Raman system. However, a betteraR identified between the

peak height and TG (0.99). Hence, the peak height is considered a more suitable peak feature for

optical fibre Raman system.
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b) Bench-mounted Raman analysis

Table 6 summarises the wavenumber, height and area df @z peak of the spectra of the
carbonated PC paste samples obtained from bench-mounted Raman system. Similar to the
optical fibore Raman system, the bench-mounted Raman system did not identify the trace level
calcium carbonate formed at the depths of 15-17 mm and 20-22mm. Therefore, future study still
needs to be carried out to improve the sensitivity of Raman spectroscopic systems for
characterising trace amounts of analytes (e.g., calcium carbonate) which is, in particular,
important for the possible future monitoring system in concrete. Similar to the data analysis
carried out for the optical fibore Raman platform, the calcium carbonate content obtained from the
TG analysis was plotted against the peak height and peak area in Fig. 14 arkb, Fig
respectively. As shown in Figs. 14 and 15, both the peak height and peak area identified under
the bench-mounted Raman analysis demonstrated good correlations with the calcium carbonate
content measured by TG analysis. However, thevdtue against TG from peak height (0.97

was relatively higher than that from peak area (0.95). This finding is the same as that obtained
from the optical fibore Raman analysis, indicating again that the peak height is the most suitable

peak feature to quantify the calcium carbonate formed in the carbonated cement pastes.

29



Therefore, based on the characterisation and correlation analysis from both Raman systems, the
peak height is considered as the most suitable indicator to quantify the content of calcium

carbonate formed during the carbonation process in cementitious materials.

3.3.2.3 Establishment of the carbonation profile with optical fibre Raman platform

Using the ]1 COs peak height as the indicator, the carbonation profiles obtained from the optical
fiore Raman platform was plotted together with those obtained by bench-mountesh Rama
spectroscopy and TG in Fig. 16. Apparently, the calcium carbonate profiles obtained from these
three techniques are highly comparable. As TG has been regarded as a reliable technique for
guantifying the calcium carbonate formed during the carbonation of cementitious materials, the
above results suggesW KDW W KH pFRD Rabh@n$§ysiRis s lebtablished he current
study can adequately differentiate the variation of calcium carbonate content in carbonated PC
paste over the depth from the surface of concrete and, hence, offers a good potential for

monitoring the carbonation of concrete in future.

3.4 Comparison of the SNR of spectra from two Raman systems

The carbonation profile has been successfully estallishe\ WKH pFRD[LCRafiaRSWLFD
system, with the results being well corroborated by the bench-mounted Raman spectroscopy and
TG. However, by comparing Fig. 6 and Fig. 7, it is apparent that the peak intensity (i.¢., sigha

level) and noise level of the Raman spectra were dramatically different between these two
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Raman systems, e.g., the signal intensities of Raman peaks retrieved from optical fibore Raman
system were lower than those from bench-mounted Raman spectroscopy. Hence, in an attempt to
compare the quality of the spectra obtained from these two Raman systems and also to
understand the potential issues which could have been caused by optical fibore Raman pathway,
the signal level, noise level and SNR values of the Raman spectra obtained at the depth of O-
mm were calculated and compared. A€03 band is the most intense Raman peak, it was thus

employed as the reference for the calculation and the results are reported in Table 7.

From Table 7, the following two features can be clearly observed:

i) Signal and noise. Both the signal intensity and the noise level ofi 88z band from
optical fibore Raman system were much lower than those from bench-mounted Raman
spectroscopy, respectively.

i) SNR. It is evident that, due to the huge difference in the signal intensities between these
two Raman systems, even though the noise level of the fibre mode was lower than that of
bench-mounted Raman system, the overall SNR of the Raman spectra collected under the
optical fiore Raman system (9.3) was still much lower than that of the bench-mounted
Raman spectroscopy (81.0), i.e., around 9 times difference. This reduced SNR values of
spectra retrieved under optical fiore Raman system could be caused by the different
optical set-up between these two Raman systems, such as the alignment of the fibre
optics in the fibre pathway. Besides, the lower power density of excitation in the optical
fibore Raman system, as well as the inhomogeneous nature of the PC-bearing matrix,
could decrease excitation efficiency of the fibore mode. The reduced SNR froml optica

fibore Raman spectrometer suggest that, further researches, such as the optical fibre

31



system optimisation and the signal enhancement, are required to achieve high signal level

to recognise some trace level elements from cementitious materials.

Conclusions

A bespoke Raman spectroscopy bageB RD[LD O R<&Méibd plaXorhh withF514.5nm
excitation laser was successfully developed in this study for detecting the carbonation product
formed in a pure PC paste. This optical fibre platform enabled the transmission of excitatio
laser through an optical fibre and the collection of Raman signal through the other optical fibre.
The optical fibore Raman system has demonstrated, both qualitatively and quantitatively, its
capacity in characterising the calcium carbonate polymorphs and its profile formed during the
carbonation of a PC paste. The carbonation profile established with the optical fiore Raman
system is highly comparable with that from the TG analysis, showing its good potential as a
future sensor system for monitoring the health condition and the performance of concrete
structures. However, issues such as insufficient sensitivity, weak signal and small spot size,
together with appropriate package for the rather sophisticated optics, still need to be addressed in
future studies before a Raman spectroscopy-based optical fibre sensor network could be

eventually developed for real civil engineering applications.
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Fig. 3 Raman spectra of TiQ. (a) Bench-mounted Raman system. (b) Optical fibre Raman system.
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Fig. 6 Optical fibre Raman spectra of PC paste samples collected at five depths.
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Fig. 7 Bench-mounted Raman spectra of PC paste samples collected at five depths.

Fig. 8 XRD patterns of PC paste samples collected at five depths.
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Fig. 9 TG curves of PC paste samples collected at five depths.

Fig. 10 DTG curves of PC paste samples collected at five depths.
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Fig. 11 The profiles of CaCQ and Ca(OH), in PC paste measured by TG.
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Fig. 12 Correlation between TG and peak height obtained from PC paste samples under optical

fibre Raman system.

Fig. 13 Correlation between TG and peak area obtained from PC paste samples under optical fibre

Raman system.
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Fig. 14 Correlation between TGand peak height obtained from PC paste samples under bench-

mounted Raman system.
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Fig. 15 Correlation between TG and peak area obtained from PC paste samples under bench-

mounted Raman system.
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Fig. 16 Carbonation profiles established by optical fibore Raman system, TG and bench-mounted

Raman system.

Table 1. Chemical composition of Portland cement.

SiO; Al,0;  FeO; CaO MgO K20 NaO SG;
% wt 23.00 6.15 2.95 61.30 1.80 0.68 0.22 2.50

Table 2. Raman bands and assignments of Tiinder bench-mounted Raman and optical fibre

Raman systems.

Raman shift/ cm

Peak 1 Peak 2 Peak 3
Bench-mounted Raman system 395 517 638
Optical fibre Raman system 395 516 638

Table 3. Laser power at different locations of the optical fibre Raman and bench-mountedafan

systems.
o L Excitation
. Transmission/co Excitation
Locations Power upling spot area power
W . i
measured (mWw) efficiency (%)  (unv) ?23\7;3/ )
i i Laser output 15.6 100
Optical fibre p 9733 0.38

Raman system Optical fibrel# 14.1 90
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Collimator 1#
Bandpass filter
Mirror

Dichroic filter
Objective 1#

Bench-mounted

Laser output

Raman system Objective

13.4
13.1
11.6
11.4
10.4

15.6
3.2

86
84
74
73
67

100
4.95 0.65

Table 4. Raman bands and assignments of CaG@nder optical fibre Raman and bench-mounted

Raman systems.

Optical fibre Bench-mounted

Raman Raman Assignments

system system

1084 1086 Symmetric stretching]f) of CG; in calcite
R"’Yma“ 1434 1436 Asymmetric stretchingJg) of CG; in calcite
/Sch,l:tl 711 712 In-plane bending J) of CG; in calcite

280 280 Lattice vibration (LV) in calcite

Table 5 Summary of the Raman peak features of PC paste samples under optical fibore Raman

system and TG quantified CaCQ.

Wavenumber Height Area -kl)-st‘?lG (OC/;?CQ
0-2mm 1084.4 707.4 11895.0 25.2
5-7mm 1085.3 571.3 9395.3 21.4
10-12mm 1085.1 195.0 5167.6 8.7
15-17mm 0 0 0 55
20-22mm 0 0 0 5.1
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Table 6 Summary of the Raman peak features of PC paste samples under bench-mounted Raman

system and TG quantified CaCQ.

Wavenumber Height Area ;’;t_?IG (;)?CQ
0-2mm 1084.4 10055.1 157497.8 25.2
5-7mm 1085.0 9741.7 163658.3 21.4
10-12mm 1085.0 3014.8 45534.2 8.7
15-17mm 0 0 0 55
20-22mm 0 0 0 5.1

Table 7 Signal, noise and SNR values from optical fibre Raman and bench-mounted Raman

systems.
Signal Noise SNR
Optical fibre Raman system 707.4 76.3 9.3
Bench-mounted Raman system 10055.1 124.2 81.0
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