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1 Introduction

Abstract. Formation of ettringite and gypsum from sulfate attack together
with carbonation and chloride ingress have been considered as the most
serious deterioration mechanisms of concrete structures. Although elec-
trical resistance sensors and fiber optic chemical sensors could be used to
monitor the latter two mechanisms on site, currently there is no system for
monitoring the deterioration mechanisms of sulfate attack. In this paper, a
preliminary study was carried out to investigate the feasibility of monitoring
sulfate attack with optical fiber excitation Raman spectroscopy through
characterizing the ettringite and gypsum formed in deteriorated cementi-
tious materials under an optical fiber excitation + objective collection con-
figuration. Bench-mounted Raman spectroscopy analysis was also
conducted to validate the spectrum obtained from the fiber-objective con-
figuration. The results showed that the expected Raman bands of ettringite
and gypsum in the sulfate-attacked cement paste can be clearly identified
by the optical fiber excitation Raman spectrometer and are in good agree-
ment with those identified from bench-mounted Raman spectrometer.
Therefore, based on these preliminary results, it is considered that
there is a good potential for developing an optical fiber-based Raman sys-
tem to monitor the deterioration mechanisms of concrete subjected to sul-
fate attack in the future. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part

requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.52
.10.104107]

Subject terms: concrete durability; deterioration mechanisms; ettringite; gypsum;
optical fiber excitation Raman spectroscopy; sensor; structural health monitoring;
sulfate attack.
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react with calcium hydroxide to form gypsum. Although

Concrete, during its working life, is undergoing various
interactions with the environment in the forms of water pen-
etration, ion, and gas diffusion. As a result, several durability
problems, such as carbonation,' chloride ingress,2 and sulfate
attack®* could be induced. These three deterioration mech-
anisms are the main culprits for the degradation of concrete
durability. Among these, the intrusion of CO, can cause the
destruction of the high alkaline environment (pH =~ 12.5) in
concrete, which will ultimately cause the corrosion of steel
bar. The ingress of chloride ions into structural concretes also
can cause the corrosion of steel reinforcement. On the other
hand, sulfate attack, an extremely complex phenomenon, is
induced by a variety of erosive sources (external and internal
ions) and intricate physico-chemical mechanisms. It is gen-
erally agreed that the damage caused by the sulfate attack
usually arises from the formation of ettringite,® gypsum,’
and thaumasite.® Ettringite is formed from the reactions
between ingressive sulfate ions and aluminate hydrates
(e.g., tricalcium aluminate hydrates and monosulfoalumi-
nate) and unreacted aluminate or ferrite phase. The formation
of ettringite is accompanied by local volume increase and
subsequent pressure build-up in the surrounding matrix,
leading to cracking, spalling, and even destruction of cemen-
titious materials. In addition, ingressive sulfate ions can also
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gypsum formation is generally accepted to be harmful
(e.g., softening effect), its specific mechanism is still not
well understood and the idea that gypsum formation could
lead to expansion is still under debate.”’ Moreover, the thau-
masite form of sulfate attack (TSA), a much more severe
phenomenon than conventional forms of sulfate attack, usu-
ally occurs in the field, especially in buried structures.®® The
formation of thaumasite is a calcium silicate hydrate (C-S-H)
consumptive reaction in the presence of SO3~ and CO3~ ions
under relatively low temperature (< 15°C) and high humid-
ity, which can cause the total transformation of the cement
matrix into white and incohesive mushy substances. As C-S-
H is the main binding phase in concrete, TSA can, thus,
result in losing the strength carrying capacity of concrete.
Therefore, the complex nature of the above mechanisms
has made the sulfate attack indeed a “confused world” and
alot of “knowledge and understanding of sulfate attack in the
field remains inadequate.”® Attempts have been made in the
past to trace the ongoing deterioration mechanisms on site,
especially the monitoring of the above-mentioned deteriora-
tion mechanisms in order to predict the serviceability and
health conditions of structures. In particular, structural health
monitoring, a nondestructive inspection based on the appli-
cation of sensors, has been accepted as a useful tool for real-
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time monitoring of concrete durability in the past two
decades.'*"!

Currently, two important sensor systems are applied for
monitoring the carbonation and chloride ingress of concrete,
namely, electrical resistance sensors (ERS)'*!* and fiber
optic chemical sensors (FOS).'*!'> The principle of ERS
relies on the measurement of the change in the electrical re-
sistance of concrete, which could be attributed to many
reasons such as moisture variation, ingress of different sub-
stances (CI~ or CO,), and ongoing hydration. Therefore, the
ERS cannot differentiate each individual deterioration
mechanism. On the other hand, research on FOS have
been focused on development of fiber optic chloride sensors
and fiber optic pH sensors, which could be used to measure
the chloride ingress and pH change due to carbonation,
respectively. Generally, the sensing mechanisms of these
FOS depend on coating a specific chemical matrix, which
has been impregnated with chloride or pH-sensitive indicator
dye on the sensor/fiber tip through sol-gel techniques or the
application of porous disc. The ingress of chloride or the car-
bonation process can change the color of the chemical dye,
which can then be measured by the absorbance of light pass-
ing through the fiber using a UV-spectrophotometer.
Although FOS could be applied in identifying specific
deterioration mechanisms such as chloride ingress and pH
change due to carbonation, their long-term stability and
the need for recalibration are the two main limitations for
their eventual application in the real world. However, neither
sensor can be used to monitor sulfate attack. In fact, no sen-
sor is currently available for monitoring the sulfate attack in
concrete.

Raman spectroscopy, based on the measurement of the
vibrational spectra of analytes, has demonstrated its effec-
tiveness in distinguishing various sulfate-bearing products,
such as ettringite,'®!” gypsum,'®! and thaumasite.”> Under
Raman spectroscopy, all internal vibration modes [i.e., sym-
metric stretching (v;), symmetric bending (v,), asymmetric
stretching (v3), and asymmetric bending (v4)] of SO~ ionic
groups in gypsum and ettringite can be readily identified,
while the SO3~, CO%~ groups and Si* in thaumasite also
can be clearly characterized. Furthermore, Raman spectros-
copy has also demonstrated its unique advantages over any
other analytical techniques in differentiating these three sul-
fate-bearing phases due to the following unique features:
(1) gypsum can be readily distinguished via its most intense
peak, vy, at 1008 cm™!, which differs markedly from the v,
bands of ettringite (988 cm™!) and thaumasite (990 cm™).
At the same time, the potential splitting of v, and v, vibra-
tions of gypsum and its unique translational mode, i.e.,
T(H,0, Ca), can also be used as additional indicators to dif-
ferentiate gypsum from the other sulfate-bearing products;
(2) although the sulfate peaks (v;) for ettringite and thauma-
site are similar, the thaumasite can be readily differentiated
from the ettringite by its distinct peaks at 658 and
1072 cm™', corresponding to the octahedral coordination
of Si and carbonates, respectively.??

In recent years, with the advancement of the radiation
transmission through optical fiber, the combination of
Raman spectroscopy with optical fiber assemblies is now
technically feasible, offering a unique opportunity for remote
real-time monitoring. So far, optical fiber Raman technology
has been applied in various areas, such as biomedical
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diagnosis,”*** chemistry process monitoring,” and even det-

rimental environment operations.”® However, it has not been
used to monitor concrete structures. Some feasibility studies
on using optical fiber Raman spectroscopy to monitor the
concrete subjected to various deterioration mechanisms
have been carried out by the authors. In this paper, gypsum
and ettringite, the most commonly formed deterioration
products in sulfate attack, were characterized using a Raman
spectrometer with fiber assembly as excitation path (here-
after, optical fiber excitation Raman spectroscopy/spectrom-
eter). The results were also compared and verified with
bench-mounted Raman analysis. Due to the complex nature
and intricate environment needed to initiate its formation, the
ongoing work on TSA will be reported separately. Based on
the results reported in this paper, the feasibility and potential
of optical fiber Raman spectroscopy as a remote character-
izing and monitoring technique for concrete durability are
then discussed.

2 Experimental Details

2.1 Materials

The Portland cement (PC) used in this study was CEM I (in
accordance with BS EN 197-1:2011) supplied by Quinn
Cement (Derrylin, UK) and its chemical composition is
given in Table 1. Superfine white powder gypsum, supplied
by Saint-Gobain Formula (Kutzhiitte, Federal Republic of
Germany) (300 micron sieve residue of 0.2% max), with
compacted bulk density of 1200 kg/m?, was employed as
a reference for pure gypsum. Chemical regent CaO and
Al(SOy); - 18H,O obtained from Fisher Scientific
(Loughborough, UK) were used to synthesize the pure ettrin-
gite as detailed below. Analytical grade sodium sulfate
(Na,S0O,) with assay (alkalimetric) >99.0% and loss on igni-
tion (800°C) <0.5%, supplied by Merck Schuchardt OHG
(Darmstadt, Germany), was used to prepare the deterioration
salt solution.

2.2 Samples Analyzed

In order to identify the feasibility of optical fiber excitation
Raman spectroscopy for analyzing the sulfate-attack prod-
ucts formed in hardened cement, two types of samples
were analyzed in this study.

1. Pure sulfate-bearing samples: Prior to the characteri-
zation of the sulfate products formed in the hardened
cement sample (as detailed below), one pure gypsum
sample and one pure ettringite sample were first ana-
lyzed under bench-mounted Raman spectrometer so
that the spectra obtained can be used to verify the
results from the optical fiber system. The gypsum sup-
plied by Saint-Gobain Formula (as mentioned in
Sec. 2.1) was employed as the pure gypsum sample.

Table 1 Chemical composition of Portland cement.

Oxides S|02 A|203 F9203 CaO MgO Kzo Nago 803

Content/% 23.00 6.15 295 61.30 1.80 0.68 0.22 250
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The pure ettringite sample was synthesized according
to the Struble’s method as follows:?” (a) 13.4 g of CaO
was dissolved in 890 mL. 10% w/v sucrose solution.
(b) 26.55 g of Al,(SOy); - 18H,O was dissolved in
40 mL deionized water. (c) These two solutions were
mixed and then put in a plastic bottle with the rest of
the bottle being filled with nitrogen gas. After being
tightly sealed, the bottle was put into the rotator
and kept rotating for 24 h before the ettringite was iso-
lated by suction filtration and dried under vacuum
desiccators.

2. Hardened cement sample after being subjected to
sulfate attack: The cement paste was manufactured
at a water-to-cement ratio (W/C) of 0.35 using a
Hobart planetary mixer and cast in plastic centrifugal
tubes and vibrated for around 1 min to remove the
air bubbles. After 24 h initial curing in the tubes,
specimens were removed from the tubes and covered
with water saturated hessian and then sealed in plastic
sample bags. These bags were then stored in a curing
room at constant temperature of 20 + 1°C and relative
humidity of 55 4+ 5% for six days. At the end of the
seventh day, selected pastes were ground into powder
with a fineness of 63 ym and then immersed in 0.35 M
Na,SO, solution for 10 days before being dried in a
vacuum desiccator for the Raman spectroscopy tests as
detailed in Secs 2.3 and 2.4 below.

2.3 Bench-Mounted Raman Spectroscopy

A bench-mounted Renishaw micro-Raman spectrometer
equipped with a charged coupled device (CCD) detector
was employed. The schematic diagram of the optical path
of this Raman spectrometer is shown in Fig. 1. As illustrated
in Fig. 1, the Raman spectrometer operates in the classical
backscattering geometry. A 632.8-nm laser (helium-neon
laser) was employed as an excitation source. To overcome
the heterogeneous nature of cementitious material, a 10x
objective with numerical aperture (N.A.) of 0.25 was pur-
posely employed here so that larger sampling area could
be analyzed. The laser beam was focused onto the sample
through the objective and the laser spot diameter after
focus was ~1.6 ym. The measured power at the sampling
level was ~3.3 mW. The Raman shift was calibrated before
each experiment using the sharp peak of silicon at 520 cm™".
Raman spectra were recorded with exposure time of 10 s and

— Laser ———p Signal
Beamsplitter Raman
spectrometer
Mirror
N »>-----]
--- - «— N\ P-----
ol A A
Bandpass
Microscope filter
objective
Sample

Laser

Fig. 1 Schematic diagram of Renishaw micro-Raman spectrometer.
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accumulations of 10 in order to improve the signal-to-noise
ratio (SNR). In this study, the bench-mounted Raman spec-
troscopy analysis was used to collect some basic information
in order to use them as benchmark information for verifying
the results obtained from the optical fiber excitation Raman
spectrometer as detailed below.

2.4 Optical Fiber Excitation Raman Spectroscopy

To clearly identify the coupling, transmission, excitation, and
collection mechanisms in “all-fiber” Raman spectrometer, a
typical 45 deg optical geometry was employed so that indi-
vidual optical path (i.e., either fiber excitation path or fiber
collection path) can be studied separately in order to opti-
mize each optical path independently before an “all-fiber”
Raman spectrometer could eventually be developed. This
study is primarily focused on identifying the feasibility of
fiber excitation approach for characterizing the sulfate attack
in concrete. Therefore, a Raman spectrometer with an optical
fiber as excitation path (shown in Fig. 2) was developed as
detailed below.

1. Excitation subpath: The laser beam with power of
18 mW was launched into the optical fiber through
an adapter, which enabled a coupling efficiency of
91% to be achieved, with a power level of 16.3 mW
measured at the end of the optical fiber. A 2-m multi-
mode fiber with core/cladding diameter of 200/
240 ym and N.A. of 0.22 was employed to deliver
the laser beam. After passing through the optical
fiber, the divergent laser beam was collimated by a
Thorlabs collimator with N.A. of 0.5. Following
this, a Thorlabs 10-nm bandpass filter (centered at
632.8 nm) was installed to eliminate the scattering
background generated from the optical fiber. Then
the excitation laser beam was focused onto a spot
of c.a. 19 ym diameter through a Thorlabs plano-con-
vex lens with focal length of 30 mm before interrog-
ating the sample. This tailored configuration was
purposely established in order to overcome the space
limitation between the stage and the objective in
bench-mounted Raman spectrometer so that the signal
could be collected under the 45 deg optical geometry
(as mentioned below).

2. Collection subpath: The same objective (10X /0.25)
and the same CCD detector as those used in the
bench-mounted Raman spectrometer were again
employed as the collection subpath for the optical
fiber excitation Raman spectrometer. The Rayleigh
scatterings launched into the objective were rejected
by an edge filter in the spectrometer. Raman spectra
were recorded with an exposure time of 10 s and accu-
mulations of 10.

The excitation power of the laser after focus was mea-
sured at ~12.5 mW for the optical fiber excitation Raman
spectrometer. Therefore, the excitation power densities of the
optical fiber excitation Raman spectrometer and the bench-
mounted Raman spectrometer were 0.04 and 1.64 mW /um?,
respectively.

To overcome the heterogeneous nature of the cement sam-
ple, discrete multipoints were characterized and analyzed

October 2013/Vol. 52(10)
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Fig. 2 Schematic diagram of optical fiber excitation Raman spectrometer under 45 deg geometry.

under both bench-mounted Raman and optical fiber excita-
tion Raman spectrometers. However, only one typical spec-
trum is presented for each optical system in order to illustrate
the main features of the Raman bands. Statistical analysis in
terms of the mean value, standard deviation (SD), and coef-
ficient of variation (o) of SNR based on the spectra from five
sampling points were then calculated after background sub-
traction and Lorentz peak-fit using OriginPro 8.6, to com-
pare the variations between these two optical systems.

3 Results and Discussion

3.1 Optimization of Optical Fiber Excitation Raman
Spectrometer

Once the optical pathway described in Sec. 2.4 was prelimi-
narily aligned, a silicon wafer was used as a reference to opti-
mize the optical fiber excitation Raman spectrometer through
the well-defined Raman peak of silicon at 520 cm™'?® to
ensure maximum overlap between the laser excitation
point and the objective focusing point is achieved. This
resulted in maximum Raman peaks of silicon with highest
SNR. Figure 3(a) shows the spectrum of the silicon wafer
collected from this optimized optical fiber excitation
Raman spectrometer, which is also compared with the spec-
trum of the silicon wafer collected from the bench-mounted
Raman spectrometer [Fig. 3(b)] in order to verify and estab-
lish that optimum coupling and maximum overlap conditions
can be achieved in the optical fiber excitation Raman spec-
trometer. The optical path so obtained was consequently
used in the following investigations.

As can be seen from Fig. 3(a), the Raman signal of silicon
has been successfully retrieved by optical fiber excitation
Raman spectrometer, as indicated by a well-defined peak
at 520 cm™! and a weak hump at approximately 920 to
1000 cm™!. These fingerprint bands are in agreement with
those from the bench-mounted Raman spectrometer, i.e.,
the sharp peak located at 520 cm™! and the weak hump
near 1000 cm™! as shown in Fig. 3(b). After these spectra
were processed with background subtraction and the Lorentz
peak-fit using OriginPro 8.6, the SNR of the main peak of
silicon (i.e., 520 cm™!) were then calculated according to the
method specified in ASTM E579-04.% The corresponding
results are presented in Table 2 below.

From Table 2, the following two features can be observed:

1. Difference in signal level: The signal level of silicon
fingerprint band (i.e., 520 cm™!) under optical fiber
excitation Raman spectrometer was only ~7.8% of
that from bench-mounted Raman analysis. In the
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current study, although the power level of the optical
fiber excitation Raman spectrometer was higher than
that of the bench-mounted Raman spectrometer,
owing to the larger excitation spot area formed
under the fiber mode, the power density of the fiber
mode was much lower than that of the bench-mounted
Raman spectrometer (only ~2.4% of the latter as cal-
culated in Sec. 2.4). Therefore, this reduced signal

=
g
2
G
f=1
2
S
WJ L..v‘_.' A Waeale YO el g
1 1 1 1 1 1 1 1 1
400 500 600 700 800 900 1000 1100 1200 1300 1400
Raman shift/cm™
(a)
T T T T T T T T T
3
Y
2
‘B
=1
2
S
1 " 1 n 1 " 1 " 1 n 1 " 1 n 1 " 1

400 500 600 700 800 900 1000 1100 1200 1300 1400
Raman shift/cm™

(®)
Fig. 3 Raman spectra of silicon wafer collected from (a) optical fiber

excitation Raman spectrometer and (b) bench-mounted Raman
spectrometer.

October 2013/Vol. 52(10)



Yue et al.: Monitoring the cementitious materials subjected to sulfate attack. ..

Table 2 Signal-to-noise ratio (SNR) of peak 520 cm~' (calculated
from the spectra of Fig. 3).

Bench-mounted
Raman spectroscopy

Optical fiber excitation
Raman spectroscopy

Signal level 2083.4 26,631.1
Noise level 9.0 30.9
SNR 231.5 861.8

level from the optical fiber excitation Raman spec-
trometer could be attributed to its lower excitation effi-
ciency, which could be improved by increasing the
power density in future studies.

2. Difference in SNR: The SNR of the optical fiber exci-
tation Raman spectrometer was much lower than that
of the bench-mounted Raman spectrometer—the SNR
of the former was only ~231.5 whereas that of the lat-
ter was ~861.8 (i.e., around four times). As discussed
above, the lower excitation efficiency of the optical
fiber excitation mode could lead to lower signal
level, which partly contributed to the reduced SNR
under optical fiber excitation. On the other hand,
the bench-mounted Raman spectroscopy was config-
ured in the backscattering geometry (as shown in
Fig. 1), which can maximize the overlapping between
the excitation light-cone and the signal-cone, leading
to a much improved collection efficiency. However,
for the optical fiber excitation Raman spectrometer,
the signal was collected at 45 deg configuration,
which would reduce the signal collection efficiency
owing to the decreased overlapping of the laser-
cone and the signal-cone.

3.2 Bench-Mounted Raman Spectroscopy Analysis
on Gypsum and Ettringite

To clearly identify the sulfate-attack mechanisms in cemen-
titious materials through optical fiber excitation Raman spec-
troscopy, bench-mounted Raman spectroscopy was first used

v, SO,

Intensity/a.u.

v,80,
— v, SO,
—

UL

PR U R SN (U RN R S RS R
300 400 500 600 700 800 900 1000 1100 1200 1300

Raman shift/cm™

Fig. 4 Raman spectrum of gypsum.
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Fig. 5 Raman spectrum of ettringite.

to characterize the pure sulfate-bearing products, i.e., gyp-
sum and ettringite, in order to obtain benchmark spectra
to verify the Raman spectrum collected from the optical
fiber excitation mode in Sec. 3.3. Figures 4 and 5 show
the Raman spectra of gypsum and ettringite, respectively.

As shown in Fig. 4, the Raman spectrum of gypsum was
dominated by a distinct peak at 1008 cm™!, which can be
assigned to the vy symmetric stretching of SO, in gyp-
sum.'®2% The weak peak observed at 1136 cm~! could be
attributed to the asymmetric stretching (v3) of SO, in gyp-
sum.”® Furthermore, two doublets assigned to the SO, sym-
metric bending (v,) and asymmetric bending (v4) modes of
gypsum, respectively,’’?! were identified at 414/493 and
618/670 cm™!, which are in good agreement with previ-
ously published data.’**' Therefore, all the four internal
vibration modes of SO, of gypsum have been clearly iden-
tified by bench-mounted Raman spectroscopy with v; sym-
metric stretching mode being the most intense vibration
band, which corroborates well with the literature.°

Characterization of ettringite with Raman spectroscopy is
well established and different types of ettringite have been
successfully characterized and reported in the literature.
These include the ettringite formed from the hydration of tri-
calcium aluminate (C3A) in the presence of gypsum,'® nat-
urally occurring crystal of ettringite,!” as well as those
synthesized under controlled laboratory conditions.*
Generally, it has been concluded that the four internal
SO, vibration modes and the AI-OH vibration mode in
ettringite as well as the external rotation and translation of
ettringite molecules can be clearly identified.'®!” As
shown in Fig. 5, in the current study, all the internal SO,
vibration modes have been successfully identified by the
bench-mounted Raman spectroscopy, as indicated by a dis-
tinct peak located at 988 cm™' (v;) and three bands at
448 cm™! (1), 612 cm™' (v,), and 1119 cm™! (v3), respec-
tively. At the same time, the external rotation and translation
of ettringite molecules and Al-OH vibration in ettringite have
also been clearly identified by the two weak humps located at
347 and 547 cm™!, respectively.'®!”

Table 3 summarizes and compares the Raman bands and
assignments of gypsum and ettringite under bench-mounted
Raman spectroscopy. As it can be seen, in addition to the Al-
OH vibration, which can clearly distinguish ettringite from

October 2013/Vol. 52(10)
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Table 3 Raman bands and assignments of pure gypsum and ettrin-
gite under bench-mounted Raman spectroscopy.

Raman shift/cm~"

Excitation/nm  Gypsum  Ettringite Assignment

632.8 nm 1008 988 vy symmetric stretching

of (SOy)
414, 493 448 v, symmetric bending
of (SOy)
1136 1119 v asymmetric stretching
of (SOy)
618, 670 612 v4 asymmetric bending
of (804)

347 External rotation + translation

547 Al-OH stretching

gypsum, the Raman shifts of the four internal SO, vibration
modes also can be used as additional fingerprints to differ-
entiate ettringite from gypsum as follows: (1) for the SO,
symmetric stretching (v;) and asymmetric stretching (v3),
there were wave number shifts between gypsum and ettrin-
gite, i.e., by 20 and 17 cm™' for v; and vs, respectively;
(2) for the SO, symmetric bending (v,) and asymmetric
bending (v,) modes, two doublets were identified for gyp-
sum at 414/493 and 618/670 cm™!, while only two single
peaks were identified at 448 and 612 cm™' for ettringite.
These results would suggest that gypsum and ettringite
can be readily differentiated by Raman spectroscopy, which
is in good agreement with the previously published results in
the literature.'®!7-?"

3.3 Bench-Mounted Raman Spectroscopy/Optical
Fiber Excitation Raman Spectroscopy Analysis
on Sulfate-Attacked Cement Sample

In Sec. 3.2, the Raman bands of pure gypsum and ettringite
have been clearly identified, which are to be used as bench-
mark information in the following studies for characterizing
the gypsum and the ettringite formed in the sulfate-attacked
cement sample. While the Raman bands can be readily iden-
tified in pure and white-colored gypsum and ettringite sam-
ples, it could potentially be difficult to characterize these in
the sulfate-attacked cement pastes due to the gray color and
heterogeneous nature of PC. In addition, the existence of cer-
tain impurities in the unhydrated cement minerals could
induce strong fluorescence background, which can impose
disturbance to or even totally swamp the weak Raman
peaks.’! In the current study, further complexities could
also occur from the transmission of laser light through opti-
cal fiber as troublesome background could be induced from
the fiber core. In addition, the collimation of the output diver-
gent laser at the end of the optical fiber is also an issue.
Therefore, to clearly identify the feasibility and efficiency
of optical fiber system for identifying sulfate-attack products
in hardened cements, bench-mounted Raman spectroscopy
analysis was first carried out, which was then followed by
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Fig. 6 Raman spectra of sulfate-attacked sample of (a) original spec-
trum and (b) spectrum after subtracting the background.

optical fiber excitation Raman spectroscopy analysis using
the optical fiber pathway developed in Sec. 3.1.

Figures 6(a) and 7(a) present the Raman spectra of sul-
fate-attacked cement pastes under bench-mounted Raman
and optical fiber excitation Raman analysis, respectively.
As expected, compared with Figs. 4 and 5, sloping back-
grounds can be observed in the original spectra collected
from the cement sample. In Fig. 6(a), a sloping background
emerged from 300 cm~! onward, imposing a strong disturb-
ance to the Raman spectrum—especially to the band located
at 1136 cm™' (v3 SO,), which was nearly swamped by this
background. On the other hand, an even stronger background
could be observed from the optical fiber spectrum in Fig. 7(a),
indicating that some additional issues have been induced by
the optical fiber system. Baseline correction using OriginPro
8.6 was, therefore, applied in an attempt to reduce the
background effect,’? and the resultant spectra are shown in
Figs. 6(b) and 7(b), respectively. It can be seen that after sub-
tracting the background, all the Raman bands became more
evident. Therefore, spectra with subtracted background
were used for further analysis and discussion below.
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Fig. 7 Optical fiber excitation Raman spectra of sulfate-attacked sam-
ple of (a) original spectrum and (b) spectrum after subtracting the
background.

From Fig. 6(b), it can be seen that the gypsum formed
in the sulfate-attacked cement paste has been successfully
identified as indicated by its four SO, internal vibration
bands retrieved at 1007 cm™' (v, symmetric stretching),
1136 cm™! (v3 asymmetric stretching), 414/493 cm™! (v,
symmetric bending), and 617/670 cm™ (v, asymmetric
bending), respectively.’>?! At the same time, ettringite has
also been identified as indicated by its SO4 v; symmetric
stretching band located at 986 cm~!.'® The main Raman
bands and assignments of the spectrum in Fig. 6(b) are fur-
ther summarized in Table 4. By comparing Tables 3 and 4, it
can be noticed that similar Raman peaks have been identified
for the sulfate-bearing crystals (i.e., ettringite and gypsum) in
both the sulfate-attacked cement paste and the pure sulfate-
bearing samples (as reported in Sec. 3.2). The similarity in
these peaks suggests that similar gypsum and ettringite prod-
ucts have been formed in the sulfate-attacked cement paste
and these can be readily identified by Raman spectroscopy.
The strong gypsum peak also indicated that considerable sul-
fate-attack mechanism has been formed in Na,SO, solu-
tion.>® On the other hand, the identified ettringite could be
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Table 4 Raman bands and assignments of sulfate-attacked cement
sample under optical fiber excitation spectroscopy and bench-
mounted Raman spectroscopy.

Raman shift/cm™" Assignments

Optical fiber excitation 1007 vq (SOy) (gypsum)
Raman spectroscopy

410 vs (SO4) (gypsum)

493 vz (SO4) (gypsum)

1134 vz (SO4) (gypsum)

608 v4 (SO4) (gypsum)

667 v4 (SO4) (gypsum)

986 vy (SOy) (ettringite)

Bench-mounted 1007 vq (SOy) (gypsum)
Raman spectroscopy

414 vp (SOy4) (gypsum)

493 vz (SO4) (gypsum)

1136 vg (SO,) (gypsum)

617 v4 (SO4) (gypsum)

670 v4 (SO4) (gypsum)

986 vq (SOy) (ettringite)

attributed to the secondary ettringite (i.e., ettringite formed
under sulfate-attack mechanisms) or the primary ettringite
(i.e., ettringite generated shortly after cement hydration) in
the current study.

Figure 7(b) demonstrates the Raman spectrum of sulfate-
attacked sample retrieved from the optical fiber excitation
Raman system after subtracting the background. As shown
in Fig. 7(b), after background subtraction, various Raman
bands, which were previously obscured by the strong fluo-
rescence background in the original spectrum in Fig. 7(a),
can now be clearly identified—especially the various
weak peaks that lay between 400 and 500 cm™' and 600
and 700 cm™! and the peak at 1134 cm™!. In particular, com-
pared with the spectrum in Fig. 7(a), the Raman shifts of
gypsum at 1007 cm™! (v, symmetric stretching) and
1134 cm™! (3 asymmetric stretching) and the two doublets
at 410/493 cm™! (v, symmetric bending), and 608/
667 cm~! (v, asymmetric bending) became more evi-
dent.’®! In addition, the Raman bands of SO, vibration
in ettringite can also be clearly identified as a sharp peak
at 986 cm™! (v;).'®!” It has been generally agreed that fluo-
rescence is one of the most troublesome issues hindering the
application of Raman spectroscopy in cementitious materi-
als.’'** As indicated before, the introduction of optical fiber
in the current study can further complicate matters.
Therefore, this much improved visibility of Raman peaks
in Fig. 7(b) after background subtraction would suggest
again that background subtraction is a useful technique
for processing the Raman spectra of cementitious materials,

October 2013/Vol. 52(10)



Yue et al.: Monitoring the cementitious materials subjected to sulfate attack. ..

Table 5 Statistic of peaks from sulfate-attacked sample under bench-mounted Raman analysis.

Signal Mean of Noise Mean of Standard Coefficient of variation
Sampling point v+ (E) level signal level noise SNR  Mean of SNR  deviation of SNR of SNR
Point 1 986 2335.4 2628.0 72.5 97.0 32.2 27.4 4.1 15.0%
Point 2 986 1987.4 87.1 22.8
Point 3 985 2890.2 93.1 31.0
Point 4 987 2687.4 109.0 24.7
Point 5 985 3239.6 123.1 26.3

Table 6 Statistic of peaks from sulfate-attacked sample under optical fiber excitation Raman analysis.

Mean of Mean of Mean of Standard deviation  Coefficient of variation
Sampling point  v4(E)  Signal level  Ssignal Noise level noise SNR SNR of SNR of SNR
Point 1 986 234.3 241.2 50.4 46.2 4.6 5.2 0.6 11.5%
Point 2 986 209.0 419 5.0
Point 3 986 286.4 471 6.1
Point 4 987 236.9 442 54
Point 5 986 239.6 475 5.0

especially for those obtained from the optical fiber excitation
Raman spectrometer.

Table 4 compares the Raman bands and assignments of
the spectra obtained from the sulfate-attacked cement sample
under both optical fiber excitation spectroscopy and bench-
mounted Raman spectroscopy. It can be seen that, although
the fingerprint peaks collected from both bench-mounted and
optical fiber Raman spectroscopy were very similar, a tiny
wave number shift can be observed from optical fiber results
compared with the bench-mounted Raman spectroscopy. For
example, the SO, v3 mode of gypsum was 1136 cm~! under
bench-mounted Raman, but 1134 cm™! under optical fiber
excitation Raman system. This could be attributed to the
heterogeneous nature of the cementitious materials, making
it almost impossible to test two identical areas.

As mentioned before, to overcome the heterogeneous
nature of the cement sample, discrete multipoints were char-
acterized and analyzed. To illustrate this feature, one of the
vibration modes, v; SO, of ettringite, was selected for stat-
istical analysis. The spectra of five sampling points were
selected and the statistic calculation in terms of mean value,
standard deviation (SD), and the coefficient of variation (o)
of SNR was then carried out. Tables 5 and 6 present the stat-
istical analysis results of bench-mounted Raman spectros-
copy and optical fiber Raman system, respectively, which
indicate the following:

1. Both the mean values of the signal level and the noise
level were lower in optical fiber excitation Raman
spectroscopy. The SNR values showed a similar ten-
dency—only 5.2 under optical fiber Raman spectros-
copy, but as high as 27.4 under bench-mounted
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system. These results could be attributed to the
lower excitation power density and the lower signal
collection efficiency in optical fiber excitation
Raman system as discussed in Sec. 3.1.

The SD of SNR under optical fiber excitation Raman
spectroscopy was much lower than that under bench-
mounted Raman system—the former was only 0.6
while the latter was 4.1. At the same time, the coef-
ficient of variation (o) of fiber mode was much lower
as well. The lower SD and ¢ suggests the lower varia-
tion and higher reliability of data sampling under opti-
cal fiber excitation Raman spectroscopy. One possible
explanation for these results is the relatively larger
sampling area (283.4 um?) of optical fiber excitation
Raman system as compared with that of bench-
mounted Raman system (2.0 gm?), resulting in more
Raman information being retrieved from the hetero-
geneous sample.*

Therefore, our results clearly showed the advantage of the
optical fiber excitation Raman spectroscopy as developed in
this paper over the bench-mounted Raman spectroscopy for
characterizing heterogeneous matrix.

4 Conclusions

Inspired by the successful application of optical fiber Raman
spectroscopy in biomedical diagnosis and chemistry moni-
toring, this research is primarily focused on identifying
the feasibility of this technique in remote characterizing
cementitious materials, which will eventually lead to the
development of a novel concrete durability monitoring sys-
tem. One of the most important concrete deterioration

October 2013/Vol. 52(10)



Yue et al.: Monitoring the cementitious materials subjected to sulfate attack. ..

mechanisms, sulfate attack, was investigated in the current
study and the two most important sulfate-bearing products,
ie., gypsum and ettringite, formed in sulfate-attacked
cementitious materials have been successfully differentiated
by a pilot optical fiber excitation system (45 deg geometry)
configured with an optical fiber as the excitation subpath.
Under the optical fiber excitation Raman spectroscopy, the
four SO, vibration bands of the gypsum formed in sul-
fate-attacked cement paste have been successfully identified
at 1007 cm™! (vy), 1134 cm™! (v3), 410/493 cm™' (v,), and
608/667 cm™! (v,), which are in good agreement with the
bench-mounted analysis results; in the case of ettringite, the
v, band was identified at 986 cm™! under the fiber excitation
mode. Therefore, this preliminary study indicated that it is
technically feasible to characterize the sulfate-induced
deterioration mechanisms in cementitious materials using
optical fiber excitation Raman spectroscopy. Although the
fingerprint bands collected from the optical fiber excitation
Raman system showed weaker signal level and lower SNR,
their standard deviation and coefficient of variation were
lower, showing good potential for characterizing hetero-
geneous matrix like concrete.
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