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Concrete for agricultural construction is often subject to aggressive environmental conditions. Ground
granulated blast furnace slag (GGBFS) or metakaolin (MK) largely improve the chemical resistance of
the binder. Anhydrous particles seem particularly resistant to the acid solution. The purpose of this study
is to quantify anhydrous particles in blended cement pastes as a function of acid exposition time in order
to evaluate their acid resistance.

Cement pastes were moist cured for 28 days and then immersed in an acetic acid solution for 2 months.
The quantification of the anhydrous phases was carried out using 29Si MAS NMR, selective dissolution and
back-scattered electron (BSE) images analysis, while the hydrated phases content was evaluated by TGA.
After 28 days of hydration, 60% of OPC, 44% of GGBFS and 76% of MK particles were hydrated. The amount
of anhydrous particles drops for all materials during acid immersion. After 2 months of immersion, the
amount of anhydrous particles drops by 49%, 23% and 15% for OPC, GGBFS, and MK respectively. This
study confirms that GGBFS and MK anhydrous and hydrates phases present higher acid resistance than
OPC.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Agricultural effluents contain organic acids that constitute a se-
vere chemical threat toward the concrete of agricultural structures.
Acidic environments are among the most aggressive media for con-
crete. Cement hydration products are stable only in solutions with
well defined Ca2+ and OH� concentrations and in contact with an
acidic environment, the constituents of the hardened cement
pastes are altered by decalcification [1]. Organic acids react with
hydrated and anhydrous compounds of the cement paste to give
mainly calcium salts. Depending on their solubility, these salts
may precipitate or may be dissolved in solution. Acids such as ni-
tric, hydrochloric or acetic acids form easily soluble Ca-salts and
have a strong decalcifying effect [2–5]. Bertron et al. [5] showed
that the four acids of the liquid manure (acetic, propionic, butyric
and iso-butyric acids) have an equivalent aggressiveness while lac-
tic acid presents a greater aggressiveness according to its dissocia-
tion constant value (pKa). Moreover, it was demonstrated that an
acetic acid solution of pH 4 mimics well the aggressiveness of or-
ganic acids found in animal manure. Due to the formation of easily
soluble Ca-salts, acetic acid forms a porous altered layer with rela-
tively weak diffusion resistance [1].

Previous studies [6–9] has shown that cement pastes blended
with ground granulated blast furnace slag (GGBFS) and metakaolin
(MK) largely improve the chemical resistance of the binder when
submitted to an acidic environment. Chemical composition profiles
measured by electron probe microanalyser (EPMA) of paste sam-
ples immersed in acetic acid solution according to the distance to
the surface of the specimen have demonstrated the good chemical
resistance of GGBFS and MK samples. These samples presented a
reduced altered depth that is less decalcified compared to other
binders [6]. Anhydrous GGBFS particles seemed particularly resis-
tant against the acid attack and their presence can partly explain
the good performance of that binder. The positive effect of residual
anhydrous grains was also reported by Bertron et al. [10]. These
authors reported that the amount of some anhydrous grains (slag
grains, silica fume agglomerates and C4AF) may improve the dura-
bility because they are not dissolved in the altered zone and their
presence can help preserving the integrity of the matrix. These
authors observed that the C4AF grains were well preserved when
subjected to an acetic acid solution at pH 4, while C2S and C3S
grains were mainly dissolved.

According to Macias et al. [11], the acidic attack decomposes the
unhydrated and hydrated cement paste phases. Portlandite is dis-
solved and the hydrated silicate and aluminate phases are decom-
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posed. The resistance of cement pastes is due to the nature of the
hydration products rather than the porosity of the hardened
cementing materials and depend on the protective silica layer pre-
cipitated on the surface [12]. As stated by Beddoe and Dorner [13],
the dissolution of ferrite or aluminate hydrates is slower and oc-
curs at lower pH values than the release of Ca2+ from C–S–H and
portlandite. They indicated that as the pH decreases, portlandite
(12.6), ettringite (10.7), C–S–H (�10.5) and finally calcium alumi-
nate and ferrite hydrates decompose successively.

All these studies have shown the beneficial effect of some SCMs
on the durability of concrete submitted to acidic environments.
However, although observations have shown large amounts of
anhydrous grains presented in the degraded zone of samples sub-
mitted to organic acids, no study has focused on the quantification
of anhydrous grains. The quantitative assessment of the rate of
hydration of SCMs is still a challenge in the scientific community.
Much effort is made to improve the methods. Some methods have
been tested for slag cements, others for metakaolin. In this work,
we evaluated different techniques recently developed to directly
quantify the cement and SCMs anhydrous phases during the acid
immersion.

The purpose of this study is to quantify anhydrous GGBFS and
MK particles in blended cement pastes as a function of acid expo-
sition time. This is done to evaluate their acid resistance and im-
prove understanding of their role in the durability of
cementitious material subjected to acid attack. The quantification
of the anhydrous particles is measured by 29Si MAS NMR, selective
dissolution method and back-scattered electron (BSE) images pro-
cessing while the evolution of the hydration process is evaluated
using thermogravimetric analysis (TGA). This last method allows
the monitoring of the mass loss occurring during the thermal
decomposition of cement hydrated phases. The non-evaporable
water content, or bound water, is directly function of the amount
of C–S–H, portlandite, ettringite and AFm phases presented in the
sample. The amounts of residual anhydrous and hydrate phases of
metakaolin, slag and OPC mixtures was measured after a curing
period of 28 days prior to acid immersion. The same parameters
were evaluated on the altered zones of samples after 15 days, 1
and 2 months of immersion in an acetic acid solution.
2. Materials and methods

2.1. Materials

This study was conducted on three cement pastes made with
OPC, designated in American Standard as GU (General Use, con-
taining a maximum of 5% limestone filler), blended with 80% of
GGBFS and with 20% of MK, respectively, as a partial cement
replacement by mass of the cement. The control sample is made
only of GU. No superplasticizer was added. The chemical composi-
tion of the binders is given in Table 1.

The immersion solution was composed of acetic acid (CH3-

COOH), a weak organic acid with a dissociation constant pKa of
4.76 at 25 �C. The concentration of the acetic acid solution was
0.5 M and the pH 2.8. To avoid hydration of anhydrous phases dur-
ing the acid immersion of pastes, the acetic acid was dissolved in a
solvent other than water. Referring to the miscibility data of acetic
Table 1
Chemical composition of binders.

Binders %CaO %SiO2 %Fe2O3 %Al2O3 %MgO %K2O %Na2O %TiO2

GU 62.5 19.6 2.27 4.9 2.61 0.9 0.24 0.25
MK 0.03 51.65 0.68 44.7 0.08 0.34 0.08 0.12
GGBFS 37.31 36.77 0.85 7.77 13.91 0.43 0.31 0.36
acid, toluene (C6H5CH3) was chosen. The aggressive solution was a
mixture of acetic acid and toluene (0.01%). The solution was re-
newed every week throughout the duration of the experiment in
order to maintain the pH of the solution at a value of 2.8.

2.2. Methods

The quantification of anhydrous phases consists to measure the
quantities of OPC, GGBFS and metakaolin anhydrous particles as a
function of acid exposition time in order to evaluate their chemical
resistance. Acetic acid was diluted in toluene (0.01%) in order to
avoid the presence of water causing the hydration of the anhy-
drous phases. Different methods were reported for the quantifica-
tion of anhydrous particles of Portland cement or blended cements
in order to evaluate the hydration degree of cementitious materi-
als. These techniques included the selective dissolution method
[14–18], 29Si magic angle spinning nuclear magnetic resonance
(MAS NMR) technique [19–21] and back-scattered electron (BSE)
images processing techniques [22,23] while the quantification of
the hydrated phase content was evaluated by thermogravimetric
analysis (TGA). Some authors have combined the use of 29Si MAS
NMR and selective dissolution [24–26] while others have used
the selective dissolution and image processing techniques [27].
In this study, anhydrous GGBFS and MK particles were quantified
using the 3 methods. Results obtained by the different methods
will be analyzed and compared.

2.2.1. Specimen making and treatment
Cement pastes were made at a water/cementitious material ra-

tio of 0.27. Hardened cement pastes specimens are cylindrical,
100 mm high and 50 mm diameter. The specimens were demolded
24 h after pouring and stored in moist-curing room (23 �C,
RH = 100%) for 27 days. Cement pastes were made according to
ASTM C192/C192M procedure [55].

Samples were removed from the moist-curing room, wiped to
remove water surface and then immersed in an acetic acid solution
at a pH of 2.8 for 2 months at solid–liquid volume ration of 1/15.
Some control specimens were kept in moist-curing room during
the whole experiment. At the end of each immersion period
(15 days, 1 and 2 months), specimens were wiped and dried at
room temperature. The analyses were realized in the sound and al-
tered zones of the specimens. The external altered zone was easily
removed from the specimen due to shrinkage cracking. Samples
were pulverised into powder to pass through a 200 mesh sieve of
74 lm apertures for the NMR analysis and pulverised into powder
to particle size lower than 63 lm for the selective dissolution
method. Polished flat sections were prepared for image analysis
technique using standard procedure with SiC and diamond pastes
as abrasive material.

2.2.2. NMR spectroscopy
Skibsted et al. [28] have shown that 29Si MAS NMR spectroscopy

is a very valuable tool for quantifying the silicate phases (C2S and
C3S) in Portland cement. Due to the overlapping of resonance lines
of these minerals, their amounts are obtained by decomposition of
29Si MAS NMR spectra. According to Chao [26], 29Si MAS NMR is
not only a good method for characterizing the clinker (i.e. C3S
and C2S) but can also be used to evaluate the amount of blast fur-
nace slag which are essentially constituted by SiO2, Al2O3 and CaO.
In fact, the 29Si MAS NMR spectra of hydrated cement paste consist
of two parts: One related to residual anhydrous silica C3S and C2S
(Q0 and Q4) and the other related to the hydrates of the chains
component of C–S–H (Q1 and Q2). The spectrum of alite is charac-
terized by a large broadened line ranging between �69 ppm and
�74.5 ppm [26]. It consists on a monoclinic form of alite with iso-
lated SiO4, tetrahedra (Q0) [29]. The spectrum of belite is illustrated
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by a single narrow resonance at �71.3 ppm forming the Q0 sites
[29–31]. The 29Si MAS NMR spectrum of slag is characterized by
a large massive Q0 at �74.5 ppm [32], �75 ppm [26] and
�75.8 ppm [33]. The 29Si MAS NMR spectrum of metakaolin indi-
cates a large massive Q4 ranging between �99 ppm and
�105 ppm [34].

For the NMR technique, only 29Si MAS NMR spectra were fol-
lowed. According to the technique, only the evolution of siliceous
phases can be quantified. Cross-polarization sequence was not
used. However, the interaction between the nucleus such as dipo-
lar coupling and chemical shifts anisotropy causes the line broad-
ening and loss of accuracy of NMR spectra. To improve the spectral
resolution, a sequence of magic angle spinning (MAS) has been
constantly used.

The 29Si MAS NMR studies were performed on a Bruker Biospin
Ltd. (Milton, ON, Canada) Avance spectrometer (7.4 T) using a
4 mm CP/MAS. The 29Si MAS NMR spectra were obtained using
typical spinning speed of 12–15 kHz, with a rotor synchronized
Hahn-Echo sequence, and relaxation delay of 30 s and 2000–
10,000 scans. All NMR spectra were acquired under identical con-
dition to allow comparison of data.

2.2.3. Selective dissolution method
Selective dissolution method, originally proposed by Luke and

Glasser [14,15], was designed specifically in order to determine
the reaction degree of slag. The principle of the method is to dis-
solve a cement paste sample in specific solvents which attack
unhydrated cement components and hydration products leaving
unreacted slag particles that are retained as residue at the end of
the manipulation [35]. The solvents used by Demoulian et al.
[36] and Luke and Glasser [14,15] consist on a solution of Ethylene
Diamine Tetra acetic Acid (EDTA), a metal cation complexing agent,
with triethanolamine at a pH of 11.6.

Several authors [18,24,26,36,37,17,38,39] have used the selec-
tive dissolution method to follow the hydration rate of ground
granulated blast-furnace slag. In this study, the selective dissolu-
tion method was used to quantify ground granulated blast-furnace
slag and metakaolin anhydrous particles in blended cement pastes
as a function of acid immersion time in order to evaluate their
chemical resistance.

The selective dissolution method is based on preferential disso-
lution. This technique preferentially dissolves the anhydrous ce-
ment particles and the hydration products leaving only the
anhydrous GGBFS particles. This technique was run in triplicates
on well homogenized sample of 0.25 g of blended pastes ground
to <63 lm. An accurately weighed solid sample was added to a
stock solution composed of:

(a) 125 ml of a solution composed of 0.05 mol/l EDTA (ethylene-
diaminetetraacetic acid) in 0.1 mol/l of Na2CO3;

(b) 12.5 ml of a 1:1 triethanolamine:water mixture;
(c) 125 ml of distilled water.

The pH of the final solution was adjusted to 11.6 with 0.1 mol/l
NaOH and shaken for 30 min. The residue was filtered and dried at
105 �C for 20 h. The residue was then washed 7 times with 20 ml of
distilled water and 3 times with 20 ml methanol. Residue was
dried at 105 �C until constant weight.

In this study, the percentage of residual anhydrous particles
present in the blended cement pastes composed of 20% MK or
80% GGBFS were determined according to the following formula
[14,15]. Here, the term supplementary cement material (SCM) is
used to represent GGBFS or MK:

– The degree of reaction of SCM is calculated according to the
equation:
aSCMðtÞ¼100

�½x2þð%SCMðt¼0Þ%SCMdissolvedx1Þ�ð%CEMENTðt¼0ÞCrx1Þ�
½%SCMðt¼0Þx1�

ð1Þ

where x1 is the weight of sample (ignited weight); x2 the weight of
residue (105 �C dry weight); Cr the percentage of residue from ce-
ment divided by 100; %SCM(t=0) the percentage of initial SCM in
the blended cement; %CEMENT(t=0) the percentage of initial cement
in blended cement; and %SCMdissolved is the percentage of SCM
dissolved.

2.2.4. Image analysis method
Image segmentation is a process of image analysis that allows

extracting parameters in order to establish a compact and repre-
sentative description of the image content for classification or
interpretation [40–43]. For the last 10 years, various image analy-
sis methods have been developed and used to characterize some
features of cement based materials [44,45], especially to study
the degree of hydration of concrete [22,23,46–48].

The Backscattered electron (BSE) imaging has been widely used
as a technique to examine the microstructure of cement based
materials. The segmentation of backscattered electron (BSE)
images has often been used to quantify the microstructure of ce-
ment pastes, including the determination of the pore structure
[44], the anhydrous cement content [47,49], the aggregate parti-
cles content [50], the importance of cracks [51], the distribution
of the interfacial porosity around aggregate particles [52] and the
characterization of the structure of fresh cement paste [53]. Some
authors have combined the use of selective dissolution and BSE im-
age analysis techniques for quantification of the fly ash in blended
cement [27] or of the slag in supersulfated cements [48].

The quality of segmentation has a direct impact on results ob-
tained [22]. Thus, the quality of brightness and contrast of images
are very important factors. Quantification of features via image
analysis requires, firstly, good specimen preparation and imaging
technique to produce representative images, and secondly, a fea-
ture-segmentation algorithm that is objective, precise and repro-
ducible [54].

In this work, flat polished sections of cement pastes were ob-
served under scanning electron microscope (SEM) in backscattered
electron imaging (BSEI) mode at 500� magnification. Image seg-
mentation was applied in order to evaluate the area fraction of
the residual OPC and GGBFS anhydrous particles as a function of
the acid immersion time. An algorithm is used for separating out
the different phases present in the cement pastes. Images are seg-
mented by greyscale thresholding to produce binary images of re-
gions of interest. The grey level histogram is composed of separate
peaks corresponding to distinct phases. The area of the histogram
is proportional to the relative fractions of each phase.

Polished sections of blended paste samples were observed un-
der a JEOL JSM-840A Scanning electron microscope equipped with
an energy dispersive X-ray analysis system (EDXA) at 15 kV.

Interaction of an accelerated electron beam with a specimen
produces a variety of elastic and inelastic collisions between elec-
trons and atoms within the sample. Backscattered electrons (BSE)
consist of high-energy electrons originating in the electron beam
that are back-scattered out of the specimen interaction volume
by elastic interactions with specimen atoms. Since heavy elements
(high atomic number) backscatter electrons more strongly than
light elements (low atomic number), BSE is proportional to the
mean atomic number of the phase and are used to detect contrast
between phases with different chemical compositions.

Phase discrimination is based on BSE grey level distribution. In
this study, ten BSE images were captured for each sample. To sim-
plify the analysis, all images were captured with the same magni-



Fig. 1. BSE source image of a cement paste containing 80% GGBFS after 28 days of
curing (w/binder = 0.27). Magnification = 500�. (A) GU anhydrous phase. (B) GGBFS
anhydrous phases. (C) Hydrates and porosity. (D) Lead contamination due to
polishing table.
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fication (500�), contrast and brightness. Each image counts 1832
by 1444 pixels and 256 grey tones. Image segmentation based on
thresholding method was the method used to separate the differ-
ent phases. As the average BSE grey level is directly related to a
phase of unique atomic number [56,57], the segmentation method
used the histogram of the grey level distribution of different phases
to discriminate each phase. Elemental composition measured by
energy dispersive X-ray analysis (EDXA) was used to confirm the
identity of each phase. Quantification is based on the number of
pixel of each grey tone using an iterative algorithm.

Fig. 1 presents an example of a BSE image of a cement paste
containing 80% of GGBFS after a curing period of 28 days. GU anhy-
drous particles appear with a lighter color than GGBFS anhydrous
grains on the BSE image due to its higher atomic density. Intersti-
tial darker color phase corresponds to hydrated phases. Black areas
in the BSE image corresponds to porosity filled with resin in the
polished sample preparation. Very small bright white areas corre-
spond to lead contamination coming from the polishing table.

Fig. 2 presents the extraction of GU anhydrous phases after im-
age segmentation with corresponding histogram.

Fig. 3 shows the GGBFS anhydrous particles extracted based on
BSE grey level. This is the major phase of the material.

Fig. 4 is the result of extraction of phases with low mean atomic
number. These phases correspond to the cement hydration prod-
ucts and porosity. The last segmentation was for the very high
mean atomic number phase (Fig. 5). This corresponds to the lead
Fig. 2. Extraction of GU anhydrous particles by BSE im
contamination that is an artifact of the polishing process using soft
metal (lead) table.

2.2.5. Thermogravimetric analysis (TGA)
TGA analyses were performed in alox (Al2O3) cups under N2

atmosphere at a heating rate of 10 �C/min from 25 to 900 �C
(TGA 7, Perkin Elmer). The non-evaporable water content (bound
water) were obtained from the weight loss of samples between
105 and 900 �C corresponding to the cumulative mass of C–S–H,
ettringite, portlandite and AFm phases.

3. Results

3.1. Quantification of anhydrous phases using the 29Si MAS NMR
spectra

In the present study, the method used consists of a preliminary
characterization of anhydrous compounds (reference sample). Sub-
sequently, the identification and quantification of phases observed
in each spectrum are obtained from it fit according to reference
spectra.

3.1.1. Quantification of GGBFS anhydrous grains
The calculated spectrum of the anhydrous GGBFS reference

mixture containing 80% of blast furnace slag as a partial replace-
ment by mass of cement was obtained. The chemical composition
of the mixture was compared to its 29Si MAS NMR spectra and the
intensity of each component was adjusted according to its SiO2

contribution in the mixture. The SiO2 contribution of each compo-
nent was obtained by dividing the number of silicon atoms of each
component by the amount in the whole anhydrous mixture as pre-
sented in Table 2.

The molar C3S/C2S ratio was calculated using the Bogue equa-
tion in order to represent the contribution of GU in terms of C3S
and C2S (C3S/C2S = 6.43). Then, the calculated spectrum was ad-
justed to the experimental spectrum in order to minimize the res-
idue as presented in Fig. 6.

The intensities of the resonance for the subspectra of alite, bel-
ite and slag anhydrous grains were optimized to the experimental
spectrum by least-squares analysis. The optimisation includes line
widths, line shapes (Gaussian and/or Lorentian) and chemical
shifts of peaks of each component of the anhydrous reference
mixture.

The calculated spectrum consists on a region Q0 including a fine
line of C2S at �71.3 ppm, a large broad line of C3S at �73.94 ppm
(consisting of 3 lines) and a large broad line at �75.63 ppm of
GGBFS. Fig. 6 shows the decomposition of the 29Si MAS NMR spec-
age segmentation with corresponding histogram.



Fig. 3. Extraction of GGBFS anhydrous particles by BSE image segmentation with corresponding histogram.

Fig. 4. BSE image of low mean atomic number phases (hydrates and porosity) extracted by image segmentation with corresponding histogram.

Fig. 5. Extraction of lead contamination particles (high mean atomic number phase) by BSE image segmentation with corresponding histogram.
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trum of anhydrous GU blended with 80 wt% GGBFS (reference sam-
ple) including the subspectra for alite, belite, GGBFS anhydrous
grain which constitutes the optimized simulation.

After the deconvolution process, the different silica bearing
phases were quantified based on the fact that the intensities are
proportional to the molar amount of silica provided by each phase
in the anhydrous reference mixture. The intensity of the spectrum
of each anhydrous phase was then multiply by its own molecular
weight relative to one mole of silicon according to the stoichiome-
try of each phase. Values of 228.3 and 172.2 g/mole were consid-
ered for alite (3CaO�SiO2) and the belite (2CaO�SiO2), respectively.
The determination of the stoichiometry of the GGBFS
(66CaO�61SiO2�7.6Al2O3�34MgO) is based on its elemental compo-
sition given a molecular weight relative to one mole of silicon of
156.26 g/mole (Table 3). The mass content of each anhydrous
phase present in hydrated cement paste samples subjected to acid
immersion is then calculated according to the RMN intensity con-
sidering its own molecular weight relative to one mole of silicon.
As for the calculation of the anhydrous reference sample, the mass
of each anhydrous phase is calculated according to the sum of the
mass of all anhydrous phases in the mixture. All parameters for the
adjustment of each component previously identified on the anhy-



Table 2
SiO2 Contributions of each component of the GGBFS anhydrous mixture (reference sample).

% in the anhydrous reference mixture (wt%) SiO2 (wt%) Mass of SiO2 (g) Mol of SiO2 (mole) SiO2 contribution (mole%)

GU 20 19.6 3.92 0.065 11.7a

GGBFS 80 36.77 29.42 0.489 88.3
Reference 0.554

a SiO2 contribution of 1.6 and 10.1 (mole%) for C2S and C3S, respectively.

Fig. 6. 29Si MAS NMR spectrum of the GGBFS anhydrous mixture (reference sample) showing the fitted, the full deconvolution and the residual subspectra.

Table 3
Mass and number of moles of each major oxide present in 100 g of GGBFS.

GGBFS (wt%) For 100 g of GGBFS

Mass (g) Mole (mole)

CaO 37.31 37.31 0.66
SiO2 36.77 36.77 0.61
Al2O3 7.77 7.77 0.076
MgO 13.91 13.91 0.34
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drous reference mixture (peak position, peak width at half height)
were kept constant. Results obtained for the amount of anhydrous
phases in the pastes blended with GGBFS are presented in Table 4.

Fig. 7 shows a direct comparison between the resistance of GU
and slag anhydrous grains as a function of the immersion time in
an acetic acid solution. Over the immersion period of 2 months,
amount of GU anhydrous grains drops by 48.5% while the amount
of GGBFS anhydrous grains decreases by only 23.3%. 29Si MAS NMR
spectra showing the evolution of all anhydrous phases is shown in
Fig. 8.
3.1.2. Quantification of metakaolin anhydrous grains
The quantification of metakaolin anhydrous grains was per-

formed using the method described for GGBFS samples. The29Si
MAS NMR spectrum of the metakaolin cement consists of two
parts: Q0 related to GU cement anhydrous and Q4 related to
metakaolin anhydrous grains. Q0 peaks are formed by a thin line
of C2S at �71.3 ppm and a broad line of C3S (consisting on 3 lines)
at �73.94 ppm. Q4 includes a wide broad line at �105.3 ppm for
metakaolin anhydrous grains. Fig. 9 shows the decomposition of
the 29Si MAS NMR spectrum of anhydrous GU blended with
20 wt% metakaolin (reference sample). Results obtained for the
amount of anhydrous phases in pastes blended with MK are pre-
sented in Table 5.
Fig. 10 presents a comparison between the resistance of GU and
metakaolin anhydrous grains as a function of the immersion time
in an acetic acid solution. Over the immersion period of 2 months,
amount of GU anhydrous grains drops by 45.2% while the amount
of MK anhydrous grains decreases by only 14.5%. The percentage of
GU anhydrous phases in slag samples presents a decrease of 48.5%
compared to 45.2% for MK samples. This difference may be due to
the experimental precision of NMR analyzes or the fact that MK
blended pastes are more chemically or mechanically resistant to
acid aggression. 29Si MAS NMR spectra showing the evolution of
all anhydrous phases is shown in Fig. 11. It is clear from this figure
that a large proportion of metakaolin is hydrated after 28 days of
moist cure (initial curve) and that the acid immersion has little
influence on this material. However, GU anhydrous grains are less
stable in acidic solution and their content decreases rapidly with
immersion time.

3.2. Quantification of anhydrous phases measured by selective
dissolution method

3.2.1. Metakaolin anhydrous phases
In order to verify the application of the selective dissolution

method for the cement pastes containing metakaolin, a prelimin-
ary test was conducted on samples hydrated for 28 days prior to
acid immersion.

The residue obtained after the dissolution was analyzed by X-
ray diffraction (Siemens D5000 X-ray diffractometer using Cu Ka
radiation generated at 30 mA and 40 kV. Specimens were step-
scanned as random powder mounts from 8� to 66� 2h at 0.02�2h
steps integrated at 1.2 s step�1) (Fig. 12). The results show the per-
sistence of hydrated phases (C–S–H and/or C–A–S–H) represented
by a large halo centered in the central part of the graph on the
reticular distance of about 3.0 Å. Moreover, no trace of illite, the
clay mineral present in metakaolin, appears in the residue. This
would mean that metakaolin has completely reacted after a curing



Table 4
Mass content of each residual anhydrous phase evaluated as a function of the acid immersion time.

GU GGBFS

C3S C2S

Anhydrous reference mixture
Molar mass per mole of Si 228.315 172.238 156.26
29Si NMR intensity 1.23E+09 2.53E+08 8.31E+09
Mass as function of the 29Si NMR intensity (g) 2.81E+11 4.63E+10 1.30E+12 1.62E+12
Mass content relative to 29Si NMR intensity 17.31% 2.69% 80% 100%

20%

After 28 days of curing (before acid immersion)
Mass as function of the 29Si NMR intensity (g) 1.08E+11 2.12E+10 7.29E+11
Mass content relative to 29Si NMR intensity 6.67% 1.31% 44.94%

7.98%

15 days of immersion
Mass as function of the 29Si NMR intensity (g) 9.98E+10 1.81E+10 7.01E+11
Mass content relative to 29Si NMR intensity 6.15% 1.11% 43.22%

7.26%

1 month of immersion
Mass as function of the 29Si NMR intensity (g) 9.48E+10 1.12E+10 6.56E+11
Mass content relative to 29Si NMR intensity 5.84% 0.69% 40.45%

6.53%

2 months of immersion
Mass as function of the 29Si NMR intensity (g) 5.98E+10 6.79E+09 5.59E+11
Mass content relative to 29Si NMR intensity 3.69% 0.42% 34.47%

4.11%

Fig. 7. Mass content of residual GU and GGBFS anhydrous grains during the acetic
acid immersion of paste samples.
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period of 28 days. These results show that the selective dissolution
method tested is not relevant for the quantification of anhydrous
metakaolin particles.
3.2.2. GGBFS anhydrous phases
Fig. 13 presents the evolution of anhydrous GGBFS particles

content as a function of the acid immersion time measured by
the selective dissolution method. After 28 days of moist curing (be-
fore acid immersion), 42% of slag particles were hydrated. The
amount of GGBFS anhydrous particles slowly drops during acid
immersion with a reduction of 22% after 2 months of immersion
in a solution of acetic acid maintains at a pH of 2.8.

This result confirms the very good acid resistance of GGBFS
anhydrous particles against acid attack. Data presented in Fig. 13
are mean of three sub-samples. The coefficient of variation is about
6% within triplicates.
3.3. Quantification of anhydrous phases by BSE image analysis process

3.3.1. GGBFS anhydrous phases
Fig. 14 presents a BSE image of a cement paste blended with

80% GGBFS after 28 days of hydration followed of 15 days of acid
immersion (pH 2.8).

As mentioned before, GU anhydrous particles appear with a
lighter color than GGBFS anhydrous grains on the BSE image due
to its higher atomic density. GGBFS anhydrous particles present
homogenous surfaces without any alteration. Chemical composi-
tion measured by EDXA shows that GGBFS particles are composed
mainly of oxides of silicon, calcium, magnesium and aluminum. GU
anhydrous particles are more affected by the acidic environment
and present some alteration. GU anhydrous phases are mainly
composed of oxides of calcium and silicon.

The evolution of anhydrous GU and GGBFS particles content is
presented in Fig. 15 as a function of the acid immersion period.
After 28 days of curing (before acid immersion) the hydration rate
measured by image analysis are 56.5% and 36% for GU and GGBFS,
respectively (water/binder ratio of 0.27).

After 2 months of acid immersion, the amount of anhydrous
particles drops by 44% for GU and by 18% for GGBFS.
3.3.2. Metakaolin anhydrous phases
Fig. 16 presents a BSE image of a cement paste blended with

20% of metakaolin after 28 days of hydration. EDX analysis pre-
sented in Fig. 5 corresponds to anhydrous metakaolin particles.
The metakaolin studied has a mean particle size of 3 lm and due
to its sheet-shape; crystals are often far less than 1 lm wide. After
hydration, the size of anhydrous particles decreases and becomes
difficult to differentiate on the BSE images.

The BSE image presents a multitude of small areas that are very
difficult to extract. The segmentation process requires the integra-
tion of other types of information based on the texture and the
morphology of the metakaolin anhydrous particles. One of the
main limitations of the BSE image analysis technique is spatial res-
olution as suggested by Scrivener [23] and results obtained with
metakaolin blended pastes.



Fig. 8. 29Si MAS NMR spectra of the evolution of siliceous anhydrous phases of GU and GGBFS pastes after 28 days of hydration (initial data) and during the acetic acid
immersion.

Fig. 9. 29Si MAS NMR spectrum of the MK anhydrous mixture (reference sample) showing the fitted, the full deconvolution and the residual subspectra.

Table 5
Mass content of each residual anhydrous phase evaluated as a function of the acidic immersion time (metakaolin mixture).

Clinker MK

C3S C2S

Anhydrous reference mixture
Molar mass per mole of Si 228.315 172.238 106.96
29Si NMR intensity 3.88E+09 7.98E+08 2.39E+09
Mass as function of the 29Si NMR intensity (g) 8.86E+11 1.37E+11 2.56E+11 1.28E+12
Mass content relative to 29Si NMR intensity 69.25% 10.75% 20% 100%

80%

After 28 days of curing (before acid immersion)
Mass as function of the 29Si NMR intensity (g) 3.68E+11 2.65E+10 6.09E+10
Mass content relative to 29Si NMR intensity 28.72% 2.07% 4.75%

30.79%

15 days of immersion
Mass as function of the 29Si NMR intensity (g) 3.38E+11 1.77E+10 5.65E+10
Mass content relative to 29Si NMR intensity 26.40% 1.38% 4.41%

27.78%

1 month of immersion
Mass as function of the 29Si NMR intensity (g) 2.85E+11 1.63E+10 5.48E+10
Mass content relative to 29Si NMR intensity 22.30% 1.27% 4.28%

23.57%

2 months of immersion
Mass as function of the 29Si NMR intensity (g) 2.12E+11 3.74E+09 5.20E+10
Mass content relative to 29Si NMR intensity 16.59% 0.29% 4.06%

16.88%
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Fig. 10. Mass content of residual GU and metakaolin anhydrous grains during the
acetic acid immersion of pastes.
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3.4. Quantification of hydrates based on bound water content
measured by TGA

The evolution of the bound water content related to hydrated
phases of GU, GGBFS and MK cement pastes is shown in Fig. 17.
Fig. 11. 29Si MAS NMR spectra for the evolution of siliceous anhydrous phases of GU
immersion.

Fig. 12. XRD trace of the residue recovered from the selective dissolution m
The evolution of the bound water content related to C–S–H, port-
landite, ettringite and AFm phases gives an estimate of the degree
of progress of hydration. After 28 days of hydration, just before the
acid immersion (time 0), the bound water content measured on GU
(control), GGBFS and MK paste samples were 9.2%, 8.8% and 11.9%,
respectively. These values compare well with that evaluated by
subtracting the amount of residual anhydrous grains evaluated
on 29Si MAS NMR spectrum (Tables 4 and 5 – wt% of hydrates –
61%, 44% and 76% for GU, GGBFS and MK samples, respectively).
This confirms well established facts that GGBFS shows a latent
hydration while MK presents a greater rate of hydration product
formation than GU cement.

The evolution of the bound water content of cement pastes after
immersion in acid solution can be described as follows:

For all cement pastes, results show an increase of the bound
water content at the beginning of the immersion followed by a de-
crease that continues to the end of the experiment. During acid
immersion, the evolution of the bound water is attributed to the
rate between the production and the dissolution of hydrated
phases. More precisely, after 15 days of immersion, the bound
water content increases reaching a maximum of 14.7% for MK
blended pastes. During that period, production of hydrates is more
important than dissolution. The progression of the hydration pro-
cess may be due to the water trapped into the porosity of the paste
samples during the moist curing. After 1 month of immersion, the
and MK pastes after 28 days of hydration (initial data) and throughout the acid

ethod carried on a 28 days hydrated metakaolin cement paste sample.



Fig. 13. Evolution of the anhydrous GGBFS particles content as a function of acid
immersion time measured by selective dissolution method.

Fig. 14. BSE image of a cement paste containing 80% GGBFS after 28 days of curing
(w/binder = 0.27) and 15 days of acid immersion (acetic acid, pH = 2.8). Magnifica-
tion = 500�. (A) GGBFS anhydrous particle with corresponding elemental compo-
sition measured by EDXA. (B) GU anhydrous particle.

Fig. 15. Evolution of the anhydrous particles content (GU and GGBFS) as a function
of acid immersion time measured by image segmentation method.

Fig. 16. BSE image of a cement paste containing 20% of metakaolin after 28 days of
curing (w/binder = 0.27). Magnification = 500�.
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bound water content of MK paste samples begins to drop while it
continues to increase for GU (control) and GGBFS paste samples
and reaches their maximum content to values of 11.1% and
12.2%, respectively. It is possible that this phenomenon may be
due to the greater amount of water trapped in the GGBFS and GU
control pastes because of the greater porosity of these samples
[58]. This may also be due to the formation of a hydrated gel as
reaction product resulting from acid attack [32]. Finally, after
2 months of immersion, the bound water content of all samples de-
creases to values of 10.4%, 11.2% and 13.5% for GU, GGBFS and MK
samples, respectively. It is not clear what is the real effect of the
hydrated gel formation on the bound water content but these re-
sults show that the degree of hydration is an important parameter
involved in the stability of hydrated pastes in an acidic environ-
ment. In a general way, higher hydration rate, as shown by MK
samples, improves the microstructure of cement pastes contribut-
ing to improve the transfer properties of the material. Neverthe-
less, in this study, although the GU control pastes show a higher
hydration level than the GGBFS pastes, the latter present a smaller
drop in the quantity of both hydrated phases and anhydrous grains
after acid immersion. These results support the fact that the chem-
ical composition of both the hydrates formed and anhydrous
phases is very important for the good behavior of cement pastes
subjected to an acid medium [6–9].
4. Discussion

4.1. Comparison between selective dissolution and BSE image analysis
techniques

The selective dissolution technique used here is only applicable
for the quantification of ground granulated blast-furnace slag
anhydrous particles. This method is not applicable, in the present
form, to other supplementary cementing material as metakaolin
because residues other than anhydrous metakaolin particles were
found after chemical dissolution. In the same way, the BSE image
analysis technique was not appropriate for metakaolin blended
pastes because metakaolin particle grain size is too fine to be con-
veniently detected on the BSE images. Spatial resolution is known
as one of the main issues of BSE imaging technique [23].

The amount of GGBFS anhydrous particles measured by both
methods, selective dissolution and images analysis, was of the
same order of magnitude. But in a general way, the BSE image anal-
ysis method tends to overestimate the amount of anhydrous parti-
cles. Scrivener et al. [47] found that for a cement paste analysis of
ten fields at 400� was sufficient to give a standard error of around
0.6%. In the same way, Mouret et al. [22] showed that a magnifica-
tion of 200� is sufficient to give an error of <0.2% for measurement
of 30 images to determine anhydrous phases in pastes and mor-
tars. In this study, 10 images taken at 500� magnification were
integrated to quantify GGBFS and GU anhydrous particles. Results
obtained were in the same order of magnitude of those measured
by selective dissolution method.

In the selective dissolution method, clinker phases are not
completely dissolved. Only ettringite and ferrite phases were
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Fig. 17. Evolution of the bound water content related to hydrated phases (C–S–H, portlandite, ettringite and AFm) and aluminosilicates gel formed during the acetic acid
immersion of blended paste samples.

Table 6
Comparison of the content of anhydrous particles measured by 29Si MAS NMR, image analysis (BSEI) and selective dissolution (SD).

Degree of hydration (%) after 28 days of moist curing Drop in the anhydrous particle content (%) after 2 months of acid immersion

RMN BSEI SD RMN BSEI SD

GU 60.2 56.6 48.6 43.8
GGBFS 43.8 36.0 42.0 23.3 17.5 21.9
MK 76.2 14.5
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completely dissolved in hydrated cement pastes and hydrotalcite
was observed in the residues by XRD [39]. But, in a general way,
both methods are well adapted for estimation of the anhydrous
particles content of blended pastes containing GGBFS.

4.2. Comparison with results obtained by 29Si MAS NMR

The quantification of the residual anhydrous particles was also
carried out by 29Si MAS NMR. For that technique, the anhydrous
phases were quantified after conducting several iterations in order
to have the minimum of residue between the experimental and the
calculated spectrum. The iterations performed reflect the evolution
of the mass fraction of each siliceous anhydrous phase in the mix-
ture. Table 6 presents the hydration degree of each component of
blended cement after the moist cure of 28 days for the 3 tech-
niques used and the drop in the anhydrous particles content mea-
sured after 2 months of acid immersion. Data measured by image
are under those measured by NMR. The anhydrous particle content
seems overestimate by the image analysis technique. One of the
difficulties of this technique is the definition of clear boundaries
between phases. It is possible here that hydrated GGBFS or GU par-
ticles (inner products at the surface of anhydrous particles) were
not well defined. On the other hand, the advantage of the 29Si
MAS NMR techniques is that it is applicable to any material con-
taining silica regardless of particle size and chemical and mineral-
ogy composition of its constituents. The largest disadvantage of the
technique is its sophistication and the long spectrum acquisition
time which is nearly 24 h.

4.3. Resistance of GU, GGBFS and MK anhydrous particles subjected to
acid acetic immersion

Results presented in Table 6 show that among the binders
tested, GU anhydrous particles are the most attacked in an acid
solution with a considerable drop reaching 48.6% after 2 months
of immersion compared to the slight decrease of 23.3% measured
for GGBFS anhydrous particles. Metakaolin anhydrous particles
are the most resistant against the acetic acid attack with a drop
of only 14.5%. This implies that the porosity will increase dramat-
ically with acid exposure time for binders principally made of GU
cement due to the high dissolution rate of anhydrous grains. These
data are consistent with measurements of mass loss and degraded
depth measured on blended pastes and mortars [6–9,58]. The
chemical resistance of anhydrous particles as well as hydrated
phases are important parameters to the durability of cementitious
materials against acid attack. The dissolution of phases leads to
porosity increased, which is directly related to increased degrada-
tion kinetics. For durability of concrete in acidic medium, it is
important that the concrete is as impermeable as possible but also
that these constituents can chemically be resistant to acids. The
ground granulated blast furnace slag and metakaolin allow good
chemical resistance against organic acids represented here by ace-
tic acid and will retain their integrity for a longer period of time.
This means that chemically resistant particles will be less dissolved
and thus will prevent the increasing porosity of the matrix. The
best binders to limit the acid attack are those which are imperme-
able (physical properties) and acid resistant (chemical properties).
5. Conclusion

This study reports the results of an experimental investigation
on the quantification of anhydrous particles and hydrated phases
content in blended cement pastes as a function of acid exposition
time in order to evaluate their chemical resistance. Cement pastes
made with OPC, GGBFS and MK were moist cured for 28 days and
then immersed in an acetic acid solution at a pH of 2.8 for a period
of 2 months. The quantification of the anhydrous phases was car-
ried out using 29Si MAS NMR, selective dissolution and image pro-
cessing techniques.
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29Si MAS NMR spectra allows to quantify the siliceous anhy-
drous phases in the blended cement pastes as the area under the
peak corresponds to the number of moles of silicon atoms present
in the given phase. The advantage of the 29Si MAS NMR techniques
is that it is applicable to any material containing silica regardless of
particle size and chemical and mineralogy composition of its
constituents.

The selective dissolution technique used is only applicable for
the quantification of GGBFS anhydrous particles. This method is
not applicable to metakaolin because residues other than anhy-
drous metakaolin particles were found after chemical dissolution.
In the same way, the BSE image analysis technique was not appro-
priate for metakaolin blended pastes because metakaolin particle
grain size is too fine to be conveniently detected on the BSE images.

After 28 days of hydration, around 58%, 40% and 76% of OPC,
GGBFS, and MK particles were hydrated. The amount of anhydrous
particles drops for all materials during acid immersion with values
of 46%, 22%, and 14.5% for OPC, GGBFS, and MK respectively after
2 months of acid immersion. This demonstrates the good chemical
resistance of MK and GGBFS anhydrous particles against acid at-
tack. All methods, NMR, selective dissolution and images analysis,
gave results of the same order of magnitude even if the image anal-
ysis method tends to overestimate the quantity of anhydrous
particles.

The degree of hydration is an important parameter involved in
the stability of hydrated pastes in an acidic environment. In a gen-
eral way, higher hydration rate improves the microstructure of ce-
ment pastes contributing to improve the transfer properties of the
material. Nevertheless, in this study, although the OPC control
pastes show a higher hydration level than the GGBFS pastes, the
latter present a smaller drop in the quantity of both hydrated
phases and anhydrous grains after acid immersion. GGBFS samples
will retain their integrity for a longer period of time. These results
support the fact that the chemical composition of both the hy-
drates formed during hydration process and remaining anhydrous
phases is very important for the behavior of cement pastes sub-
jected to an acid medium.
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