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a b s t r a c t

This study compared the resistance of Triclinic-C3S, grey (OPC) and white (WOPC) Portland cement paste
to decalcification induced by accelerated leaching in concentrated ammonium nitrate solutions. Paste
microstructure was studied with scanning and backscattering electron microscopy (SEM and BSEM)
and nitrogen BET surface area techniques. Ca2+ leached content was quantified by ICP, XRD and FTIR tech-
niques were used to study phase mineralogy. The conclusions drawn from the findings were that calcium
leaching-induced decay in the cementitious materials studied (C3S, OPC and WOPC), accelerated by
immersion in ammonium nitrate, affected the main calcium phases in the samples (CH, C–S–H gel and
ettringite), i.e., both the anhydrous and the hydrated phases. The present study showed that the Ca/Si
ratio of C–S–H gels declines on a gradient from the sample core outward. Specimen surface area and
nanoporosity rose in cementitious materials after Ca leaching-induced decay and subsequently declined
as a result of the collapse of the structure of the hydrated cement, and in particular of the C–S–H gel. C3S
paste was impacted more quickly and intensely by leaching than the WOPC and OPC pastes. Further to
the findings of this study, the leaching resistance of these three materials, in descending order, is:
OPC > WOPC > C3S.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete made with Portland cement is a porous material vulner-
able to physical and chemical attack by aggressive agents [1–4]. The
result of such attacks (often induced simultaneously by several
agents) is concrete decay characterised by a loss of mass, consistency
and strength. A variety of aggressive agents can cause this damage,
some of which are merely physical, such as abrasion/erosion or ex-
treme temperatures [5], while others involve chemical action such
as internal (DEF) or external sulfate ion attack [6,7], alkali-aggregate
reactions [8] or reinforcing steel corrosion. Water plays a role in the
vast majority of these developments, particularly where chemical
action is involved, for it is an ideal medium for carrying aggressive
agents inward into the concrete. Water and its corrosive solutes
are regarded to be the primary causes of deterioration in cement
paste components [9]. Cement paste and cement hydrated compo-
nent solubility in water has been studied by a number of authors
[10–16]. The water solubility of the main hydrated phases in ce-
ment, in descending order, is: SCaðOHÞ2 > SAFm > SFriedel,s salt > SAFt >
SC–S–H [6,14].
ll rights reserved.
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Aggressive agents such as deionised water, aqueous acid solu-
tions and CO2 induce the dissolution and decalcification of the
main hydration components in both Portland [17–19] and alkali-
activated slag [20,21] cements. Due to its greater solubility,
portlandite is the first phase to dissolve, forming readily leachable
soluble salts or calcium carbonates that precipitate in the concrete
pores. If the aggressive agent persists, ettringite and the C–S–H gel
decalcify, forming soluble calcium salts and aluminium hydroxide
when ettringite is impacted, and low Ca/Si ratio calcium silicate
hydrates or even silica gels when the C–S–H gel is attacked [22,23].

Given the low Ca2+ diffusion coefficient for concrete, mortar and
cement paste, decalcification is a very slow process that must be
accelerated in laboratory trials simulating material decay to accu-
rately model the processes involved. A number of acceleration
methods have been proposed. Saito et al. [9] used ionised water
and electrical gradients that accelerated the cement paste dissolu-
tion rate 60-fold. The most effective accelerated decalcification
method is leaching in a concentrated ammonium nitrate solution
[24–26,33–36]. With this method C–S–H gel decalcification peaks
in a matter of days, whereas under normal conditions the process
is measured in years. Moreover, the ammonium nitrate medium
induces C–S–H gel decalcification without altering the Si content
in the gel structure [33].

Thomas et al. [33] studied the effects of decalcification on the
microstructure and surface area of white Portland cement (WOPC)
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and tricalcium silicate pastes by leaching in concentrated ammo-
nium nitrate solutions. The microstructure and surface area were
measured using both small angle neutron scattering (SANS) and
nitrogen gas sorption. The authors reported that the SANS values
for the volume fractal C–S–H gel phase increased significantly with
leaching, and the total surface area per unit of specimen volume
measured by SANS doubled with leaching when Ca/Si declined from
3.0 to close to 1.0. The nitrogen BET surface area of WOPC pastes in-
creased with decalcification as well, although not as sharply.

Chen et al. [19] studied decalcification shrinkage in tricalcium
silicate paste, WOPC paste, and WOPC paste blended with 30 %
silica fume (WOPC/30%SF), likewise by leaching in concentrated
solutions of ammonium nitrate. They found that all the pastes
shrank significantly and irreversibly as a result of decalcification,
particularly when the Ca/Si ratio of the C–S–H gel dropped below
1.2. This composition concurs with the onset of structural changes
in C–S–H, such as more intense silicate polymerisation and local
densification into a sheet-like morphology. The observed shrink-
age, which the authors called decalcification shrinkage, was pro-
posed to be initially due to these structural changes in C–S–H at
Ca/Si 1.2 and ultimately to the decomposition of C–S–H into silica
gel. Further to this reasoning, the blended cement paste exhibited
greater decalcification shrinkage than the pure cement pastes due
to its lower initial Ca/Si ratio in the C–S–H gel.

Constantinides and Ulm [34] used nanoindentation tests to
study two types of C–S–H in untreated cement paste and paste lea-
ched in a concentrated ammonium nitrate solution. These authors
explored the differential role played by the two phases on the elas-
tic properties of cement-based materials. They found that: (i)
mechanical properties were less affected by calcium leaching in
high density than low density C–S–H, and (ii) the volume fractions
occupied by the two phases in the C–S–H matrix were unaffected
by calcium leaching.

Gaitero et al. [35] studied the decline in the calcium leaching
rate in cement paste with the addition of silica nanoparticles. They
found that nanosilica increased the strength of the cement paste by
around 30% in cured samples and by over 100% in leached speci-
mens. Silica nanoparticles increased the average length of the sili-
cate chains in the C–S–H gel. Degradation, in terms of porosity and
the amount of calcium lost, was also observed to drop significantly.

A number of authors have studied and modelled Ca leaching in
cements. Berner [10] and Faucon et al. [27] developed models
based on cement paste dissolution to evaluate the long-term com-
position of the liquid and solid phases. Carde et al. [24] and Adenot
[28] deemed that the transport mechanism for leached materials
was diffusion, while Garrabrants et al. [18] proposed a dual model
involving diffusion and solid phase dissolution/precipitation. Cal-
cium leaching is generally regarded to involve a coupled diffu-
sion–dissolution process with clearly defined dissolution fronts
that spread across the structure [26].

Whereas the decalcification process of C3S or white cements has
been studied, the literature lacks a comparative study among ce-
ment pastes with different mineralogical composition and Ca-con-
tents. The main contribution of the present paper is to compare the
behaviour of Triclinic-C3S, grey (OPC) and white (WOPC) Portland
cement paste due to decalcification induced by accelerated leach-
ing in concentrated ammonium nitrate solutions, using a combina-
tion of macro-, micro- and nano-techniques for characterisation of
the samples before and after exposure to the aggressive medium.

2. Experimental

2.1. Materials

The materials used were: synthesised Triclinic (T1)-C3S [29] and
grey (CEM I 42.4R, abbreviated here as OPC) and white (BL 52.5 R,
abbreviated here as WOPC) cements. The chemical composition
and particle size distribution for these cements are given in Table
1. The quantitative XRD findings for OPC and WOPC are given in
Table 2.

2.2. Paste preparation

The specimens were prepared by mixing the cementitious
material with distilled and decarbonated water (water/solid ratio
of 0.4) and pouring the pastes into 1 � 1 � 6-cm steel moulds.
The prisms were stored at room temperature and �100% RH inside
a container with distilled and decarbonated water for 24 h. Upon
removal from the moulds, they were wrapped in aluminium foil
and returned to the container for curing under the same conditions
for a further 27 days. All these operations were conducted in an
inert N2 atmosphere inside an ‘‘Atmosbag’’.

2.3. Leaching procedure

The T1-C3S, OPC and WOPC samples were exposed to aggressive
calcium leaching as described by Heukamp et al. [26]. This method
consists in mantainig the paste cement samples (after 28 of curing)
immersed in the 6-M ammonium nitrate solution to accelerated
leaching. The main experimental conditions of this method are
used in the present research and are described below.

These specimens were hung, fully immersed, in the aggressive
solution, 6-M, pH = 5.28 ammonium nitrate, for 9, 21, 42 and
63 days. Since the pH of the aggressive solution had to be kept
lower than 9.25, this parameter was measured twice a week. After
30 days, when the pH rose to 9.8 in both cements, the specimens
were immersed in a fresh ammonium nitrate solution, which is
the ‘‘second solution’’ referred to in the 42-day data. The C3S spec-
imens had to be placed in a fresh solution after 7 days.

The solid specimens were washed after removal in decarbonat-
ed water for around 10 min to eliminate any possible trace of
ammonium nitrate on the surface and stored in a vacuum chamber
for 2 h to eliminate the strong odour. Part of each solid sample was
then ground and mixed with a small volume of acetone to detain
further sample hydration, and rinsed with ethanol to facilitate dry-
ing. This powdery sample was used for the XRD and FTIR character-
isation studies, while the non-ground portion of the specimens was
stained with phenolphthalein (as per Spanish standard UNE 112-
011-94) for the stereoscopic optical microscopy, BET-N2 adsorption
and BSE/EDX trials.

2.4. Instrumental techniques

The Ca2+ content was determined in 20-ml aliquots of the
solution at each age on a LEEMAN INC. Direct Reading Echelle
inductively coupled plasma atomic emission spectrometer (ICP-
OES). The particle size distribution of the C3S and the cements
was measured by laser diffraction (Sympatec Helos 12 KA diffrac-
tometer fitted with an He/Ne, 5-mW light source), using isopropyl
alcohol as a dispersant and ultrasound to disaggregate particles
prior to measurement. Surface area measurements were made
on a Micromeritics Instrument Corp. ASAP 2010 analyser using
N2-77 K gas. The surface areas were calculated from the sorption
isotherm data with the BET method [36] in a relative pressure
range of 0.003–0.3. Pore volume and pore size distributions were
found as per the Barret-Joyner-Halenda (BJH) method [37] with
data from the adsorption arm of the isotherm. The Harkins and
Jura equation [38] was used to calculate the thickness (t) of the
layer adsorbed onto the pore walls for each P/Po ratio (see equa-
tion [1]):

t ¼ ½13:99=0:034� log10ðP=PoÞ�1=2 ð1Þ



Table 1
Chemical composition and particle size distribution of OPC and WOPC (wt%).

Cement SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 SrO P2O5 MnO BaO CO2 Cl L.I.

OPC 18 4.2 2.2 64 3.2 4.5 0.52 1.0 0.22 0.10 0.09 0.04 003 1.8 0.06 1.8
WOPC 19 3.3 0.26 68 1.8 3.6 1.3 0.41 0.03 0.05 0.10 1.7 0.13 1.8 – 1.8

<10% (lm) <50% (lm) <90% (lm)

C3S 3.27 9.8 31.2
OPC 1.32 8.8 28.0
WOPC 2.14 15.5 37.4

L.I. Loss on ignition.

Table 2
Quantitative XRD characterisation of OPC and WOPC cements.

Phase (wt%) C3S C2S C3A C4AF MgO Gypsum Anhydrite

Grey cement 65.7 10.5 8.4 8.4 2.7 1.9 2.3
White cement 87.1 6.0 1.1 – – 4.1 1.7
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Polished surfaces of the samples were examined with backscat-
tered electron imaging (BSEM). The samples were impregnated with
epoxy resin, cut, polished and carbon coated. They were studied
with a JEOL JSM 5400 scanning electron microscope fitted with a
solid-state backscattered detector and a LINK-ISIS energy-dispersive
X-ray (EDX) microanalyser. A Nikon Japan (Tv lens c-0.45) stereo-
scopic optical microscope (SOM) with a KAPPA recording camera
was used to observe the advancing front of the aggressive medium.

X-ray diffraction patterns were recorded on a BRUKER D8
ADANCE diffractometer operating at a wavelength of 1.5404 (kCu
ka) and at 2h intervals of 5–60�. A NICOLET 6700 FTIR spectrometer
was used for the FTIR analyses. The scan range was 4000–400 cm�1

.

C3S t0  C3S t9 C3S t21 
3. Results and discussion

3.1. Calcium leaching analysis

The amount of total calcium leached from each specimen was
deduced from the calcium analyses conducted on the aggressive
solution. The percentage of Ca leached into the medium over the to-
tal Ca in the starting material is shown in Fig. 1. The decalcification
rate was higher in the C3S than in either of the cements. Over 90% of
the total Ca had leached out of the C3S after 9 days. The 21-day re-
sults for OPC and WOPC were 82% and 87%, respectively. By the end
of the test, nearly 100% of the Ca had leached out of all three mate-
rials. Of the two cements, OPC was found to be slightly more resis-
tant to leaching than WOPC, as subsequently confirmed by other
analytical techniques. These results show a direct relationship
between the Ca-content in the cements and their decalcification.
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Fig. 1. Ca leaching out of C3S, OPC and WOPC: % of total Ca in starting material.
3.2. Stereoscopic optical microscopy (phenolphthalein treatment)

The front in the C3S, OPC and WOPC pastes exposed to the aggres-
sive medium was more readily visible when the materials were trea-
ted with phenolphthalein as described in Spanish standard UNE
112-011-94. Fig. 2 compares the 28-day hydrated, phenolphtha-
lein-stained C3S, OPC and WOPC pastes before exposure to ammo-
nium nitrate and after 9 and 21 days of interaction with the solution.

The decline in the pore solution pH induced by the ammonium
nitrate rendered the initially phenolphthalein-stained red–purple
specimens colourless. This feature of the indicator was used to
track the position of the front.

The front advanced inward evenly across the entire surface of
the cross-section. The area in the OPC and WOPC pastes that had
not yet interacted with the ammonium nitrate solution after
9 days, i.e., where the pH values were higher than 9.5 (red–purple
stain at the core of the specimen), could be approximately mea-
sured. The loss of colour in the indicator in the outer-most area de-
noted greater acidity, with pH values of fewer than 8, due to the
decomposition of portlandite and the formation of new com-
pounds deriving from its reaction with the aggressive medium.
The 9-day C3S sample was colourless across the entire surface, an
indication that the aggressive solution had penetrated into the
inner-most area of the specimen.

3.3. BET-N2 surface area

The BET-N2 analyses of the post-leached C3S, OPC and WOPC
pastes revealed that the surface area increased substantially with
OPC t0 OPC t9 OPC t21 

WOPC t0 WOPC t9 WOPC t21 

Fig. 2. Stereoscopic optical microscopic images of phenolphthalein-stained C3S,
OPC and WOPC specimen cross-sections: before exposure (t0) and after exposure to
the aggressive medium for 9 and 21 days (t9 and t21, respectively).
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the progressive decay of the material as a result of the attack. It
peaked after 9 days in C3S and 21 and 42 days in WOPC and OPC,
respectively, declining thereafter (see Fig. 3). These results con-
curred with the findings reported by Thomas et al. [33]. These
authors attributed the leaching-induced increase in the BET-N2

surface area of WOPC and C3S pastes to the transformation of the
high density, low specific area ‘‘inner product’’ C–S–H gel into
low density, high specific surface ‘‘outer product’’ C–S–H gel, which
forms in the water-filled capillary spaces of the paste. The volume
fractal exponent for the C–S–H gel phase decreased with decalcifi-
cation from 2.3 to 2.0. This datum was an indication that the
equiaxed 5-nm C–S–H globule building blocks that form the
volume fractal microstructure of normal, unleached cement paste
were transformed by decalcification into sheet-like structures of
increasing thickness.

The porosity and pore size distribution findings are shown in
Figs. 4 and 5. Total sample porosities in the 1–100 nm pore
diameter range followed much the same pattern as surface poros-
ity in this range, rising with leaching time up to 9, 21 and 42 days
in C3S, WOPC and OPC, respectively, and subsequently declining
(see Fig. 4). The pore size distribution curves in Fig. 5 show: (i)
the disappearance of the population of 10–20 nm pores in the first
9 days of exposure, and a one order of magnitude rise in the num-
ber of pores with a diameter of 3–5 nm; (ii) in C3S, a progressive
shift in this kind of pores to values of 10–20 nm after 21 days
and 20–30 nm after 42 and 63 days of exposure to leaching; (iii)
in OPC, relative stability in the quantity of small pores up to
42 days of leaching, with only a minor enlargement, to 8 nm; (iv)
a similar pattern in WOPC, although with a shift to higher values
(10–20 nm).

Two hypotheses might be exposed to explain the changes in-
duced in the pore structure by leaching. According to the first
hypothesis, during short periods of exposure, the population of lar-
ger (10–20 nm) pores, associated with a more porous or less dense
gel (LP–C–S–H gel) is transformed into a denser, LD–C–S–H type
structure. This LD structure is vulnerable, however, and decays as
leaching progresses, particularly in the C3S paste. This hypothesis
is consistent with an increase in gel polymerisation prompted by
the decline in its Ca/Si ratio, as verified by BSEM analyses, and a
change in the 5-nm gel droplets into laminates. The second
hypothesis would be consistent with the results reported by Tho-
mas et al. [33]: the 10–20 nm diameter pores disappear early be-
cause they are more vulnerable to attack and convert into larger
pores (no capillary pores were detected by BET). The population
of smaller pores (with a diameter of 3–5 nm), associated with the
outer product, low density product (LD–C–S–H gel), grows by
one order of magnitude as a result of the transformation of HD–
C–S–H into LD–C–S–H gel. According to Chen et al. [19], the
destruction of the LD structure after longer exposure to leaching,
observed in the C3S only, may be associated with the loss of
Ca in the gel interstices, narrowing the inter-laminar space and
causing shrinkage.
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Fig. 3. OPC, WOPC and C3S surface area versus leaching time.
On the grounds of the changes observed in the three materials
studied, they can be ranked by descending order of leach resistance
as follows: OPC > WOPC > C3S.

3.4. X-ray diffraction and FTIR analysis

The XRD patterns and FTIR spectra for C3S, OPC and WOPC
pastes before and after exposure to the ammonium nitrate leach-
ing solution are shown in Fig. 6. The XRD patterns for all the pastes
exposed to the aggressive solution revealed the existence of
substantial amounts of amorphous phase. An amorphous halo
appeared after 9 days of interaction with the aggressive solution,
normally at 2h = 25–35�, and grew with time.

In addition to the amorphous halo, a series of reflections were
detected on the 9-day C3S diffractograms (see Fig. 6a) that denoted
the presence of crystalline compounds forming during the 6-M
NH4NO3 attack. The portlandite observed in the pattern for the
control C3S (t0) was not detected, although traces of C3S were
found, indicating that dissolution progressed in the unhydrated
phases as well. Calcite, a result of sample carbonation, was identi-
fied, along with two calcium silicate hydrates: CSH1, CaO.SiO2�.H2O,
and CSH2 or Riversideite, 2CaSiO3�3H2O, both of whose Ca/Si ratios
were approximately 1. The 21-day diffractogram exhibited a
similar pattern. This paste became more amorphous after 42 and
63 days, when reflections were observed for only one gel (CSH1).
The FTIR findings for the same pastes confirmed the XRD results.
The band attributed to portlandite (3643 cm�1) disappeared after
9 days. The band at around 970 cm�1 characteristic of the
asymmetric stretching vibrations (t3 Si–O) in the C–S–H gel shifted
with time to a higher wave number (963 cm�1 at time 0 to
973 cm�1 after 63 days). In contrast, the band at 455 cm�1, attrib-
uted to t4 Si–O–Si (SiO4) bending vibrations, grew more intense
and shifted to 463 cm�1, indicating a change in the C–S–H gel
due to decalcification and the formation of a silica gel. The wide
band at around 1074–1081 cm�1 had a shoulder at 1210 cm�1

attributable to a gel-like substance (t3 Si-O). The interaction with
the leaching solution led to the presence of a very prominent band
assigned to calcium nitrates: a wide band centred at 1384 cm�1,
characteristic of the asymmetric stretching vibrations (t3) in the
(NO�3 ) groups present in hydrated Ca(NO3)2. These nitrates were
not detected on the XRD patterns.

Significant changes were observed with time in the XRD
patterns for the OPC pastes in contact with the aggressive NH4NO3

solution (Fig. 6b). As with the C3S, the 9-day diffractogram revealed
that the sample had grown more amorphous due to decalcification,
with the near disappearance of the diffraction lines associated with
portlandite, Ca(OH)2. The amorphous halo was observed to grow,
probably due to the formation of a silica gel type-phase, while the
reflections for ettringite (3CaO�Al2O3�3CaSO4�32 H2O) were more
intense after 9 and 21 days of leaching. The diffraction line for an
aluminium-rich compound, aluminium oxide (JCPDS 10-0414),
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Fig. 5. Pore size distribution curves for non-decayed and decayed C3S, OPC and WOPC pastes.
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was likewise more intense after 9 days of exposure to the ammo-
nium nitrate. After 21 days of interaction with the aggressive
medium, low intensity reflections were still detected for anhydrous
silicate and alite, while substantial amounts of amorphous phase
were observed to form. The decalcification of C–S–H gel entailed
the formation of HSi or hydrogen silicate hydrate gel (JCPDS 35-
0062) whose formula is H4Si8O18�H2O. Ettringite was no longer
present in the 42-day patterns. As noted earlier, this may have been
due to the change in the NH4NO3 solution pH to over 9.2, observed
30 days into the test, which necessitated replacement with a fresh
solution. The change in pH, in conjunction with the decline in the
concentration of the dissolved ions, may have prompted ettringite
decomposition [30]. Portlandite and C–S–H gel dissolution upon
interaction with the aggressive NH4NO3 solution logically induced
the formation of hydrated calcium nitrates. While readily detected
with FTIR, these compounds were not present in high enough
concentrations for their crystalline form to be detected with XRD.
As the cement-aggressive medium interaction progressed, the
band at around 970 cm�1 characteristic of C–S–H gel asymmetric
stretching vibrations (t3 Si–O) shifted to higher wave numbers
(977 cm�1 at time 0–986 cm�1 at 9 days, 1008 cm�1 at 21 days
and 1012 cm�1 at 42 and 63 days). This would appear to indicate
that the gels formed after 63 days were the same as after 42 days
and that aggressive medium-induced decalcification proceeded in
these hydration products. The ongoing attack gave rise to a silica
gel, detected on the 42- and 63-day spectra as vibrations at
1012 cm�1. This also denoted decalcification of the C–S–H gel after
42 days of exposure to the aggressive medium and the formation,
over time, of the silica gel (intensification of the SiO4 band). Calcium
nitrate and ammonium sulphate formation, not observed in the
XRD findings, was also detected in the FTIR spectra for the OPC
pastes in the form of a wide band centred at 1385 cm�1, character-
istic of the asymmetric stretching vibrations (t3) in the (NO�3 )
groups in Ca(NO3)2. According to the XRD findings, ettringite disap-
peared after 42 days, and no band at 1113 cm�1 was observed on
the spectra. However, a shoulder detected at 1165 cm�1 was attrib-
uted to the S–O asymmetric stretching vibrations (t3) in (NH4)2SO4.
The presence of this phase was also confirmed by the shoulder at
around 1400 cm�1 attributed to (N–H)t4 vibrations in the NH4

in (NH4)2SO4 and the wide band at 3220 cm�1 attributed to the
(N–H)t3 vibrations characteristic of the NH4 in this compound
[31,32].

Fig. 6c compares the XRD patterns for WOPC pastes before and
after interaction with the aggressive ammonium nitrate solution.
Decalcification took place via a reaction similar to the reaction
described above for OPC. The FTIR spectra for these samples showed
that the band at around 970 cm�1 characteristic of the asymmetric
stretching vibrations (t3 Si–O) in C–S–H gel exhibited a larger shift
with exposure time to the cement-aggressive medium than the anal-
ogous band in the OPC spectra, and reached higher wave numbers
(975 cm-1 at 9 days, 1036 cm-1 at 21 days and 1047 cm-1 at 42 and
63 days). This provided further evidence of C–S–H gel decalcification
and the formation of a silica gel, as detected with XRD techniques.
Ca(NO3)2 and (NH4)2SO4 were also detected on these spectra.

Pursuant to these mineralogical results, the reaction between
the ammonium nitrate solutions and the main hydrated cement
phases (CH, C–S–H gel and ettringite) are deduced to have taken
place as follows:

CaðOHÞ2 þ 2NH4NO3 ! CaðNO3Þ2 þ 2NH3 þ 2H2O ð2Þ

xCaO � SiO2 � xH2Oþ NH4NO3 ! SiO2 � yH2Oþ CaðNO3Þ2
þ NH3 þH2O ð3Þ

3CaO � Al2O3 � 3CaSO4 � 32H2Oþ NH4NO3

! ðNH4Þ2SO4 þ CaðNO3Þ2 þ Al2O3 � xH2Oþ ð32� xÞH2O ð4Þ

The dissolution of portlandite and the decalcification of C–S–H
gel in cement pastes have been described by other authors
[22–26]. Fewer studies have addressed the effect of Ca leaching
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Fig. 6. XRD patterns and FTIR spectra for: (a) C3S, (b) OPC and (c) WOPC specimens hydrated for 28 days: control and after interaction with the aggressive medium for 9, 21,
42 and 63 days. A: Alite, B: Belite; C3S; C: Calcite; P: Portlandite; CSH1: Calcium silicate Hydrate, CSH2: Riversideite.
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on ettringite phases. The present findings showed OPC pastes to
be more leach-resistant than WOPC pastes, and the C3S pastes
to be the least resistant of the three materials.

3.5. BSEM/EDX analysis

The samples exposed to the NH4NO3 solution for 9 days were
analysed with BSEM/EDX after impregnation in epoxy resin,
polishing and carbon coating. The pink stain in the OPC sample
shown in Fig. 7 defines the core or unaltered area, while the lighter
colour in the rest of the specimen denotes alteration. The BSEM
images in the figure reveal the morphological change induced by
the aggressive agent deep within the sample. Porosity increased
and both the anhydrous and hydrated phases dissolved.

As expected, the Ca/Si ratios of the pastes rose on an inward
gradient, from the surface to the unaltered core of the specimen.
This study was conducted on all three pastes. The most prominent
difference was that after 9 days, the C3S samples had been altered
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Fig. 7. BSEM images of OPC specimens after 9 days of exposure to 6-M NH4NO3. EDX analysis.

Table 3
Ca/Si ratio for C3S, OPC and WOPC pastes after 9 days of exposure to 6 M-NH4NO3

solutions.

mm C3S OPC WOPC

5.0 (Sample core) 0.5–0.6 1.7–1.9 1.5–1.6
4.0 0.5–0.6 1.3–1.5 1.1–1.3
3.0 (Intermediate zone) 0.5–0.6 0.8–1.0 0.7–0.9
1.5 0.3–0.4 0.5–0.7 0.5–0.6
0.5 (Outer coating) 0.1–0.2 0.4–0.5 0.1–0.2
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through to the core. The depth gradients for the Ca/Si ratios in the
C3S, OPC and WOPC pastes are given in Table 3. These findings con-
firmed that C–S–H gel decalcification was more intense in the
WOPC than in the OPC pastes, very likely due to the higher Ca con-
tent in white cement. More severe decalcification was observed in
the C3S paste, whose Ca content and solubility are higher than in
either of the cements. These specimens (C3S pastes) were nearly
completely decalcified after 9 days and exhibited Ca/Si ratios
across the entire specimen between 0.5 and 0.1.

4. Conclusions

The main conclusions drawn from the present study are:

(i) Calcium leaching-induced decay in the cementitious materi-
als studied (C3S, OPC and WOPC), accelerated by immersion
in ammonium nitrate, affected the main calcium phases in
the samples (CH, C–S–H gel and ettringite), i.e., the anhy-
drous and hydrated phases.

(ii) After 21 days of Ca leaching, portlandite and ettringite dis-
appeared from the OPC and WOPC pastes, and silica gels
and low Ca/Si ratio C–S–H gels formed. Ca leaching is a cou-
pled diffusion–dissolution process exhibiting interaction
fronts that advance evenly across the material. The present
study showed that the Ca/Si ratio of the gels declined on a
gradient from the sample core outward.

(iii) The ammonium nitrate solutions reacted with the main
hydrated cement phases (CH, C–S–H gel and ettringite) as
follows:

CaðOHÞ2 þ 2NH4NO3 ! CaðNO3Þ2 þ 2NH3 þ 2H2O
xCaO � SiO2 � xH2Oþ NH4NO3 ! SiO2 � yH2Oþ CaðNO3Þ2
þ NH3 þH2O
3CaO � Al2O3 � 3CaSO4 � 32H2Oþ NH4NO3

! ðNH4Þ2SO4 þ CaðNO3Þ2 þ Al2O3 � xH2Oþ ð32� xÞH2O
(iv) After leaching, the population of 10–20 nm pores disappeared,
while an increase by one order of magnitude was observed in
pores with a diameter of 3–5 nm. Specimen surface area
and nanoporosity rose in cementitious materials after Ca
leaching-induced decay and then declined as a result of the
collapse of the hydrated cement structure, primarily the
C–S–H gel.

(v) Leaching impacted C3S paste more quickly and intensely
than WOPC or OPC pastes. On the grounds of the present
findings, leach resistance in these materials can be ranked
as follows: OPC > WOPC > C3S.
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