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Microstructural changes of an OPC cement paste after being exposed at various elevated
temperatures and further rehydration have been evaluated using 29Si MAS-NMR.
Thermogravimetry and XRD are also employed to complement the information. NMR
studies of cement paste exposed to high temperatures demonstrate a progressive
transformation of C-S-H gel that leads at 450◦C, to a modified C-S-H gel. For temperatures
above 200◦C to a progressive formation of a new nesosilicate. At 750◦C, the transformation
of C-S-H is complete into the nesosilicate form with a C2S stoichiometry close to larnite, but
less crystalline. Also is observed an increase of portlandite that takes place up to
temperatures of 200◦C. A progressive increase of calcite formation up to 450◦C is noticed.
The ettringite disappearance below 100◦C is confirmed and the portlandite and calcite are
converted to lime at 750◦C. The initial anhydrous phases as larnite and brownmillerite
remain unaltered during heating. Rehydration of the heated samples (450 and 750◦C)
shows recrystallization of calcite, portlandite and ettringite, and the C-S-H reformation from
the new nesosilicate. The larnite and brownmillerite remain unaltered during rehydration.
The developing of damaged due to the formation of microcracking is detected and
improved because of rehydration phenomena. C© 2004 Kluwer Academic Publishers

1. Introduction
Fire is a risk for concrete structures because concrete is
not stable at high temperatures and chemical/physical
transformations in aggregates and paste are developed,
which finally results in alteration of mechanical proper-
ties [1]. The main chemical process responsible for the
internal damage of concrete is the alteration of hydrates
[2]. A sequence of events takes place during heating,
being the release of water vapor the main consequence,
coming from vaporization of moisture, and transfor-
mation of C-S-H, dehydration of calcium hydroxide
[3] and ettringite, this last occurring below 100◦C
[4–9].

Lack of knowledge has been published on the trans-
formations of C-S-H occurring during heating [10–13].
Recently, Shaw et al. [10, 11] used synchrotron radia-
tion (SR) to deal with the dehydration mechanism dur-
ing heating of various natural C-S-H minerals with crys-
talline structure: tobermorite and xonotlite transforms
into wollastonite, while hillebrandite evolves to larnite
on cement pastes. Castellote et al. [12, 13], employed
in-situ neutron diffraction experiments (ND) during
heating up to 620◦C, and confirmed that the ettringite
losses its crystalline form around 80◦C, the crystalline
phases of C-S-H, as tobermorite, transforms around
400◦C. Also noticed that portlandite is destroyed dur-
ing heating after 510◦C, and partially recovered during
cooling within different crystalline phase.

But most microstructural studies on the stability at
high temperatures of cement paste [3, 14–17] are per-
formed after cooling (i.e., at room temperature). Be-
sides, in the case of dehydration process as conse-
quence of heating studies are focused on porosity or
compositional changes using XRD, SEM, ND or TG
[3, 12, 14–17], but there is a lack of studies on the
evolution of C-S-H, using 29Si MAS-NMR [18], al-
though most of C-S-H in paste is amorphous, or poorly
ordered [19], and represent about 60% of the cement
paste.

When fired concrete is exposed after cooling to moist
air, rehydration processes take place in cement paste,
that together with the changes in volume, and mass
may lead to an additional increase in porosity and to
the formation of additional cracking to that occurring
during heating [20].

This paper includes results obtained from a cured
cement paste submitted to various elevated tempera-
tures. The aim is to identify the microstructural changes
concerning mineral transformations as a function of
temperatures (100, 200, 450 and 750◦C) using mainly
29Si MAS-NMR and supporting with information from
X-ray Diffraction and Thermogravimetric analyses,
also employed to complete the full compositional mi-
crostructure picture, in order to increase the under-
standing of process of cement paste degradation at high
temperatures.
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T ABL E I Chemical composition of the cement

Chemical analysis (%) L.O.I IR SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O CaO (free)

Cement 3.59 0.58 19.60 4.43 4.27 62.61 0.95 3.29 0.11 0.28 1.92

The effect of humidity on dehydrated cement paste
is later considered and the microstructure changes in
solid phases are addressed.

2. Experimental section
2.1. Sample preparation
Cement paste specimens were prepared by mixing
Ordinary Portland Cement (OPC) with distilled wa-
ter, using a w/c = 0.4. A cement type 42.5MR-SR
was employed for the testing program, whose chemical
composition is given, in Table I. The cement has low
C3A (<1%) and low alkaline content (0.42 Na2O eq.).
The fluid paste was introduced in cylindrical plastic
tubes of 23 mm in φ and 30 mm in height. The samples
were sealed and cured for 70 days at room temperature
(20 ± 2◦C) inside the tubes, so no additional water gain
was allowed during hydration.

2.2. Heating procedure
After this curing period, the specimens were submitted
to the selected heating regime up to reach a maximum of
four temperatures (Tc): 100, 200, 450 and 750◦C. One
sample was kept sealed without heating, as reference,
up to the characterization analysis was performed.

The heating process was pursued in several steps that
are summarized in Fig. 1:

1. Each specimen was placed into the furnace and
was heated at a heating rate of 1◦C/min, starting from
room temperature (20 ± 2◦C).

2. When the desired temperature (Tc) was reached
(200, 450 or 750◦C), the samples were kept 2 h into the
furnace at Tc in order to homogenize the temperature in
the specimen and allow the respective transformation
to occur.

3. After this time, the heating was stopped and the
specimens were maintained in the furnace for slow
cooling down up to room temperature.

The weight loss of each heated sample was registered
by weighing each sample before and after heating (Ta-
ble II).

The heating regime for the specimen at 100◦C
was different. This specimen was introduced into the
furnace directly at 100◦C and maintained inside till

T ABL E I I Weight loss of samples after each high temperature experiment

Constant weight loss Heating process (by using the cycle from Fig. 1)

Samples Tc = 100◦C Tc = 200◦C Tc = 100◦C Tc = 200◦C Tc = 450◦C Tc = 750◦C

Weight loss of samples (%) 19.1 13.2 22.2 15.3 24.4 32.0

Figure 1 The heating process applied to the cement paste for Tc = 200,
450 and 750◦C.

reaching a constant weight loss. Then, heating was
stopped and the specimen was kept into the furnace
with slow cooling down to room temperature.

Once the cooling process finalized, the specimens
were covered with a plastic film and kept into a desic-
cator to avoid contact with the atmosphere and further
up take of humidity or carbonation, before characteri-
zation test.

Rehydration process was also studied in the speci-
mens heated at (Tc = 450 and 750◦C) by placing them
into a saturated chamber (100% R.H) at room temper-
ature for 3 1

2 months.

2.3. Characterization techniques
• X-ray Diffraction (XRD) was used to identify

the crystalline phases. XRD data were recorded
using a Phillips PW1820, powder diffractometer
with Cu Kα radiation. The goniometer speed was
0.020◦/s. Software from Phillips has been used
to the characterization of the mineralogical crys-
talline phases.

• A Netzsch simultaneous analyzer, model STA 409
was used to obtain thermogravimetric (TG) and dif-
ferential thermogravimetric analysis (DTA) curves
of the specimens. The heating ratio was 4◦K/min
in a nitrogen atmosphere flowing at 100 cm3/min.
The analyzed mass per specimen was about 50 mg.

• 29Si MAS NMR spectra were recorded at the 29Si
resonance of 59.572 MHz using a Varian VXR
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300 S spectrometer, with a spinning speed of 4 kHz
in a double bearing 7 mm ZrO2 rotor. Spectra were
accumulated using Bloch decay pulse sequences of
�/2 and high power 1H decoupling with a 60 kHz
radio frequency field. A recycle time of 59 s was
used. The number of scans was 1000. Tetram-
ethylsilane (T.M.S, Si(CH3)4) was used as refer-
ence. The spectra were simulated using a modified
version of the Winfit program [21].

3. Results
3.1. Weight losses of heated specimens
As commented before, the transformations induced by
heating in the cement paste goes to a weight loss from
the evaporation of free water and that of hydrated prod-
ucts occurring at specific temperatures. Table II in-
cludes the values obtained from the specimens heated at
each temperature. An increase in the amount of weight
loss at each temperature is noticed except between 100
and 200◦C. The specimen at 100◦C showed higher
weight loss at 100◦C than at 200◦C. The test was made
by duplicate and results of weight losses were (19.1
and 22.2%). The reason was associated to evolution of
hydration of partially hydrated cement phases, mainly
C3S. The weight loss at 200◦C until reaching a constant
weight (13.2%), was similar to that obtained following
the regime of heating (1◦C/min increase, 2 h heating
and temperature decrease) (15.3%).

3.2. X-ray diffraction studies
The diffractogram from the five analyzed speci-
mens are shown in Fig. 2, where the main peaks
have been identified. Typical reflections associ-

Figure 2 X-ray diffractograms of the reference specimen (initial ce-
ment paste), and the heated specimens at various temperatures (Tc). Key
to phases: C2S (•); Portlandite (�); Calcite (�); Brownmillerite (�);
Ettringite (�); Ca1.5SiO3.5 · xH2O (�); lime (�).

Figure 3 X-ray diffractograms of the reference specimen (initial cement
paste), the heated and afterwards rehydrated specimens (Tc = 450 and
750◦C). Key to phases: C2S (•); Portlandite (�); Calcite (�); Brown-
millerite (�); Ettringite (�); Ca1.5SiO3.5 · xH2O (�); lime (�).

ated to larnite (C2S), portlandite (Ca(OH)2), brown-
millerite (Ca4Al2Fe2O10), calcite (CaCO3), ettrin-
gite (Ca6(Al(OH)6)2(SO4)3(H2O)26), and Ca1.5SiO 3.5·
xH2O were found in reference sample. After heating,
some reflections disappear, shown in Fig. 2, as those
corresponding to ettringite, which were identified in
the initial specimen but not in the samples heated at
T > 100◦C, and Ca1.5SiO3.5 · xH2O after 450◦C. A
progressive reduction of the intensity of the peak re-
lated to portlandite is noticed by increasing the tem-
perature above 450◦C and is not present at 750◦C. The
presence of calcite is detected and even increases in
intensity up to Tc = 450◦C. At the highest tempera-
ture tested (750◦C), the reflection peaks of calcite prac-
tically disappear. Lime is also well identified in the
specimen heated at 750◦C, the origin is explained from
portlandite and calcite transformation. The brownmil-
lerite is present in all specimens heated and the same
for larnite.

The XRD diffractograms corresponding to the rehy-
drated specimens (Tc = 450 and 750◦C) are presented
in Fig. 3. Both specimens contain the reflections of lar-
nite, portlandite, brownmillerite, calcite, ettringite and
Ca1.5SiO3.5 · xH2O similar to that of reference, indicat-
ing that the initial crystalline composition of hydrated
forms are recovered.

3.3. Thermal analyses
The thermogravimetry analyses are presented in Fig. 4
and the weight losses associated to the various ranges
of temperature are given in Table III.

The thermogravimetric test are interpreted as
follows:
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Figure 4 Thermogravimetric analysis (TG and DTA) of the reference
specimen (initial cement paste) and the heated specimens at various
temperatures (Tc).

• The free water, still present in the samples, is re-
moved up to about 100◦C.

• From 100–250◦C, takes place the loss of water
mainly from the C-S-H. Most of the bound water
is lost up to 250◦C.

• A further important weight loss occurs with the
transformation of portlandite at 450◦C.

• Finally, a weak endothermic peak at 650◦C is at-
tributed to the decomposition of calcite.

The sample heated at 750◦C show a complete transfor-
mation of the portlandite and calcite. In this sample,
the weight losses are very low in the whole range of
temperatures from the TG tests, indicating that during
heating a complete chemical transformation of the ce-
ment paste has occurred.

The weight losses related to the rehydrated spec-
imens, previously heated at 450 and 750◦C, are

T ABL E I I I Thermogravimetric data

Weight loss (%)
Temperature range (◦C)

100–250 400–475 650–750
Samples bound H2O 250–400 Ca(OH)2 475–600 calcite

Reference 6.7 1.8 4.6 0.5 1.7
Tc = 100◦C 1.6 2.3 5.6 1.1 2.2
Tc = 200◦C 1.3 2.1 5.2 0.7 1.9
Tc = 450◦C 0.4 <0.1 2.53 1.1 2.3
Tc = 750◦C 0.4 <0.1 <0.1 <0.1 <0.1

Tc = 450◦C and afterwards rehydrated 6.1 2.0 4.0 1.0 2.6
Tc = 750◦C and afterwards rehydrated 6.6 2.5 4.4 1.0 2.6

Figure 5 Thermogravimetric analysis (TG and DTA) of the reference
specimen (initial cement paste), and the heated and afterwards rehydrated
specimens (Tc = 450 and 750◦C).

presented in Fig. 5 and Table III. The TG and DTA
figures are similar to the reference specimen: new for-
mation of portlandite, the presence of calcite, and bound
and free water are clearly observed.

One relevant feature is the endothermic peak at about
100◦C in the reference sample that disappears after
heating, but it recovers again after rehydration. The
peak has been associated with the transformation of
ettringite [5–9].

3.4. 29Si MAS NMR studies
The interpretation of 29Si MAS-NMR spectra give the
silicate tetrahedra designated as Qn, where Q repre-
sents the silicon tetrahedron bonded to four oxygen
atoms and n is the connectivity, i.e., the number of
other Q units attached to the SiO4 tetrahedron under
study. Thus, Q0 denotes the monomeric orthosilicate
anion SiO4−

4 (nesosilicate) and typical of anhydrous
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Figure 6 29Si MAS NMR spectra of the reference specimen (initial ce-
ment paste) and the heated specimens at various temperatures (Tc). The
isotropic chemical shifts are referenced to the T.M.S (Si(CH3)4). The
thick solid line represents the experimental spectrum. The other solid
lines are the gaussian components of the silicate tetrahedra Qn and the
deconvolutions.

silicate of cement (C3S and C2S), Q1 represents an end
group of a chain of C-S-H, Q2 a middle group, Q3 a
chain branching site and Q4 a three-dimensionally fully
cross-linked group. The isotropic chemical shift (δiso)
of the 29Si nuclei allows obtaining information con-
cerning the organization of tetrahedral links [22, 23].

The spectra of the different specimens are given in
Fig. 6 and the results of the deconvolution by Gaussian
lines representing the isotropic chemical shift charac-
teristic for each Qn, δiso, the percentage (%) and full
width at half height (FHWH) are included in Table IV.

T ABL E IV Simulation results of 29Si MAS NMR spectra. The given data are the isotropic chemical shifts (ppm), integration (%) and FWHH
(ppm)

Nesosilicate

New resonance Anhydrous cement Range of C-S-H gel

Q0 Q0 New Q1 Q1 Q2

Samples δiso % FWHH δiso % FWHH δiso % FWHH δiso % FWHH δiso % FWHH

Reference – – – −71.7 10 3.01 – – – −79.7 55 3.80 −85.5 35 4.00
Tc = 100◦C – – – −71.6 25 3.90 – – – −79.6 45 7.29 −84.8 30 6.45
Tc = 200◦C −68.7 <5 3.90 −71.9 25 3.50 – – – −79.1 45 6.46 −83.8 30 6.50
Tc = 450◦C −68.7 20 3.80 −71.6 20 3.30 −74.2 40 5.40 −78.8 20 6.51 – – –
Tc = 750◦C −71.0 75 3.73 −72.0 25 3.83 – – – – – – – – –
Tc = 750◦C and – – – −71.1 10 3.01 – – – −79.7 50 4.81 −85.5 40 4.78

afterwards rehydrated

The interpretations of the spectra are based on the bib-
liography of the C-S-H gels [24–27].

The 29Si MAS-NMR spectrum of the reference sam-
ple shows the characteristic peaks of cement paste in an
OPC or the C-S-H gel [24–27] with the resonance of Q0

(−71.7 ppm), Q1 (−79.7 ppm) and Q2 (−85.5 ppm).
The Q0 resonance represents the remaining anhydrous
cement that mainly corresponds to C2S also identified
by XRD as larnite.

The heated specimens of the cement paste in com-
parison with the reference sample show evolution of
the spectra. After heating at 100◦C besides the free wa-
ter of the pores decreases, the structure of C-S-H gel is
altered. From Tc = 100◦C up to 200◦C, it appears that
the C-S-H gel progressively decomposes (Fig. 6). The
evolution of the spectra up to Tc = 200◦C is character-
ized by low decrease of the intensities of Q1 and Q2

tetrahedra but compensated by the formation of a new
anhydrous nesosilicate phase, type Q0, that appears at
lower δiso = −68.7 ppm, shifted 3.2 ppm from initial
Q0.

The sample heated at 450◦C, shows that the Q2 tetra-
hedra disappear, but a new Q1 resonance is identified.
This sample presents two types of Q1 tetrahedra, one
typical of C-S-H gel (δiso = −78.8 ppm) and other at
−74.2 ppm (6 ppm shifted from Q1 typical). Clearly
the spectrum of this specimen differs from the initial,
but some C-S-H gel still remains with shorter length
chains in the form of Q1. The resonances that corre-
spond to the new nesosilicate increase in size (δiso =
−68.7 ppm) and the initial anhydrous appears at δiso =
−71.6 ppm.

The heated specimen at 750◦C shows a total trans-
formation of the initial C-S-H gel (Q1 and Q2 struc-
ture). However an asymmetric peak with a shoulder is
better noticed in Fig. 7. This indicates that an overlap-
ping of two peaks is possible, one corresponding to Q0

(δiso = −72.0 ppm), the initial anhydrous cement, C2S,
and a new nesosilicate phase (δiso = −71.0 ppm).

Although literature indicates [12, 28] the formation
of larnite during heating as result of dehydration of
C-S-H, 29Si NMR tests enable to deduce that the an-
hydrous new nesosilicate formed is different in the
morphology than initial anhydrous residue with less
crystalline structure.
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Figure 7 Details of the deconvolution of the 29Si MAS NMR spectra of the heated specimen at 750◦C. The new nesosilicate and the anhydrous Q0

are depicted. Also are showed the asymmetric peak of the resonance and, the shoulder (right), the full widths at half height (FWHH) and the isotropic
chemical shifts (δiso)(left).

Figure 8 29Si MAS NMR spectra of the reference specimen (initial ce-
ment paste), the heated specimen at 750◦C and this one afterwards the
rehydration into wetting atmosphere during 3 1

2 months. The isotropic
chemical shifts are referenced to the T.M.S. (Si(CH3)4). The thick
solid line represents the experimental spectrum. The other solid lines
are the gaussian components of the silicate tetrahedra Qn and the
deconvolutions.

The FWHH of Q1 and Q2 increase with the heating
treatment, indicating more disordered structure of the
amorphous C-S-H, given in Table IV.

Concerning the rehydrated specimen previously
heated at 750◦C given in Fig. 8, the anhydrous phase Q0

remains in similar proportion than at the initial. The new
nesosilicate phase is again transformed into C-S-H gel
by hydration. The anhydrous cement remains in similar
proportion to that in reference sample.

In all specimens, including initial, heated and rehy-
drated, the anhydrous phase Q0 is always present with
only a soft increase after heating.

4. Discussion
Handoo et al. [3] followed the transformation occur-
ring within a gradient of temperature between the core
and the surface of the concrete, here, this gradient has
been assumed by heating the samples at different tem-
peratures until reaching the transformations in equi-
librium at each temperature. The sequence of trans-
formations in the solid phases of a cement paste are
followed.

4.1. Microstructure transformations
of the C-S-H at elevated temperatures

Several authors have studied chemical transformations
of cement paste exposed to high temperatures, and
present results agree with their previous found from
XRD, ND and TG [3, 12, 14–17].

The evolution of the crystalline phases observed with
XRD show that some reflections disappear as conse-
quence of high temperatures such as Ca1.5SiO3.5 ·xH2O
(after heating at 450◦C) and ettringite (by heating above
100◦C), this last also confirmed by neutron diffraction
[12] and others [5–7]. Anhydrous phases as larnite and
brownmillerite seem to be stable respect to tempera-
ture, as also indicated by [12, 29]. Increasing the heat
above 450◦C, the cement paste shows that portlandite
and calcite decompose into lime [3, 12, 14–17].

But in present work by heating from 20◦C up to
200◦C an increase of portlandite around 1% has been
detected due to the progress of hydration of residual an-
hydrous components. This hypothesis is sustained by
the parallel increase in weight loss in the region of Tc
up to 250◦C (Table III) coming from C-S-H, indicating
higher content of C-S-H gel.

As consequence of heating the C-S-H gel looses
water molecules and OH− groups from the interlayer
space. Cong et al. [18] showed by studying several syn-
thetic C-S-H gels heated up to 200◦C that the peak
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intensities of Q1 and Q2 change, and also shows an
increase of FWHH of the 29Si MAS NMR signals
attributed to a more disordered structure of samples.
The deconvolution of the spectra of C-S-H gels of the
heated cement paste up to 200◦ in present work shows
also the evolution of Q1 and Q2 and the increase of
FWHH.

Besides, in ordinary Portland cement pastes the
C-S-H gel is characterized by the CaO/SiO2 ratio, that
ranges between 1.5 to 2.0 [30]. Grutzek [31] points out
for C-S-H gels that a correlation exists between Q1/Q2

and CaO/SiO2. In present study, the Q1/Q2 ratios of
initial cement paste and those of the specimens heated
at 100 and 200◦C, are approx. ≈1.5, calculated from
Table IV. Using the correlation of Grutzek the
CaO/SiO2 ratio of heated cement pastes is practically
not modified and preserves their stoichiometry up to
200◦C.

By increasing the temperature at 450◦C the NMR
spectrum confirms the progressive transformation of
C-S-H gel. But this C-S-H gel follows a structural mod-
ification that differs from a C-S-H gel spectrum of a
hydrated cement paste. The C-S-H gel spectrum after
450◦C, is similar to that of early stages of hydration of
a C3S, mainly composed of Q1, since Q2 resonance ap-
pears only after about 10 h of hydration [25]. However,
in heated C-S-H gel of cement paste apparently two
types of Q1 tetrahedra are observed, which suggest that
the Si bonding around each Q1 tetrahedra vary, while
Q2 resonance is not detected.

The two Q1 resonances are shifted of 5 ppm respect
to Q1 and Q2 resonance of the initial C-S-H gel in
the reference sample (Table IV). The Q1 resonance at
−78.8 ppm more likely corresponds to a similar sur-
rounding than others Q1 tetrahedra in C-S-H gels. To
attribute the new Q1 resonance (−74.2 ppm), several
hypotheses would be considered:

• If aluminum is introduced in the C-S-H chain:
the substitution SiOSi → SiOAl brings about a
deshielding of ca. 5 ppm for the central sili-
con atom [22]. However, the new Q1 resonance
(−74.2 ppm) can not be explained by a silicium
tetrahedra bonded to an aluminum tetrahedra, one
reason is that approximately 93% of aluminum is
in the aluminum phases of the cement paste, in
the form of brownmillerite (Ca4Al2Fe2O10) and
ettringite (Ca6(Al(OH)6)2(SO4)3(H2O)26), calcu-
lated from Table I. In case that a small portion of
aluminum would incorporate into the C-S-H chain,
the amount must be too low to give a so large NMR
signal of the 29Si NMR seen in Fig. 6.

• Other possibility for the new Q1 resonance at-
tribution can be obtained from Cong [18], who
considers water molecules bonded to Ca2+, so
that, the loss of water in the interlayer space by
heating favors the formation of Ca O Si bonds,
which causes some changes of bond angles and
distances in Si tetrahedra. The presence of two dif-
ferent Q1 tetrahedra in C-S-H gel has only been
described by Klur [32] who pointed out the ap-
pearance of a new Q1 peak in a C-S-H gel hav-

ing a CaO/SiO2 ratio >1.0, located at −76 ppm
and assigned as Q1p (Si O Ca O H groups). As
the isotropic chemical shift observed in the sample
heated at 450◦C is close to that of Q1p tetrahedra,
the new Q1 resonance could be attributed to this
form.

The final stage of dehydration of the C-S-H gel, pointed
out from present work, is the formation of a new ne-
sosilicate, Q0 instead of forming the anhydrous cement
structure of C2S, this last only increase in small propor-
tion. The identification of the dehydrated morphology
of the C-S-H represents enlightenment that allows to
complement that of the crystalline formation of C2S
as larnite addressed until now [12, 28]. Moreover, the
identification of the new nesosilicate with the 29Si NMR
spectrum coincides with a discontinuity and change of
slope in the d-spacing of larnite (Fig. 6e given in Ref.
[12]), probably indicating that the formation of more
C2S is not as that of larnite. The range of the isotropic
chemical shifts of the new nesosilicate, obtained from
the deconvolution of the heated specimens, is narrow
and corresponds to a similar structure (Table IV) but
with less crystalline formation. FWHH of the new Q0

resonance is larger than initial Q0.
The NMR chemical shifts depend primarily on

atomic nearest neighbor and next-nearest neighbor
structure; then, nuclei of atoms in similar local struc-
ture resonate at similar chemical shifts. Consequently,
the resonance of the new nesosilicate may be attributed
to a structure close to belite (C2S) [22] or alite [33, 34].
Although, some authors [12, 28, 35] postulated at high
temperatures the formation of β-C2S from C-S-H. In or-
der to resolve the final attribution of the new nesosilicate
phase a chemical balance of the solid phases could help.

4.1.1. Determination of the CaO/SiO2
ratio of dehydrated C-S-H
(new nesosilicate)

The chemical balance of CaO and SiO2 for the spec-
imen heated at 750◦C would allow to determine the
CaO/SiO2 ratio of the new nesosilicate.

The amount of [SiO2] is calculated from Tables I and
IV; SiO2 is in: C2S and in the new nesosilicate (Fig. 6).

The amount of [CaO], may be calculated from
(Tables I, III and IV); CaO is: in C2S, in CaO (lime), in
dehydrated ettringite, and in brownmillerite.

In order to estimate [CaO] corresponding to lime in
the sample at 750◦C, it can be assumed that this one
comes mainly from the transformation of calcite and
portlandite, easily calculated from TG test. Calcite and
portlandite vary during heating, the greater amounts
have been considered from Table III. Ettringite and
C-S-H dehydration contribute to CaO but in less pro-
portion, because ettringite does not decompose, only
dehydrates and maintains the short-range order in its
structure [5, 8]. As the amount of CaO from C-S-H is
assumed low. The calculated CaO/SiO2 ratio obtained
for the new nesosilicate resonance is 1.78. So that, it
can be accepted that the new nesosilicate corresponds
to a structure close to C2S.
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4.2. Changes in solid phases during
dehydration and rehydration processes
of cement paste due to heating

4.2.1. Dehydration processes
of cement paste

Cement paste is a complex multiphase material leading
to a composite constituted of solid phases, pores and
water. The chemical transformations occurring in solid
phases of cement paste after heating are the interest
of present work. It is assumed a heating cement paste
showing a gradient temperature profile moving from
a heated and unsealed face that penetrates inside the
bulk to a sealed interior not affected by temperature.
In Fig. 9, the dehydration processes of solid cement
paste phases are schematically described taking into
account results from present study and literature data
[1–3, 10–12, 18].

The degree of transformation of solid phases in ce-
ment paste is considered in function of temperature and
the chemical equilibrium is assumed to be reached at
each temperature. The following processes could take
place, from the external heated surface, at 750◦C to the
interior not affected by temperature:

1. From the external face, and between 750 to 650◦C,
the solid phases contain mainly: dehydrated C-S-H
(New Nesosilicate), CaO, Anhydrous phases (Larnite),
and Dehydrated Ettringite [5, 8].

2. Regions exposed at 650◦C up to 600◦C, the same
solid phases than above are found plus calcite, this last
formed during heating from reaction of CO2 gas exist-
ing in pores.

3. In regions exposed to temperatures below 600◦C
up to 450◦C, modified C-S-H coexists with decreas-
ing proportions of the dehydrated C-S-H (new ne-
sosilicate). CaO in decreasing proportions with tem-
peratures is also formed. Besides anhydrous phases
(larnite and brownmillerite) and dehydrated ettringite
are present.

4. In cement paste exposed at 450◦C up to 200◦C,
Portlandite coexists with contents of partially dehy-
drated C-S-H and contents of modified C-S-H and de-
hydrated C-S-H (new nesosilicate). Calcite, anhydrous
phases and dehydrated ettringite are present.

Figure 9 Picture of dehydration processes of cement paste exposed to
high temperature environments.

5. The region from 200◦C up to 100◦C, the C-S-H is
present and follows slight dehydration. The New Ne-
sosilicate is not formed. Portlandite coexists with some
calcite (from carbonation during heating), anhydrous
cement phases (larnite and brownmillerite) and dehy-
drated ettringite.

6. Inside the unaffected zone by heating, that is be-
low 100◦C, C-S-H, portlandite, ettringite and anhy-
drous phases are the solid components coexisting. In
this range of temperature free water is also present and
progression of hydration of unhydrated cement phases
is possible, what may justify the increase of C-S-H and
portlandite at this range of temperature. This could be
explained if sealed conditions inside the concrete are
possible, similar to those of an autoclave steam cur-
ing [19]. The reason is that the vapor formed in heater
zones, coming from dehydration of solid phases pene-
trates inside the bulk of the concrete moving to cooler
zones, where condenses due to gas pressure and temper-
ature decrease. This water might participate in further
hydration of anhydrous cement.

The weight loss is another parameter also included in
Fig. 9. There is an increase progress of weight loss in a
heating cement paste, as a consequence of transforma-
tion of solid phases. Three critical temperatures with
higher weight losses are differentiated:

1. Around 650◦C, from the decomposition of calcite
and generation of CO2.

2. H2O from dehydration of portlandite above
450◦C.

3. Above 100◦C from the dehydration of C-S-H.

Below 100◦C two situations are possible: (a) in un-
sealed condition, loss, of capillary water that is released
outside the material, and (b) in sealed conditions, as
commented above condensations would take place with
increasing moisture content inside the pores.

However for a full-integrated picture of dehydration
process of cement paste implies to take into account
the transformations in pore microstructure, and corre-
late with mechanical strength decay and cracks forma-
tion. After that, it will be possible to deal into a more
complex degradation model of concrete exposed to fire

Figure 10 Picture of rehydration of dehydrated cement paste phases
after exposure to high temperature environments.
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Figure 11 Esteroscopic microscopy of the heated and afterwards rehydrated specimens (Tc = 450◦C down and 750◦C up).

conditions. In this paper the microstructural changes
concerning solid phases of cement paste are addressed,
but the correlation in other microstructure properties
are needed.

4.2.2. Rehydration processes in dehydrated
solid phases of cement paste

The heated cement paste is not stable in the wet atmo-
sphere and rehydration processes take place, Fig. 10
summarizes the evolution of the different phases. The
first is that the rehydration process goes to similar com-
pounds to those initially coming, concerning C-S-H and
portlandite. The C-S-H is formed as a consequence of
rehydration of the new nesosilicate. Larnite remains
unchanged. The CaO would participate in C-S-H re-
hydration process but it mainly reacts to the formation
of portlandite. Ettringite is rehydrated. Calcite formed

by carbonation during dehydration processes coexists
with rehydrated solid phases.

A progressive damage is developed with coarser
cracking due to rehydration, as noticed in Fig. 11
that has to be addressed together with addition of
microstructural evolution.

5. Conclusions
1. In this paper, a 29Si MAS-NMR spectroscopy,

complemented by XRD, and TG analysis, show the full
picture of compositional changes occurring in cement
paste due to high temperature action. Results confirm
the loss of free and hydration water, the transforma-
tion of portlandite and calcite into lime, and dehydra-
tion of ettringite. The initial crystalline C2S and brown-
millerite remain not transformed independently of the
temperature.
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But in particular it has been concluded that:

• The heating process induces a continuous dehydra-
tion of C-S-H gel with the increasing of temper-
ature. The maximum transformation is at 450◦C
where the C-S-H chains are only formed by Q1

tetrahedra, silicate dimers, “modified C-S-H”. Two
Q1 resonances are observed by NMR.

• Below 200◦C, possible evolution of hydration of
anhydrous is pointed out.

• Above Tc = 200◦C a new phase formation from
C-S-H is noticed, dehydrated C-S-H identified as
a “new nesosilicate”, with CaO/SiO2 ≈ 2, assimi-
lated to a structure of C2S but with less crystalline
structure.

• At 750◦C, the C-S-H gel has completely disap-
peared and is mainly replaced by the new nesosil-
icate phase.

2. The rehydration of a heated cement paste shows
that the process is reversible and new formation of a
C-S-H gel from the new nesosilicate is confirmed with a
CaO/SiO2 ratio close to the initial C-S-H gel and recov-
ering its initial stoichiometry. Also crystalline phases,
which were transformed to lime at 750◦C, are newly
formed such as portlandite and calcite from carbon-
ation. Ettringite is rehydrated and anhydrous cement
remains practically unaltered.
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