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The effect of temperature on fresh mortar and cement paste was evaluated by simulating the curing
conditions of external buildings plastering applied under extremely hot weather. The specimens were heated
at controlled temperatures in the 40—80 °C range by exposure to IR radiation over short periods. The effect of
soaking for a short time was also examined. The results of compressive strength tests, scanning electron
microscopy, infrared spectroscopy and mercury porosimetry helped to characterize the mechanical and
physico-chemical properties of the studied sample. Early age behaviour (28 days) in neat cement was barely
affected by the temperature. By contrast, exposure to high temperatures caused significant microstructural
changes in the mortar. However, successive soaking over short periods was found to reactivate the

mechanism of curing and restore the expected mechanical properties. Based on the results, application of
cement based mortar at high temperatures is effective when followed by a short, specific soaking process.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The intrinsic properties of hardened cement based mortars are
influenced by the initial curing conditions. Outdoor mortars under hot
weather have been found to exhibit an abnormal mechanical
behaviour relative to mortars tested under standard laboratory
conditions. Thus, plastering buildings with cement based mortar in
the summer time in some places is discouraged, particularly in towns
where temperatures near 50 °C can be easily reached.

The clearly deficient properties of the previous mortars are a matter
of concern for both users and producers. In spite of manufactures’
recommendations [1], bricklayers irrigate cement or concrete after
application, but not mortar. This is the frequent origin of claims
regarding the quality of the applied product. This has aroused interest
among producers to acquire a better knowledge on the effect of
temperature and soaking on the mortar curing process at its early stages.

The influence of temperature on the properties of cement pastes
and cement based mortars has been the subject of several studies.
Thus, the morphology of C—H crystals, porosity and the formation of
hydration shells are known to be affected when cement is cured at
elevated temperatures [2]. Moreover, an increased hydration tem-
perature has been found to accelerate early hydration of anhydrous
phases in cement [3,4]. The hydration products thus formed are
macroporous, heterogeneously distributed, and their long term
compressive strength reduced [5]. In heat-cured mortars, delayed
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ettringite formation is favored and expansions common [6,7]. As
found in cement pastes, the microstructure of the hydration products
is also affected [8,9].

The above-described characteristics were derived from specimens
cured at controlled environmental humidity. Usually, the samples are
submerged in water at a constant temperature over long periods when
the ambient conditions for a mortar wall are completely different in a
dry atmosphere. The absence of moisture and the rapid increase in the
mortar temperature caused by sunlight significantly alter its physico-
mechanical properties. How soaking affects early curing in outdoor
mortar applied at temperatures above room level has never to date
been studied, however.

This work was intended to shed some light on the effect of heat on
the curing process of fresh mortar. In order to mimic the heat
produced by sunlight, mortar samples and cement pastes where
exposed to IR light in the laboratory at controlled temperatures over
the 40-80 °C range. Following heating, some samples where
additionally subjected to soaking for a short time. The mechanical
and physico-chemical properties of the studied samples confirmed
the suitability of soaked mortars for plastering outer walls at
temperatures above room level.

2. Experimental
2.1. Sample preparation

The studied material consisted of plastering cement based mortars
produced by CEMKOSA. Mortar samples were prepared from cement,
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Table 1

Chemical composition of Portland cement BL152.5 N.

Component %
Si0, 21.50
Al,03 4.00
Fe,03 0.20
Ca0 65.40
MgO 135
SO3 3.60
K,0 0.40
Cao free 1.50
- 0.006
P.F. (loss on ignition) 0.40
R.L (insoluble residue) 0.14
Density (g/cm?®) 3.05
Specific surface (Blaine) 4300

calcite and dolomite in a 13.5: 9.5:77 weight proportion. The composi-
tion of the Portland cement BL152.5 R used in this research is shown in
Table 1. Mortar samples were cast in 40x40x 160 mm molds, using a
cement/sand ratio of 1:6 and a water/cement ratio of 1.07, which
produced normal consistency [UNE-EN 1015-3] and acceptable work-
ability. The samples were subsequently heat-cured under IR radiation.
To this end, they were placed under IR lamps, the heating temperature
being controlled via a sensor attached to the sample surface. A uniform
temperature throughout the sample area was obtained by using four
square aligned lamps. The mortar samples were heated for 4 h, which is
roughly the time of maximal sunlight impingement on an outdoor
mortar wall, at temperatures over the 40—80 °C range. Then, the
samples were demolded and cured at 20 °C at 65 4 5% relative humidity
(RH) for 28 days (Fig. 1a). Some samples were soaked by immersion in
distilled water for 5 min after 24, 48 and 72 h of curing (Fig. 1b). This
short soaking procedure was intended to simulate the recommended
irrigation treatment for plastering mortars. The cement pastes used to
prepare the mortars were subjected to same process and characteriza-
tion analyses for comparison. Table 2 summarizes the curing conditions
used for the cement pastes and mortars.

2.2. Test procedures

Compressive strength tests were performed in accordance with
UNE-EN 1015-11 after 24 h and 28 days of curing. Pore size distribution
was determined with a Micromeritics AutoPore IV 9500 mercury
porosimeter after 28 days of curing. For these measurements, samples
were placed in a desiccator coupled to a vacuum pump in order to
remove moisture until weight constancy. Microstructural changes

Table 2
Heat-curing time and temperature conditions used to obtain the mortar and cement
samples.

Sample Radiation time (h) Temperature (°C) Soaking
Mortar

M25 - 25 No
M25 S - 25 Yes
M40 4 40 No
M40 S 4 40 Yes
M60 4 60 No
M60 S 4 60 Yes
M80 4 80 No
M80 S 4 80 Yes
Cement

C25 - 25 No
C25S - 25 Yes
C40 4 40 No
C40 S 4 40 Yes
C60 4 60 No
C60 S 4 60 Yes
C80 4 80 No
C80S 4 80 Yes

Whether each sample was soaked is stated.

were examined with various techniques. Mid—Infrared spectra for the
cement pastes were obtained on a Nicolet Magna 510 Fourier
transform IR spectrometer (FTIR) equipped with a DTGS detector
and a Csl beamsplitter. For each sample, 256 scans were recorded over
the 4000- 400 cm™ ! spectral range with a resolution of 4 cm™ .
Spectra were obtained by using dried KBr pellets 12 mm in diameter
(0.15 mg of sample and 150 mg of KBr). Thermogravimetric analysis
(TG) was done with a Setaram “Setsys Evolution 16/18” thermo-
balance, heating from 25 to 850 °C at a rate of 5 °C min~ .. Crystal
phases were identified by X-ray diffraction (XRD) on a Siemens D5000
apparatus using Cu Ko radiation and silicon as reference.

3. Results and discussion
3.1. Influence of temperature and soaking

Fig. 2a illustrates the influence of the heating temperature on the
compressive strength of unsoaked mortars cured for 24 h. All
measurements were made in quintuplicate in order to ensure
reliability in the results of the mechanical tests. For comparison,
cement pastes subjected to identical experimental conditions were
also studied (see Table 2).

a
Demolding
Irradiation Curi °C o ‘
Elaborated| uring at 20°C at 65 % RH
probes | |
Oh 4h 28 days
b
Soaking Soaking Soaking
Demolding 5 min 5 min 5 min
Curing at 20°C | Curing at 20°C | Curing at 20°C Curing at 20°C
Elaborated | Irradiation at 65 % RH at 65 % RH | at 65 % RH at 65 % RH
probes | I ’ | |
Oh 4h 24 h 48 h 72h 28 days

Fig. 1. Preparation procedures for (a) unsoaked and (b) soaked samples.
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Fig. 2. Compressive strength as a function of the heat-curing temperature in 24 h old
mortar (a) and cement samples (b).

Compressive strength in both types of samples increased with
temperature to a similar extent (~10%, Fig. 2b), indicating an
accelerated curing. Similar results were previously reported by
Lothenbach et al., who found dissolution of anhydrous clinker phases
to be accelerated by increasing the temperature in Portland cement
pastes [5]. Also, they found hydration products to form faster, and
portlandite (C-H), C-S-H and ettringite to precipitate after 3 h of
hydration at 50 °C.

Although an increased temperature favours the formation of
hydration products, the soaking procedure was that dictating the
evolution of the curing process. Fig. 3a shows the amounts of C-H
formed, as estimated from the step between 425 and 450 °C in the TG
curves for samples cured for 72 h using procedures described in Fig. 1.
As can be seen, the amount of C-H was significantly smaller in
unsoaked samples and more similar among soaked samples. Unex-
pectedly, the amount of C-H is reducing as temperature increases.
Therefore, the significant release of water from mortar — necessary to
obtain hydrated products — during heating hinders its curing.
However, curing in heated mortar can be virtually completely restored
by soaking. This was confirmed by XRD measurements. Fig. 3b shows
the relative intensity of the [101] C-H diffraction line for all samples
against Si as reference. Crystallization of the C-H phase was more
marked in all soaked samples.

Significant differences in strength changes with temperature were
found after 28 d of curing, particularly in the unsoaked mortar samples
(Fig. 4a). Thus, such samples exhibited a dramatic decrease in
compressive strength with increasing heating temperature, which
facilitated their mechanical degradation. This adverse effect disappeared
if the mortars were subjected to successive soaking for short times. In
fact, the compressive strength returned to values similar to those for the
samples cured at room temperature (see Fig. 4a). Therefore, soaking
applied to fresh mortar is effective toward maintaining optimal
mechanical properties over long curing times at elevated temperatures.
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Fig. 3. Amount of portlandite estimated from TG analysis (a) and from (101)/(111)
Ca(OH),/Si intensity ratio (b) for unsoaked/soaked mortar samples heated at
different temperatures. Samples were cured for 72 h.
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Fig. 4. Compressive strength as a function of heating temperature; (a) mortar and
(b) cement specimens cured for 28 d. Black and white symbols correspond to soaked
and unsoaked samples, respectively.
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Fig. 5. Mid-IR spectra for unsoaked cured cement pastes (undried KBr pellets): (a) OH stretching region, (b) silicate and carbonate environments.

In summary, the increased temperatures caused by IR irradiation
increase the strength of 24 h cured mortars, but decrease that of 28 d
cured mortars. Soaking in water is a simple remedy to restore mortar
strength.

Conversely, the curing temperature had little influence on the
cement pastes (Fig. 4b). Thus, soaked pastes exhibited higher strength
values, and a small decrease in strength was observed on increasing
temperature of both types of samples. These results contrast with
those reported by Escalante-Garcia et al. [3], who found neat cement
cured at relatively high temperatures (40-60 °C) to exhibit degraded
mechanical properties at 28 and 360 days of curing. Thus, compressive
strength was found to decrease by only 4% in our tests relative to 30%
found by Escalante-Garcia in neat cement samples also cured at 60 °C.
Although increasing the temperature accelerated the hydration of
anhydrous phases, hydration in the longer term was less marked in
the pastes cured at the highest temperatures. The formation of a
hydration shell around cement grains [2,3,8,10] at the beginning of
curing directs hydration reactions to the inside of particles. Thus,
products cured at different temperatures exhibited different micro-
porosity and hence a different compressive strength. The difference
between our results and those of Escalante-Garcia et al. [3] may have
arisen from differences in the heating conditions. Thus, these authors
used a constant temperature throughout the curing process. Pro-
longed exposure to a high curing temperature has a strong effect on
hydration and can lead to varying results.

3.2. IR analysis

As recently found, FT-IR spectroscopy is very useful for delineating
the complex chemistry of cement, a result of the poor crystallinity of
silicate hydrates [11-13]. Here, the hydration process was monitored
by using this technique in order to obtain a better knowledge of the
hydration products formed. Fig. 5 shows the mid-IR spectra for
unsoaked cement pastes, and Fig. 5a the OH stretching region for the
mixtures. Interpretation of the OH stretching region in mid-IR spectra
(~2800-3750 cm™ ') is difficult because bands are broad. The lower

frequency values, v,, (3430 cm™ '), characterize the stretches of the
molecular water OH-groups involved in strong hydrogen bonds with
adjacent water molecules [14]. The high frequency stretch, v,
(3530 cm™ ), which appears as a shoulder, can be assigned to the
water OH-groups directed towards the surfaces, which form weak
hydrogen bonds with other water OH-groups. There is a graded
variation in the IR transmittance for the —~OH characteristic peaks with
temperature. The lower curing temperature is, the higher is the Tv,,/
Tv',, ratio (Table 3). The difference can be ascribed to differences in -
OH location. Raising the temperature increases the amount of bonded
OH species adsorbed on surfaces and decreases the Tv,,/TV",, ratio as a
result. The increase in OH surface — adsorbed species is related with
the development of C-S-H silicate chains. The band at 3640 cm™ ' is
due to Ca-OH vibrations in portlandite.

Fig. 5b shows the spectra for dry cured cement pastes in the
lower frequencies; this range provides useful information about silicates
(C-S-H polymerization) and carbonates. In hydrated Portland cements,
the main mid-IR bands for C-S-H gels appear at ~970 cm™ ! (Si-O
stretching vibrations of Q? tetrahedra), 660-670 cm™ ! (Si-O-Si bending
vibration, which is influenced by the Si-O-Si angle and occupancy of
neighboring sites), and 450-500 cm~! [11]. These mid-IR bands
change systematically in frequency and/or intensity with the Ca/Si
ratio in C-S-H, which is also related with silicate polymerization. The
band at 970 cm™ 'is assigned to Si-O stretching vibrations in C-S-H gels
with a jennite type structure. The slight shift in the 970 cm™ " band to a
frequency of ~980 cm™ ! in the sample cured at 80 °C can be ascribed to

Table 3
IR transmittance ratios for the ~OH characteristic peaks (3430 and 3450 cm™!), in
soaked and unsoaked cement pastes.

Sample Tv,,/TV',, unsoaked Tv,,/Tv',, soaked
C25 0.88 118
C40 0.90 0.90
C60 0.90 0.89
C80 0.73 0.82
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slight polymerization in the C-S-H chain. According to Farmer [15], T-O
stretching vibrations in tetrahedral TO,4 groups (T=Si or Al) lie at 760-
900 cm™ . The band at 790 cm™! for the samples cured at 60 and 80 °C,
which can be assigned to stretching vibrations in O-Si-O groups, is also
assigned to polymerization of C-S-H chains. Ettringite bands typically
appear at 1100 and 610 cm™ ! [14]. In Fig. 5b, ettringite bands appear at
~1115cm™ ' and 617 cm™ L The absorption peaks at 1430 and 875 cm ™!
indicate the presence of calcite as the main carbonate polymorph;
however the absorption peak appearing at 1480 cm~! when the
temperature is raised suggests the additional presence of vaterite [16].
The mid-IR spectra for soaked cement pastes are shown in Fig. 6.
These samples exhibited very similar infrared spectra, which suggest
that the microstructure of cement pastes evolves in the same manner.
The curing temperature affects the kinetics of hydration reactions;
however, brief soaking seems to have no significant influence on the
final structure of cement pastes, as the similarity between the infrared
spectra suggests. The structural information thus obtained is
consistent with the observed compressive strength values.

3.3. Microstructure

From the previous results we can conclude that curing above room
temperature for a short time and soaking influence the initial stage of
curing in mortar, but not in cement paste. Differences in internal
microstructure are probably behind the differences in the way
mechanical properties change in the two. Pore structure is a useful
property with a view to correlating changes in microstructure with
curing and the resulting mechanical properties. Fig. 7 shows the
cumulative and incremental pore volume as a function of pore
diameter in 28 d cured mortar and cement paste samples. The pore
diameters shown are consistent with reported values for mortar and
cement [17,18], the mortar exhibiting a more open structure. No
significant differences in this respect between soaked and unsoaked
cement paste samples were observed, whatever the heating tem-
perature, (Fig. 7a). On the other hand, the heating temperature
influenced pore size in the mortar samples. Thus, the cumulative pore
volume for the unsoaked mortars increased with increasing tem-

perature (Fig. 7b) and significant changes were observed in the
differential curve (Fig. 7c). Thus, a major peak was observed over
the 0.3-3 um range where the intrusion volume was much higher in
the heated samples (especially in M60 and M80); this suggests the
presence of a more porous structure. The differences exhibited by
the heated samples are consistent with the degradation in their
mechanical properties (Fig. 4a). Soaking mortars in water facilitates
their curing and reduces the influence of temperature on pore
volume. The cumulative pore volume was similar for all samples
(Fig. 7d); however, the pore size distribution of the soaked samples
was different (Fig. 7e). A comparison of unsoaked and soaked M25
and M80 samples revealed a slightly reduced amount of pores larger
than 1 pm in addition to an increased amount of pores in the 0.03-
0.4 nm range, both of which suggest that a finer microstructure was
developing.

The observed internal microstructure of the mortar and cement
samples is consistent with the corresponding measured strength
values. The effect of temperature on microstructure can be explained
in terms of the kinetics of hydration and the water evaporation
process. At high temperatures, the hydration reaction is faster than is
diffusion, so hydration products coat cement grains and leave a fairly
open interstitial space [19]. This increases the number of coarse pores,
as observed in samples M60 and M8O0, the effect being especially
significant in mortar as a result of its opened structure favouring the
release of water by evaporation. Also, the rapid crystallization of
hydration products helps to close the smaller pores. One can therefore
conclude that exposure to high temperatures has a detrimental effect
on the microstructure of fresh mortar. Nevertheless, its coarse
porosity allows it to retain large amounts of water during soaking,
which facilitates subsequent reactivation of the curing process.

4. Conclusions

The effect of temperature on fresh mortar and cement pastes was
evaluated. In order to mimic heating of outdoor building plastering by
sunlight, samples were heated by exposure to IR light over short
periods. The IR data confirmed faster formation of hydration products
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Fig. 6. Mid-IR spectra for soaked cured cement pastes (undried KBr pellets): (a) OH stretching region, (b) silicate and carbonate environments.
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Fig. 7. Cumulative and incremental pore volume of cement (a) and mortar samples (b to e) subjected to varying curing temperature and soaking conditions.

with increasing temperature. Also, a deleterious effect on mechanical
properties was observed. Early curing in neat cement cured under the
specific conditions used here is barely affected by the temperature. On
the other hand, exposure to high temperatures causes dramatic
microstructure changes in mortar. These changes can be understood
by considering two opposite effects: i) accelerated hydration which
increases the compressive strength values at short curing periods

(24 h) and ii) accelerated drying that hinders the curing process
(lower C-H formation and developed strength values at 28 d).
Nevertheless, successive soaking over short periods helps reactivate
the mechanism of curing and restore the expected mechanical
properties. Thus, although manufacturers recommend applying out-
door building plastering at the earliest hours of day in summer [20],
applying cement based mortar at high temperatures is also effective
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provided the specific curing process described here is performed later.
This finding serves to clarify the way cement based mortars can be
used in extremely hot weather.
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