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Abstract
C-S-H gel is the main product in the Portland cet{@€) hydration. Of their structure and compogitio
depends the cement properties (strength, durabiljtyThe mixes of others materials with PC provides
new cementitious materials with different propestielnderstand the changes produces in the hydration
products in these blends improves their use.
This work studies the changes produced in the C-§Hby means Fourier Transform Infrared
Spectroscopy (FTIR). Several samples were stuti€d(as reference system), a system formed by PC
and calcium aluminate cement (CAC) with a 75/250raand two system formed by PC, CAC and
calcium sulfate () with an 85/15 ratio of PC/CAC with 3 and 5% df.@\ll samples were cured in two
environmental; at the air and under water, in orderobserve the influence of curing. The samples we
studied at the 6 hours, 7 days, 12 and 32 monthgef
Results show in the PC, it changes to lower wavéeunsnin the ® units positions over time. This fact
indicates a little transformation of structure likebermorite to structure like-jennite providingGxS-H
less compact. Addition of CAC in PC hydration dases the migration of Qunits to lower
wavenumbers indicating that C-S-H structure is mooenpact in this case. Wher§ @& included in the
system, this migration of “Qunits is lower and the bands are sharper indicgtie structure like-
tobermorite presence.
Other effect visible in the spectra is the decreaiseands due to Qunits with the addition of CAC. The
greater presence of aluminates in the system pesvaibstitutions of 8iby AF* in the C-S-H structure.
This fact produces longer chains reducing the ufits Different behaviors are observed in the cured
conditions showing higher transformation towardeustures like-jennite in the samples cured under
water.
Several conclusions can be drawn of this work.tFitsuse of infrared spectroscopy as powerful tiool
the cement chemistry field. Not only as characiéidn technique but also it can be used for obtain
structural information about cement phases, bottrated as anhydrous. Regarding addition of other
hydraulic materials at PC, the study shows fornmatad C-S-H more compact that will provide better
mechanical properties. Also the cured conditiongehimfluenced about hydrated products structure.

Originality

This paper presents a study about C-S-H gel stractusually for this aim is usedSi RMN technique
from where are obtained great results. This techaigs a powerful tool but is very slow, since the
resident time of the sample is large in the ordiedays. In this case we study the influence inGk&-H
formation of different hydraulic materials by mean&ared spectroscopy. The results show changes in
the Q units that provide information about C-S-Fusture. Originality of this work reside in the ueé

the FTIR for obtain structural information, beiraster and cheaper than other techniques.
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1. Introduction

C-S-H gel is the main product in the Portland ceam@tC) hydration. Cement properties
(strength, durability...) will depend of C-S-H strumt and composition. C-S-H structures are
complicated of to study by means XDR due to lowstalline. It is consequence of ions
incorporation in his structure (Mg AI** or F€") (Taylor H. F. W., 1990). C-S-H nanostructure
will depend of Ca/Si ratio which can range from th2.1 (Grutzeck M.W., 1999).

C-S-H is amorphous, but it has a certain orderstixio main models to describe of C-S-H
structure:

* Proposed model by Taylor is based in layer 1.4 ikartbbermorite blend with layer
like-jennite (Taylor H. F. W., 1993,1986).

* Proposed model by Richardson and Groves baseduotwtes like-tobermorite with
layer of calcium hydroxide (Richardson I. G., Greye. W., 2004, 1993).

Both models consider at the gel as disorderly siracin layers like-tobermorite and like-
jennite, where each layer is formed by silicatesth

In the Figure 1 are depicted schematically a C-8rHicture with their different structural units.
The chain of SiQtetrahedra in the upper part illustrates an octemmit where two bridging
SiO, tetrahedra @3) connect three dimers, resulting in two $i€nhd groups (& and four
paired SiQ sites Q3). The lower part of Figure 1 shows the incorpamtdf Al in a bridging
site and the corresponding twé(QAl) sites (i.e., a SiQchain unit connected to one Siénd
one AlQ, tetrahedron). Moreover, a defect in the toberraaitucture is illustrated by a missing
bridging tetrahedron in the lower part, which résih two neighboring ®sites (Skibsted. J.,
2004).
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Figure 1Schematic representation of a single layer in tigstal structure for a 14
tobermoritc (Skibsted. ., 2004)



The composition of the C-S-H gel varies over timih the additions, temperature... One most

important characteristic in the gel compositiorCia/Si ratio, so gels more evolved and with

chains longer or complexes seem to be poorer irfFOancisla ., 2012). The average ratio

Ca/Si in the commercial cements varies betweenaB®B 0.7 (Thomas J. J. et al., 2006). In

several gels there is a substitution of' ®iy AI**, due to mixed with wastes or other cement

kind as calcium aluminate cement (CAC). This faeids to a decrease of Ca/Si ratio and to an
increase of Al/Ca ratio.

A lot of works study the structure of C-S-H gel fmgans RMN technique with isotopes®6Al
and®Si. In the literature there are few works that gttite gel by infrared spectroscopy. Yu et
al. performed a study where identified by FTIR (Feutransform infrared spectroscopy) the
different structures present in a C-S-H gel. Thasghors established the main bands of the gel
and differentiating the vibrations between likedaiorite structures and like-jennite structures.
Infrared spectroscopy have become as a usefuldestiuctive technique to study the phase
composition of initial and the hydration produdi4oreover, by using this tool is possible the
detection of crystalline but also the amorphousspbaas gel C-S-H. The infrared spectroscopy
is used both gather information about the struabfi@ompounds and as analytical tool to assess
in qualitative and quantitative analysis of mixturé~ernandez-Carrasco et al., 2012).

For generate new properties or improve some of tineRC, exist a great number of composites
formed by one or more cements with several additidine different combinations of materials
produced variations in the hydrated phases that leachanges in their structures (Torrens-
Martin D., 2013). Adding new components as CAC alciam sulfate (8) both together or
separately can improve certain properties of PQréhs-Martin et al., 2013). This type of
mixed produced a blended building material thathie last years has increased their demand
(Mainer S., 2008).

This work is focused in the study of changes predum the C-S-H gel when is adding at
hydration of PC different proportions of CAC an8.@\Iso was studied the influence of the
cured in the C-S-H development using two curededtifit (water and air). The changes
produced during of hydration in the gel were mamitbby means of FTIR.

2. Experimental

2.1. Raw Materials

The materials used in this research were Portl@amleat type | 52.5R, Electroland calcium
aluminate cement and a commercial calcium sulfatenfAlgiss. The X-ray fluorescence
technique (XRF) was used to determine the chenacaiposition of the cements (Table 1).
Both cements and the calcium sulfate were analpged-ray diffraction (XRD) to verify their
mineralogical composition (Figure 2).

Table 1 Chemical composition of raw materials/%
CaO SiQ AL0; Fe0; SO; MgO TiO, MnO KO PO
CP 63.25 1956 5.04 350 3.00 196 0.22 0.04 0.75.06 0
CAC 36.54 483 4055 1550 0.10 050 1.68 0.02 0.09.09
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2.2. Experimental Process

PC with different additions was studied, the prdiporof raw materials used is shown in Table
2. It was studied one sample of PC for establigts iteference system. To see the influence of
CAC was studied one sample with PC/CAC ratio 023585/15 ratio with 3 and 5% ofSGvas
studied to see the influence of sulfate in the B-8el development. The water/cement ratio
was kept constant at 0.4. The paste was cured foriftside a curing chamber under the
following conditions: 97% of relative humidity (Rknd 20°C. After this period, samples were
cured under two different conditions: (i) in theaatiber at 20°C and 97% RH (hereafter called
dry curing) and (ii) immersed in distilled water20°C (wet curing). The selected ratio for the
immersion was 2 ml of water per 1 g of cement patesamples were studied a different ages;
6 hours, 7 days, 12 and 32 months. The hydratiomsts performed with the acetone/ethanol

method (Zhang J., et al. 2011).

Table 2 Proportion of raw materials /%wt

Composition %CP %CAC %CS
PC 100 0 0
75/25 75 25 0
85/15 3% 82.45 14.55 3
85/15 5% 80.75 14.25 5

The infrared spectroscopy analysis was carried wiBourier transform infrared spectroscopy
Nicolet 6700 with a He/Ne laser source, Csl beaittepland DTGS-Csl| detector. The
spectrums of the samples were registered in tHerreg mid-infrared (4000—400 ¢ with a
spectral resolution of 4 clnThe samples for FTIR were prepared using thetsetirocedure (1
mg sample/300 mg KBr).



3. Results and Discussion

3.1. C-SH Infrared Study in a Portland cement

Figure 3 show the study by FTIR in the zone duSit® vibrations (1100-700 ch for the PC.
The spectra depicted are at 6 hours and for thetned at 7 days, 12 and 32 months. There are
not differences between the both cured, excepnd Hae to carbonates, stronger in the sample
dry.
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Figure 3 Infrared spectra for PC at 6 hours, 7 da®sand 32 months in the both cured; dry and wet.

At 6 hours the band is centered at 930'cindicating that the band is composed mainly for
vibrations due to anhydrous silicate (Fernandez#3ap et al. 2012). These vibrations
disappear when the hydration advance$.uits are centered at 974 ¢mmoving to high
wavenumbers at 12 months. According to Yu et &99) this fact indicates a polymerization of
gel toward like-tobermorite structure. To 32 mordippear two shoulders at 1075 and 908 cm
and the ® units down to lower wavenumbers. These changels éodicate that C-S-H gel is
transformed in a like-jennite structure. The shetddn the Si-O band vibration are more visible
in the wet sample suggesting that the change isrfasder water. On the other hand,uits,

at 820 cril, are detectable from 7 days, with more intensitihe wet sample.

3.2. Effect of aluminatesin the C-S-H development

For to know the influence of aluminate presenceh@ C-S-H development was studied a
sample with a 25% of CAC. It performed an infrastddy in the Si-O vibrations zone in the
same way as in the previously case. The spectoad®are in the Figure 4.
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Figure 4 Infrared spectra for 75/25 sample at @$otdays, 12 and 32 months
in the both cured; dry and wet.

At 6 hours there are bands stronger due to anhgdsdicate though are overlapping with
carbonates vibrations. This great presence of aphbgdsilicate at early ages is due to a delayed
in silicate hydration. Delay is produced by aniegjfite layer around silicate grains which comes
from the reaction between aluminates and sulfategepting the normal silicate hydration (Gu
P. et al. 1997, Torrens-Martin D., et al 2013).

When hydration time advance$ Qnits are centered at 977 ¢nThe bands are sharper than in
the PC sample. This fact indicates that the baridrined for less contributions (Nakamoto K.
1986), being the gel more homogeneous in theicttra. According with Yu et al. (1999) these
@ units positions are due at a like-tobermoritectrte. At 32 months the*Qinits do not move
to lower wavenumbers, though the shoulders appéthr minor intensity towards 1075 ¢m
(wet) and 908 cih(wet and dry). These two facts indicate a lowansformation to like-jennite
structure.

Q" units towards 810 cinshow weak bands from 12 months. This is due aease in the gel
chains with respect at PC sample. Skibsted e@D3, 2004) observed by means’@l and
#Si NMR that more substitution of Zlfor Si** in the C-S-H produces gels with chains longer.
Therefore the presence of CAC in PC hydration léadaclusion of Af* in the gel, generated
gels more polymerized with chains more longer.

3.3. Effect of sulfatesin the C-S-H development

Two percentages ofS&(3 and 5%) was studied in a composition with PG0OAtio of 85/15.
With this, the influence of sulfate will be obsedvim the development of gels formed by CP
cements in the presence of aluminate. Increasm@rbportion of sulfate will be obtained better
view of the effect it produces. The spectra regestare in the Figure 5.
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Figure 5 Infrared spectra for 85/15 sample at @$otdays, 12 and 32 months
in the both cured; dry and wet. a) with 3% & I§) with 5% of G&.



Q? units are centered towards 972 tat 7 days, moving at lower wavenumbers when isa®a
hydration time. At 32 months the main band is bevaahd appear two shoulders at 908 and
1075 cnt. The change in the wavenumbers and the appeadést®ulders can be interpreted
as apparition a like-jennite structure. This farcthis composition is due at lower proportion of
aluminates that produced gels less polymerized.

This fact is not produced in the same way in tlifedint cured. The shoulders in the band due
to Si-O vibrations, and particularly the centerimy908 cni, have more intensity in wet
samples. Therefore in the compositions cured unaéer the gel have more contributions of a
like-jennite structure.

The contribution like-jennite structure is lowertire compositions with more proportion o8.C
So @ units in the samples with 3% of@re towards 977 chat 7 days, moving to 969 chat
32 months. On the contrary,”Q@nits in the cases with 5% ofS@&hange from 981 cinto
971cnm, indicate higher presence of like-tobermorite atice. Also the shoulders due to like-
jennite structure are weaker in the compositiorth wiore G.

Ql units, towards 820 cfy are more intense in the samples under water aitid law
proportion of G. Therefore the compositions dry and with mofepBesent longer chains. This
fact can indicate that the presence Sff@vors the incorporation of Alin the C-S-H gel.

C-S-H gel structure developed for the PC will beanbination between like-tobermorite
structure and like-jennite structure. At first heuthe majority will be like-tobermorite structure
and when the hydration time advance will appe#es-jinnite structure. Adding CAC andsC
will influence in this fact making it slower, procing gels with a more contribution of like-
tobermorite structure. Increasing CAC arl @@oportions also causes that the gels have longer
chains. The cured will influence in the C-S-H fotion, dry samples have a minor contribution
of like-jennite structure with longer chains. Iretfiable 3 are the main vibrations observed for
Si-O.

Table 3 Main Si-O vibrations
anh:anhydrous, s:sharp, w:weak sh:shoulder

6 hours 7 days 12 months 32 months

CP 930 (anh) 8200Q 974 Q@ 969 @
1075 (sh) stronger in wet cured
908 (sh) stronger in wet cured

CP+CAC 923 (anh)  977°Qs) 977 0 977 @
8104 1075 (sh, w) in wet cured
908 (sh, w) in dry and wet cured
3% CS 920 (anh) 977 6 969 G

820 @ stronger in wet cured
908 (sh) stronger in wet cured
1075 (sh)

5% CS 925 (anh) 981 6 971 @
820 Q

908 (sh, w)

1075 (sh, w)




4. Conclusions
The following conclusions can be drawn from thespre study:
* Adding aluminates to PC achieve gels more polymerand with longer chains, due to
incorporation of Al* in the gel.
« Adding CS is achieved gels with more contributions of likdé¢rmorite structures.
» Samples cured under water have a more contribofitke-jennite structure.
* Infrared spectroscopy is present as good toolHerstructural analysis in the cement
chemistry obtained results in less time.
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