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ABSTRACT: The use of high percentages of substitution of Portland cement by pozzolans can provoke the total consumption
of portlandite. The present research proposes the study of ternary systems of Portland cement (PC), fly ash (FA), and hydrated
lime (CH). After 180 days of curing, the mortar with 50% substitution of PC by FA obtained 65.9 MPa versus the mortars with
an addition of 20% of CH and control mortar (100 PC) that obtained 69.9 MPa and 76.7 MPa respectively: this behavior is very
positive value considering that tested FA containing mortars had a 50% of Portland cement. Regarding the effect of the amount
of extra hydrated lime on durability issues, the evolution against carbonation of PC-FA and PC-CH-FA mortars was studied: the
reduction of carbonation velocity was around a 37% for the mortar with CH respect the PC-FA mortar.
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RESUMEN: Estudio de mezclas binarias y ternarias con cemento, cal hidratada y ceniza volante: andlisis termogravimétricos,
mecdanicos y de durabilidad. El uso de altos porcentajes de sustitucion de cemento Portland por puzolanas puede provocar el consumo
total de la portlandita. La investigacion propone el uso de un sistema ternario formado por cemento Portland (PC), ceniza volante
(FA) y cal hidratada (CH). Después de 180 dias de curado, el mortero con un 50% de sustitucion de PC por FA obtiene 65.9 MPa de
resistencia frente a los morteros con un 20% de CH y control (100 PC) que obtuvieron 69.9 MPa y 76.7 MPa respectivamente; este
comportamiento es muy positivo teniendo en cuenta que este mortero tiene un 50% menos de PC. El efecto de afiadir la cantidad
extra de cal hidratada tiene efectos en la durabilidad; se estudi6 la evolucion de la carbonatacion de los morteros con PC-FA y
PC-CH-FA. La reduccion de la velocidad de carbonatacion fue del 37% para los morteros con CH respecto al mortero con PC-FA.

PALABRAS CLAVE: Cal hidratada; Cemento; Ceniza volante; Termogravimetria;, Portlandita; Propiedades mecénicas;
Microscopia electronica de emision de campo.
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1. INTRODUCTION

In the late nineteenth century, it was customary in
masonry to use lime mortars that could harden over
time from the carbonation process and therefore
had insufficient short-term strength (1). However,
this construction material has lasted until today, al-
though the use of Portland cement has displaced it.

Soon in the early twentieth century, cement was
recognized as an essential ingredient in mortars and
concretes, improving the mechanical properties of
mortars at an early age and their durability perfor-
mance (2). The construction industry is an activity
that uses a significant number of raw materials, and
Portland cement manufacturing produces around
7-8 % of anthropogenic CO, (3) Reducing these CO,
levels is paramount to meeting SDG 13 (Sustainable
Development Goal). This target calls for a drop in
global emissions of this gas by 45%, between 2010
and 2030, and reaches net zero around 2050 (4). It
is not easy to achieve this objective, but with the use
of less quantity of cement, the emissions of CO, may
be significantly reduced.

Using pozzolans like fly ash (FA) or metakaolin
(MK) to manufacture mortars and concretes is a
very common practice, replacing large volumes of
cement in the case of FA. Replacing Portland cement
(PC) with such material would be a tremendous en-
vironmental benefit (5-8) The use of high percent-
ages of substitution of PC by FA has the problem of
the low value of mechanical strength at the early age
of reaction. Stefanovic et al. (8) proposed a method
of mechanical activation of PC and FA in a vibrating
ring mill to achieve better results; they demonstrated
changes in the specific surface area during the grind-
ing process, and consequently, the mixtures had bet-
ter mechanical values.

The substitution of a large quantity of cement is a
problem because of the drastic decrease in the port-
landite content and the low alkalinity reservoir of
the medium. This point would be critical in the case
of reinforced concrete, where the need for an alka-

line medium (pH>12) is vital for reinforcement pro-
tection against corrosion. Carbonation in pozzolan
mixtures is often greater than cement-only mixtures.
Justnes et al. (9) compared the carbonation process
in a type I cement and a CEM II/B-V cement with
30% fly ash. The authors indicate that the higher
carbonation in FA cement is due to three reasons; a
lower amount of portlandite, a lower Ca/Si ratio in
C-S-H (calcium silicate hydrate) and a greater pres-
ence of AF and AF_ (hydrated aluminum phases)
phases than yield a substantial volume decrease per
mole upon carbonation.

Recent studies have proposed using an extra
supply of hydrated lime (CH) in the cement-poz-
zolan blends: this contribution would maintain the
mixture’s pH and provide more portlandite to re-
act with the pozzolan and achieve better durability
(10-14). In Table 1 are shown the main findings
of some of these investigations. Lorca et al. (10)
proposed the use of an extra addition of CH to
have more quantity of calcium hydroxide react
with the FA. The authors demonstrated that in the
systems with high percentages of cement substitu-
tion, adding CH promoted benefits in the mixture.
Other authors (11) concluded that adding lime
putty improves the compressive strength of the
materials containing pozzolans. However, when
this lime was added to mixtures with only PC, the
strength was lower than that of PC concrete with-
out lime putty. The durability of the blends with
pozzolan was improved by adding CH. Anjos et
al. (14) studied some pastes with PC-FA and CH
by thermogravimetry and XRD (X-Ray diffrac-
tion) analysis, and they established that adding
CH produced a greater alkalinity reserve and more
CSH derived from the pozzolanic reaction. Fon-
seca et al. (15) demonstrated that adding a 5% of
CH in self-compacting concrete (SCC) with a high
incorporation of rice husk ash (RHA), limestone
and metakaolin (MK), the alkalinity of the system
can be restored, and lower carbonation depths can
be obtained.

TaBLE 1. Summary of the influence of hydrated lime in pastes, mortars and concretes.

Author/year
Mira et al. 2002 (11)

Quantity of lime
the cement weight
Anjos et al. 2019 (14)

tious material

Gunasekara et al. 2020 (12)

Main findings

Addition of 5, 10, 15, 20 and 25% of Improvement of compressive strength at long-term ages,

formation of a denser structure

3 and 5% of addition respect cementi- Study in pastes with percentages of fly ash of 60%. The

greater alkalinity reserve increases the amount of C-S-H de-
rived from the pozzolanic reaction of FA.

Mixtures of 35 PC-52FA-13CH and The incorporation of CH shows a 10% of cost reduction

20PC-62FA-18 CH with incorporation compared to PC concrete

of nanosilica

Fonseca et al. 2022 (15)
material

Addition of 5% respect cementitious Replacement of 60% of cement by limestone filler, metaka-

olin and rice husk ash. The addition of hydrated lime didn"t
influence the mechanical strength
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To learn how the PC-FA-CH system works, firstly,
it is necessary to know how to behave the hydration
of selected binary mixtures: PC-FA, CH-FA, and
PC-CH. The CH-FA system was less studied in the
literature than the PC-FA system (16, 17).

The PC-CH system is most studied in papers
related to restoration works and does not focus on
aspects of the presence of CH in cement hydration
(18-22). Sébaibi et al. (22) studied the microstruc-
ture of cement mortars to which different types of
lime were added to the cementing system. The au-
thors suggested that by increasing the percentage of
CH, hydration products formed may vary, and then
the microstructure of the paste. The substitution of a
small percentage does not modify the microstructure,
but when high replacement levels are employed, the
microstructure changes, producing microcracks.

Fourmentin et al. (23) published an investigation
where they proposed the mechanism of reaction
when CH was added to the PC. The authors provid-
ed specific data from calorimetry, nuclear magnetic
resonance, and elastic modulus. They established
that the induction period disappears in the presence
of lime and that the accelerating effect is due to its
high specific surface area that provides an extra sur-
face for the precipitation of CSH in the pores of the
cement paste. Other interesting possibility is the
use of residual lime in mortars with cement, San-
gi-Gongalves et al. (24) used a lime mud from the
Kraft chemical pulping industry. The authors con-
cluded that this residue can be used as a substitute of
commercial hydrated lime.

In the present paper, thermogravimetric analysis
was performed to quantify the influence of CH in
PC systems (binary and ternary systems), the study
in terms of thermogravimetry is exhaustive and aims
to clarify issues less treated from this point of view
in publications on this matter. Moreover, the com-
pressive strength of mortars for binary and ternary
systems was studied, in some cases up to 180 curing
days. Finally, a study of durability was performed
to test the effectiveness of the addition of an extra
amount of CH in the improvement in carbonation
process.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

A Spanish Portland cement type CEM 1 52.5R that
meets the specification of European standards 197-1
(25) was used to prepare pastes and mortars. The ce-
ment (PC) was provided by Cemex (Bufiol, Spain).
Panreac Quimica S.L.U provided the hydrated lime
(CH) used in the preparation of pastes. This material
had a purity of 92%. A commercial Spanish hydrat-
ed lime CL90-S (26) was supplied by Cales Pascual

(Paterna, Spain) and it was used for the preparation
of mortars. This lime had a percentage of 86% purity
in calcium hydroxide, the values of purity of both
calcium hydroxide was performance by thermograv-
imetric analysis. The selection of two types of limes
responds to the fact that for the thermogravimetric
study in pastes it was thought to use a hydrated lime
with greater purity. In the case of mortars, it was se-
lected the hydrated lime that usually is employed in
construction. The remaining percentage corresponds
to calcium carbonate as shown in the TG curve pro-
vided in Figure 1. As can be seen in the Figure 1, the
main loss for the calcium hydroxide with 92% pu-
rity is around 500 °C. While the hydrated lime with
an 86% purity has a peak between 700 and 900 °C
that corresponds to the loss of CO, from the CaCO,
decomposition. A calcareous filler (F) was used as
substitute of FA in ternary CP-CH-F pastes to facili-
tate the calculation of the percentage of fixed lime in
the CP-CH-FA pastes. Superplasticizer Glenium Ace
32 (Master Builders Solution) was used to prepare
mortars with CH and PC because the workability of
the mortars with CH was poor. Adding 10, 15, and
20% of CH in PC mortars significantly reduced their
workability and increased the water demand for a
given flowability. Thus, a small percentage of super-
plasticizer additive was used to achieve acceptable
workability to allow appropriate compacting and
filling of the molds, from 0.2 to 0.5% by weight with
respect to the Portland cement content. A percentage
0f 0.2% was used in the mortars with 10 and 15% of
CH, and a percentage of 0.5 % for the mortar with
20% of CH.

The thermal power plant of Compostilla IT (Ledn,
Spain) supplied the fly ash (FA). Original FA was
milled in a ball mill for 20 minutes. According to the
UNE-EN 197-1 standard (25), the type of FA used
can be classified as type V. Table 2 shows the chem-
ical composition of PC and FA.

In Figure 2 is represented the granulometric distri-
bution of the CH used in the preparation of mortars,

PANREAC ——CALES PASCUAL

DTG PANREAC — DTG CALES PASCUAL
100 5,00E-04
%0 \ 0,00E+00
-5,00E-04

-1,00E-03

50 -1,50E-03 ‘é

Weight (%)

P
-2,00E-03
-2,50E-03
-3,00E-03

0 -3,50E-03
100 300 500 700 900

T (°C)

FiGure 1. TG and DTG curves of Panreac and Cales Pascual
hydrated limes.
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TaBLE 2. Chemical composition of PC and FA (%wt).

Si0, ALO,  Fe0, CaO

2

MgO SO TiO K,0 Na O LOTI*

3 2 2

CEMI525R 19.28 4.58 2.66 62.59
FA 50.93 25.74 7.57 3.54

2.64 4.11 0.30 1.04 0.37 2.42
1.70 092 097 3.78 n.d 4.85

* Loss of ignition determined at 950°C for 1 h

PC and milled FA, the mean diameters were 47.96;
17.49 and 11.91 um respectively. The distribution of
the granulometric curve of the CH is bimodal, with
particles with diameter higher than 100 pm and par-
ticles below 10 pm.

FIGURE 2. Granulometric curve of CH, FA and PC.

The X-ray diffractogram of FA is shown in Figure
3. The image shows that the ash has an important
amorphous component, as demonstrated by the de-
viation of the baseline for 26 in the range 10-30 °.
Main crystalline phases are quartz (Q, SiO,) as main
peak, mullite (M, Al Si20 ), magnetite (Fe, Fe,0,),
calcite (C, CaCO,) and wollastonite (W, CaSiO,).

5 10 15 20 25 30 35 40 45 50 55 60 65 70
20

FiGure 3. X-ray diffractogram of FA.

2.2. Mixing, curing, and sampling procedures for
thermogravimetric and microscopy studies

Three types of pastes were made for thermograv-
imetric analysis. The CH-FA binary paste was pre-
pared by mixing 60% CH and 40% FA using a water/
binder ratio of 0.7. This paste was cured at 65 °C
because the reaction of CH and FA is slow, and the
high temperature accelerates de pozzolanic reaction.
The increase of temperature would favor the reac-
tion degree at a given time would be larger with this
temperature increase (27, 28).

The evolution of the reaction of the systems
CH-FA was evaluated at 7 and 28 curing days (65
°C curing temperature). By thermogravimetry, the
lime fixation and the hydrated products were stud-
ied. Equation [1] was employed (29) for calculating
the lime fixation (%), as follows:

CHO - CHFA
CH,

where CH| is the initial quantity of CH (60%) and
CH,, is the quantity of portlandite in the paste CH-
FA at the selected curing age.

The PC-FA binary paste had 50% of PC and 50%
of FA (water/binder ratio of 0.5) and was cured at
ambient temperature. For the PC-FA pastes the cur-
ing ages selected were 7, 28, and 90 days. To calcu-
late the lime fixation, in the case of PC-FA pastes,
Equation [2] was used (30). In this case, the percent-
age of cement substitution by FA was 50%.

%CHfixation = x 100 [1]

CH, X %C — CH

%CHfixation = CCHC < %C 2 x 100 [2]
Where CH_. is the quantity of portlandite present in
the control paste (only PC) at the selected curing
age, %C (equal to 0.5) is the cement proportion in
the PC-FA paste, and CH,, is the quantity of port-
landite in the PC-FA paste at the selected curing age.

The PC-CH binary pastes were prepared by add-
ing 5, 10, 15, and 20% of CH respect to the PC (wa-
ter/binder ratio of 0.7) and were cured at ambient
temperature. The results presented by other authors
such as Mira et al. had percentages of lime addition
from 5% to 25% (11). Because the CH was added to
the PC-based system, the actual percentage of PC in
terms of binder (sum of PC and CH) is given as %PC
(See Table 3). For obtaining the percentage of theo-
retical CH present in these pastes, it is necessary to
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consider several factors. Firstly, the water associated
with the decomposition of the added hydrated lime
(H,,) can be calculated considering the mass of add-
ed material, the purity of the hydrated lime, and the
total mass of the binder, according to the following
Equation [3]:

mey X %p X MWy

H. ., =
ad my X MWy, (3]

Where m_, is the mass of added hydrated lime, %p
is its purity, m,_is the total mass (cement plus hy-
drated lime), MW, is the molecular weight of wa-
ter, and MW, is the molecular weight of calcium
hydroxide.

Secondly, the percentage of theoretical CH ex-
pressed as the released water (H,) due to calcium
hydroxide decomposition for the PC-CH mixture
(Equation [4]). To do this, we consider the percent-
age of water loss associated with the portlandite de-
veloped by the control sample (H,.). To calculate it in
the PC-CH mixture, we multiply the value of CH_by
the actual percentage of cement regarding the total
binder (% PC, see Table 3). H_ is calculated as the
sum of the above product, and the value of water
associated with CH added H_ ;.

Hy = H. X %PC + Hyq [4]

The percentage of theoretical CH present
(%CH,, ) is calculated according to the following
Equation [5].

MW,
CH 5]
MW,

From the obtained thermograms, the amount of
water (H_ ) associated with the dehydroxilation of
calcium hydr0x1de in the 520-600 °C range can be
measured. From this, the experimental percentage of
CH present in the hydrated paste can be calculated
from the following Equation [6]:

MW,

T [6]
H

Finally, the PC-CH-FA ternary paste was a mix-

ture of 50% PC and 50% FA with 20% CH addition,
using a water/binder ratio of 0.5, and was cured at

%CHtneor = Hr X

%CHexp = Hexp X

ambient temperature, similar procedure performed
by Anjos et al. (14). The calculation of fixed lime for
these systems was performed using an inert material
(filler-F) replacing FA as a reference sample. The lime
fixation was calculated using Equation [7], as follows:

%CH CHy — CHra 100

% fixation — CHf X [7]
Where CH, is the hydrated lime presented in the ce-
ment paste with filler and hydrated lime (reference
sample), and CH,, is the hydrated lime presented in
the paste with FA.

The pastes were mixed manually for five minutes
and placed in sealed plastic containers to avoid car-
bonation of the sample. Pastes were maintained in a
plastic container until testing age. At the designat-
ed period, the hydration was stopped: the paste was
ground in an agate mortar with acetone and filtered.
Subsequently, the solid was dried at 60 °C for 30
minutes to complete the evaporation of acetone.

The samples for scanning electron microscopy stud-
ies were pieced and maintained in acetone for 30 min-
utes. Subsequently, they were dried at 60 °C to complete
the evaporation of acetone. The samples were stored in
a desiccator until the test period to avoid carbonation.

Thermogravimetric analysis was carried out us-
ing a TGA 850 Mettler-Toledo module, under a N,
atmosphere (75 mL.min"! gas flow) at a heating rate
of 10 °C/min, in a heating range of 35 °C to 600 °C. A
100 puL aluminum crucible was used, and this crucible
had a sealable lid with a microhole. The present cal-
cium hydroxide percentage in pastes was determined
by the mass loss in the range between 520-600 °C (de-
hydroxylation process of calcium hydroxide).

Field emission scanning electron microscopy
(FESEM) was carried out using Zeiss ULTRA 55
equipment. The pastes were carbon coated, and the
images were taken at 2kV.

2.3. Mortars for mechanical strengths (flexural
and compressive) measurements

The influence of the CH in the strength of the PC-CH
system was studied: mortar specimens of 4x4x16 cm?
were made using a Portland cement:sand:water ratio

TasLE 3. PC-CH mixture proportions (in g).

PC PC+CH5% PC+CH10% PC+CH15% PC+CH20%
PC 100 100 100 100 100
CH 0 5 10 15 20
Water 50 50 50 50 50
%PC 100 0.95 0.91 0.87 0.83
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of 1:3:0.5, and other three mixtures were prepared by
addition of CH in 10, 15, and 20% by weight of PC.
The flexural and compressive strengths were mea-
sured at 7 and 28 curing days.

For studying the influence of CH in the ternary sys-
tem, the compressive strength was assessed in mortar
specimens of 4x4x16 cm?® using mixtures of 50% PC
and 50% FA and adding CH in the range of 0-20%.
These mortars were cured at 28, 90, and 180 days to
corroborate the effect of FA at medium-long curing
age. The batch of cement used for PC-CH mortars dif-
fered from that used in the PC-FA-CH system.

Mortars were stored in the mould during the first
24 hours. Then, the specimens were stored in a water
vapor-saturated atmosphere at 23 °C. At the required
curing age, the specimens were taken from their stor-
age, broken in flexure (three values), and each half
was tested for strength in compression (six values).

2.4. Carbonation test

Mortar specimens of PC-FA, PC-FA-CH5%, PC-
FA-CH10%, PC-FA-CH15% and PC-FA-CH20%
were prepared to carbonation tests, the mortars were
cured for 90 days. The carbonation test been carried
out in the so-called carbonation chamber which con-
sists of an airtight container (a desiccator) to which
a CO, bullet has been connected (> 99.9% dry rich-
ness). The CO, flux that has been used has been dis-
continuous (two daily discharges) and with an ap-
proximate flow of 10 1/min. The temperature of the
carbonation chamber has been maintained between
18 and 20 °C, and the relative humidity of the same
has been controlled so that it was in a range between
60 and 70%. For this, a glycerin solution has been
introduced that has maintained humidity around
65% throughout the process.

After the carbonatation process, a cut is made to
the specimen and by means of a colorimetric test of
phenolphthalein (spraying of the specimens with indi-
cator solution) the carbonation fronts were revealed.
This method to measure the carbonation front is used
by other authors in mixtures with FA (31, 32).

3. RESULTS

3.1. Thermogravimetric studies

The present section is divided into four parts to
study the CH-FA, PC-CH, and PC-FA binary sys-
tems and the PC-CH-FA ternary system.
3.1.1. CH-FA system

Using the equation [1] explained in the experimen-
tal procedure was calculated the percentages of lime

fixation, these values are summarized in Table 4. In
the same table is expressed the percentage of water as-
sociated (%oH__ ) with the hydrated products formed
during the pozzolanic reaction between the CH and FA.

The percentages of lime fixation were higher than
70% at both curing ages. The difference between the
lime fixation was slight because of the rapid reaction
at 65 °C. There is a significant lime fixation, above
80%, after 28 days of curing. This high lime fixation
means that for every 100 grams of CH-FA mixture,
48 g of the initial 60 g of CH were chemically com-
bined with the reactive phases (amorphous phases)
of FA. The amount of CH combined with FA is ap-
proximately 1.2 gCH/gFA. This value is very high,
so FA is a very reactive pozzolan in high tempera-
ture curing conditions.

TaBLE 4. Percentages of lime fixation and combined water in
the CH-FA paste after 7 and 28 curing days.

7d 28d
%CH, .. 72.1 81.7
%H 12.9 14.4

comb

After 7 days of curing, the FA fixed a large amount
of CH in the mixture. The pozzolanic reaction con-
tinued to evolve, as seen in the increased percentage
of combined water. This value rose from 12.9% at 7
days to 14.4% at 28 days of curing.

Figure 4 represents the first derivative thermograv-
imetric (DTG) curve at 28 days. Three principal peaks
correspond to the loss of water from pozzolanic prod-
ucts, and one peak is related to the hydrated lime. The
peak assignment is (29): peak 1 corresponds to the
water loss associated with CSH (100-180 °C); peaks
2 and 3 correspond to the water loss associated with
CASH and CAH (180-240 °C and 240-300 °C). The
mass loss in the 520-600 °C corresponds to the dehy-
droxylation of hydrated lime (peak 4).

50 150 250 350 450 550
T (°C)
FiGure 4. DTG curve of CH-FA paste at 28 curing days.
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3.1.2. PC-FA system

In the system PC-FA the curing temperature was
23 °C, for this reason the values of lime fixation
were calculate until 90 days. Table 5 shows the per-
centages of lime fixation and combined water in the
hydrates.

TABLE 5. Percentages of lime fixation and combined water for
the PC-FA paste at 7, 28, and 90 curing days.

7d 28d 90d
%CH, .. 244 20.4 50.9
%H 10.7 11.5 13.3

comb

Negative values are observed in the lime fixation
for the 7 days cured PC-FA paste. The negative val-
ues in the lime fixation are due to a physical effect of
the FA. FA particles act as nucleation sites. This role
favors the hydration of the PC and therefore releases
the latter higher amount of portlandite. In addition,
the water/binder ratio was 0.5 for both pastes (PC
and PC-FA). Consequently, the amount of available
water for cement hydration at an early age is higher
in FA paste than in control paste (in control paste,
the water/PC ratio is 0.5, while in PC-FA, the ratio is
1). The pozzolanic reaction of FA is relatively slow,
proven by the significant increase in lime fixation
from 28 to 90 days. The percentages of combined
water also increased as the curing age did (from
10.7% at 7 days to 13.3 % at 90 days).

Figure 5 represents the DTG curves of PC and
PC-FA pastes at 28 curing days. The peaks repre-
sented are the same as in Figure 4, but in this case,
peak 1 is the most intense. This peak was attributed
to the water loss mass of the CSH gel.

—rC PC-FA

50 150 250 350 450 550
T (°C)

FiGure 5. DTG curves of PC and PC-FA pastes at 28 curing days.

3.1.3. PC-CH system

According to Table 3, several pastes were prepared
for thermogravimetric analysis and for assessing the
development of hydrates and calcium hydroxide.

Table 6 summarizes the experimental CH
(%CH, ) present obtained by thermogravimetry and
the corresponding theoretical values (%CH, ) at
different curing ages. In all cases, it can be noted
that for the PC-CH mixtures, the experimental and
theoretical values were mismatched. Thus, the ex-
perimental values were always less than the theo-
retical ones. A ratio () between experimental and
theoretical values for calcium hydroxide was cal-
culated (see Table 6). For the mixture C+CH20%,
at 28 curing days, 6.5% of portlandite less than the
theoretical percentage of CH was observed, which
corresponds to a value of = 0.76. In general, § val-
ues obtained were in the 0.71-0.88 range, meaning
that for all CH-added pastes and for all curing times
tested, there is a strong influence of the presence of
added CH. This result demonstrates that the amount
of portlandite generated in the hydration of the ce-
ment is lower than that corresponding to the amount
of cement present in the sample if this cement is hy-
drated in the same way as the control paste (only
PC). Therefore, it can be established that adding CH
reduces the production of portlandite, probably due
to Le Chaterlier’s principle and kinetics of reaction.
In this sense, it can be established that the nature of
the hydration products of cement could be slightly
different. However, the DTG curves (see Figure 6)
demonstrate no significant differences in the wa-
ter losses of the hydrates formed. Figure 6 shows
the DTG curves for the control (PC) and C+CHa%
pastes for 28 days. As can be seen, the dehydroxyl-
ation range (520-600 °C) shows a single peak for all
samples. This behavior means that it is impossible,
using this technique, to differentiate the calcium hy-
droxide added from that generated in the hydration of
the cement. Moreover, no significant differences in
the temperature of the dehydration processes of the
developed cementitious products were observed. An
intense peak in the 100-160 °C range corresponds to
the dehydration of CSH gel and ettringite (both had
overlapped decomposition processes). Likewise,
a peak in the 180-240 °C range is observed, which
corresponds to dehydration of the calcium alumi-
nates and silicoaluminates hydrates (CAH, CASH).
Since there are no differences, it can be stated that
the products formed in the hydration of the cement
are not significantly different in the presence of add-
ed hydrated lime.

Although CH affects the formation of portlandite,
PC-CH pastes contain a similar percentage of hydrates
than that found in PC paste (see Table 7). The percent-
age of water associated with the Portland cement hy-
drates (different from CH) at 28 days was 15.88%. This
value is obtained by subtracting the total mass loss less
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—PC

PC-CHI15%

ﬂf

E
50 150 250 350 450 550
T4 (°C)

PC+CH5%
== PC+CH20%

PC+CH10%

Ficure 6. DTG Curves samples control PC and PC+CHo%:
paste prepared with PC and 5%,10%,15%, 20% of CH at 28 days.

TaBLE 6. Experimental and theoretical CH percentages in the
studied PC-CH pastes.

PC-CH H,, IIOCA) %CH_ %CH,, b
PC 0 1.00 10.24 10.24 1.00
PC+CH5%  1.08 0.95 11.92 14.18 0.84
PC+CHI10% 2.06 091 14.27 17.76 0.80
z PC+CHI5% 295 087 15.75 21.03 0.75
= PC+CH20% 3.77 083 1824  24.03 0.76
PC 0 100 12.23 12.23 1.00
PC+CH5%  1.08 095 13.78 16.07 0.86
PC+CH10% 2.06 091 1533 19.57 0.78
Z PC+CHIS% 295 087 1572 2276 0.69
= PC+CH20% 3.77 083 1865 25.69 0.73
PC 0 100 13.39 13.39 1.00
PC+CH5%  1.08 0.95 14.91 17.18 0.87
PC+CHI0% 2.06 091 1591 20.63 0.77
Z PC+CHIS% 295 087 1810  23.77 0.76
< PC+CH20% 377 083 1887 26.66 0.71
PC 0 1.00 1238 12.38 1.00
PC+CH5%  1.08 0.95 14.33 16.22 0.88
. PC+CH10% 2.06 091 16.59 19.71 0.84
5 PCHCHIS% 295 087 1693 22.90 0.74
= PC+CH20% 3.77 083 19.16  25.82 0.74
PC 0 1.00 13.85 13.85 1.00
PC+CH5%  1.08 0.95 15.99 17.62 0.91
, PC+CH10% 206 091 1727  21.05 0.82
5 PCCHIS% 295 087 19.04 2418 0.79
& PC+CH20% 3.77 0.83 20.54  27.04 0.76

the mass loss from the calcium hydroxide decomposi-
tion. Adding CH to PC represents only a slight increase
of this value, between 16.03-16.89%. Since in the PC-
CH mixtures, the amount of cement is relatively low-
er than for the control, it can be established that the
formed hydrates differ in water content. Zhang et al.
(33) studied by thermogravimetry the influence of add-
ing CH in percentages of 5 and 7% in cement pastes.
The authors observed that the mass losses of combined
water in the mass loss zone of C-S-H gels, AFm and
ettringite were lower than the mass loss of control
paste. This indicates that the additional CH suppressed
partially the cement hydration.

TaBLE 7. Percentages of water loss associated with hydrates
(C-S-H, Ettringite, C-A-H, C-A-S-H) after 28 days of curing.

Paste % Water in hydrates
PC 15.88
PC+CH5% 16.75
PC+CH10% 16.89
PC+CH15% 16.03
PC+CH20% 16.06

3.1.4. PC-CH-FA ternary system

The previous section shows that the presence of
additional hydrated lime affects the hydration of
Portland cement and, more specifically, the portlan-
dite released by its hydration. For this reason, it was
proposed to add a filler material (F).

The values of lime fixation (%CH,_. ) in the paste
with FA are shown in Table 8. This table summarizes
the total combined water H, (measured between 35
and 600 °C), the combined water released between
100 and 180 °C (H,), and the combined water re-
leased between 180 and 240 °C (H,), data taken from
TG curves for 7, 28 and 90 curing days. The pozzo-
lanic reaction is favored by the large amount of CH
in these mixtures, so it also influences the quantity
of hydrates (H, and H,) in the paste with FA, which
was higher than those from the paste with filler.

3.2. FESEM studies

The reaction products were observed by FESEM
in the PC, PC-FA, PC+CH20%, and PC-CH-FA
pastes cured during 28 days at ambient temperature
(Figure 7). In ternary paste, the percentage of hy-
drated lime employed was 20% of addition with re-
spect to the mass of the PC-FA mixture.

According to Gleize et al. (34), in Portland cement
pastes, there is the coexistence of CSH type I (“acic-
ular”), type II (“honeycomb”), type III (““‘compact”)
and large hexagonal calcium hydroxide crystals. In
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TasLE 8. Percentages of lime fixation and percentages of water loss associated with hydrates.

%CHfixation %HT (35-600 °C)  %HI (100-180 °C)  %H2 (180-240 °C)

7 days PC-F-CH - 11.49 2.80 2.01
PC-FA-CH 32.36 11.25 3.50 2.12
28 days PC-F-CH - 14.83 3.92 242
PC-FA-CH 35.93 15.59 5.20 2.84
90 days PC-F-CH - 13.08 241 2.15
PC-FA-CH 55.35 14.26 3.57 3.19

Ficure 7. FESEM micrographs at 28 curing days: a) PC paste (x2000 magnification); b) PC paste (4000 magnification); c) PC-FA
paste (x2000 magnification); d) PC-FA paste (x5000 magnification); €) PC+CH 20% (x4000 magnification); f) PC+CH 20% (x5000
magnification); g) PC-CH-FA paste (x3000 magnification) and h) PC-CH-FA paste (x2000 magnification).
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micrographs 7a and 7b, the presence of the CSH type
I and type III in the pastes with only PC and the ex-
istence of calcium hydroxide as stacked crystals can
be observed. In the PC-FA paste (micrographs 7c and
7d), partially reacted fly ash particles and CASH and
CSH gel types were observed. In the pastes with an
extra hydrated lime percentage, PC-CH20%, it can
be observed CSH type II, together with the formation
of the other types of CSH (I and III) and hexagonal
calcium hydroxide crystals (micrographs 7e and 7f).
Finally, in the ternary paste, it can be observed that
the FA particles are more reacted than in the case of
binary cement pastes with fly ash (micrograph 7g).
The extra amount of hydrated lime can make higher
progress in the pozzolanic reaction.

The analysis by EDS of the reaction products
of PC pastes showed that there were three types of
C-S-H gels with CaO/SiO, ratio between 1.61-1.98,
2.31-2.51, and 3.41-3.83. Gleize et al. (34) reported
a ratio between 2.2-2.5 for CSH type III and around
3.6 for CSH type L.

Manzano et al. (35) studied 22 crystalline types of
CSH, their structure, and their properties. The CaO/
SiO, ratio had values between 0.5-3.5, which are
values like those found in the PC paste studied. Iza-
difar et al. (36) reported values between 0.67 and 3
for the tobermorite 14A (Ca,Si 0, H,,) and jaffeite
(Ca 81,0, H)), respectively.

In PC-CH20% paste, the CaO/SiO, ratio intervals
were 2.26-2.86, 3.12-3.71, and 4.26-5.51. It is cor-

roborated that these ratios are higher than in the PC
pastes. More proportion of calcium is incorporated
in the C-S-H gels.

In the case of the pastes with FA (PC-FA and PC-
CH-FA), the CaO/SiO, ratios were lower because
the aluminum present in the FA is incorporated into
the gel structure. The CASH gel is the main product
formed.

Figure 8 represents the PC-FA, and PC-CH-FA
pastes at 90 curing ages: for this longer curing time,
it was corroborated the most reactive surface of the
FA in the pastes with the presence of hydrated lime
addition.

3.3. Mechanical studies
3.3.1. PC-CH binary system

Figure 9 represents the flexural and compressive
strengths of the mortars cured at 7 and 28 days. Re-
gardless of the percentage of added CH, similar me-
chanical strengths were yielded. At 7 curing days,
a slight influence on compressive strength was ob-
served when CH was added. This fact may be be-
cause there was some influence on Portland cement
hydration.

At 28 days of curing age, in which the compres-
sive strength was satisfactorily developed, adding
CH affects the flexural strength behaviour. With

Ficure 8. FESEM micrographs at 90 curing days: a) PC-FA paste (x1000 magnification); b) PC-FA paste (x4000 magnification); c)
PC-CH-FA paste (x1000 magnification) and d) PC-CH-FA paste (x5500 magnification).
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an increasing percentage of added CH, the flexural
strength decreased. This behaviour could be attribut-
ed to the agglomeration of CH particles, which were
not well dispersed in the mixture, creating zones of
soft material that weaken the matrix (See Figure 10).
This effect is more evident for higher percentages of
CH addition, which causes a slight loss of strength.

Based on the results for mortar with 10% added
CH, it was reported that an increase of 1% of hydrat-
ed lime in the binder by volume led to a 1.4% loss
in compressive strength (37). In the present study,
those mechanical losses so pronounced in strength
are not observed.

FiGure 9. Flexural and compressive strengths of PC-CH binary
system at 7 and 28 curing days.

3.3.2. PC-FA and PC-CH-FA ternary

The evolution of the pozzolanic reaction for the
ternary system was studied for 180 days because the
FA is a pozzolan of reactivity at medium-large cur-
ing days. Figure 11 depicts the flexural and compres-
sive strength ratios (R/R,; R, the strength for the
PC-FA binary or PC-CH-FA ternary system, and R,
the strength for control mortar).

Both flexural and compressive strengths, com-
pared to those obtained by the mortar with only Port-

C

Ficure 10. Image of PC-CH mortar in which minor white
points are attributed to bad-dispersed hydrated lime powder in
the cementing matrix.

Figurk 11. Flexural (a) and compressive (b) strength ratios for
PC-FA binary system and PC-CH-FA ternary system respect the
mortars with only PC at 28, 90, and 180 curing days.
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land cement, improved as the curing age increased.
This behavior corroborates that fly ash is a pozzolan
of high reactivity at medium and long curing times.
The improvements are more effective in flexural
strength, standing at values higher than 0.8 for the
28 days of curing and consistently higher than 1.0
for 90 and 180 days of curing. The values for com-
pressive strength are around 0.6 for all mortars at 28
days of curing, a very positive value if we consid-
er that FA replaced 50% of cement. At 90 days, the
ratio is between 0.72 and 0.76, and values between
0.86 and 0.90 for the 180 days, with the highest val-
ue obtained by the PC-CH20%-FA ternary system.

These results align with some reported data from
other authors: Adesina and Olutoge (38) studied con-
cretes with cement, rice husk ash (RHA), and hydrated
lime. The authors concluded that increased strength
was brought about by including hydrated lime in RHA
cement concrete, and this enhancement became more
significant as the replacement level increased.

Acharya and Patro (39) studied the influence of
cement replacement by ferrochrome ash and lime,
fixing the percentage of lime at 7%, and the ash var-
ied between 10 and 40%. The maximum increase in
strength was obtained for the concrete mix with 10%
pozzolan, but the concrete containing 40% ash was
relatively close to the control concrete.

The addition of hydrated lime, therefore, gener-
ates benefits at long curing ages providing an extra
CH for the pozzolanic reaction. The formation of
increased hydrated products promotes the densifi-
cation of matrix, fact that could imply in enhanced
durability performance.

3.4. Carbonation test

The carbonation test has been carried out for
16 days, in the control sample the carbonate front
barely advances and has not been placed in the pho-
tographs of the specimens at the different ages of
curing. Figure 12 shows the photos of the binary
sample PC-FA and the ternary mixtures PC-FA-CH
with the different percentages of lime for the 7,11,
14 and 16 days of carbonation.

For the mortars tested, the advance of the carbon-
ation front is measured by the two carbonated faces and
the surface that remains uncarbonated is calculated, the
other two faces were painted with epoxy paint and al-

FiGure 12. Surface area of carbonate simples at 7, 11, 14 and
16 days.

though it has not prevented the front from advancing,
it is more irregular and are not taken to perform the
calculations. The values of the surface without carbon-
ation at the different ages tested are shown in Table 9.

At 14 days it is observed that the PC-FA sample
has a much smaller non-carbonated surface than
those that contain CH, due to the lower lime content
of these samples. This small alkaline reserve is de-
pleted after 16 days of accelerated testing. It can also
observe that regardless of the addition of CH, at all
ages there is a similar reserve between them, as well
as their carbonate front. However, if we look at the
non-carbonated surface, it is clear from Figure 12
that the greater the addition of CH, the greater the
surface area colored by phenolphthalein and, there-
fore, the greater its alkaline reserve.

The carbonation front (x) is related to the expo-
sure time, according to a simple simplification of
Fick’s second law (Equation [8]) (40).

k=" [8]
Vt
Where x is the front measured in mm, t is the time
measured in years and k is the velocity constant
measured in mm/year®’.

TaBLE 9. Data of the non-carbonated surface (mm?).

PC-FA PC-CH5%-FA PC-CH10%-FA PC-CH15%-FA PC-CH20%-FA
7 days 784 868 918 896 900
11 days 238 380 511 530 682
14 days 50 400 375 295 345
16 days 0 144 188 138 233
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FiGure 13. Values of carbonation velocity for binary and ternary systems.

From the fronts obtained at different ages of car-
bonation and by means of the equation presented it
can be obtained the constant of velocity k (carbon-
ation velocity). Figure 13 shows that the variation
in the percentage of addition of CH in mortars does
not imply a drastic decrease in their carbonation
constant, but it does clearly differ from the binary
system with PC-FA.

CONCLUSIONS

From the results obtained in the experimental pro-

cedure, it can be concluded:

- The addition of calcium hydroxide affects
cement hydration. Adding calcium hydroxide
to the cement matrix reduces the portlandite
generation from the hydration of PC. The
larger the addition of CH, the lower the port-
landite generated from the cement.

- The presence of extra quantities of CH affect-
ed the Portland cement strength, mainly at
short curing ages, and significantly influenced
flexural strength.

- The ternary system PC-CH-FA is an excellent
alternative to enhance the reactivity of FA at
longer curing ages. The pozzolanic reaction is
favored by having an additional contribution
of hydrated lime, and the ashes appear more
reacted than in the PC-FA binary system. At
long curing ages (180 days) PC-CH-FA terna-
ry mortar increases the compressive strength
about 6.1% compared to PC-FA mortar.

- An extra quantity of hydrated lime in ternary
systems allows for obtaining, after hydration,
a certain amount of alkaline reservoir. This
fact is crucial for reinforced concrete.

- It has been observed that the addition of hydrat-
ed lime reduces carbonation progress due to the
extra alkaline reserve provided by the addition
of this material. The reduction of carbonation
velocity was around a 37% for the mortars with
CH respect the mortar with PC-FA.
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