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The influence of slaking on the properties of natural hydraulic limes (NHL) has been little studied so far.
Laboratory-manufactured limes have been produced to investigate the mineralogical changes that occur during
the slaking process. Two different hydration methods have been compared: conventional slaking, by adding
water in a 1:1 water:CaO ratio, and passive slaking, by exposure of the quicklimes to a relative humidity of 60 +
5 % and 80 + 5 % RH. The mineralogical evolution of limes was monitored under different slaking conditions

using the X-ray diffraction Quantitative Phase Analysis. The resulting NHLs have been used to produce mortars,
to assess the influence of the slaking conditions on their mechanical strength. The results show that passive
slaking at relative humidities higher than 60 % ensures complete transformation of CaO into Ca(OH)3, and gives
place to natural hydraulic limes with comparable, or even slightly improved properties to those conventionally

slaked.

1. Introduction

Slaking is one of the steps carried out during the manufacturing of
both aerial and hydraulic lime. It consists of the reaction of calcium
oxide with water to obtain calcium hydroxide (Eq. (1)):

CaO + H,0—Ca(OH), m

This reaction involves an increase in temperature (exothermic) as
well as in the specific surface area, weight and volume of the lime [1].

It is nowadays widely accepted that the rate of slaking of a quicklime
and the maximum temperature reached during this process, which give
an indication of its reactivity, are highly dependent on the calcination
temperature reached to burn the limestone, together with other factors
such as purity and size of the quicklime, burning time and presence of
COy, in the kiln, as it will be discussed below.

Already one century ago, it was found that T higher than 1100 °C
provide a less reactive aerial lime compared to T around 900 °C [2], the
latter considered the optimum calcination temperature for aerial lime,
as a CaO with higher specific surface area and therefore, reactivity, is
obtained [3,4]. For natural hydraulic limes, instead, the optimum
burning temperature, which is the one that gives the maximum amount
of hydraulic phases and, at the same time, a good reactivity of the
quicklime to slaking, is around 1000-1100 °C [5,6].
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Regarding the influence of the residence and burning time, different
authors has shown that long burning times can affect negatively the
reactivity of the quicklime [7-9]. And the burning time is, in turns,
dependent on the intrinsic petrographic features (clastic, micritic/
sparitic rock textures) and mineralogical composition of the limestones
used [9-13]. The presence of impurities is considered another relevant
factor for the quicklime reactivity, even more than the specific surface
area [14]. On the one hand, it has been found that impurities such as
MgO, Fe;03 and Ko0 may increase sintering phenomena and, therefore,
lower calcination temperatures would be recommended for impure
limestones to achieve a better reactivity of the quicklime [14]. On the
other hand, it has been reported that hydraulic phases, such as larnite,
hatrurite, brownmillerite and aluminate phases, may act as sintering
inhibitors at T > 1250 °C, and this would explain the lower over-burning
tendency of hydraulic limes with respect to pure limes at high temper-
atures [11].

Not less important, the presence of CO5 in the kiln has also an in-
fluence on the reactivity of CaO towards water. According to
Commandré et al. [15], the high CO, pressure reached in industrial
kilns, which is not desired as it inhibits decarbonation, is overcome by
using higher calcination temperatures (1000-1300 °C), which induce
sintering of calcium oxide, and therefore lead to a decrease in its specific
surface area and to a final lower reactivity of the quicklime towards
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Amounts of binder, aggregate and water for mortar elaboration and consistency and bulk density values. CS: conventional slaking; PS60: passive slaking at 60 + 5 %

RH; PS80: passive slaking at 80 + 5 % RH.

Sample Condition Binder (g) Aggregate (g) Water (g) Flow (mm) Bulk density (kg/ms)
M-NHL2 cs 340.77 1022.31 260.39 152.5 2224.47
PS60 380.39 1141.17 253.2 150 2258.39
PS80 371.16 1113.48 229.58 152 2253.45
M-NHL3.5 Cs 450 1350 275 155.5 2209.18
PS60 351.43 1054.29 225.72 155.8 2154.28
PS80 354.6 1063.8 222.3 156 2180.01
M-NHL5 Cs 429.83 1289.49 259.92 152 2187.1
PS60 359.59 1078.65 264.78 155.5 2119.09
PS80 373.18 1119.54 251.59 155 2055.63
hydration. composition and different cementation indexes, suitable for the

Industrially, slaking of quicklime is carried out with a stoichiometric
amount of water (1:1 water:CaO ratio), which is added by spraying, or
by irrigation, leading to a lime in the form of a powder (also called dry
slaking) [16]. In the case of aerial lime, slaking can also be carried out
under water, namely when an excess of water is used, leading to a lime
in the form of a putty or slurry (also called wet slaking), whose plasticity
and reactivity might be improved by aging under water [17]. The second
method was mostly used in the past and in nowadays artisanal processes.

However, to obtain natural hydraulic lime, only dry slaking is carried
out. This is because, after the calcination step, the obtained quicklime is
generally composed of variable amounts of CaO and different hydraulic
phases, and only the former must be hydrated in this phase. The
calculation of the correct amount of water to be added to the quicklime
is made based on different chemical analytical techniques or methods,
which are indicated by both the European (EN 459-2:2021 [18]) and the
American (ASTM (C25:2017 [19]) standards (e.g. complexometric
titration; X-ray fluorescence; Rapid Sugar Test method [20]). However,
the amount of CaO in NHLs might be under- or over-estimated, thus
leading to a binder with quenched properties. On the one hand, an
incomplete slaking would lead to the later hydration of CaO in the
mortar producing fissures and fractures due to the volume changes
caused by this process. On the other hand, the use of an excess of water
might lead to the undesired partial hydration of some hydraulic phases
of this binder. Calcium silicates and aluminates are expected to hydrate
in the mortar, as they are responsible for the hydraulic hardening and
setting of the material, and therefore their premature hydration might
lead to a decrease in the final mechanical performance of the mortars
[21,22].

Besides the ordinary dry and wet slaking methods described above,
also other less common ways of hydrating limes have been reported in
literature. For example, earth-slaking, where the quicklime is placed in a
lime wooden pit and covered with soil for 4-5 years [23], air-slaking
[24] and wind-slaking [25], which both consist in exposing the quick-
limes to the moisture of air. According to those studies, these uncon-
ventional slaking methods yield limes with greater workability [23] and
lower shrinkage [25] than wet-slaked limes, even though these pro-
cedures are slower than conventional slaking [25], and may produce
more lime lumps in the mortars [23].

To the best of current knowledge, limited research has explored the
effects of different methods of slaking on the quality of natural hydraulic
lime [24,25], with the majority of studies focusing primarily on aerial
lime (lime putty mainly [22,23,26-33]). Studies on natural hydraulic
limes are indeed more focused on the influence of water:binder ratio and
relative humidity on the outcome of the carbonation and hydration
processes of NHL pastes [34-36] and on the properties of the mortars
made with them (for example, Lanas et al. [37], Zhang et al. [38],
Fusade & Viles [39] and Groot et al. [40]).

Within this context, this study aims to investigate the influence of
different slaking methods on the mineralogical composition of NHL
limes and on the mechanical properties of their mortars. For this pur-
pose, siliceous limestones with a known chemical-mineralogical

manufacturing of NHL with different hydraulic degrees, have been
calcined under specific calcination conditions, as reported in Parra-
Fernandez et al. [6], to obtain three types of NHL quicklimes that have
been hydrated using three different slaking methods: a conventional
slaking, adding a CaO:water ratio of 1:1; and two passive procedures,
exposing the quicklimes to constant temperature and different relative
humidities (60 and 80 %). The evolution of the slaking process has been
monitored by means of quantitative phase analysis (QPA) and, at the end
of the process, mortars were prepared and cured for 28 days, in order to
assess the influence of the slaking method on their mechanical proper-
ties. Previous studies on the laboratory production of hydraulic binders
[5,41,42], indeed, support the importance of determining the mechan-
ical properties of the mortars made with them to obtain a complete
evaluation of the manufactured binders.

2. Materials and methodology
2.1. NHL manufacture

The raw materials selected for this study are siliceous limestones and
marl-limestones with microcrystalline quartz (silex or flint) from Sierra
Elvira (Granada, Andalusia, Spain). More details on sampling and stone
characterization can be found in Parra-Fernandez et al. [6]. The chem-
ical composition of the raw materials was analysed by X-Ray Fluores-
cence (FRX) using a S4 PIONEER-BRUKER wavelength dispersive X-ray
fluorescence spectrometer, with a Rh tube (60 kV; 150 mA), LIF200/
PET/OVO-55 analyser crystals and gas-flow proportional and scintilla-
tion detectors. All samples were first ground to powder and then pre-
pared in tablets for the XRF analysis. This technique allowed to obtain
the oxides content and to calculate the cementation index (CI, Eq. (2),

[43D).

CI=
(%Ca0) + 1.4 (%MgO)

(2

As in Parra-Fernandez et al. [6], the raw materials used were selected
on the basis of their CI values, which are correlated to the hydraulic
degree of each NHL [1,5,10,12,43-50], as follows: 0.3-0.5 for NHL2,
0.5-0.7 for NHL3.5, 0.7-1.1 for NHL5. The same calcination conditions
as in Parra Fernandez et al. [6] were applied to obtain the NHL quick-
limes: 300 g of ground powders (¢ < 35 pm, according to laser gran-
ulometry analysis) in graphite crucibles (109 x 95 x 61 mm);
calcination in a Hobersal JM22/16 kiln at 1100 °C (gradient of 7.26 °C/
min) and dwell time of 2 h in the kiln.

After calcination, the NHL quicklimes were slaked with three
different methods:

1) Conventional slaking (CS), by spreading each lime ona 2 x 30 x 40
cm® sized tray and spraying water in a 1:1 ratio of calcium oxide:water
(CaO amount calculated on the basis of the XRF data). During conven-
tional slaking, the following factors were monitored: 1) duration of the
exothermic reaction, due to transformation of CaO into Ca(OH),, and 2)
maximum temperature reached. The temperature rise was controlled by
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inserting a temperature sensor into the lime powder. The lime remained

J
. (==} wl B b . . . .
g sl25e gl =2 in the form of powder during the entire slaking process. After the sta-
% & N bilization of the temperature NHL samples were stored in plastic sealed
[} . .
g o3 g g e bags in order to prevent further carbonation.
z CAE-TP 2) Passive slaking (PS), by curing the NHL quicklimes in ventilated
s
< s 53 boxes at low (60 + 5 % RH, PS60) and high (80 + 5 % RH, PS80) relative
~ oo o S 2SS humidity.
5 o|l®R<S < §yle e¢g . . . . .
g S|12¢LF §lg 9y The ventilated box is a plastic container measuring 50.5 (L) x 34.5
E" O~ oo (W) x 34.5 (H) cm3, equipped with an internal grid tray that prevents
- sloloxa direct contact between the samples and water. Water placed at the
A S| B NowN ~ . . . . . qs
2 Z|F|e~~ © i bottom of the box helps maintain the desired relative humidity (RH),
g £ g . . . .. .
8 k=) & g which is continuously monitored by a digital controller (Proinstruments,
= 2l3|lvao 3 M model STC-3028). This controller operates within a temperature range
£ gl dle<xa A I o
v S|=|S—— of approximately —20 °C to +80 °C and an RH range of 0-100 %, with an
< = ° 0 . . .1
- S = accuracy of +1 °C and 0.1 % RH. To maintain constant humidity, the
=} 2 ® i i
g E Qlaes g controller is connected to an 8 cm diameter, 12-V fan. When the
2 Ol<|—d~ £ 2 measured RH exceeds the setpoint, the fan activates to extract humid air
5 © b and allow the influx of drier air, and vice versa when the RH drops below
g S g E § . the set value. CO, concentration inside the box was around 900 + 50
E @ - ‘g g g ppm, and was monitored by means of a CO5 monitor for indoor air from
z S Temtop (UK), which works in a CO; range of 400-5000 ppm with a
2 g8l38 = g g 8 resolution of 1 ppm and an accuracy of 40 ppm + 5 %.
=) (=} (=}
E sl€ES ! The choice of exposing the quicklime to CO, during slaking was due
k) gleza A oo to simulate industrial conditions during slaking and storage.
—
g < N S 28 X-Ray Diffraction (XRD) was performed on the raw materials, after
-§ . AR calcination and during slaking at different intervals until the maximum
& @ § § Ole od CaO consumption was reached. An X'Pert Pro Diffractometer with
'q'é S 3 continuous sample rotation system and the disordered crystalline pow-
B=) [oe] N —~ —~ . P
kS g3, 2 g a3 der method was used. The experimental conditions were: voltage of 45
© q g °
2 e &8 kV; current of 40 mA; CuKa radiation (A = 1.5405 A); explored area
N — DN
- =) é Qg between 4° and 70° 26; and goniometer speed of 0.1° 20/s. Based on the
;% é SS Rietveld method [51], 20 wt% of ZnO was added to the powders as an
§ § S E s 55 internal standard to enable a precise quantification of the different
g Mlw A S S8 crystalline and amorphous phases, previously identified by the X’Pert
TZ 2|9 248 HighScore Plus 3.0 software by Panalytical. The qualitative recon-
5 5_ ] g‘_ Ul S93 struction of mineral profiles was carried out through comparison with
Tg . g :Oo, % PDF databases from the International Centre for Diffraction Data
£ ElZcey g =9 (ICDD). Quantitative phase analysis (QPA) was carried out by means of
= % e % the TOPAS software (Bruker AXS, Karlsruhe, Germany).
] bS] . . . .
g 5 s é :o: g’ g After slaking, samples were carbon-coated and studied with a high-
2 & ;’, resolution field emission scanning electron microscope (HR-ESEM, FEI
5 o) @ P model Quanta 400) with EDS microanalysis (Bruker xFlash 6/30 de-
2 ; : 9 249 . L
g Mire o . 2 22 tector) to observe the morphological and textural characteristics of the
S Sl oo crystalline and amorphous phases.
vl = | n
° &1838 S|ls S Chromatic parameters of the CIELAB system (L* or lightness, a* red-
f §0 i’ % ‘E green coordinate and b* yellow-blue coordinate) of the manufactured
° 233 T NHLs were also measured using a Konica Minolta CM-700d/600D
Q
35 % spectrophotometer with a CM-S100W DATA Software COLOR Spec-
> RS Z traMagic NX.
e ™o N B
() SRR ol ~o
o SERCECES] |8 88
El c% RS E|le e¢g 2.2. Preparation and study of the mortars
3 000 58 88
S g £l <9
3 g PR g All mortars were prepared with a CEN standard sand (of siliceous
E =lgl388 g o ~a composition), in a binder-to-sand ratio of 1:3 by weight, according to EN
g S|E|SEe g8 88 Lo . .
§ § flgez 5 g S gs 196-1:2016 [52], but modifying the amount of kneading water to obtain
= glaldc= Z2lE|lg I flow values of 150-156 mm, corresponding to a workable consistence of
— L d . il .
g s g Bje = the mortar fresh paste, within the range established by the standard EN
g go E @ @ L; 1015-6:1998 [53] (140-200 mm). The flow values were measured
3% 2l .18 ;c 2 5 following the flow table test (EN 1015-3:1999 [54]). The bulk density of
é g|13|85 8§ s e £ the fresh mortar pastes (kg/m>) was also measured by the volumetric
& S| R|S S Slol|lL ®w© K
g = Zlo|®v0 ElE|S 22 method (EN 1015-6:1998 [53]). The precise amounts of the mortar
SR S8l &= . .
= 8 components, as well as the consistence and bulk density values are re-
g & = 2= o ported in Table 1.
c: Tg 'q'g = B ; E = 5 5 E Three mortars specimens were prepared for each NHL and slaking
= 28 § ZELZ § ZOLEL condition, with a total of 27 mortars samples. For the first 7 days in the
&5 mould, the specimens were kept at a RH of 95 + 5 % and, after
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Fig. 1. Evolution of the CaO and Ca(OH), during conventional (CS) and passive slaking at 60 % (PS60) and 80 % RH (PS80) of NHL2 (A), NHL3.5 (B) and NHLS5 (C).

demoulding, they were exposed to a RH of 65 + 5 % for the following 21
days. Temperature was kept stable at 20 + 2 °C during the whole curing
period.

The determination of the mechanical flexural and compressive
strengths of the mortars after 28 days of curing was carried out ac-
cording to the EN 1015-11:2019 standard [55], using a MATEST hy-
draulic press model E181 with double frame 25KN/300KN. The test was
carried out on the 3 standardized specimens of 4 x 4 x 16 cm of each
mortar.

X-Ray diffraction Quantitative Phase Analysis (XRD-QPA) was car-
ried out on mortar samples at 28 days. Prior to the analysis, the coarser
fraction was separated using a sieve with a mesh size of 0.100 mm. XRD
analyses and QPA were performed with the same measurement

conditions and software as those mentioned above.

A petrographic characterization was also performed on mortar
samples according to the EN 12407:2007 standard [56]. The equipment
used was a Carl Zeiss “Jenapol-U" polarized light optical microscope
(POM) equipped with a digital camera (Nikon D7000) and the thin
sections were half stained with alizarin to distinguish calcite from
dolomite.
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g 3. Results and discussion
> & & A& A~ & 2 o oA o
B @« o n ) o) ™ =) %) ] [N
%] =1 — @ — @ — (o)) N e} e}
4 3 : > i 3 : 3 : 3 >
a < S 8 2 e ¢ e ¢ & &£ : : : . :
5 £ S g 2 2 2 5 3 g « 3.1. Chen.ncal and mineralogical composition of raw (RM) and calcined
73 g $ ¥ o & < S S & a (C) materials
L a s %5 2
~ g 3 2 &8 &8 8 &8 & 3 The chemical and mineralogical analysis of the sampled stones was
g y! p
S N S & 2 8 ¢ ¢ ¢ ¢ ¢ . . R .
> § 5 8 5 3 § § g 8« carried out to corroborate their suitability as raw materials for the
H & S 4 8 & 8 © & oS o manufacture of the three types of NHL. As shown in Table 2, their
Z\o T 2 £ 8 g 85 8 ¢ composition is mainly calcitic, although all of them contain also variable
°© - S 8 & S5 S8 S S & S amounts of dolomite (0.15-1. ©). The lower the hydraulic degree o
© 5 ) ) 5 ) 5 5 5 5 ts of dolomite (0.15-1.99 %). The 1 the hydraulic d f
;o ) & 8 & 5 8 &8 § B 8 the NHL, the higher the amount of calcite in the corresponding raw
% © @ - oo e e w8 e material, to provide the final amount of free lime (Ca(OH)) required by
E ) g S E) the EN 459-1:2015 standard [57]. The quartz and the plagioclase con-
= s =S S ;cf S tent are approximately 5-10 % and 1-3 %, respectively. The clay con-
g E, 8 S 2 & tent and type are important factors to consider, as they greatly influence
2 ol © b © the type of silicates and aluminates formed [34,58,59]. The NHL2 raw
3 2 material only presents 2 % of clays of the illite variety ((K,H3O)(Al, Mg,
& ;f w3 8,3 Fe)2(Si, Al)4010), while the rest of the samples present between 6 and 19
= & I I I s3ese % of clays of the illite and kaolinite (Al;Si;Os(OH)4) type.. The amor-
“ ous content is variable and can be associated wi e paracrystalline
@ ph tent ble and b ted with the p ystall
<
5] ~ ~ - fraction of the clays [6].
.2 w (=) — — . .
g § | | | f S E 285 The CI calculated for the three raw materials (Table 2) is always the
~ R o B
= highest value of the range established for each type of NHL (0.3-0.5 for
? NHL2, 0.5-0.7 for NHL3.5, 0.7-1.1 for NHL5). The loss of ignition values
8 © 33 S L33 3 Q S (LOI, Table 2), related with the loss of carbonates and structural water,
. %) . S . S d S g S . S . 5 . . . . . . . .
2 © s€c€cEcseses8 ‘ ! coincide with the weight loss calculated after calcination, which is 39 %
% g ’§ g ’g ’g g‘ ’g g g‘ for NHL2, 36 % for NHL3.5 and 35 % for NHL5, all values very close to
£ L |8 € € e € € & ¢ ¢ those reported for marly limestones by Vola et al. [10].
E g § E ] g i § § % § In accordance with other authors [5,47], quicklime (CaO) and
3] — — — . . s . . .
5 S dicalcium silicate (C2S) are the main crystalline phases present in the
2 5 3 3 3 & 3 3 8 8 calcined products (Table 2), with variable content depending on the raw
S e & 2 & ¢ e ¢ ¢ ¢ . . . .
= o K 5 o o < I I 5 material composition. NHL2 C (C stands for calcined), with feebly hy-
5] < P y hy
= o (3¢} N O < [ee] < (=} o)} s . :
_q:) 3] 4~ 4 S8 3 d S A4 4 3 draulic degree, presents more lime (CaO) than CyS, due to the higher
T § g8 2 2 8 g 8 § & initial CaCO3 content. While in the rest of the samples (NHL3.5C and
g S & & & & & S8 S S NHLS5 C), CsS is the major phase, as the siliceous phases (expressed as
g 2 8 &8 8 & 8 &8 & & B SiO5 content) are predominant in the raw materials. Lime (CaO), peri-
3 © e e ° - ° e © «a ® clase (MgO) and portlandite (Ca(OH);) have been detected in all
= lw) ~ ~ [y ~ ~ = ~ ~ . . .
g E & 3§ &8 § 3 8§ 9 § calcined materials. The latter formed due to exposure of the calcined
:;,, g € ¢ % s £ % € g samples to the laboratory relative humidity during handling [5,6,60].
bt e e 3 s & g g 9oz This was expected as lime is a thermodynamically unstable product that
O . . . . .
E : i : 2 i i : C: i tend to react with air water vapour, sometimes forming a thin layer of
E’ g & 8 8 & 8 8 & 8 calcium hydroxide on the surface of the lime particles [22].
=] (=} =} (=} =} =] (=} =} =} . . .
= 2 - 2 S 2 a8 £ Z 505 According to the XRD-QPA results, the portlandite detected in all
% § 50 2 3 8 53 2 5 G calcined samples is disordered or poorly crystalline. The presence of
= — — —
B o amorphous phases in portlandite precursors and carbonation products
g = E 5 g § § E 5 § E has already been found in aerial lime [6,61-66] and cement [67-70].
=} = . .
k=! g N = = @ 6 6 ® % » Rodriguez-Navarro et al. [66], particularly, demonstrated that por-
£ 4 2 B o8 N & K 8 @ @ tlandite is not governed by a classical crystallisation, as an amorphous
b (=] — ~ (23] — — — — . 4 ) i
3 A S calcium hydroxide (ACH) forms as a precursor of crystalline portlandite.
) y! p y! p
g o § 2 8 89 ¢ 3 ¢ g9 g Periclase (MgO), frequently detected in laboratory-obtained limes
S |5 |8 2 e € & g & ¢ ¢ . ; . o
E & S & 5 8 8 8 g g g4 with hydraulic properties [5,10,12,71] comes from the calcination of
g g ¢ N o 1\ 8 < o o o Mg-bearing phases in the raw materials, such as illite and dolomite. The
8 ~ o~ N~~~ o~ A presence of magnesium is known to decrease the reactivity of quicklime
— — — — — — — — —
E g S 2 2 2 2 g2 g2 g g [14,71,72], which is believed to be one of the reasons for the indirect
ft:j e oz 5 cE E § § E § 5 relationship sometimes found between the size of quicklime crystallites
bS] & S 8 S S +H S 4 A A and their reactivity [71,73].
§ g ¥ g g8 8 g g g 8 Other non-hydraulic phases detected in the calcined products but
- 4 g g Q Qq Q Q Q . . . . .
g s 8 & 8 & 8 & & g pre-existing in the raw materials are calcite and quartz. The presence of
)
ol I 8 8 ¢ & 8 & 8 & calcite (0.10-3.16 %) may be due to different reasons: 1) partial
- o o (=} o N o (=] - (=] . . . . .
5] &= carbonation of the formed portlandite, 2) re-carbonation of CaO inside
= - ) .
.go " @ _g _ _ '?, ﬁ the kiln (back-reactions [1,6,22,50,60,74]) and/or 3) incomplete ther-
2 2 g & 8 &8 o5 o ¥ o c mal decomposition during calcination.
§ @ E’ § § 2 § § ;-* § § Quartz has been found in traces (0.07-1 %) after calcination, indi-
= PR . . . -
mE o2 e 5 5 2 23232 % 5 cating that almost all microcrystalline quartz present in the raw mate-
v - 8| g = = = = I IS | = = . . . . .
=8| 5 T I T £ ESIETCIE T T rials was reactive under calcination, as previously found [6].
S EE|SB Z z 2 Z Z Z ZzZ EZ =Z o i . .
=T @ Dicalcium silicate (CyS, 2Ca0-SiO,), under the form of larnite
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Fig. 2. X-ray diffraction patterns of the range 10-70 °26 of the last study interval of the slaked samples. A zoomed-in view (red rectangle) of the 10-20 °26 region is
shown for the diffractograms of slaked NHL2 samples, including the diffraction reflex of portlandite’s (001) basal plane highlighted in maroon (disordered por-
tlandite) and cyan (ordered portlandite). CS: Conventional slaking; PS60: Passive slaking at 60 + 5% RH; PS80: Passive slaking at 80 & 5% RH. Numbers in brackets
refer to the day of analysis from the start of slaking. According to Warr [92]: Bdi: Bredigite, Bmlr: Brownmillerite, Cal: Calcite, Gh: Gehlenite, Hrr: Hatrurite, Lrn:
Larnite, Lm: Lime, Per: Periclase, Por: Portlandite, Qz: Quartz, Wo: Wollastonite, Znc: Zincite. CACH: Monocarboaluminate, C3A: Tricalcium aluminate (celite) and

Hygr: Hydrogarnet.

B-CaySiO4 [75], the most stable polymorph at room temperature [76],
was found as the main hydraulic phase in all calcined products. Trical-
cium silicate (C3S, 3Ca0-SiO5) was found in amounts lower than 1 %,
under the form of monoclinic hatrurite (Ca3SiOs) [77]. Its presence is
explained by the existence of hot spots in the kiln [63,78] that reach
temperatures above 1250 °C [12], which trigger the combination of C2S
with CaO to form CsS [5].

Other minor hydraulic phases found are tricalcium aluminate (cubic
Cs3A [79], 3Ca0-Al;03), tetra-calcium alumino-ferrite or felite (C4AF,
4Ca0-Al,03-Fe;03), also known as brownmillerite (Caz(Al,Fe)20s), here
refined according to the structure of Colville & Geller [80], and geh-
lenite (CaAl(SiAl)O7, C2AS, 2Ca0-Aly03-Si0O»), the latter only found in
NHLS5 calcined product. These phases have originated from the plagio-
clases, k-feldspars, illite and kaolinite clays, and ilmenite of the raw
materials, as suggested by Kozlovcev & Prikryl [60] and Kozlovcev &
Vilek [12].

Other phases found in the calcined materials are wollastonite (CS,
CaSiO3) and bredigite (Ca;Mg(SiO4)4), both non-hydraulic or non-
hydration-reactive silicates [5,81]. Wollastonite, together with other
polymorphs such as pseudowollastonite, is commonly detected in
laboratory-made limes [6,12,60] and it is known to have a low hydra-
tion activity [82]. The formation of bredigite may be associated with the
presence of gehlenite by the decomposition sequence bredigite-
gehlenite-diaspore [83]. Even though, its presence in some cement
clinkers [84,85] and calcium sulfoaluminate cements (CSA) [86,87]
seem to support the hypothesis that its formation may be associated with
previous transition compounds such as wollastonite, larnite, merwinite,
and calcium-magnesium silicates [88,89].

Finally, the amorphous content in the calcined materials can be
attributed to the presence of either low crystalline CaO fraction and
highly reactive Ca-rich amorphous material [5], or non-crystalline
fraction of calcium hydroxide [63].

3.2. Study of the limes during slaking

3.2.1. Evolution of CaO and Ca(OH),, duration and kinetics of slaking

The mineralogical composition of the limes was monitored during
the whole slaking process, until the content of lime (CaO) was consid-
ered stable (i.e. no further hydration could be expected). For this reason,
the duration of the process has been different according to the slaking
method, as it can be observed in Fig. 1, where the decrease in CaO and
the increase in Ca(OH), have been plotted over time. All samples
showed a decrease in the lime content during hydration, although with a
different kinetics depending on the slaking method used. Under con-
ventional slaking the hydration of calcium oxide is faster, as CaO was
almost totally consumed after only 1 day, compared with both proced-
ures of passive slaking, in which the minimum content of CaO was
reached after the first 15 days. The slaking rate calculated after one day
from the linear coefficient of the CaO decrease curve (Fig. SM1) was
indeed 3-4 times higher in conventional slaking than in the passive one.

As expected, during conventional slaking, the limes with the highest
CaO content reached the highest temperature (95-96 °C for NHL2 and
NHL3.5 and 83 °C for NHL5) (Fig. SM2). The temperature decreases in
NHL3.5 and NHL5, on the other hand, was more gradual, remaining
above 40 °C for 1-2 h, whereas in NHL2, it lasted only 20 min.

Conventional slaking (CS) and passive slaking at 80 % of relative
humidity (PS80) were considered completed when the content of lime
(CaO) was almost null in all the NHLs (Table 3). Notwithstanding, in the
NHLs slaked under 60 % of RH (PS60), slaking was stopped even though
a residual content of lime (2.5 % in average, Table 3) was still present in
the three NHLs.

The reason why slaking at 60 % was considered concluded before
CaO reached 0 %, is related with the fact that the portlandite formed
from the hydration of calcium oxide was undergoing carbonation under
the conditions used for passive slaking, and therefore its content did not
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increase uniformly over time but, instead, tended to stabilise (as in the
case of NHL2 and NHL3.5 under PS60, Fig. 1) or even decrease (in NHL5
under PS60, Fig. 1). Indeed, the calcite content found at the end of the
slaking process was always higher in the NHLs slaked under 60 % of
relative humidity (PS60, Table 3), where it reached ~14 % in average,
compared to the other NHLs, where calcite was between 1.3 and 3.8 %
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(CS and PS80, Table 3). It is worth noting that only calcite, not its
polymorphs, have been found here, as expected considering that it is the
most stable polymorph, from RH higher than 40 % [90].

Knowing that air slaking and recarbonation significantly decrease
the slaking capacity of the quicklime [31], the passive slaking at 60 %
was concluded before CaO was totally consumed.

Although uneven hydration was minimised by periodically stirring
the lime powders, the presence of a residual content of CaO can also be
ascribed to the presence of lime lumps, in which the formation of a su-
perficial layer of calcium hydroxide may have prevented complete
transformation of the oxide [17,91].

The duration of passive slaking at 80 % (13-28 days) and 60 % RH
(32-37 days) matches the time intervals estimated by Dai [25] under the
windslaking method at open (21 days) and indoor air (40 days). This
suggests that the role of wind and/or water mist in an open environment
resembles high relative humidity conditions in indoor air.

Either in conventionally and passively slaked limes, two populations
of crystalline portlandite, an ordered and a disordered one, were found
by XRD-QPA (Table 3). The presence of two distinct portlandite pop-
ulations with differing structural order is clearly visible in the inset of
Fig. 2 and is further supported by their crystallite size differences: the
ordered portlandite (highlighted in maroon in Fig. 2) averages 25-50
nm, while the disordered one (highlighted in cyan in Fig. 2) ranges from
12 to 20 nm at the end of the slaking process (as shown in SM3).

The amount of ordered portlandite is always higher under conven-
tional slaking (CS) (Table 3). Under passive slaking (PS60 and PS80),
instead, the amount of disordered portlandite is always higher than the
ordered one, with the only difference that at higher humidity (PS80), the
amount of the latter increases (Table 3). This can be explained by the
initial formation of a precursor amorphous calcium hydroxide (ACH,
[66]), whose transformation into ordered portlandite is conditioned by
the amount of available water in the environment, and therefore by the
degree of hydration of the lime, which is lower in the limes slaked at 60
% of relative humidity (PS60). The presence of the double population of
portlandite has been previously detected, as commented above,
although how this influences the reactivity of the lime towards
carbonation is so far unknown.

Under the experimental conditions of this study, periclase (MgO) has
not suffered hydration neither into brucite (Mg(OH)3), nor in its pre-
hydration precursors, as the periclase content at the end of slaking
(Table 3) is similar to that in the calcined products (Table 2). This is not
surprising, considering the low reactivity towards water (and therefore
the slow rehydration kinetics) of this oxide, compared to CaO [16,93].

3.2.2. Influence of slaking on the hydration of silicate and aluminate phases

Even though the only transformation expected in limes during
slaking is the hydration of the calcium (and magnesium) oxide, this
work explores also the effect that the addition of water (both in the
liquid (CS) and vapour state (PS60 and PS80)) might have on the other
phases consituting natural hydraulic lime, in particular the silicate and
aluminate phases.

As far as the hydration of silicate phases is concerned, mainly non-
crystalline or amorphous C-S-H can be expected if any [48], as no
crystalline C-S-H has been detected neither during (Fig. 3) nor at the end
of slaking (Table 3). Even though it seems that there is a slightly bigger
decrease of the C,S content during conventional (CS) and passive slaking
at high RH (PS80) (Fig. 3), this is not straightforward, as the observed
variations might be related to samples hetereogeneity.

The only hydrated phases clearly identified in some of the slaked
limes are hydrogarnet (Caz(AlxFe;.4)2(Si04)y(OH)43.y) [94]1) and mon-
ocarboaluminate (CACH), the latter present in all slaked limes. Both
phases come from the fast hydration of C3A and C4AF [48], whose
content has decreased in all NHLs, compared to the calcined products
(Table 2), especially under conventional slaking.

Hydrogarnet, found in all the NHLs that underwent conventional
slaking in amounts from 5 to 10 %, as well as in NHL5 (the most
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Fig. 4. HR-ESEM images of: A) NHL3.5 CS, agglomerate of calcium-silicate particles with globular (EDS spectrum marked with +1) and irregular morphologies (EDS
spectrum marked with +2); B) NHL5 CS, agglomerate of hydrogarnet particles with cubic habit (EDS spectrum marked with +3); C) NHL5 PS80, silico-aluminate
tabular to prismatic particles (EDS spectrum, marked with +4); D) NHL2 PS60, calcic agglomerate with hexagonal platelets of portlandite (EDS spectrum marked
with +5).
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hydraulic one) slaked under high relative humidity (PS80), is the crys-
talline form of hydrated calcium aluminates (C-A-H) [16,48,95,96]. Less
stable hydrated calcium aluminate phases are those of the
hydrocalumite-hydrotalcite-pyroaurite family, also known as AFm
phases [95,97-100]. These phases were detected during slaking moni-
toring (Fig. 3), especially hydrocalumite (Cas Aly(Cl,CO3,0H)2(OH)15.
4H0), but none of them was present at the final slaking interval, likely
because of their transformation into monocarboaluminate, or into the
most stable hydrogarnet [48]. Other less stable AFm phases that could
have been present during the slaking process but that were not detected
here, are hydroxy-AFm, hemicarboaluminate or stratlingite, also called
gehlenite hydrate [95,100].

3.2.3. Microstructure and colour of slaked limes

SEM analyses were performed in order to observe possible changes in
the microstructure of NHLs depending on the slaking method. This
technique also made it possible to identify the different morphologies of
some of the phases previously detected by XRD.

All limes show agglomerates of 10-30 pm composed of sub-
micrometric particles (0.05-2 pm) of globular and irregular morphol-
ogies (Fig. 4A). Their chemical composition (EDS spectra 1 and 2 in
Fig. 4) indicates that they are calcium silicates with small amounts of
aluminum, iron, and magnesium. In particular, the globular particles
(Fig. 4A, Spectrum 1) could be larnite (CazSiOs, C2S), whilst the irreg-
ularly shaped particles could correspond, according to the EDS spectra
(Fig. 4A, Spectrum 2), to alite (CasSiOs, CsS), both coexisting with iron-
bearing phases such as brownmillerite.

In the more hydraulic limes (NHL3.5 and NHL5), AFm or CACH
phases are also present forming agglomerates of particles with typical
morphologies [101]. In NHL5, particles of 0.5-1 pm with a cubic habit
typical of hydrogarnet (Fig. 4B, Spectrum 3), and crystals of tabular to
prismatic habit (1-2 pm) (Fig. 4C) were also detected. The latter present
a silico-aluminate composition (Spectrum 4 in Fig. 4) that can corre-
spond to gehlenite (CazAl(SiAl)O7), a phase previously detected by XRD,
or to another phase of the calcium aluminate-silicate system.

The less hydraulic limes (NHL2) contain less particle agglomerates of
calco-silicate composition, as particles of CaO-Ca(OH), prevail (Fig. 4D,
Spectrum 5). Thin hexagonal platelets of portlandite of ~1 pm (Fig. 4D)
grow on the surface of bigger agglomerates (up to 30 pm) that present
fissures attributable to the hydration of CaO. The limes also display
inherited structures in the uncalcined relics, such as pores (A and B in
SM4) and fracture planes characteristic of quartz fragments (C in SM4).

Fig. 5 shows how the mineralogical changes resulting from different
slaking methods influence the colour of the NHLs produced. In general,
limes slaked using the conventional method exhibit the highest lightness
values (L*) and the lowest a* and b* values (SM5), which can be

attributed to their high portlandite content. In contrast, limes slaked
under the passive method at lower relative humidity (PS60) appear less
luminous due to the reduced development of this phase (as shown in
Table 3). Therefore, a higher degree of hydration and portlandite con-
tent results in a whiter final product, whereas an increased content of
hydraulic phases imparts brownish tones to the binders.

3.3. Study of mortars

3.3.1. Mineralogical composition

Calcium oxide (lime) was not detected in any of the studied mortars,
by contrast, periclase was still detected in amounts (~1 %, Table 4)
similar as those found in the slaked limes (Table 3). Once more, brucite
(Mg(OH),) was not detected, either because magnesium oxide did not
transform into its crystalline hydrated form, or due to the overlapping of
the peaks of these phases in the X-ray diffraction pattern.

A general trend that can be observed in the NHL2 and NHL3.5
mortars, is that a highest amount of ordered portlandite is formed
compared to the corresponding slaked limes, indicating that curing
induced a higher degree of crystallinity of this phase.

If comparing the initial amounts of total portlandite (ordered and
disordered) and calcite in the slaked limes (Table 3) with those found in
the mortars after 28 days of curing (Table 4 and SM6), it is not possible
to see a clear trend of carbonation, as those amounts remain similar, and
the little variations might be due to samples heterogeneity. Therefore,
carbonation in NHL mortars is still very low after 28 days, as also found
in other research [102-107]. Among all the samples, NHL5 mortars
show in average the lowest degree of carbonation, even though the
presence of amorphous calcite cannot be discarded either in all of them.

As far as the C5S content is concerned, it can be observed that it has
decreased by 8-10 % in NHL2 mortars, by 6-10 % in NHL3.5 mortars,
and by 4-10 % in the NHL5 ones, compared to the initial amounts in the
slaked limes. This decrease in the C,S content is related to its hydration
to form C-S-H. Even though no crystalline C-S-H has been detected, the
higher amorphous content in all the mortars compared to the limes can
be related to the formation of amorphous C-S-H. This would confirm that
hydration is already occurring at early ages in NHL mortars. Overall, the
C,S after 28 days of mortars curing is in comparable amounts inde-
pendently on the slaking different method.

Other hydraulic (C3S, C3A, C4AF and C»AS) and non-reactive phases
(wollastonite and bredigite) hardly show any variation in their amounts.
Approximately 2 % of quartz has been detected in the mortars, as a re-
sidual fraction of the sand that could have remained despite separation
of the aggregate prior to the XRD analysis.

Hydrocalumite was found in NHL3.5 and NHL5 mortars only when
the lime was slaked at 60 % relative humidity (PS60). This occurs
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because hydrocalumite formation is favoured in the early hydration
stages under highly alkaline conditions (pH > 12), particularly when Ca
(OH): is abundant. As mortar curing progresses, the reduction in pH due
to carbonation, along with the greater thermodynamic stability of other
phases such as hydrogarnet or CACH in less alkaline environments
exposed to COz, can drive the transformation of hydrocalumite into
other phases.

Hydrogarnet and monocarboaluminate were found unvaried in
mortars prepared with conventionally slaked NHLs, whilst an increase in
its amount is recorded in the majority of the mortars prepared with
passive slaked limes. This may be due to the tendency to form more
stable phases at the curing conditions of the mortars, as previously
mentioned.

Finally, as in the limes, gehlenite was only detected in NHL5 due to
the higher aluminum content in its raw materials. Its content in mortar
samples remained stable since it is a phase with low reactivity or slow
hydration in contact with water [86,87,108,109].

Amorphous

Quartz

CACH
4.75 (0.04) 1.96 (0.02) 21.41 (0.93)

7.15(0.06) 2.33(0.02) 21.60 (0.89)
7.64 (0.07) 2.26 (0.02) 13.70 (0.10)
7.07 (0.06) 1.36 (0.01) 15.47 (0.85)
7.23 (0.06) 1.88 (0.02) 16.83 (0.88)
9.62 (0.08) 1.40 (0.01) 23.89 (0.80)
7.83(0.06) 1.36 (0.01) 20.84 (0.83)
9.21 (0.05) 1.22(0.01) 27.73(0.53)
10.07 (0.07) 0.50 (0.00) 21.82 (0.66)

Hydro-
calumite
4.661 (0.04)
3.05 (0.02)

3.3.2. Petrographical characterization

All the studied mortars exhibit, as expected, a fine-grained or
microcrystalline calcitic dense matrix. The siliceous aggregate, uni-
formly dispersed throughout the mortar, consists of mono- and poly-
crystalline quartz (Qz in Fig. 6A) with a grain size ranging from
millimetric to centimetric (well-selected) and subrounded to subangular
morphologies (Fig. 6A-D).

Different types of lumps were identified (Fig. 6A-B), the most
prevalent ones are remnants of the original rock (or uncalcined relics)
that preserve their structure (under-burnt lumps, indicated as Ubt in
Fig. 6A) ranging from 0.5 to 2 mm in size. In contrast, only few over-
burnt lumps were observed, with a dense vitrified structure, low porosity
and a smaller size (0.5-0.7 mm).

The porosity of the matrix is low and mostly vacuolar, meaning it has
a rounded morphology (marked with one of the arrows in Fig. 6C). The
origin of this type of porosity is attributed to the accumulation of mixing
water, which, after the setting and hardening of the mortar, generates
these pores, typically found in hydraulic mortars [110]. The fissures
(Fig. 6A and C), mostly located within the matrix and surrounding the
aggregate grains, can be attributed to the shrinkage that mortars un-
dergo during the drying and hardening phases. The least hydraulic lime
(NHL2) shows the highest amount of shrinkage fissures (Fig. 6A-D), due
to its higher content in Ca(OH);.

The colour of the matrix, as well as the presence of pores and fissures,
is related to the degree of hydraulicity of the lime used. The higher the
hydraulic degree, the darker the matrix, as shown in Fig. 6A for M-NHL2
CS and Fig. 6E for M-NHL5 PS90.

At the inner border of pores and fissures, areas with low birefrin-
gence colours (grey under cross-polarized light, Fig. 6D) can be
observed, primarily attributable to portlandite (Ca(OH).) that has been
remobilized during curing (indicated with an arrow in Fig. 6C). This
phenomenon of filled fissures occurs predominantly in limes with a
lower hydraulic grade, which is logical due to their higher free lime
content.

The rounded and angular morphologies typical of di-calcium and
tri-calcium silicates, respectively, were not observed in the studied
mortars, because the size of C,S and C3S in NHLs is smaller than those
found in historic [78] and/or modern Portland cement mortars [6].
Although at high magnifications, phases containing iron (likely hy-
draulic) can be observed in the matrix (Fig. 6E-F).

Finally, in the case of the more hydraulic mortars (NHL3.5 and
NHL5), a greater irregular porosity along with lime-lumps (Lump in
Fig. 6G-H) of around 1 mm is also observed. These particles are asso-
ciated with the presence of quicklime (CaO) particles or partially hy-
drated lime (Ca(OH).) that have not fully reacted with water before
being incorporated into the mixture. This incomplete hydration process
led to the development of fissures and low-density areas within it.
Another notable aspect is the presence of needle- or plate-like phases in

Hydro-
garnet
4.86 (0.04)
3.24 (0.03)
8.75 (0.07)
3.47 (0.03)
4.39 (0.04)
10.17
(0.08)

5.83 (0.04)

Bredigite
38
(0.01)
2.22
(0.01)
3.02
(0.02)

C2AS
0.54
(0.00)
1.99
(0.01)
1.29
(0.01)

(0.01)

11.86 (0.10) 0.21 (0.00) 0.66 (0.01) 0.82(0.01) 0.69
(0.01)

5.092 (0.05) 10.29 (0.10) 2.48 (0.02) 0.78 (0.01) 0.55(0.01) 0.84
(0.01)

2.145 (0.02) 25.96 (0.20) 3.90 (0.03) 0.19 (0.00) 0.77 (0.01) 0.68
(0.01)

25.33(0.21) 0.76 (0.01) 0.13 (0.00) 1.62(0.01) 0.65
(0.01)

26.02 (0.21) 0.63 (0.01) 1.02(0.01) 0.57 (0.01) 0.34
(0.00)

Ccs
32.48 (0.26) 0.51 (0.00) 0.74 (0.01) 1.73(0.01) -

C3A C4AF

C3S
11.11 (0.10) 0.82 (0.01) 0.89(0.01) 0.52(0.01) 0.93

30.24 (0.17) 0.52 (0.00) 0.14 (0.00) 1.86 (0.01) -
29.51 (0.19) 3.55(0.02) 0.03 (0.00) 0.68 (0.00) -

C2s

3.33 (0.03)
3.79 (0.03)
2.92 (0.02)
2.82(0.02)

Calcite
8.45 (0.05) 11.73 (0.06)

4.95 (0.04)
9.75 (0.08)

Dis. Portl.
6.27 (0.05) 18.46 (0.15) 12.72(0.10)

2.04 (0.01) 17.97 (0.12)

8.63 (0.07)

20.67 (0.18) 18.34(0.16) 15.68 (0.13)
1.09 (0.01)

31.11 (0.29) 21.99 (0.21)
15.86 (0.13) 11.66 (0.09)

37.37 (0.33) 12.05(0.11)

Ord. Portl.
28.02 (0.22)

0.76
(0.01)
0.80
(0.01)
1.12
(0.01)
0.56
(0.00)
0.85
(0.01)

Sample
M-NHL2 CS
M-NHL2 PS60
M-NHL2 PS80
M-NHL3.5 CS
M-NHL3.5
PS60
M-NHL3.5
PS80
M-NHL5 CS
M-NHL5 PS60
M-NHLS PS80

Mineralogical composition of the mortar samples (M) prepared with limes slaked under the different 3 methods (estimated standard deviations are in brackets). CS: conventional slaking; 60PS: passive slaking at 60 % =+ 5

% RH; PS80: passive slaking at 80 + 5 % RH.
Periclase

Table 4
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Fig. 6. Polarized light optical microscope (POM) images, in parallel-polarized light (left) and cross-polarized light (right) of: M-NHL2 CS (A-B), M-NHL2 CS(C-D), M-
NHL5 PS80 (E-F) and M-NHL3.5 CS (G-H). Qz: Quartz, Ubt: Underbunt-lump, Lump: Lime-Lump.

some of the grains containing iron (marked with an arrow in Fig. 6G-H),
which are ascribable to hydraulic phases.

There are no differences observed depending on the slaking method
used. All mortars show in general a good adhesion between the aggre-
gate and the matrix, with only few shrinkage fissures appearing along
the contact between the grains and the matrix.

3.3.3. Mechanical properties and colour

Fig. 7 and SM7 show the mechanical strength values of the mortars
after 28 days of curing. It is worth highlighting that the obtained values
do not necessarily coincide with the minimum strength values set by the
EN 459-1 standard [57], since the water content stipulated by the
standard was modified to obtain workable mortar pastes (see Section
2.2, Table 1). However, this does not invalidate the results obtained in
this research, as the mechanical data can always be interpreted in terms
of the type of lime and the slaking method used.

11

NHL2 and NHL3.5 mortars whose limes were passively slaked at 60
+ 5 % RH (PS60) show slightly higher strengths than those made with
NHLs slaked conventionally (CS) and at 80 + 5 % RH (PS80), while the
flexural strength did not reach measurable values in any of the studied
mortars. In Pesce et al.’s study [111], it was also concluded that steam-
slaked lime mortars exhibit slightly superior strength compared to
water-slaked mortars, although those showed an increase in flexural
strength.

Theoretically, this could be due to the fact that the hydraulic phases
remain in their dehydrated form in the lime at 60 + 5 % RH, until it is
mixed with water in the mortar, which is when they start reacting with
water. This hypothesis seems to be corroborated by the mineralogical
data in Table 4, as the decrease in CyS content compared to the slaked
limes is always higher in the NHLP60 mortars, and this would indicate
that the NHLs slaked at a lower relative humidity have a higher reac-
tivity towards hydration when in the mortar. As discussed above
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Fig. 7. Compressive strengths (MPa) of the mortars made with the slaked NHLs
by the different slaking methods. CS: conventional slaking; PS60: passive
slaking at 60 + 5 % RH; PS80: passive slaking at 80 + 5 % RH.

(Section 3.3.1), hydration is certainly contributing to the development
of strength at this age of the mortar, although carbonation may be the
main responsible for the differences found in the mechanical strengths of
the mortars after 28 days. It must be noticed, indeed, that the least hy-
draulic mortars, namely the NHL2 ones, have displayed the highest
values of mechanical strength among all the samples studied. Instead,
the strength values obtained in the NHL5 mortars are among the lowest
ones, and this can be related with the lower carbonation degree of NHL5
mortars, as discussed in Section 3.3.1. Even though the opposite trend
should be expected, other studies have also demonstrated that mortar
specimens prepared with binders manufactured experimentally in the
laboratory do not always show a direct relationship between the content
of hydraulic components and the improvement of the mechanical
strength [41].

After 28 days of curing (Fig. 8, SM8), the NHL2 mortars showed
colour values similar to those of the limes (Fig. 5). The NHL5 mortars,
instead, showed higher lightness values (L*) and a higher tendency to
yellow shades.

From Fig. 8 it is evident that conventional slaking does have an in-
fluence on obtaining lighter or whiter mortars, as long as there is a high
percentage of portlandite (as is the case in NHL2 and NHL3.5 mortars).
Whereas when the silicate content is high, the lightness of the limes is
more dependent on the moisture content of the materials.

4. Conclusions

This research work has explored what occurs to natural hydraulic
lime when it is slaked under different methods. Here the conventional
slaking, in which water is added in a 1:1 water:CaO ratio, has been

100
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compared with exposure of the quicklime under the moisture of air, a
procedure called passive slaking, and undertaken at two different rela-
tive humidities, 60 and 80 + 5 %. Although unconventional and less
common, the last two slaking methods have sometimes been reported in
literature, as air-slaking. At the same time, the way in which passive
slaking have been carried out here can be compared to the storage of
NHL quicklime that is carried out in some industry, when only one kiln is
available, and the three types of NHL need to be produced continuously.
In this context, it has been considered crucial to understand the evolu-
tion of the mineralogy, microstructure and final mortar properties of the
NHL when it is slaked under different methods.

The results indicate that the slaking method (conventional or pas-
sive) influences both the amount of portlandite that forms due to hy-
dration of the calcium oxide, and the crystalline structure it develops.
Thus, CaO hydration is more homogeneous and faster under conven-
tional slaking, and a higher content of crystalline/ordered portlandite is
generally formed. Under passive slaking, complete hydration of calcium
oxide is ensured, especially at 80 % RH, but at a slower rate (from 15 to
30 days), and the portlandite develops mostly a disordered structure.

This study has also demonstrated that pre-hydration of hydraulic
phases, such as dicalcium silicate (C,S) and calcium aluminates (C3A
and C4AF), cannot be totally prevented during both conventional and
passive slaking, even though this pre-hydration is slightly reduced when
quicklimes are exposed at 60 % RH. This seems to have a certain impact
on the mechanical properties of the mortars, which are slightly
improved when the lime is passively slaked under this relative humidity.
This has been related with a higher availability of C2S towards hydra-
tion, and therefore with a higher early-development of C-S-H in the
mortar, as well as to a better adhesion between the matrix and the
aggregates.

In summary, this study shows that, if the quicklime needs to be stored
right after calcination, keeping it for minimum 2 weeks in an aired
environment with RH > 60 %, and providing periodically mixing, would
guarantee passive slaking during storage, without the need of further
water addition before it use. This process would imply both an envi-
ronmental and economic benefit, as less amount of water would be
consumed in the industrial manufacturing of natural hydraulic limes.
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