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Abstract The main objective of RILEM TC LHS-
277 “Specifications for testing and evaluation of lime-
based repair materials for historic Structures” is the
revision, adaption and, when necessary proposal, of
the test methods to accurately study lime-based
binding systems and mixtures, such as mortars and
grouts. The empiric use of the lime-based composites
and the predominant employ of cement in the field of

This review was prepared by José I. Alvarez, Rosdrio Veiga,
Sagrario Martinez-Ramirez, Michele Secco, Paulina Faria,
Pagona-Noni Maravelaki, Meera Ramesh, loanna Papayianni
and Jan Valek within RILEM TC LHS-277 “Specifications for
testing and evaluation of lime-based repair materials for
historic Structures” and further reviewed and approved by all
members of the RILEM TC LHS-277. TC Chair: Ioanna
Papayianni. TC Deputy Chair: Jan Valek. Members: José 1.
Alvarez, Beril Bicer-Simsir, Violeta Bokan-Bosiljkov, Claudia
Brito De Carvalho Bello, Arnaldo Manoel Carneiro, Paulina
Faria, Liberato Ferrara, Caspar J.W.P. Groot, Davide Gulotta,
Hande Gunozu Ulusoy, John J. Hughes, loannis Ioannou,
Heejeong Kim, Loucas Kyriakou, Cristiana Lara Nunes,
Pagona Maravelaki, Sagrario Martinez-Ramirez, Vasiliki
Pachta, Andreja Padovnik, Ioanna Papayianni, Chiara Pasian,
Giovanni Pesce, Ulrike Peter, Meera Ramesh, Divya Rani, Sara
Pavia, Sriram Pradeep Saridhe, Michele Secco, Maria
Stefanidou, Cristina Tedeschi, Magdalini Theodoridou, Lucia
Toniolo, Jan Valek, Rob Van Hees, Maria Rosario Veiga.

1. L. Alvarez (X))

Materials and Cultural Heritage, MATCH, Research
Group, Department of Chemistry, School of Sciences,
University of Navarra, C/Irunlarrea, 1, 31008 Pamplona,
Navarra, Spain

e-mail: jalvarez@unav.es

Civil Engineering have led to the widespread appli-
cation of test methods developed for cement-based
composites to test the former. However, the clear
differences in composition and performance between
modern cement binders and lime-based materials
would advise to explore specific test methods for the
latter. To undertake this task the previous knowledge
on the mechanisms of setting and hardening of these
binders must be revised, arranged and synthesized.
Processes such as drying, carbonation, hydration and
pozzolanic reaction may occur during the setting and
hardening of lime-based mortars and competition
between them cannot be underestimated. With the aim
of underpinning the revision and proposal of test
methods for lime-based systems, this review paper
reports a comprehensive study of the mechanisms of
setting and hardening of these binders, considering the
variability of the composition, which includes pure air
lime as well as lime with hydraulic properties, lime-
cement and lime-pozzolan systems.
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1 Introduction

Despite the wide research on cement-based systems,
the knowledge about the lime-bearing mixtures has
been rather empiric. Nevertheless, these systems are
continuously attracting interest, particularly for using
them as repair materials for Built Heritage [1-8]. In
addition, the employment of lime-based binders has
positive environmental implications, due to their
lower energy consumption and their lower contribu-
tions of the ingredients and processes to the global
warming potential as compared with cement [9]. Their
atmospheric CO, uptake properties are also useful to
minimize the carbon dioxide footprint [10, 11].
Lime-based binding materials can be used in a wide
variety of mixtures depending on their function [12],
such as masonry bedding mortars [2, 13], renders and
plasters [14-16], repointing materials as grouts
[17-21], whitewash [22, 23], ornamental pieces [24],
wall painting support [25, 26], finishing mortars [27],
surface repair [28] or flooring mortars [29, 30]. All
these materials can be produced from diverse raw
materials, obtaining both air lime (calcitic [31, 32]
and/or dolomitic [33-36]) or limes with hydraulic
properties [37-39], all classified by EN 459-1 (2015)
[40]. Furthermore, they can be blended with pozzolans
[41-45]) and cement [46-51]. The use in both new
Civil Engineering applications and conservation of
Architectural Heritage [52] demand all these types of
materials. The quality of these composites and their
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performance must be controlled and, in most cases, the
procedures are based on cement analogues [53, 54].
However, modern calcium silicate cement-based
binders display remarkable differences in terms of
chemical and mineralogical composition and perfor-
mance [50], and the assumptions for test and proce-
dures lead to wrong results when directly applied to
lime-based binders [55]. The technical committee
RILEM TC LHS-277 “Specifications for testing and
evaluation of lime-based repair materials for historic
Structures” is focused on the revision, adaption and,
when necessary proposal, of test methods to accurately
study lime-based systems. Lime-bearing materials
exhibit a slower setting and hardening than that of the
cement ones [56]. Their water demand is also different
[57-59], leading to different requirements for the
preparation of the composites. Their mechanical
strengths, modulus of elasticity and pore structure
are quite distinct from those of cement composites
[60-63]. And finally, their expected durability in
different environments presents special features
[64-69].

To ascertain the most suitable test methods for
these lime-based binders, it is of utmost importance to
bear in mind the different mechanisms of setting and
hardening involved in these systems. These mecha-
nisms differ from those taking place in cement
materials and must be revised considering the diverse
composition of the raw materials (consisting of aerial
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and hydraulic components) and their possible blends.
This TC report is one of the expected outputs of the
activities of the RILEM TC LHS-277 and deals with
the analysis of the mechanisms of setting and hard-
ening of composites produced with lime-based
binders. This document describes these mechanisms
according to a comprehensive literature review, for
pure air lime-systems, systems with limes with
hydraulic properties (natural hydraulic lime or air
lime with pozzolans), and lime-cement systems. The
members of the RILEM TC LHS-277 agreed in the
upper limit of 30% by mass of cement of the total
binding system as composites to be studied, consid-
ering that mixtures with higher percentages will
perform according to effects of the predominant
cement phase.

This TC report is structured in five main sections, as
follows. The first four sections focus on the main
setting and hardening mechanisms, individually con-
sidered, for lime-bearing systems: drying, carbona-
tion, hydration and pozzolanic reaction, being the two
first sections of particular interest for pure air lime
binders and the others for natural hydraulic lime, lime-
cement and lime with pozzolan systems. The influence
of the different factors has been discussed. These
sections provide a significant basis to understand the
relevant processes and factors that take place during
the setting and stiffening of lime-bearing composites.

The last section tackles the competition between
these individual mechanisms, providing response to
important questions such as how the drying interferes
with the carbonation or which relative humidity and
temperature conditions enhance hydration instead of
carbonation for a binder with hydraulic properties. The
paper also includes discussions on the main afore-
mentioned mechanisms (drying, carbonation, hydra-
tion and pozzolanic reaction) prevailing in the main
types of binders: pure air lime (both calcitic and
dolomitic lime), natural hydraulic lime, pozzolan-lime
and lime-cement binders.

2 Drying of fresh mortars

Drying of fresh mortars is a critical stage during
hardening of mortars and it has a significant influence
on the microstructure and the performance of hard-
ened mortars. Although the aggregate also influences

the drying, according to the objectives of this review,
this section focuses on the binder-related factors.

Two different mechanisms are involved: (1) water
consumption by hydraulic reactions (only in mortars
with a hydraulic phase); (2) removal of water by
evaporation and absorption by the substrate (for
mortars in contact with porous media, which is the
most frequent case on site).

2.1 Influence of different factors

Higher mixing water content means in general higher
porosity [70], increased shrinkage and, in some cases
(depending on the binder), mechanical characteristics
decrease. According to Arizzi et al. [32], mortars with
higher water content undergo higher drying shrinkage
in the first few hours.

In binders with hydraulic phases or pozzolans, high
content of mixing water may be favourable consider-
ing that it favours hydraulic reaction instead of
carbonation [71, 72], although even in these binding
systems the high water/binder ratio increases the
porosity and decreases the strength [73]. However, for
pure air lime systems, high ratio of water/binder
retards carbonation and increases porosity, as well as
the size of the pores [74].

Curing conditions, particularly temperature and
relative humidity (RH), influence the kinetics of the
hardening reactions, drying, hydration and carbona-
tion, and subsequently mechanical strength and
shrinkage. Lime mortars achieve higher strength when
cured at moderate humidity conditions, for example at
RH of 70 & 5% during the first 28 days. Nevertheless,
at high RH conditions, the carbonation is hindered,
because the transport of CO, might be blocked [60]. In
the case of nanolimes, when RH > 70% the formation
of a multilayer water adsorption on Ca(OH), particles
increases carbonation rate [75]. However if the RH is
lower than 30% the dissolution of CO, is hindered.

Using specific test methods, it was verified [76] that
the best curing conditions for hydraulic renders consist
of periodic water spraying. Also, absorbent substrates
seem to be favourable, but they must be humidified for
better results. In hydraulic lime-mortars, like in
cement-based mortars [77], internal moisture changes
are ascribed to autogenous shrinkage during hydration
of the hydraulic compounds (more intense in low
water/binder ratio mixtures, < 0.40), and to external
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Table 1 Summary of the factors influencing the optimal conditions for the carbonation of lime-based mortars

Factors affecting the carbonation rate
in lime mortars

Conditions to enhance the carbonation rate

Relative humidity

In connection with the inner amount of water (mixing water ratio)

Values of 40-80% [93] (70 £ 5% according to [3])

CO, partial pressure Normal conditions

Forced carbonation increases the speed although the heat release and the subsequent water
evaporation should be considered [103, 105]

Filler ratio
Masonry thickness

Small portlandite particle size

Increasing values slow down the carbonation [104]
Permeability of the system [97, 100] to allow the proper CO, diffusion
Related to the burning of the limestone (recommended between 850 and 900 °C) and to the

slaking process (lime maturation) [110-113]

evaporation, which achieves removal of water from
the matrix pore structure and causes significant
volumetric shrinkage of the material (drying shrink-
age), due to different kinds of stresses generated by the
moisture gradients, which are well described by
Scherer [78]: (a) Capillary pressure, which is the
pressure in the capillary pores resulting from the
interactions of forces of the liquid and vapour phases
with the solid walls of the pores. The liquid flows from
the interior to cover the solid structure interface,
causing tensile stresses in the liquid and compression
on the solid network; (b) Osmotic pressure, which is
produced by a concentration gradient in solutions
divided by a semipermeable membrane. In this case,
the liquid inside the pores diffuses through their walls
to reduce the salt concentration gradient produced by
the evaporation near the drying surface. If the pores
are small enough to delay the liquid transport, a
tension is produced in the liquid, which is compen-
sated by a compressive force in the solid network,
producing shrinkage; (c) Disjoining pressure, which
consists in repulsive forces, mainly of electrostatic
origin, between solid layers and are enhanced by the
liquid evaporation that tends to approximate the solid
elements. The liquid transport is then promoted, by
flow or diffusion, to depart the solid layers. These
forces are more likely to be important near the end of
the drying, when the solid layers are closer.

The several types of forces that promote the water
transport may be analysed as a whole, using the
concept of moisture potential, which, if the pore
structure is assimilated to columns of water, would
tend to produce an equilibrium height. The transport
movements are different depending on the types of

forces: capillary pressure gradients produce flow,
while concentration gradients (that produce osmotic
pressure) cause diffusion.

In the case of pure air lime mortars, no hydraulic
reactions are involved, thus the drying is achieved by
water evaporation and, also in many cases, through
water absorption by the substrate, which concerns all
kinds of mortars in contact with porous media (such as
plasters, renders, repointing, and bedding mortars).
The stresses involved are the same described above,
with predominance of capillary forces, as porosity is
usually more concentrated in the capillary range.

Concerning the evaporation mechanism, in the first
stage of drying the pores are full of liquid and there is a
constant rate of liquid transport to the surface. Most of
the shrinkage occurs in this phase and the drying
stresses achieve a maximum, producing the highest
drying shrinkage and greatest risk of cracking. The
analysis of the stresses distribution in the liquid inside
the pores network was found by Scherer [78] to be
greatest near the drying surface. This stress variation
produces differential shrinkage of the material and
local tensile stresses, which can result in cracking.
According to Scherer [78], the probability of fracture
is related to: the size of the body, which in the case of a
mortar is the thickness of the coat; the rate of
evaporation, which is governed by external conditions,
namely temperature, relative humidity and wind
velocity; and the mechanical characteristics of the
material network, namely the deformation under
compressive forces.

In the second stage of drying, also called Falling
Rate Period [78], the drying front recedes into the
material and part of the pores stop being saturated.
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Fig. 1 Summary of the factors affecting the drying, the modified parameters and the consequences in the mortars dependent on the

drying in lime-based binders

Then the water transport occurs in both liquid (in the
saturated pores) and vapour state, by diffusion (in the
pores where the liquid film becomes discontinuous).
At this stage the water transport is determined by the
properties of the material, especially by the pore sizes
and interconnection among the pores [32, 78]. There is
some expansion of the saturated region of the material,
which partially compensates shrinkage, but some
differential strains occur between the saturated and
the non-saturated regions, which may cause cracks
near the non-drying surface [78].

As for the water absorption by the substrate, the
suction pressure depends on the relative size of pores of

mortar and substrate: small pores of the substrate
exercise a suction pressure inducing the water transport
from the larger pores of the mortar. This mechanism is
particularly significant for air lime mortars. In fact,
those mortars have a higher volume of large pores [79]
and so a higher percentage of the substrate pores will be
smaller than those of mortars and will be able to apply
suction pressure. The influence of substrate absorption
in these mortars concerns drying and microstructural
changes, such as porosity [70, 80, 81]. In all cases, both
external evaporation and substrate suction promote
microstructural modification together with possible

cracking [71, 76].
nilem
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Fig. 2 Compressive strength values of different datasets of dolomitic lime mortars vs curing time

The absorption of water by the substrate causes a
reduction of water in the mortar, leading to a decrease
in its open porosity [70]. The higher the water
absorption of the substrate, the greater the influence
on its open porosity and bulk density [82]. Generally, a
more significant reduction of open porosity occurs for
a more porous substrate. A good correlation was
observed between open porosity and bulk density
(inverse relation) and between these two characteris-
tics and open porosity of the substrate [70, 76].

If the water absorption of the substrate is too high, it
may desiccate the mortar, which is unfavourable
especially for hydraulic binders, as it may hinder
hydraulic reactions. The humidification of the sub-
strate previously to mortar application should be
carried out to prevent this effect. As shown by several
studies [77, 83, 84], more severe drying conditions,
namely with higher drying rates and higher temper-
ature, result in more intense cracking. Even when the
macroscopic shrinkage does not significantly increase,
at the microscopic level there are differential strains
that origin micro-cracking. In these more severe
conditions, both the effect of hindering the hydration
of the hydraulic binders and the production of
microcracks, reflect in the microstructure in the
opposite sense, resulting in a coarser pore structure
[77, 83], thus increasing the porosity, instead of
reducing it.

Water retention capacity of mortars has an influ-
ence on drying. More water retentiveness leads to

lower drying rates, both by evaporation and by suction
of the substrate. This effect naturally promotes better
hydration, in the case of lime binders with a hydraulic
phase and may also produce good conditions for
carbonation, assuring enough moisture content, how-
ever moderate, during a long period, even in dry
external conditions. Figure 1 depicts the main factors
influencing drying.

2.2 Effects on the agglomeration and crystalline
structure of the binder particles

Drying promotes a general compression of the solid
structure that arises as a reaction to the tensile state of
the liquid phase caused by the flow of liquid to the
exterior. In particular for hydraulic binders, this
compression state results in increased bonding
between C—S-H particles [32]. In air lime-mortars
drying conditions, namely RH and drying rate influ-
ence the crystallization mode. For example, according
to Lopez-Arce et al. [85], carbonation of nanolime at
RH between 75 and 90% gives rise to amorphous and
crystalline calcium carbonate (calcite, aragonite and
vaterite). However, at low RH (33-54%) only crys-
talline calcium carbonate as vaterite is formed. Under
room conditions, the carbonation process of the
nanolime is as follows: initially, the amorphous
calcium carbonate (ACC) is formed, through a disso-
lution—precipitation or homogeneous nucleation pro-
cess. Then, and after the ACC dissolution, the
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Fig. 3 Compressive
strength versus curing times
for NHLS5 mortars (values
reported in 16
[39, 152, 156, 157])
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metastable phases of calcium carbonate are formed
(vaterite and to a lesser extent aragonite). These
metastable phases are transformed into the
stable phase, calcite, through processes of dissolu-
tion—precipitation, both homogeneous and heteroge-
neous [86]. The process of formation of nanolime is
carried out in alcoholic environments in which the
formation of amorphous or metastable phases is
promoted. Its transformation into the calcite phase,
the stable one, is carried out after several months.
Some authors [75] have shown that this time can be
reduced if the alcoholic medium is eliminated, for
example by means of a heating process. From
Martinez-Ramirez et al. [87] it can be concluded that
there is no relationship between carbonation depth and
the type of calcium carbonate polymorph.

2.3 Influence on the performance of mortars
2.3.1 Shrinkage

Generally, mortars with higher mixing water content
undergo a much higher drying shrinkage in the first
few hours. The low cohesion of weak mortars also may
increase shrinkage. So, although the general rule is
that higher contents of binder generate higher shrink-
age, it may also happen that mortars with low binder

ref. 39 (b)
—A—ref. 156 (a) —@—ref. 156 (b) —&—ref. 156 (c)

ref. 39 (c) ref. 39 (d) —e—ref. 157

¢

2 //ﬁ
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contents, in certain cases, show higher shrinkage, due
to low resistance to deformation [32]. However, it is
important to notice that high shrinkage with high
deformability may not lead to cracks, as deformation
may be enough to release stress, and that other factors,
such as tensile strength and relaxation, have also a role
[88]. Additionally, the extent of the resulting micro-
cracking depends on the external geometrical
restraints that may condition deformability. Hence,
cracking due to drying shrinkage depends on the
exposure conditions, on the aggregate content and
properties (mechanical and thermal), on the charac-
teristics of the porous network and on external
deformation restriction, such as adhesion to a rigid
background [76, 77].

According to Arizzi et al. [32], shrinkage cracking
in hydraulic lime mortars is related with:

1. the amount of mixing water, which shows its
effect during the first few hours of drying; higher
water content involves a much higher shrinkage in
the first few hours, in a period when mechanical
characteristics are not much developed to resist
the generated stresses; this means that the kinetics
of drying has also a role in cracking [76, 88];

2. the internal cohesion of the mortar, which can also

be referred as deformability. This effect may help
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to explain why the highest shrinkage values
appear in pure lime-based mortars [60].

2.3.2 Cracking and adhesion

The durability of coating mortars and renders is
strongly affected by cracking due to drying shrinkage.
In fact, diffusivity and permeability, to water and to
different solutions and other products in vapour and
liquid state, may increase due to cracking by several
orders of magnitude. Cracking may also create
debonding.

The main modes of failure in mortar/substrate
systems are [89]: tensile cracking through the mortar
thickness, and peeling or shearing at the interface
between both materials. The main sources of cracking
are stresses induced by restrained drying shrinkage
[88, 89]. Cracking may be raised by severe drying
conditions. The development at early age of this stress
state is overly complex. It is strongly heterogeneous in
the mortar thickness due to the combination of several
phenomena, such as hydration, drying, evolution of
mechanical properties, and creep. Shear stresses
generated at the interface between the two materials

affect adhesion and eventually may produce
debonding.

Cracking due to drying of coating mortars is highly
dependent on the boundary conditions (external RH,
wind velocity, etc.) and the substrate (roughness,
Young modulus, etc.). The adhesion of lime-based
mortars to a substrate depends on the moisture and
open porosity in the substrate/mortar interface [81]
(Fig. 1), provided that materials have been applied by
good and comparable workmanship.

2.3.3 Mechanical and hygric characteristics

For hydraulic lime mortars, the control of drying is
a key parameter to get mechanically resistant
mortars. Concerning pure air lime mortars, the
effects are more complex: some moisture is needed
for CO, dissolution, but saturation hinders carbon-
ation reactions, so intermediate conditions are
needed.

There is an interdependence of properties that
requires a careful balance. All the mechanical char-
acteristics, including the dynamic modulus of elastic-
ity, are dependent on water/binder ratio (decreasing
with w/b increase) and on binder/aggregate ratio
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Fig. 5 Characteristics, types and examples of pozzolans and pozzolanic reaction

(increasing with b/a increase). Additionally, in all
cases, the mechanical properties also increase with
moisture removal by the drying during hardening [77],
due to reduction of porosity and compaction of the
solid structure. For similar reasons, the mechanical
characteristics were also found to be increased, when
the mortars are applied onto porous substrates [70]
However, drying with high temperature and high rate
is expected to cause significant internal moisture
decrease, producing microstructural modification due
to incomplete hydration, and shrinkage cracking in the
mortar, which result in higher porosity. Thus, such
adverse drying conditions may result in reduction of
the mechanical characteristics.

The development of properties of mortars is
decisively dependent on the curing conditions as they
affect the pozzolanic reaction and carbonation of
mortars [74]. Air lime mortars cured in humid
conditions without access of air (or CO,) and saturated
in water remain uncarbonated. Therefore, those mor-
tars develop only minimal compressive strength.
Mortars shrink considerably due to drying when they
are cured in dry air conditions (RH 65%); however, if
severe cracking does not occur, they achieve satisfac-
tory values of compressive strength after full carbon-
ation. Semidry conditions with access of air seem to be
the most favourable for carbonation and hardening of
lime mortars.

The water absorption coefficient of air lime mortars
experiments a decrease when they are applied on
absorbent substrates, due to the reduction of porosity,
except in the case of pre-dosed mortars modified with
water—repellent admixtures [70]. Water vapour per-
meability was also found to be reduced when applied
to porous substrates [70].

The volume and type of porosity is very influenced
by drying parameters: rate of drying and temperature,
which may cause reduction of porosity or, on the
opposite, produce micro-cracking increasing coarse
porosity. Different drying mechanisms (evaporation,
suction of the substrate and autogenous drying) also
produce different pore size distribution [70]. Thus, the
drying conditions and types (evaporation, autogenous,
absorption by the substrate) change the microstructure
and, consequently, affect water transport properties:
liquid absorption, vapour diffusion and drying in the
hardened state (Fig. 1).

Lime—pozzolan mortars and especially those from
lime—-metakaolin mixtures cannot be effectively used
without precise knowledge about drying conditions.
Mortars with this composition do not develop their
binding potential in dry conditions. However, they
achieve good performance properties in humid condi-
tions [90]. The positive pozzolanic potential of these
materials is critically affected by the environmental
conditions under which mortars are cured.
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2.3.4 Atmospheric aggressive compounds and their
effects on durability

A main part of the durability of the lime-based mortars
is related to the ingress of atmospheric aggressive
compounds (rain water, SO,, NO,, etc.) that is
causally related to porosity. Drying conditions affect
shrinkage and porosity and may cause cracking and
debonding, may promote the ingress of atmospheric
agents and are thus critical for the durability of
mortars. Since this influence is significantly different
for hydraulic and non-hydraulic mortars, the opti-
mization of the curing conditions for the drying
control must be related to the type of binder.

Atmospheric pollutants, SO, and NOy, reacts with
portlandite producing soluble salts (calcium sulfate
and nitrate) which cause dissolution-crystallization
cycles depending on external conditions (RH and T),
which can lead to efflorescence.

On the other hand, water also plays an important
role in accelerating the reaction of mortars with
atmospheric pollutants, as well as being capable of
producing freeze—thaw problems. Uncarbonated air
lime mortars show no resistance to frost, whereas after
full carbonation they achieve reasonable frost resis-
tance due to the high porosity of the carbonated lime
mortar. Lime-pozzolans mortars also achieved good
durability in humid conditions as water permeability is
reduced due to their low porosity [90].

3 Carbonation

Carbonation is responsible for the setting and harden-
ing of lime-based mortars, and it consists in a series of
chemical reactions between calcium hydroxide and
atmospheric carbon dioxide, to form calcium carbon-
ate [91, 92]. The several stages of lime production and
utilization are strongly correlated through the so-
called “lime cycle”, which leads to a final product,
CaCQOg;, chemically equivalent to the starting lime-
stone raw material [93]. The production stages of lime
start with the calcination of pure limestones (between
700 and 900 °C), which allow the formation of
calcium oxide (CaO, quicklime) and the release of
CO,. The obtained quicklime, highly metastable, is
then subjected to a forced hydration process, slaking,
through the submersion or aspersion of water, obtain-
ing calcium hydroxide (Ca(OH),, portlandite), which

is the mineral constituent of building lime. The
amount of water should be either stoichiometric,
obtaining a powder of hydrated lime, or in excess,
obtaining a slurry called lime putty. Portlandite
subsequently reacts with atmospheric CO,, forming
CaCQO; crystals and closing the cycle. The proposed
array of reaction processes is equally appliable to the
magnesian component of dolomitic limes, in case of
calcination of dolostones/dolomitic limestones. In this
case, the calcination process produces a combination
of quicklime and magnesium oxide (MgO, periclase),
while the slaking produces a combination of port-
landite and magnesium hydroxide (Mg(OH),, bru-
cite), and the carbonation a mix of calcium and
magnesium carbonates. For sake of clarity, only the
most diffuse high-calcic limes will be taken into
consideration in the next sections, tackling the pecu-
liarities of dolomitic lime mortars in Sect. 3.5.

3.1 Reactions of carbonation

The process of carbonation can be described through
the simplified carbonation reaction (1):

Ca(OH),+ CO, + H,0 — CaCOs;+ 2H,0 (1)

This is controlled by diffusion-related factors and
by the atmospheric CO, concentration, so lime mortar
carbonation generally proceeds gradually, according
to an interfacial process and only after an initial
dormant phase during which a partial drying occurs
until reaching RH between 40 and 80%, necessary to
start CO, diffusion and dissolution within the par-
tially-filled pore network of the material [93].

The carbonation process can be subdivided in
different reaction steps: dissolution of CO, into the
aqueous medium (2), interaction of CO, with hydroxyl
ions to form hydrogen-carbonate and carbonate ions (3
and 4), and final reaction of the carbonate ions with
Ca®" (5) [93]:

CO»(g) = COx(aq) (2)
CO;(aq) + OH™ (aq) = HCO; (aq) (3)

HCO; (aq) + OH™ (aq) = CO3 (aq) + H,0(1)
(4)

Ca’*(aq) + CO3} (aq) = CaCO;(s) (5)
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In the proposed array of chemical reactions,
reaction 3 is the rate-controlling step, being slower
with respect to reaction 4, which is practically
instantaneous. Starting from the proposed carbonation
model, an experimental study [94] proved that lime
carbonation proceeds in three stages. Stage I proceeds
under a chemical-reaction controlled regime, due to
the limited CO, diffusion through the saturated pore
network. Furthermore, the initial CO, uptake pro-
motes a rapid carbonation on the surfaces of port-
landite crystals, forming a passivating layer of
amorphous CaCOs that facilitates the instauration of
a dormant period. The reactivation of the carbonation
process, which proceeds rapidly during stage II, is
promoted both by the conversion of amorphous
CaCQOgs; into calcite and by the drying effect, which
favors the diffusion of CO, within the system. Such
stage is strictly diffusion controlled. The final stage III
takes place after the completion of surface carbona-
tion, with the transition to a diffusion-controlled
regime significantly hindered by the reduced perme-
ability of the carbonated layer.

3.2 Kinetics of carbonation

Experimental studies and building practices demon-
strated that carbonation is a slow reaction process
proceeding until either all calcium hydroxide has
reacted, or capillary water is evaporated. The progres-
sion of the carbonation reaction can be expressed
through a simplified interfacial process ruled by first
Fick law of diffusion [95], causing the development of
the so-called carbonation front according to the
following equation:

x=Kx*\/t (6)

where x is the distance between the surface and the
carbonation front, t is the reaction time and K is a
constant related to the chemical-physical parameters
of the carbonating system (e.g. lime reactivity, CO,
partial pressure, water to binder ratio and RH,
permeability of the system). Furthermore, a fast
progression of the carbonation front may be promoted
by the instauration of specific catalytic factors, such as
the formation of liquid-like water vapor adsorption
layers at RH values greater than 0.7, enhancing
reaction processes between porous calcium hydroxide
particles and carbon dioxide [96]. The reliability of the

equation has been proved by several experimental
studies [92, 97, 98]. Nevertheless, simple empirical
measurements for the monitoring of carbonation
demonstrated the absence of a sharp carbonation
boundary, confirming rather the occurrence of vol-
umes of material of high and low carbonation level
upon the global progression of the reaction process
[99]. In this perspective, the progression of the
carbonation process can be practically described
through an asymptotic function [100]. According to
this model, the degree of carbonation varies between
40 and 60% close to the carbonation front, decreasing
in a nearly linear manner down to 0% ahead of the
layer of maximum carbonation, with thickness values
strongly influenced by compositional and textural
characteristics of the binders. More precise
parametrizations of the actual kinetics of the carbon-
ation process can be extrapolated by experimental
studies on nanolimes [86, 101]. As for the crystalliza-
tion pathways, Rodriguez-Navarro et al. [86] demon-
strated that the carbonation process starts with the
formation of ACC, subsequently transformed into
metastable vaterite (and minor aragonite) via a
dissolution—precipitation process, followed by non-
classical nanoparticle-mediated crystal growth. Then,
stable calcite precipitates after dissolution of the
metastable polymorphs. All these phase transforma-
tions follow first order kinetics, where the rate
controlling step is the amount of undissolved parent
phase. Concerning the type of kinetic model, Camerini
et al. [101] demonstrated that the Boundary Nucle-
ation and Growth Model (BNGM) constitutes the best
choice to describe the carbonation process, allowing
both to consider the separate contribution of the
nucleation and growth of calcium carbonate phases,
and to take into account the role of the surface area of
the particles in the transformation of Ca(OH), into
CaCOs;. Calculated activation energies (E,) for the
carbonation process on four different nanolime sys-
tems, extrapolated applying the aforementioned
model, range from 31.4 to 59.6 kJ mol .

3.3 Factors affecting the carbonation rate
3.3.1 Water amount (relative humidity) and CO,
The amount of water, temperature and CO, partial

pressure are the key factors to be considered along the
reaction path [102]. As for the former, the presence of
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enough water is critical to allow both calcium
hydroxide dissolution and atmospheric CO, uptake
but, at the same time, high water contents hinder CO,
diffusion [103, 104]. As previously stated, it has been
determined that RH comprised between 40 and 80%
are ideal to allow adequate dissolution and diffusion
processes of CO, in pore solution [6]. As for CO,,
there is general agreement in observing an increase in
the speed and rate of carbonation at increasing values
of available CO, within the system [103]. Neverthe-
less, it has been observed that heat generated during
rapid reaction processes promoted by high CO,
availability is responsible for the evaporation of water
in pore solution, thus hindering the carbonation rate
[105, 106]. Other system conditions-related factors
influencing the progression of the carbonation process
are the filler concentration, slowing down CO, diffu-
sion at increasing values [107], the characteristics of
the masonry, such as thickness and composition,
influencing the permeability of the system [97, 100],
and the degradation of mortars, changing composi-
tional and textural characteristics of the composites
[108]. The factors and optimal conditions for the lime
mortars carbonation according to the literature are
summarized in Table 1. Furthermore, it is worth
mentioning a recent study by Ergenc¢ and Fort [109],
which determined the optimal conditions to promote a
representative accelerated carbonation of lime-based
mortars in climatic chamber: the best results were
obtained with a temperature of 20 °C, a RH of 60%
and a CO, concentration of 1600 ppm.

3.3.2 Particle size and crystallographic
characteristics of the lime: influence
of the burning and slaking processes

Cizer et al. [94] demonstrated that the reaction rate and
the amount of CO, uptake are not proportional to the
initial CO, concentration, but they are more influenced
by the crystallographic and dimensional characteris-
tics of lime. The smaller the particles of portlandite,
the faster is the transition from stage I to stage II of the
carbonation process, due to their higher solubility and
consequent reaching of higher levels of supersatura-
tion during the chemical reaction processes, leading to
a higher nucleation density of the calcite crystals.
Such experimental evidence has direct conse-
quences in the optimization of the production stages
of lime cycle, to obtain better nanostructured, and thus

more reactive, limes. The two stages that allow higher
operative margins are the calcination and the slaking
process.

As for the calcination, the best quicklime reactivity
is obtained through the adoption of firing temperatures
around 900 °C, with a progressive loss of reactivity at
increasing values [106]. The samples calcined at
900 °C are characterized by a higher total cumulative
volume, porosity and specific surface area. Further-
more, they are characterized by higher temperature
increase and higher expansion during slaking. Rodri-
guez-Navarro et al. [114] unveiled more detailed
mineralogical insights on the factors influencing this
reactivity, demonstrating the nanostructural arrange-
ment of quicklime particles during and after firing.
The reaction starts at 600 °C with the superficial
formation of pockets of oriented CaO crystals, and
reaches a full conversion at 850 °C. At higher
temperatures, relevant sintering phenomena of the
CaO crystals take place, with the development at
1000 °C of equidimensional, micrometer-sized CaO
grains characterized by the occurrence of straight
triple boundaries as well as neck contacts, typical
features of the sintering process [115]. Concerning the
specific surface area, highest values were obtained at
750 °C, with a progressive reduction at higher
temperatures, indicating a reduced triggering of the
sintering processes even at values lower than 1000 °C.
As for the porosity, values close to the theoretical
maximum of 54.2% were yielded at 900 °C, with a
progressive decrease at higher temperatures, clearly
indicating an association of sintering and shrinking
processes [116]. In general, the best temperature
interval in terms of calcination progression, specific
surface area, overall porosity and prevention of
sintering phenomena is comprised between 850 °C
and 900 °C.

Concerning the optimization of the slaking process,
lime aging by immersion in water in order to obtain a
high-quality slaked lime was known and parametrized
since ancient times, such as 3 years of lime curing
within water ponds prescribed by Plinius the Elder in
the Fifth Book of its Naturalis Historia [117]. Several
studies investigated the microstructural reasons for
such a long preparation [110-112], demonstrating a
clear decrease in portlandite crystallinity upon aging,
contributing to a general surface area increase.

From a crystallographic point of view, this is due to
a progressive transition from large micrometric
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prismatic portlandite crystals to hexagonal platelike,
submicrometric ones. This experimental evidence is in
contrast with the generally accepted Ostwald ripening
theory [118], i.e. development of larger crystals at the
expense of the smaller ones to attain the lowest total
surface energy of the system. This phenomenon is
justified taking into account a preferential dissolution
of prismatic {100} faces of the large portlandite
crystals due to a higher surface energy with respect to
the basal pinacoid ones, facilitating the development
of {0001} faces upon aging [110-112]. This is strictly
related to the crystal structure of calcium hydroxide,
constituted of layers of Ca(OH), having hexagonal
symmetry, bonded together by weak van del Waals
forces, resulting in a perfect basal cleavage [119].
The observed reduction in particle size and peculiar
shapes have direct consequences on the rheological
properties of fresh putties and mortars [120, 121],
namely a net plasticity increment due to a greater
capacity to absorb water, a higher thixotropic behavior
and a yield stress increment. As for the hardening, a
faster overall carbonation for the materials prepared
with the most aged binders has been demonstrated
[121], with a development of smaller calcite crystals,
more interlocked and arranged on a rigid, three-
dimensional structure. Furthermore, the binding matri-
ces produced by carbonation of the aged putties show
peculiar microstructural features of alternating calcite-
rich and portlandite-rich rings, similar to the so-called
Liesegang rings forming on far-from-equilibrium
precipitating systems [111, 122, 123]. On the contrary,
non-aged lime putties with large portlandite crystals of
lower solubility are characterized by limited calcite
precipitation at low supersaturation ratios, typical for
closer-to equilibrium diffusion-limited systems. In this
case, the carbonation process is gradual and homoge-
neous, from the surface toward the sample core.

3.4 Carbonation rates on lime mortars upon aging

The parametrization of the carbonation processes of
lime-based mortars needs to consider the final degree
of carbonation reached by the systems at the end of the
reaction phenomena. The study of ancient mortars
gives insights on materials aged for centuries. There is
general agreement in scientific literature on the
impossibility to reach 100% carbonation levels, with
medium values generally attested between 80 and 90%
for mortars close to the surface exposed to the

atmosphere [124—127]. This is in accordance with
experimental studies on modern mortars, reporting
final carbonation values comprised between 80 and
92% [92, 111], influenced by lime putty quality, the
type of aggregates and the progressive loss of perme-
ability of the masonry systems upon aging.

3.5 Carbonation and performance of dolomitic
lime mortars

In fresh state, the properties of the dolomitic lime
mortars are strongly influenced by the mixing water
content of the paste, like in the calcitic lime mortars. In
the works by Arizzi et al. [128] and Arizzi and
Cultrone [34] it has been reported that dolomitic limes
confer a higher plasticity to the fresh pastes as
compared with calcitic limes. The use of dolomitic
lime in mortars generally led to a higher mixing water
demand, although this parameter is dependent on the
specific surface area and micropore volume of the
limes and can be thus variable as a function of the
production conditions. Arizzi and Cultrone [34] state
that since brucite particles are thinner and larger than
portlandite ones, a greater fineness may be reasonably
expected in dry dolomitic limes.

No strong differences are observed in the hardened
performance of mortars as a function of the original
composition of the air lime (calcitic or dolomitic)
[2, 33, 129]. Similar final mechanical strengths were
achieved in samples tested along 1 curing year, although
final strengths were slightly higher for dolomitic mortars
[33]. According to Chever et al. [35], providing an
appropriate Mg-lime production (absence of over/
underburnt and/or unslaked particles), mechanical
properties could reach values like those obtained in
natural, feebly hydraulic lime mortars. The age at which
dolomitic lime-based mortars reach their maximum
strength is ca. 91 days (aggregates with siliceous
composition) or ca. 365 days (calcareous aggregates)
[33]. Figure 2 presents the values of 20 published
datasets of compressive strengths of dolomitic lime
mortars (with diverse binder/aggregate ratios, which
explains the variability) [33-36, 129, 130]. The average
values as a function of the testing age are 1.41 MPa
(28 days), 2.31 MPa (90 days) and 4.49 MPa
(365 days). These values might be compared with those
obtained by Lanas and Alvarez [2] in calcitic air lime
mortars (average values of 1.13 MPa after 28 days,
1.62 MPa after 90 days, and 3.08 MPa after 365 days).
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The influence of the raw dolomitic material is
however of the utmost importance. Whereas CaO
hydrates at high rate in the presence of water, MgO
shows a slower rate of hydration, which is strongly
influenced by the particle size distribution and by
stirring [131]. Other works showed that the calcination
process of the raw dolomitic limestone and the slaking
process (atmospheric environment, excess of water,
CO, presence ...) yielded dolomitic limes with
different behavior, which gave rise to the formation
of different magnesium carbonates after hardening
(hydromagnesite, nesquehonite, amorphous carbon-
ates,...) [132]. Whereas in ancient mortars the pres-
ence of dolomite was evident together with poorly
crystalline phases of other magnesium carbonates, the
formation of phases on repair mortars obtained from
calcination of dolomitic limestone matches a different
pattern [133—137]. The control of burning and slaking
processes seems to be of paramount importance for
dolomitic lime mortars [35].

The monitoring of the different phases formed in
dolomitic lime mortars showed that the brucite amount
is kept almost constant over time. As possible expla-
nations to this fact, Lanas et al. [33] argued the very
slow carbonation process and/or a dedolomitization
reaction (alkali—carbonate reaction, ACR) between
Ca(OH), and dolomite present in the specimens
[138, 139]. The newly formed calcite through ACR
and the brucite crystallization improve the strength
further than similar calcitic air lime-based mortars.
Stukovnik et al. [140] also found an increase in strength
due to the ACRs inside the air lime mortar with
dolomitic aggregates. This strength rise is ascribed to
the formation of secondary CaCOj that fills pores
inside the lime binder. The calcite formation is due to
two reactions: (a) release of carbonate ions during the
dedolomitization process and their reaction with the
Ca®" ions of the portlandite; (b) the CaCOj; dissolu-
tion/reprecipitation cycle during the dedolomitization
process inside the dolomite aggregate grain, owing to
the gradients of the carbonate and hydrogencarbonate
ions that arise inside or outside the aggregate.

4 Hydration

The hydration as a mechanism for binding action in
lime-based binders can be invoked when a certain
hydraulic character of the matrices is ascertained. The

term hydraulic could be used in connection with the
capacity of hardening (and thus binding) when water is
added to the dry binding system. This mechanism is of
interest for both hydraulic-lime (NHL or lime-poz-
zolan) and lime-cement binders.

4.1 Lime-based mortars with hydraulic properties

A hydraulic lime-based binder is obtained due to the
presence of different materials that confer it the
hydraulic properties. The content of impurities in the
raw limestone, silica (SiO,) and alumina (Al,O3)
mainly, is responsible for this effect [141, 142]. A lime
with hydraulic properties [41] can be produced
burning at 900-1250 °C limestones with a high
content of clays (6.5-20%) (in that case the final
product would be a Natural Hydraulic Lime, NHL) or
mixing clay minerals with finely ground pure lime-
stones [143] or with other materials. An optimal
burning temperature depends on the raw material
composition [144]. The reaction between the lime and
SiO, and Al,O;5 leads to the formation of calcium
silicates and aluminates. The hydration of these
compounds forms the hydrated compounds, C—S-H
and C-A-H, which provides strength to the mortar
[145].

During the production of a hydraulic lime, burning
limestone with siliceous impurities, the final temper-
ature of burning should not exceed 1250 °C, because
sintering occurs at higher temperatures. The different
temperatures of burning as well as the content in
siliceous materials in raw materials lead to different
composition of the hydraulic phases between NHL and
cement and have an influence on the final properties of
the binder. Whilst in cement calcium silicates (mainly
C3S) and calcium aluminates (C3A and C,AF) are
formed during sintering, in NHL larnite (a C,S
analogue) is the major hydraulic phase together with
a lower amount of gehlenite (C,AS) [146-148]. The
presence of gehlenite indicates the lower temperature
reached in the burning process of NHL. These
compounds often appear in a poor crystalline form,
they are usually present in limited concentrations and,
when analyzed by X-ray diffraction, their character-
istic peaks tend to overlap [149]. C3S, C3A and C4AF
may be also detected in NHL [150], in small amounts,
due to a local overheating in the kiln. Calcium
hydroxide (CH) also appears. In cement clinker, free
Ca0 is combined during sintering, and no free CH is
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checked. Gehlenite does not appear in the final cement
either [151].

4.1.1 Reactions of hydration—Influence of different
factors

Hydration reactions of the anhydrous calcium silicates
and aluminates are usually described as follows,
depending on the final composition of the binder
[152]:

3(Ca0) - AL,O3 + 6H,O — 3CaO - Al,05 - 6H,0

2(2Ca0 - Si0,) + 4H,0 — 3CaO - 2Si0, - 3H,0
+ Ca(OH),

2(3Ca0 - Si0,) + 6H,0 — 3Ca0 - 2Si0, - 3H,0
+3Ca(OH),

The hydration of C,S (belite) takes place at long
times (around 6 months) whereas C3;S and C;A
hydrate at a remarkably high speed. A rapid strength
gain is observed in systems with C5S (alite) due to the
hydration of this hydraulic component. At 28 days,
belite attains approximately 10% of the strength
(weight for weight) of alite [153]. The strength
development ascribed to C,S hydration stretches over
1 year.

The water/binder ratio and the curing conditions
can have a severe influence on the rate of hydration,
especially if the competition between carbonation vs.
hydration is considered. This competition will be
tackled below.

4.1.2 Effect of the hydration on the hardening
of hydraulic lime mortars

Lanas et al. [39] studied the mechanical performance
of NHL-5 mortars cured under conditions of 60% RH
and 20 °C and showed three different stages, depend-
ing on the curing ages:

1. Inthe early ages (up to 28 days), mortars with high
lime content gain 50% of their maximum value of
strength. As C3S hydrates quickly, the strong
strength increment observed at early ages can be
attributed to its hydration [153]. As in either NHL
or HL. mortars, the amount of C;A is expected to
be, if any, low, its role should be considered

negligible. This was also confirmed by Garijo
et al. [154] with a set of NHL mortars.

2. At medium term (28-182 days, approximately),

the compressive strength of mortars only increases
slightly owing to the following reasons: (1) the
C;3S hydration could be practically finished; (2)
the slight influence of C,S hydration, because the
main part of its contribution occurs from 28 days
onwards, with maxima values at long-term ages
[155]; (3) carbonation is not significant in terms of
extent and strength contribution (which is always
lower than that of the hydraulic components).

3. At long-term curing times (182-365 days), com-

pressive strengths of mortars with large binder/
aggregate ratios increase again due to the contri-
bution of C,S hydration to the strength. In
addition, the carbonation degree can reach signif-
icant values and thus its contribution to the
strength can be clearly checked.

Some datasets of values published for NHL mortars
have been re-analyzed. Figure 3 depicts nine datasets
(compressive strengths along curing time of mortars
prepared with standard NHL 5), selected from papers
in which at least measurements at three of the 28, 90,
182 and 365 curing ages were reported
[39, 152, 156, 157] (extrapolating the values in ref.
156 from 270 to 365 curing days).

Some conclusions can be drawn:

e The graphical representation in Fig. 3 shows that
the strength increment between 28 days and half a
year is, in general, moderate, in line with the
conclusions by Garijo et al. [154], similarly
obtained for mortars prepared with NHL 3.5.

e On average, NHL mortars gained 51% of their final
measured strength during the first 28 days.

e The noticeable effect of the long-term curing in the
NHL mortars can be seen in Fig. 4. Some data are
not available due to the absence of these values in
the articles. The percentages of strength contribu-
tion of the period 182-365 days with respect to the
final measured strength are larger than those of the
mid-term (28-90 and 90-182 days). For almost all
the reported datasets, a contribution of more than
40% of the final strength was observed for the
period between 182 and 365 days (combined effect
of C,S hydration and carbonation).
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Apostolopoulou et al. [158], using artificial neural
networks computing techniques, studied the signifi-
cant influence of the mix design parameters in the
compressive strengths of available data published
about hydraulic lime mortars. The influence of these
factors explains the variability in the values of the final
strengths.

4.2 Lime-cement mortars

As mentioned before, RILEM TC LHS-277 agreed
that lime-cement binders being dealt with are compo-
sitions with less than 30% cement by weight in the
binder. The types of cement that are normally
incorporated in such systems may be different cate-
gories of hydraulic cements, blended hydraulic
cements, pozzolanic cements, Portland cements and,
in some cases, slag cements [159, 160].

In most cases, however, research and field work are
carried out using Portland cement and either hydrated
lime powder (commercially available)
[48, 79, 161-164].

4.2.1 Hydration of cement

This process has been extensively studied in the
scientific literature. Cement hydration involves dif-
ferent coupled physico-chemical processes detailed in
the work by Bullard et al. [165]. Hydration of the most
straightforward calcium silicate and aluminate sys-
tems, C3S (alite), C,S (belite) and C3A and C4AF leads
to formation of amorphous C-S—H (calcium silicate
hydrate), CH (calcium hydroxide), calcium alumi-
nates hydrates and ettringite [165, 166]. Isothermal
calorimetry is useful to ascertain the different stages
taking place during the hydration of the anhydrous
systems, which are usually initial reaction (beginning
immediately after the wetting and with an intense heat
release because the dissolution of the active com-
pounds), period of slow reaction, acceleration stage
with C-S-H formation, and deceleration period. The
work by Bullard et al. provides insights into the
hypotheses and mechanisms to explain the different
periods. The precipitation of C-S-H occupies a
significant portion of hydrated cement, by volume
[167]. The resulting product may vary in terms of its
bulk density and morphology based on the tempera-
ture of the reaction [168]. The network of C-S-H
crystallites often encapsulate large, irregular shaped

agglomerates of portlandite, which are formed as a by-
product in the reaction and tend to grow preferentially
in clusters on certain nuclei of the alite crystals
[169, 170]. Together, the structure of C—S—H and CH
form strong connections with the solid phase, binding
discrete compounds into a cohesive whole and con-
sequently contributing to the overall strength and
stiffness of hydrated cement.

It is well established that the greater the RH, the
more efficient is cement hydration. RH must not fall
below 80% to promote cement hydration [171]. With
regard to effect of temperature, an increase in curing
temperature causes an increase in speed of the initial
rate of hydration [172]. However, this does not
directly imply beneficial effects at the macro scale.
Higher temperatures are reported to lead to a more
heterogeneous distribution of hydration products and
more coarse porosity of the hydrated composite,
potentially causing lower values of strength and
stiffness after the initial few days of curing [172]. As
the temperature of hydration increases, the resulting
C-S-H formed undergoes a greater degree of poly-
merization of its silicate chains, a decrease in its
amount of structurally bound water and a consequent
increase in its apparent density [173]. Lower temper-
atures of reaction lead to a slower hydration, allowing
more time for ions in the solution to dissolve,
corresponding hydrates to precipitate and distribute
more evenly. At 5 °C, the C-S—H crystallites present
lower coarse porosity and better interlocking of
different phases [174]. At a macro-scale this would
translate to lower temperatures causing relatively
slower evolution of strength and stiffness initially,
but leading to higher mechanical properties by the end
of the curing period, as a result of more homogenous
distribution of hydrated products [175].

4.2.2 Simultaneous effect of carbonation
and hydration in lime-cement mortars

Hardening in lime-cement systems occurs as a com-
bination of cement hydration and lime carbonation,
with the former being the faster and more dominant
reaction [47]. Hydrated phases formed in the com-
bined system are the same AFm (shorthand for family
of hydrated calcium aluminate phases) and C-S-H
phases that are found in hydrated cement, but the
formation of C—A—H phase is also reported [161]. The
C-A-H phase has been observed in hydrated lime-
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cement pastes but is absent in cement only pastes
[161], and occurs as hexagonal plate-like crystals with
fine granular aggregates of size less than 1 pwm, which
may also occur as irregular or fine spherical particles
[176]. The C-A-H phase may further react with
carbonate ions and lead to the formation of C—A—-C-H
(calcium carboaluminate hydrate), the presence of
which (through XRD) indicates the presence of
additional lime in cement hydration [177]. However,
it must be highlighted that the presence of low quantity
of limestone (~ up to 5%) in cement, also leads to the
formation of C-A—C-H phases formed due to the
reaction of carbonate ions with C3A and AFm phases
[178, 179]. Within this margin of 5%, lower levels of
calcite presence, leads to the formation of hemicar-
boaluminates, which get replaced by monocarboalu-
minates as the level of calcite increases [180]. This is
important because only the latter AFm phase, namely
calcium monocarboaluminate is detectable in well
hydrated cement [178]. Beyond this threshold, excess
calcite has been reported to mostly act as inert filler in
cement hydration [180].

The main CaCO; polymorphs formed because of
carbonation of calcium hydroxide, are calcite
(scalenohedral, rhombohedral and prismatic habits),
aragonite (spotted as needles) and polycrystalline
vaterite (spotted in spherical shapes) [161], with the
first one being the most stable and the last one being
the least stable from a thermodynamic point of view
[181, 182]. It is reported that, in stoichiometric
conditions, rhombohedral formation is favoured
[161]. In non-stoichiometric conditions however,
scalenohedral formation is preferred when Ca®" to
CO32_ ratio > 1.2, and the rhombohedral form is
favoured in low ratios of Ca>" to CO5>~ or excess of
CO32_ [183, 184]. Furthermore, the modification of
scalenohedral form to rombohedral reportedly occurs
in lime-cement systems due to the phenomenon of
dissolution, followed by reprecipitation of calcite. The
reaction of carbonation initially takes place in a
calcium-rich environment and promotes the growth of
scalenohedral structures. At this stage, the amount of
carbon dioxide in the specimen is restricted due to its
low diffusivity in water, as the surface of the lime-
cement mortar has a layer of moisture on it [168]. With
the progress of the reaction and corresponding release
of heat, this film of water evaporates enabling the
diffusion of carbon dioxide into the pores and
subsequently reducing the pH value of the

environment [184]. SEM images have shown that this
reduction in pH corrodes and disintegrates the existing
scalenohedral structure, leading to the formation of
rhombohedral crystals on its faces (nanometer sized).
These calcite crystals, which reprecipitate, have
extremely sharp edges and form along the edges of
the carbonated matrix [85, 161]. Since cement hydra-
tion also produces portlandite, the compounds formed
because of varying kinetics of lime carbonation and
cement hydration are highly dependent on the amount
of moisture present in the curing conditions.

Another aspect that merits discussion in a combined
system of lime and cement is carbonation of hydrated
phases. This is reported to cause decalcification of the
corresponding calcium silicate hydrates and calcium
aluminate hydrates [185]. The decalcification of
hydrated phases may lead to the formation of hydrous
silica and alumina highly polymerized, but the precise
nature of these compounds is unknown and requires
further investigation [186-188]. Upon complete
decalcification of the hydrated phases and their
complete destruction, the precipitation of rhombohe-
dral calcite crystals and acicular pyramidal aragonite
crystals has been observed [161]. The resulting
carbonated matrix is poor and full of cracks. Cizer
[161] reports, however, that regardless of the curing
condition, amount of CO, in the curing environment
and decalcification of the hydrated phases, long term
development of strength in lime-cement systems
(mortars in particular) is not affected. The reason
proposed is that the carbonation of free Ca(OH), and
anhydrous compounds in cement serve as
compensation.

When hardening in a material occurs because of a
combination of carbonation and hydration, RH plays
the most important role in curing conditions and can
impact short- and long-term mechanical properties of
the resulting mortar or grout. Cizer [161] performed an
extensive study about different moisture curing con-
ditions in lime-cement systems (at 20 °C) and the
relevant findings may be listed as follows:

Regardless of moisture content, in atmospheric
conditions, cement hydration always occurs before
carbonation of free lime.

RH in curing influences the degree of hydration and
carbonation. RH ca. 93% renders cement hydration
almost complete within the first 28 days, whereas RH
ca. 60% facilitates carbonation of free lime 7 days

onward.
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Regardless of RH being 90% or 60%, lime-cement
systems exhibit long term strength development
(mechanical strength was measured up to 360 days).

The work also states that, for similar proportions,
choosing between lime putty and hydrated lime in a
lime-cement system could have significant conse-
quences on the mechanical properties of the resulting
lime-cement mortar. Lime putty is expected to result
in lower mechanical strength and higher porosity and
shrinkage as compared to hydrated lime. This may be
attributed to lime putty having higher viscosity and
water retention than hydrated lime because of differ-
ences in particle shape [189]. While decalcification of
hydrated phases due to carbonation was observed, no
impact on mechanical strength was reported. On the
contrary, significant gains were recorded, the reason
for which has been attributed to almost full carbon-
ation of lime in the long term, coupled with carbon-
ation of anhydrous cement compounds [161]. With
respect to setting time, addition of lime is reported to
cause earlier setting of cement pastes, by reducing the
induction period typically associated with cement
hydration [190]. Fourmentin et al. [190] presume that
this happens due to the high specific surface area of
lime. Due to the availability of larger surface area, C—
S—H precipitation is expected to occur on portlandite
crystals in the pores of the cement paste instead of only
occurring on the surface of the grains. The accelera-
tion of the setting time, however, is shown to be
negligible beyond a critical concentration of lime
fraction (30% by volume) in the mix.

5 Pozzolanic reaction

Pozzolans are materials with high contents on amor-
phous alumina and/or silica with high specific surface
area. Pozzolans depend on other components to be
reactive: they do not possess binding ability by
themselves. Composition and fineness are the key
factors [191, 192].

Natural pozzolans mainly result from meteorized
lava that is milled to become fine. Artificial pozzolans
can come from a raw material, such as a clay, but
needing a thermal treatment: for example, metakaolin
is obtained from kaolin fired at 600-900 °C for at least
30 min [193]. By the treatment the kaolinite mineral
(A1,05:2510,-2H,0), composed by two molecules of
water, losses that water turning into amorphous

silicate (Al,O5-2Si0,) due to structural collapse
[194]. The optimal factors for the thermal treatment
are optimizing energy consumption, ensuring mainte-
nance of the amorphous phases, thus reducing crys-
talline phases formation [191]. Artificial pozzolans
can also come directly from industrial wastes, such as
fly ash collected in coal thermal plants, rice husk ashes
or red ceramic dust, that has not been fired at too high
temperatures for too long to avoid/reduce crystalline
phase formation [195] (Fig. 5). Nowadays, mainly due
to environmental concerns, also other wastes are being
studied to be used as pozzolans for lime composites,
such as sewage sludge ash or mining wastes
[196-198]. In some of those cases, depending on the
application of the mortars (namely if as renders or
plasters), non-toxic lixiviates and odors must be
ensured. Different pozzolans and treatments present
very distinct reactivity. Therefore, a lot of research
still needs to be done concerning pozzolans.

5.1 Air lime-pozzolan reaction in mortars

Pozzolanic materials react with Ca(OH), of lime-
based mortars in the presence of water to produce
mainly C-A-H and C-S-H. At the alkaline pH of a
calcium hydroxide solution, the high concentration of
hydroxyl anions are responsible for the breakage of
bonds in SiO,, silicates and aluminosilicates, giving
rise to ions such as [SiO(OH);]™ and [AI(OH),]™
[199]. In contact with Ca”" ions, these silicate and
aluminate ions form hydrated silicates of C—S—H type,
calcium aluminate C4AH;3;, hydrated gehlenite
C,ASHjg, and C3A-CaCOs5-12H,0. It is interesting to
consider that the silicate compounds dissolve more
rapidly than aluminate and a higher concentration of
calcium ions is required for the formation of the
aluminate-based components. Therefore, C—S—H gels
precipitate onto the particles of pozzolans firstly [199].
These compounds provide hydraulic performance to
the air lime composites. The C-S-H and C-A-H
hydrates are similar to the ones formed in mortars with
hydraulic binders, namely cement, but the content and
type of C-S—H of air lime-pozzolan systems are
different. Therefore, contrary to cement mortars, the
lime-pozzolanic mortars contribute to physico-chem-
ical compatibility with the mortars of the historic
structures [200]. Pozzolans can be used as an addition
to the binder but in fact they can partially replace it in
mortars formulations [201].
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Pozzolanic reactivity can be assessed by the
Ca(OH), consumed and the kinetics of the reaction
[199]. Different methods can be used to evaluate that
pozzolan reactivity [202, 203] but one of the most
common is the modified Chapelle test based on a
French standard [204] for metakaolin but that is also
applied to test other pozzolans. The strength develop-
ment of lime-pozzolan system can be also monitored
by following ASTM C593-19 [205].

The pozzolanic reaction is not fast in comparison to
a common hydraulic binder hydration reaction and, in
lime mortars, it competes with carbonation, that is an
even slower reaction. Lime-pozzolan mortars take
about two days to harden but the properties go on
developing mainly during the first two—three months.
However, it seems that the pozzolanic reaction, at least
for some mortar mix designs at ambient temperature
and CO, content, does not reduce carbonation [109].
Nowadays, other materials are studied in blended
mixes to improve air lime-pozzolan mortars perfor-
mance, such as ternary systems (lime-pozzolana-
cement) or nano materials [67, 206, 207].

5.2 Main factors influencing air lime-pozzolan
mortars performance

More than 2000 years ago [208], air lime-based and
pozzolans composites were used allowing the hard-
ening not only by carbonation but also by hydration.
The possibility of lime-based mortars application is
thus enlarged even when a weak contact with CO, is
provided, such as underwater or in deep applications,
and increased durability, namely when a frequent
contact with water and salts was present.

Adequate water/binder (w/b) ratio and optimized
early curing conditions are fundamental to ensure low
porosity and, therefore, air lime-pozzolan mortars
durability [42]. The w/b should be enough to ensure
workability for the application and is strongly influ-
enced by the type of pozzolan and mainly by its
specific surface area [191]. Nevertheless, the initial
curing must be humid to provide enough moisture for
pozzolanic reaction to occur, and to ensure CO,
transport and further carbonation reaction. If the
curing is too dry, the pozzolanic reaction cannot occur
due to lack of water for hydrated products formation
and the carbonation will be even slower because of
slow CO, dissolution.

However, the parameters influencing the perfor-
mance and durability of lime-pozzolan mortars are
vast and also include the reactivity of both lime and
pozzolan, their proportions on the mortars formulation
[66, 201, 209] but also the mortars application
technology [8]. The reactivity of the pozzolan will
be critical to establish the performance along time
[210], giving rise to the different composition and
microstructure of the hardened products, as reported
by some authors [152, 199, 209]. The percentage of the
pozzolanic additive is also important, since a too large
amount of the additive may lead to an excessive drying
shrinkage [211]. For a more accurate assessment, air
lime-pozzolan mortar performance should not only be
assessed in laboratory conditions but also in situ [212]
and in the literature it seems there is a lack of register
of long-term monitoring.

6 Competition between different processes

During the hardening of (a) air lime, (b) NHL,
(c) lime-pozzolan and (d) NHL-pozzolan mortars,
competitive reactions such as drying, carbonation,
hydration and pozzolanic reaction occur. The addition
of pozzolanic material, natural or artificial, in
hydraulic lime mortars [213] relies on a mechanism
similar to that observed in cement mortars or concrete
enriched with pozzolans. It was observed that the non-
carbonated lime can further react with pozzolans to
produce hydraulic components imparting more
strength to the final mortar and especially better
resistance to sulfates. Generally, in NHL mortars,
hydration precedes carbonation, except for pozzolanic
materials with low reactivity with lime that favoured
the consumption of lime by carbonation reaction.
However, moisture greatly influences the degree and
the order of these reactions, being hydration mostly
enhanced under higher moist conditions and carbon-
ation involved under drier conditions. Remarkable
consequences in the mechanical properties impose
that NHL and lime-pozzolan mortars should be cured
in moist conditions for promoting the early hydration.
Other parameters involved in the competition of
processes are the quantity of calcium hydroxide
affecting the carbonation along with the quantity of
calcium silicates and aluminates influencing the

physical and mechanical properties.
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6.1 Drying versus carbonation

Oliveira et al. [214] addressed an experimental
program for elucidating the competition between
drying process and evolution of carbonation in air
lime mortars. In air lime mortars the humidity
diffusion was quicker than the one normally observed
in cement-based materials [214]. Drying process has
been observed in air lime mortars, before carbonation
had taken place, resulting in eventual drying shrinkage
and subsequent surface cracks [215].

Carbonation is influenced by the surrounding
environment and characteristics of the material. The
characteristics of the porous matrix affect the depth of
the carbonation front [216, 217] and full carbonation
may take decades or even centuries in thick elements
[218].

In general, the evolution of mechanical properties
of air lime mortars are related to drying and carbon-
ation processes, which are in turn coupled together
[214]. Water vapour enables the reaction between CO,
and calcium hydroxide leading to the hardening of air
mortars, establishing those surfaces as net CO, uptake.

Based on the literature review by Despotou et al.
[99], the mechanisms and kinetics of carbonation
depend strongly on the mineralogy, texture of mortars,
type of additive and lime used, the width of the walls,
thickness of the mortar (less carbonation when mortar
depth increases), as well as the timeframe allowing the
carbonation process to take place. Under natural
conditions, actual building practice and depending
on the thickness of the mortar/plaster, carbonation
takes between a few weeks and several years (see also
discussion in Sect. 3.4).

6.2 Carbonation versus hydration

In this section, the competition between carbonation
and hydration mechanisms involves mortars with
NHL. Parameters of prime importance that influence
the progress of those two mechanisms are the mixing
water ratio and the curing conditions
[8, 93, 102, 219, 220]. A high water content favours
the hydration and retards the carbonation process. A
quick carbonation occurs within 40% and 80% RH,
and moderate temperature [8, 102, 219]; as opposed to
that, hydration of hydraulic binders requires 95%-to
100% of RH, especially in the very first days of
casting.

These findings are related to the controlling rate
step in the carbonation process (dissolution and
diffusion of CO,). Appropriate RH values induce best
dissolution and diffusion processes of CO, in pore
solution [93], resulting in increasing values of avail-
able CO, within the system [99]. On the other hand,
this water presence allows the calcium hydroxide
dissolution and thus its availability for carbonation.
The heat release during the calcium carbonate forma-
tion in high CO, ratios leads to water evaporation, thus
decreasing both carbonation and hydration rate
[105, 106].

Other factors affecting the competition of the
mechanisms include the raw materials nature and
quantity, the thickness and place of mortars in the
structure, as well as the mortar conservation state that
is related to changes in composition and texture
[97, 100, 108]. Portlandite was detected in NHL
mortars applied to a Venetian villa after 3 years of
application and it was attributed to the ongoing
hydration reaction and to the humid environment not
promoting the carbonation [37].

6.3 Drying and/or hydration versus pozzolanic
reaction

The setting and hardening processes of lime-pozzolan
mortars are strongly affected by the presence of water.
If the pozzolanic material has low reactivity, compe-
tition between drying and pozzolanic reaction can take
place in lime-pozzolan mortars under atmospheric
conditions. Even highly reactive pozzolanic material
like metakaolin may not provide enough strength
development to the mortar due to phase modifications.
The main phases formed in the reaction of lime and
metakaolin are the calcium silicate hydrate (C—S—H),
the calcium aluminate hydrate, stratlingite (C,ASHy),
the tetra calcium aluminate hydrate (C4AH;3) and the
monocarboaluminate C4AcH;; (3Ca0-Al,05-CaCO5_
11H,0). Regarding the stability of these phases,
namely the transformation of stratlingite and C4AH ;3
into hydrogarnet at long term, can result in decrease of
the compressive strength [49, 221, 222]. Therefore, the
hydrated phases and their stability are crucial for the
achievement of sufficient strength.

Due to the gradual progress of the hydration
reactions, lime-pozzolan mortars require moist condi-
tions to ensure enough strength development. Curing
under dry conditions does not sufficiently increase
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their strength because the hydration reactions are
slowed down or even terminated by the full carbon-
ation of lime in lime-pozzolan mortars. Therefore,
lime-pozzolan mortars should be treated with moist
curing during early stages to improve the hydration
reactions.

In this category of mortars, the definition of the
competition of processes is more complicated as
additional and competitive factors influence the hard-
ening of the mortar, such as the effectiveness and
content of the pozzolan, the curing conditions, as well
as the presence of additives and admixtures in the
mortar. Arizzi and Cultrone [209] studied the carbon-
ation process and the pozzolanic reaction of lime-
metakaolin (MK) mortars in different wt% addition of
MK. As observed, the addition of MK retarded the
carbonation in mixtures with addition of 10 and 15%
MK, whereas the 20% MK mortars exhibited higher
carbonation at early stages, fact that could be related to
the formation of more monocarboaluminate phases.
Furthermore, compressive strength decreases in
3 months of curing time, due to microcracks formed
by the shrinkage that took place over curing [223]. On
the contrary, when carbonation preceded the poz-
zolanic reaction, mechanical properties such as long-
term compressive strength and toughness are
enhanced, because of the formation of stable mono-
carboaluminate phases that hindered the hydrogarnet
appearance [224].

The occurrence of pozzolanic reaction and hydra-
tion in ternary mixes including NHL with pozzolanic
additives should be considered as an effective alter-
native in some cases. NHL binders enriched with
pozzolanic material yield compact structures formed
by C-S(A)-H and calcite, since pozzolanic reaction in
the presence of moist conditions and carbonation
occurred continuously [225]. The strength gained by
the hydration reaction of NHL can be improved by
using pozzolanic material, as the portlandite produced
during the hydration process of NHL can be either
carbonated and/or reacted with the pozzolanic mate-
rial to yield newly-formed C-S(A)-H.

It seems reasonable to argue that in those ternary
systems moist curing conditions that favour the
hydraulic components formation could be recom-
mended as those prevent from the carbonation of free
lime and derived portlandite. However, more research
is needed to define the mechanisms governing the

short and long-term curing stages of those ternary
systems.

7 Conclusions

Drying influences significantly all the mortars char-
acteristics, including microstructure, mechanical and
hygric performance and durability. Drying is con-
trolled by the composition of the mortar (binder type,
aggregate nature and ratio and mixing water ratio), by
curing conditions (temperature, RH, air velocity) and
by porous media in contact.

The carbonation of a lime mortar is controlled by
the amount of water in the inner part of the mortar (that
is, by the RH and by the mixing water ratio), by the
aggregate ratio, by the particle size of the portlandite
crystals and by the thickness of the masonry (limiting
the water evaporation and the CO, access). For the
carbonation a range of 40-80% of RH would be
necessary, being the optimal range from 70-80%.

However, for natural hydraulic lime mortars and for
lime-cement mortars, higher RH are suggested. A
humid environment allows the hydration of the
hydraulic components. The mineralogical composi-
tion (the ratio of the hydraulic phases and their
composition) and the ratios of mixing water and of
aggregate also have a clear influence on the setting and
hardening of the hydraulic mortars, which show a
sharper development of strength from 0 to 28 days and
at long curing periods (from 182 to 365 days). Lime-
cement mortars also exhibit a long-term strength
development, ascribed to lime carbonation.

Pozzolanic reaction requires a humid environment,
so that the factors in connection with the amount of
water are of importance. Apart from mineralogical
composition, the specific surface of the pozzolans is a
critical parameter to explain their reactivity. At least
for some mortar mix designs at normal conditions of
temperature and CO,, the pozzolanic reaction does not
reduce carbonation.

In air lime mortars, the humidity diffusion (by
evaporation or absorption by substrate) takes place
before any noticeable carbonation. Providing an
adequate humid environment, hydration precedes
carbonation, except for pozzolanic materials with
low reactivity with lime that favoured the consump-
tion of lime by carbonation reaction. Ternary mixtures
including hydraulic limes and pozzolans may result in
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the improvement of the performance of the mortars
under appropriate curing conditions.

Consequently, for realistic application, testing
conditions and studies on these mortars are important,
namely: to know the mineralogical composition and
the particle size distribution of the binder and addi-
tions to be used (ratio of hydraulic components,
mineralogical composition, particle size of the lime
and pozzolans); to adequately define curing parame-
ters, which must be appropriate for each kind of binder
and additions, and also be feasible in practice, as a
function of the final purpose of the mortar; to design
appropriate mixing ratios (water/binder, binder/aggre-
gate, pozzolanic additions when deemed necessary);
and to consider the effect of porous substrates,
particularly in the case of air lime mortars.
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