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It is built with granite 
ashlars settled without 
mortar between them 





Mortar is a workable paste which dries to bind building blocks 

such as stones, bricks, and concrete masonry units, to fill and seal 

the irregular gaps between them, and sometimes to add 

decorative colors or patterns to masonry walls. The word 

"mortar" comes from Latin mortarium, meaning crushed.  



The mortar functions as a weaker component than the building 

blocks and serves as the sacrificial element in the masonry, 

because mortar is easier and less expensive to repair than the 

building blocks.  



Lime mortar is used particularly in the repair and 

repointing of historic buildings and structures so 

that the repair materials will be similar in 

performance and appearance to the original 

materials. The ancient binder lime mortar is still 

used in some specialty new construction.  

Mortars are made by mixing sand, a binder, and water.  

The most common binder since the early 20th century is 
Ordinary Portland Cement (OPC).  



Constituents of Ordinary Portland Cement 
 
The principal raw materials used in the manufacture of Ordinary Portland Cement are: 
 
• Argillaceous or silicates of alumina in the form of clays and shales. 
• Calcareous or calcium carbonate, in the form of limestone, chalk and marl which is a 

mixture of clay and calcium carbonate. 

The ingredients are mixed in the 
proportion of about two parts of 
calcareous materials to one part of 
argillaceous materials and then crushed 
and ground in ball mills in a dry state or 
mixed in wet state. 
 
The dry powder or the wet slurry is then 
burnt in a rotary kiln at 1400 ºC to 1500 
ºC. the clinker obtained from the kiln is 
first cooled and then passed on to ball 
mills where gypsum is added and it is 
ground to the requisite fineness 
according to the class of product. 



Lime (CaO) 60 to 67% 

Silica (SiO2) 17 to 25% 

Alumina (Al2O3) 3 to 8% 

Iron oxide (Fe2O3) 0.5 to 6% 

Magnesia (MgO) 0.1 to 4% 

Sulphur trioxide (SO3) 1 to 3% 

(NaO+KO) 0.5 to 1.3% 

Typical composition of Ordinary Portland Cement 

The above constituents undergo chemical reactions during burning and fusion, and 

combine to form the following compounds called BOGUE COMPOUNDS. 

Compound   Abbreviated designation 

Tricalcium silicate (3CaO.SiO2)   C3S 

Dicalcium silicate (2CaO.SiO2)   C2S 

Tricalcium aluminate (3CaO.Al2O3)  C3A 

Tetracalcium aluminoferrite (4CaO.Al2O3.Fe2O3) C4AF 



Hydrated Lime consists primarily of 

calcium hydroxide which is derived by 

slaking quicklime (calcium oxide) .  
 
CaO + H2O  Ca(OH)2 + heat 

Calcium oxide is more reactive than 

hydrated lime. Hydrated lime is the 

result of adding water to powdered 

quicklime (1.04 g/mL), putting it in a kiln 

or oven, and then pulverizing it with 

water. The resulting lime, calcium 

hydroxide, has a density of about 0.56 

g/mL. 

Calcitic lime (CaCO3) or dolomitic lime (containing large amounts of MgCO3 as well) 

combine and harden with the carbon dioxide present in the air. 



The lime cycle consists of three stages: 
• calcination 
• hydration or slaking 
• carbonation (or air setting). 

Limestone quarries  at Morón de la 
Frontera (Sevilla), and typical 
limestone used to produce lime. 
Photos: Esther Ontiveros Ortega 

First stage: calcination of limestone at a sufficiently 
high temperature as to cause the decomposition of 
calcite according to the reaction: 
 

CaCO3  CaO + CO2 

This reaction is strongly endothermic, so the 
production of calcium oxide requires high energy 
consumption and the use of suitable kilns. Traditional 
lime kilns involved the firing of wood or coal along 
with limestone blocks. 

https://www.youtube.com/watch?v=WkuYCWGohPw&list=RDCMUCsLuj6X_0pRuMvaUrevW2yQ&start_radio=1&t=27


Second stage: in contact with water calcium oxide reacts forming calcium hydroxide, 

the mineral portlandite, according to the reaction: 
 

CaO + H2O  Ca(OH)2 + heat 

Third stage: carbonation of calcium hydroxide in the presence of atmospheric CO2 

occurs according to the overall reaction: 
 

Ca(OH)2 + CO2  CaCO3 + H2O  
 

The resulting CaCO3  crystals act as a binder due to their interconnected microstructure  

joining the rest of the elements in the mix (aggregate). 

 

The setting of air lime mortars and plasters begins with an initial period of drying and 

shrinkage and is followed by the carbonation reaction. The reaction interface advances 

then through the porous system from the surface towards the unreacted core. 



Ideally, a mortar should: 
 

• be capable of developing good adhesion with the 

building units such as bricks, stones etc. 

• be capable of developing the designed stresses. 

• be capable of resisting penetration of rain water. 

• be cheap, durable and easily workable 

• not affect the durability of materials with which it 

comes into contact. 

• set quickly so that speed in construction may be 

achieved. 

• not develop cracks in the joints and they should be 

able to maintain their appearance for a sufficiently 

long period. 



Regarding the conservation mortars, Portland cement appearance came to 
dethrone air lime mortars because the new binder had: 
 

 a higher mechanical strength and  

 a low setting time allowing for work completion in relatively short period.  



More recently it has been observed that Portland cement is not the magic formula that it 

was initially thought to be and it is responsible for several problems in the building 

rehabilitation area, where frequent pathologies are associated with its use:  
 

 It is chemically incompatible with historic masonry, the petrous component 

(stone or brick) becoming the weakest part of the system. This stress can 

crack, chip, and delaminate the stone or brick.  



 it is responsible for the introduction of soluble salts: efflorescences 

More recently it has been observed that Portland cement is not the magic formula that it 

was initially thought to be and it is responsible for several problems in the building 

rehabilitation area, where frequent pathologies are associated with its use:  
 



 it has a low permeability to water evaporation and a high modulus of 

elasticity that is unable to accommodate for masonry deformations.  

More recently it has been observed that Portland cement is not the magic formula that it 

was initially thought to be and it is responsible for several problems in the building 

rehabilitation area, where frequent pathologies are associated with its use:  
 



The medieval choir at Nidaros Cathedral  (Trondheim, Norway) just after reconstruction in the 1880s 

(left) and 1994 (right), before the last restoration in the early 2000s. All the white calcite crusts are a 

result of leaching of calcium hydroxide from Portland Cement used in the 1880s, and particularly 

during a restoration by 1920. Photos by the Nidaros Restoration Workshop and Per Storemyr. 

The Geneva UN Charter recommended to stop using  
Portland cement in restoration 



 Fewer soluble salts than OPC 

 

 More compatible with older building 

techniques and materials from a chemical, 

structural and mechanical point of view 

 

 Lime mortars offer more flexibility under 

certain mechanical conditions, an essential 

feature for the movements of masonry 

fabrics 

Advantages associated with the use of lime mortars: 



 Lime mortars are capable of maintaining 

the structural stability of a building for a 

longer time, since, in the event of 

fractures in the mortar, they can be 

corrected by a self-sealing process 

(related to redissolution / reprecipitation 

cycles of calcite) 

 Excellent breathability. Biodegradable 

 Due to its high level of alkalinity, lime 

acts as a natural fungicide and 

disinfectant, preventing the proliferation 

of fungi and stains 

Advantages associated with the use of lime mortars: 





Drawbacks associated with the use of lime mortars: 
 

 Relatively low compressive strengths for certain structural applications. 

 Low internal cohesion and high porosity, making them very sensitive to 

deterioration processes. 

 High water retention capacity and low resistance to frost and salt 

crystallization. 

 Long setting times, especially true for air lime mortars 



How to improve lime mortar performance?  

We may incorporate: 

 additives (chemical agents) 
 superplasticisers and/or  

 mineral additions 
 fly ash,  
 rice-husk ash,  
 slag,  
 calcined clay and/or  

 pozzolanic materials (SCMs) 
 Metakaolin, Al2O3·2 SiO2·2 H2O  

 Micro- or nano-silica 



Photo by Bilal O. on Unsplash 

Additives 
 

Chemical compounds  
 

 In very low concentration, < 5 wt.% 

with respect to the binder 
 

 Confer certain modified characteristics 

to the mortar 



Photo by Bilal O. on Unsplash 

Additives 
 
 

 Superplasticizers 
 

 Water repellents 
 

 Photocatalysts   



Photo by Bilal O. on Unsplash 

Mineral additions 
 

 In larger concentration than aditives, up 

to ca. 20 wt. % 
 

 May yield:  
 Improved compactness 
 Reduced porosity 
 Increased compressive strenght 
 Better injectability (grouts) 
 Larger durability 



https://www.unav.edu/web/materials-and-cultural-heritage/research-outcomes/published-papers




Schematic representation of the 
molecular architecture proposed for both 
PCEs. The main backbone shows the 
negative charges of the COO− groups. 

PCE1, with lower anionic charge density but with larger Mw and longer side chain 
length, would resemble a star-shaped polymer, with a relatively short main backbone 
(accounting for its low anionic charge density along this main chain) and with longer side 
chains. 
 
PCE2, with higher anionic charge density but lower Mw and shorter side chain length, 
would appear to be a worm-like polymer, with a main backbone proportionally longer 
(with more COO− functionalities) than its shorter side chains. 



TEM micrographs of: (a) and (b) NS spherical particles; (c) and (d) MK particles with 
hexagonal layers and card-house agglomerations. 

The first pozzolan used was a colloidal silica 
suspension, nanosilica (NS; pH = 9.68, with 
a solid/liquid ratio of 0.28, with a specific 
surface area of 500 m2 g−1 and an average 
particle size of 50 nm, as shown in the TEM 
micrographs. This NS was selected because 
it was a superplasticizer-free suspension.  
 
The second pozzolan was metakaolin (MK), 
with a specific surface area of 20 m2 g−1 
and an average particle size of 4.5 μm, as 
depicted in the TEM images. This is made 
of a calcined kaolinite so that this fact 
guarantees a high reactivity. Different 
weight percentages (0, 6, 10 and 20 wt.% 
with respect to the weight of lime) of the 
pozzolans were added to obtain pastes in 
which the flowability and other properties 
were assessed. 



Electric double layer of the particles of nanosilica in a colloidal suspension (left). 
Adsorption model of PCE1 onto NS particles showing a strong displacement of 
the shear plane of the EDL (center). Flat adsorption with a higher surface 
loading of worm-like PCE2 onto NS particles, resulting in a less pronounced 
displacement of the shear plane (right). 



Adsorption isotherms of 
the superplasticizers assayed onto 
plain lime, lime–NS and lime–MK 
pastes (20 wt.% of pozzolanic 
additive) fitted according to 
Freundlich model. 

In general, the larger the concentration of the SP assayed, the greater the 

extent of the adsorption. Adsorption tests showed that PCE2 was adsorbed in 

a 3- to 4-fold when compared with PCE1, in plain air lime samples 



Conclusions 
 
PCE1 with the shortest backbone and lowest anionic charge density but with the longest 
side chains (star-shaped molecule) has been found to provide the largest plasticizing 
effect in the assayed lime pastes. At the same time, the consumption of 
this superplasticizer was the lowest, as proved by the low amount adsorbed. This 
polymer showed the best dispersion maintaining ability over the time and high doses of 
it led to the strongest delays in the setting time. 
 
Conversely, the worm-like copolymer, PCE2, with a longer backbone and larger 
population of carboxylate groups but with shorter grafted lateral chains, showed a high 
rate of consumption (large amount adsorbed) but the worst dispersing performance. 
 
Among the tested mixes, the combination of the PCE1 (star-shaped polymer) with 
metakaolin as pozzolanic agent provided the best flowability in order to its use as grout.  
 
Restoration mortars could be designed by using adequate ratios of lime, pozzolanic 
addition and superplasticizer according to the experimental results. 
 
The main mechanism that explained the action of these copolymers was seen to be 
mainly steric hindrance, through side chains of the polymers. 





SEM micrographs of a sample (6 wt.% NS):  

a) CSH area showing a honeycomb-like structure; 

b) CSH in a combined flakes and rods pattern;  

c) CSH in a thin foils-shaped form. 

The observed increase in the mechanical strengths 

of the NS-bearing mortars was due to the C-S-H 

formation. As a matter of fact, it was proved that NS 

particles modified lime mortar, through the reaction 

between CH particles and reactive SiO2 forming 

calcium silicate hydrates (C-S-H) and increasing the 

average chain length in their internal structure.  



Comparative SEM micrographs 
after 91 curing days between 
control sample (on the left 
side) and sample with 0.5% of 
plasticizer (on the right side) at 
different magnification. 
Samples with PCE showed 
compact and large 
agglomerates of rounded 
calcite crystals and reduced 
porosity 



SEM micrographs obtained from a 
sample after 91 curing days, 
showing the noticeable 
densification of the matrix and 
reduced mean pore size  
(a). Microstructure appears 
dominated by CSH structures: 
honeycomb forms, some rods and a 
network (b). In (c), other area of the 
sample showing similar CSH 
structures and including some areas 
of rounded calcite crystals 
agglomeration owing to the PCE 
presence (on the right side of the 
picture). (d) Detail of the sample, 
allowing the observation of a dense 
matrix and low pore size diameter. 

The observed improvements in mechanical strengths were 
even more outstanding upon simultaneous addition of 
both PCE and NS 



Conclusions 
 
 
The flowability of lime mortars was enhanced by the PCE addition. However, 
viscosity measurements showed a saturation dose of PCE (at ca. 1 wt.% with 
respect to lime weight) beyond which there is no increase in fluidity. 
 
In mortars in which both NS and PCE were simultaneously present, the 
plasticizing action of PCE could also be observed. The experimental results 
indicated the absence of any interaction between PCE and NS particles. 
 
The PCE addition resulted, as a general trend, in a strong setting time reduction. 
This finding is of great relevance in order to overcome one of the main 
disadvantages of the use of aerial lime mortars, which is related to their long 
setting. 
 
Mechanical strengths of the aerial lime mortars were improved by the addition 
of significant amounts of NS (≥ 3 wt.%).  
 



Conclusions 
 
 
The isolated action of PCE produced a noticeable increase in the mechanical 
strength of the mortars as a consequence of a reduction in the water demand, 
which resulted in a smaller mean pore size and a larger degree of compactness of 
the binding matrix.  
 
PCE presence also dramatically changed the microstructure of the carbonated 
mortar, which showed large agglomerates of rounded, submicrometer-sized 
calcite crystals. 
 
The highest mechanical performance of the tested lime mortars was obtained 
under the combined action of both NS, added in appropriate amount, and PCE 
admixtures. The mechanical improvement was related to a pronounced 
reduction in the mean pore size and in the porosity. After a 182-day period of 
curing, a sample containing both admixtures quadrupled the compressive 
strength value of the control mortar, reaching 12.7 Nmm− 2, which is among the 
greatest values so far reported for aerial lime mortars, taking into account that 
only 6 wt.% NS was added, the only admixture with certain pozzolanic activity. 
 





1)52IPEG 5.8 is based on the copolymerization via free radical from acrylic acid and isoprenyl ω-
hydroxy polyethylene glycol macromonomers. Number of ethylene oxide units in the chain is 52 and 
acrylic acid and isoprenyl oxy poly(ethylene glycol) ratio is 5.8. 

 
2) 23APEG contains α-allyl-ω-methoxy poly(ethylene glycol) macromonomers containing 23 ethylene 

oxide units and an equimolar amount of maleic anhydride. 
 
3) 45PC6 is composed of methacrylic acid and the macromonomer ω-methoxy poly(ethylene glycol) 

methacrylate ester with 45 ethylene oxide units at a molar ratio of 6:1. 
 
4) A commercial PNS superplasticizer was also used. 





TEM micrographs of the photocatalytic 
additives dispersions. 

Typical monitoring plots of NO 
photocatalytic abatement under 
illumination. 



High NO removal rates were obtained: percentages 
generally above 30% and even 40% of NO 
degradation under UV light (Fig. a). In the tested 
coatings NO abatements were comparable 
irrespective of the supporting material. The 
smaller photonic efficiency of the solar and visible 
light resulted in lower percentages of NO removal 
under these illumination sources. 

A positive effect of the superplasticizers based 
on polycarboxylate chains was observed. For 
example, under UV light, NO abatement was 
increased by an average value of 15%. In some cases, 
this value was very high, as in the case of 52IPEG 
with TiO2, with a 26% of NO abatement increase 
with respect to the coating applied without 
superplasticizer Under solar irradiation also the use 
of these superplasticizers resulted in a sharp increase 
of the NO removal rates (76% of average increase), 
particularly in coatings applied onto air lime mortars 
and very significant for coatings with Fe-TiO2 (Fig. b). 
 
The NO abatements of these coatings under strict 
visible irradiation were also clearly enhanced by the 
presence of polycarboxylate-based superplasticizers, 
as can be observed in Fig. c. 



The steric hindrance, provided by a large density and length of side chains, was the 
most effective repulsion mechanism and 52IPEG was the most efficient SP 
 
When the coatings were applied onto PC and air lime mortars, the polycarboxylate-
based SPs improved the NO removal rates as compared with the SP-free 
coating: for example, an average increase of NO degradation by 15% under UV 
and by 76% under solar light was found.  
 
The higher photocatalytic efficiency was related to the reduction in the 
agglomeration of the photocatalysts, with more exposed active sites and a 
decrease of the electron-hole recombination rates. 
 
The presence of the photocatalyts caused a reduction of the static water contact 
angle under UV, solar and visible light illumination, which is positive to the dirt-
prevention ability of the mortars. 
 
Microstructural examination, included the cross section analysis, showed that the 
use of SPs enhanced the distribution of the photocatalysts yielding 
thinner coating layers. The increased fluidity of the fresh coatings due to the 
presence of the SPs boosted the percolation of the active material within the 
mortars reducing the drying shrinkage cracks of the coating. 
Durability of these coatings under accelerated weathering was good: NO removal 
efficiency reduction was moderate (16% for air lime mortars). 







Injectability studies to assess the performance of designed grouts 



Grouts with PCE as superplasticizer evidenced good injectability, 
showing a complete filling of the voids and a good adherence to 
travertine grains. The grout O-MK-PCE depicted the most 
homogeneous aspect, proving the success of this injection grout in 
terms of penetration and diffusion. Solid images of the cylinders 
without holes were observed for this grout, implying that voids were 
successfully filled, thus resulting in a reinforcement of the 
masonry and hence of its strength 



OPTIMAL GROUT:  
 

 air lime 

metakaolin, Al2O3·2 SiO2·2 H2O 

 sodium oleate, C18H33NaO2  

polycarboxylated-ether superplasticizer  
 

Grouts designed comprising different combinations seeking: 
 

 Better injectability: superplasticizers : PCE, PNS, SMFC 

 Water repellency: sodium oleate 

 Enhancement of strength and setting time: miclosilica and metakaolin 
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