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ABSTRACT 
 

In recent years the use and study of lime mortars are being improved because lime 

shows a high compatibility with the ancient materials of the Architectural Heritage. On 

the other hand, the scarce knowledge of the fabrication techniques, the application 

methods used in the past and the long time of setting have driven scientists and restorers 

to add other binders (i.e. cement, pozzolans) to the lime, which claim to obviate the 

inconveniences of the use of this material alone. The use of Portland cement as additive 

in lime-based mortars seems to be an easy and diffused solution for the industrial 

production of repair mortars. In this work, we have compared the chemical-mineralogical 

and physical-mechanical properties of mortars prepared with calcitic lime and a 

calcareous aggregate, with mortars in which a white Portland cement (WPC) has been 

used in substitution of a 25 wt.% of the lime. This chapter shows that mortars prepared 

with Portland cement do not provide satisfactory results after two months since their 

elaboration. From mineralogic data and porosimetric analyses no improvements were 

observed by the addition of cement. In fact, even if this percentage of cement produced 

lower shrinkage than lime mortars, it did not improve the hydric and mechanical 

properties. Most importantly, the WPC caused the formation of ettringite that provoked 

fissures in mortars samples. This chapter demonstrates that the use of cement, even if 

only as additive in lime mortars, would impair the longevity of the masonry that encloses 

it. 
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1. INTRODUCTION 
 

After its discovery in 1824, Portland cement, a binder of high mechanical resistances and 

workability, has replaced lime in the great majority of new construction and restoration 

works. The rapid diffusion of this material all over the world was promoted by the low costs 

and times of production that, in turn, were favoured by the standardization of the cement 

properties. Due to these economic advantages, in the last century Portland cement has been 

used in many historic buildings as repair material, where it has caused serious and irreversible 

damages. The reasons of that stay in the high stiffness, low permeability and content of 

soluble salts of this binder, which make it non-compatible with the traditional construction 

materials [1,2]. Because the application of Portland cement in the Architectural Heritage has 

demonstrated to be counterproductive, its use in this field has been drastically reduced in the 

last decades whilst, in contrast, the production of lime mortars is being improved. 

On the one hand, lime is the binder that better performs in ancient buildings, because of 

its high permeability and porosity that allow the materials to “transpire”, its low mechanical 

strengths that allow the materials to “move”, and its high reversibility that allows the repair 

materials to be removed without damaging the original ones. On the other hand, there exists a 

scarce knowledge of the methodologies used in the past for its production and application, as 

well as there is a lack of standards that prevents its production at an industrial level, 

especially if ones consider the wide functional and constructive versatility of lime mortar (i.e. 

renders, plasters, structural and pointing mortars, etc.). 

These problems have pushed manufacturers and architects to the use of other materials 

blended to the lime in the mortar mix, with the function of second binders or additives. This 

halfway solution is being achieved with the use, for example, of the Portland cement. It has 

been found that, by blending cement to the lime, it is possible to reduce cracking, to quicken 

the application and hardening of the mortar, thus providing protection from rain before 

carbonation has been completed, and to ensure reliability and predictability of its properties 

[3]. Moreover, new types of cement have been developed to obtain better performances with 

the lime, such as the white Portland cement (WPC). This material is manufactured from 

materials virtually free of iron oxide and other impurities, which impart the grey colour to the 

normal Portland cement. However, because of the different manufacturing processes (the 

absence of iron causes a temperature increase), it is much more expensive (i.e. twice the 

price) than the equivalent grey product. Typical applications of WPC are architectonical 

elements, such as rendering, cast stone, precast and in-situ structural concrete and pointing, 

and ornamental elements that require a white colour for eventual pigment addition. 

The main interest of this work is to find out whether and how the addition of white 

Portland cement improves the physic-mechanical properties of an aerial lime-based mortar 

cured at atmospheric conditions, by checking the mineralogical and textural changes induced 

by it. In this research, the WPC is used as an additive rather than as a real binder, therefore it 

seems reasonable to expose the mortars to a non-moist environment, at which aerial lime 

mortars are normally cured. In this way, it is possible to know if the cement is still effective in 

the mortar hardening and, consequently, in the improvement of its physical characteristics 

(i.e. water absorption, shrinkage), without developing excessive high strength and low 

porosity. This study claims to verify if the use of cement as additive in repair lime mortars is 
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a really good halfway point or, instead, represents a solution that has to be definitively 

discarded in restoration works. 

 

 

2. MATERIALS AND METHODS 
 

2.1. Mortars Elaboration 
 

CC mortar was prepared with a calcitic dry hydrated lime, (named CL, CL90-S [4]) 

produced by ANCASA (Seville, Spain) and a calcareous aggregate (named CA) with a 

continuous grading from 0.063 to 1.5 mm. A white Portland cement (named WPC, BL II/A-

LL 52.5 R [5]), produced by CEMEX commercial (Valencia, Spain), was used in substitution 

of 25 wt.% of lime in the elaboration of a new mortar named CPC. The binder-to-aggregate 

(B/A) ratio used in both mortars is 1:3 by weight. The amount of water, established in order 

to obtain mortars with a plastic consistency, was 31% and 27% of total mass, for CC and CPC 

mortars, respectively. The flow was calculated as the average of the spread diameter (in mm) 

measured on three fresh samples during the flowability assay [6], in the range of 140-160 

mm. After preparation [7], mortars were cured for 7 days in standard steel moulds (4×4×16 

cm) at RH = 60±5% and T = 20±5 °C and, after removal from the moulds, were cured for a 

further 21 days in the same laboratory following the modification of the UNE-EN 1015-2 

standard [7] proposed by Cazalla [8]. Mortars were conserved at the same conditions 

throughout the study. 

 

 

2.2. Characterization of the Mortars Components 
 

The chemical composition (major and minor elements) of the components of mortars was 

studied using a Bruker S4 Pioneer X-ray fluorescence spectrometer (XRF), with wavelength 

dispersion equipped with a goniometer that analyzes crystals (LIF200/PET/OVO-55) and a 

Rh X-ray tube (60 kV, 150 mA). Semiquantitative scanning spectra were obtained using 

Spectraplus software. Mortar powders (ca. 5g) were dispersed in KBr, deposited in an 

aluminium cup and then pressed at 10 ton to obtain a pressed pellet (40 mm sample disc). 

Measurements were performed in a vacuum with a rotating sample. 

The mineralogical phases of binders and aggregate were determined by X-ray diffraction 

(XRD) and thermogravimetric (TGA) analyses. In the first case, a Philips PW-1710 

(disoriented powder method) was used. Analysis conditions were: radiation CuKα (λ=1.5405 

Å), 3 to 60 º2θ explored area, 40 kV voltage, 40 mA current intensity and goniometer speed 

of 0.1 º2θ/s. The interpretation and quantification of the mineral phases was performed using 

the X-Powder software package [9]. Thermal measurements were made with a Shimadzu 

TGA-50H analyzer. Approximately 50 mg of sample was heated in an alumina crucible, in a 

flushed-air atmosphere (100 mL/min), at a heating rate of 5º/min over a range of 25-950 ºC. 

TGA data treatment was carried out according to the UNE-EN ISO 11358 [10] standard. 
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2.3. Mortars Characterization 
 

Both inner (core) and outer (1 cm from the core to the surface) parts of the mortars 

samples were analyzed after 28 and 60 days since mortars elaboration. 

The mineralogical phases of the mortars were determined by TGA using the same 

analytical device described above. Mortar phases were determined by measuring the weight 

loss resulting from the stoichiometric reactions of: 

 

1. gypsum decomposition (110<T<170 ºC); 

2. calcium silicate hydrates decomposition (100<T<125 ºC); 

3. portlandite dehydroxylation (450<T<550 ºC); 

4. calcite decomposition (700<T<900 ºC). 

 

The decrease in portlandite content was taken as reference to estimate the carbonation 

degree of mortars (ICD, %). 

The textural characteristics of mortars were studied by means of field emission scanning 

electron microscopy (FESEM), using a Carl Zeiss Leo-Gemini 1530 microscope on 

previously dried, carbon-coated mortar fragments. 

Open porosity (Po, %) and pore size distribution (PSD, in a range of 0.002<r<200 µm) 

were determined using a Micrometics Autopore III 9410 mercury injection porosimeter 

(MIP). Mortar fragments of ca. 2 cm
3
 were oven-dried for 24 h at 60 ºC before the analysis. 

The capillary imbibition test was performed only after 60 days since mortars elaboration, 

on three samples per mortar type of 4×4×16 cm that were oven-dried at 100 ºC for 24 h 

before measurements were taken. Two imbibition coefficients (A and B) were determined 

from the mass uptake per surface unit and the height over time, according to the Beck et al. 

[11] procedure. 

Flexural and compressive strength (Rf and Rc) were measured by means of a hydraulic 

press INCOTECNIC-Matest. According to the UNE-EN 1015-11 [12] standard, flexural 

assays were carried out at 28 days of carbonation, on three samples per mortar (of 4×4×16 

cm). The six samples obtained after the flexural rupture were used for the compressive assays. 

Shrinkage of hardened mortars was determined after 60 days measuring the variation of 

the dimensions (expressed as percentage) on three perpendicular directions: a, parallel to the 

compaction plane; b, parallel to the compaction plane along the largest face of the sample; c, 

perpendicular to the compaction plane. Measurements were carried out on three samples per 

mortars. 

 

 

3. RESULTS AND DISCUSSION 
 

3.1. Characterization of Mortars Components 
 

The chemical analysis (XRF, Table 1) of the white Portland cement shows high contents 

of CaO and SiO2. These elements (Ca and Si) correspond to the calcium silicates C3S (tri-

calcium silicate, or alite) and C2S (di-calcium silicate, or belite), found by XRD (Table 1). 
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The TiO2 proceeds from a pigment added to white Portland cement to further enhance the 

whiteness. 

The presence of Al in WPC was detected only by XRF and this indicates that aluminate 

phases are present in amounts not detectable by XRD (Figure 1 and Table 1). 

 
Figure 1. X-ray diffraction pattern of white Portland cement (WPC). CC = calcite; CH = 

portlandite; Gyp = gypsum; C2S = dicalcium silicates; C3S = tricalcium silicates.   

 

By means of thermogravimetric analysis only calcite (CC), portlandite (CH) and gypsum 

(Gyp) phases were identified (Figure 2 and Table 1). 

 

 
Figure 2. Thermogravimetric curve of white Portland cement (WPC) where the weight loss (TGA, 

expressed in %) is represented as function of temperature (T, in ºC). CC = calcite; CH = 

portlandite; Gyp = gypsum. 

 

 

3.2. Evaluation of the Hardening Processes in Lime and 

Cement-Lime Mortars 
 

3.2.1. Carbonation Degree 

An important question to consider is whether and how the cement takes part in the 

hardening of mortars at these curing conditions. According to Cizer et al. [13], in cement-lime 

mortars there is no competition between hydration and carbonation under atmospheric 

conditions because cement hydration always takes place initially and evolves before 

carbonation becomes effective. This means that in CPC mortars, which have been cured at 

atmospheric conditions (see section 2.1), both processes took place, although it is likely that 

this happens at different degrees in the surface and in the core of the mortars. 
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Table 1. Chemical (X-ray fluorescence analysis, XRF) and mineralogical (X-ray 

diffraction, XRD and thermogravimetric analysis, TGA) composition of white Portland 

cement (WPC). CC=calcite; CH=portlandite; Gyp=gypsum; C2S=dicalcium silicates; 

C3S=tricalcium silicates 

 

Chemical composition (XRF) 

(Oxides %) WPC 

SiO2 14.98 

CaO 70.49 

SO3 5.58 

MgO 0.61 

Fe2O3 0.26 

Al2O3 4.22 

TiO2 0.08 

Mineralogical composition (XRD) 

Mineral phases (%) WPC 

CC 20.9 

CH 16.8 

Gyp 2.3 

C2S 29.9 

C3S 30.1 

Mineralogical composition (TGA) 

Mineral phases (%) WPC 

CC 22.2 

CH 2.2 

Gyp 2.4 

 

After 2 months since the elaboration, CC and CPC mortars show the same carbonation 

degree (expressed as ICD, in %, Table 2) in the external part (-ex) of the samples, whilst the 

interior of mortars (-in) presents always a lower degree of carbonation than the surface. 

Moreover, this difference in the degree of carbonation between the surface and the core is 

much higher in CPC mortars (about 55%) than in CC ones (about 23%). 

We remember that the carbonation degree index (ICD) is calculated for each mortar 

considering the variation in the amount of portlandite obtained between the beginning of 

mortar life and the end of the study. This determination does not consider the amount of 

portlandite liberated during the hydration reactions in cement-lime mortars, so that the ICD is 

not an accurate value in this case, although it is useful for estimating the progress of 

carbonation and hydration of mortars. Thus, a lower ICD value, which indicates a higher 

amount of calcium hydroxide, is due to a slower consumption of the lime time (i.e. formation 

of a smaller amount of calcite) in CC mortars; whilst, in CPC mortars, it indicates the 

formation of more CSH phase (see Table 2) that, during the hydration reaction, liberates 

Ca(OH)2 [14], thus increasing its amount in the internal samples. Both options can be 

attributed to the fact that the interior of mortars dries slower than the exterior and this might 

result in a more moist ambient in the core than in the surface. In the smallest pores, water 

condensation is likely to occur and this would hinder the diffusion of CO2 [15], thus slowing 

down carbonation in this zone. Moreover, the formation of calcium silicate hydrates would be 
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enhanced by the alkaline ambient created due to the dissolution of calcium hydroxide in the 

pore water [16]. 

 

Table 2. Physical parameters of CC (CL+CA) and CPC (CL+WPC+CA) mortars: 

Carbonation degree index (ICD, in %) of the surface (ex) and the core (in) after 60 days 

since the elaboration; Open porosity (Po, in %) values and standard deviation after 28 

and 60 days since the elaboration; Imbibition coefficients (A, in g/cm
2
 min

1/2
 and B, in 

cm/min
1/2

) after 60 days since the elaboration; Flexural (Rf, in Mpa) and compressive 

(Rc, in Mpa) resistances and standard deviation after 28 days, according to the UNE-EN 

1015-11 (2000); Shrinkage values (in %) and standard deviation along a, b and c 

directions of mortars samples after 60 days since their elaboration 

 

Carbonation degree index (ICD) 

Mortar sample Zone 

Ex In 

CC 71.67 49.04 

CPC 71.77 17.12 

Open porosity (Po) 

Mortar sample Time (days) 

28 60 

CC 32.5±2.74 35.0±1.10 

CPC 36.2±1.80 37.3±1.00 

Imbibition coefficients 

Mortar sample A B 

CC 0.08 9.95 

CPC 0.09 10.79 

Mechanical resistances 

Mortar sample Rf Rc 

CC 1.03±0.03 1.43±0.16 

CPC 2.59±0.09 1.62±0.23 

Shrinkage 

Mortar sample a b c 

CC 3.6±1.41 3.8±0.03 6.8±0.00 

CPC 3.3±0.71 0.0±0.00 6.0±0.35 

 

This result confirms our initial assumption that carbonation and hydration happens at 

different degrees in the exterior and the interior of cement-lime mortars: in the surface, the 

carbonation process takes place at the same degree than in lime mortars whilst, in the core, 

carbonation is less favoured and hydration reaction enhanced. 

 

3.2.2. Identification of the Hydrated Phases in Cement-Lime Mortar 

The CSH phase in cement paste is amorphous or semicrystalline and it gives powder 

patterns very similar to those of the calcium silicates present in cement (C2S and C3S) [17]. 

However, the X-ray diffraction analysis was not able to detect the presence of hydrated 

phases in CPC mortars, because their peaks were marked by other mineral phases (calcite and 

portlandite) with higher cristallinity and reflecting power. The thermogravimetric analysis, in 
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turn, allows the identification of CSH that decomposes at a temperature between 100 and 125 

ºC. However, this range of temperature coincides partially with that in which gypsum 

decomposes (see section 2.3 and Figure 2), so the quantification of CSH and gypsum phases 

in the carbonated mortars by means of TGA can be a difficult task. 

The electron microscopy, in turn, is effective in the identification and characterisation of 

the hydrated phases morphologies [18] although not in their quantification. Both upper and 

inner zones of mortars were observed by FESEM after two months since their elaboration. 

After this period of time, the CPC external samples presented some CSH phases in form of 

small fibres (only 200 nm long, Figure 3a), which have been recognised elsewhere as an early 

hydration structure [17], and many unhydrated or partially hydrated phases (Figure 3b) in 

form of particles with a rough surface. Internal samples of CPC showed some flattened 

particles of CSH (Figure 3c), which are typically present in samples with twenty-eight days of 

hydration [17]. 

The morphologies observed in Figure 3 suggest that a poor hydration takes place in the 

exterior of CPC mortars, whilst this process is more extended in the interior. Once again, it is 

shown that carbonation and hydration processes take place at different degrees in the mortar 

zones. 

 

  

 
 

 
 

Figure 3. FESEM images of CPC mortar: upper part of the mortar, in which there are small fibres 

of CSH (a) and partially hydrated or unhydrated particles (CS2 and CS3) with rough surface (b); 

internal part of mortar (c), in which small and flattened particles of CSH are observed. 
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3.2.3. Pore System 

The pore system is another textural aspect that helps to understand the progress of the 

hydration and carbonation processes. Two main types of pores typical of cement mortars have 

been obtained here (Figure 4): the gel pores, of radius comprised between around 0.01 and 

0.05 μm, and the capillary pores, in the range of 0.1-1 μm. The former do not depend to the 

water amount but to the production of hydrated phases, as also observed by other authors in 

lime [19] and cement [20] mortars. The latter depend to the water-to-cement ratio and 

decrease as the hydration reaction progresses; they are responsible for the water transfert 

properties and the mechanical behaviour of cement mortars [21]. One of the advantages of 

adding cement to lime-based mortars is that the hydrated phases give place to a segmentation 

of the capillary pores, which reduces importantly the water absorption in mortar [21]. Here, 

this effect was not obtained, since CPC mortar presents only slight lower volume of capillary 

pores compared to CC mortar (Figure 4), and this little difference has to be attributed only to 

the lower amount of water used for the preparation of CPC mortar (see section 2.1). 

 

                    (a)           (b) 

  
Figure 4. Pore size distribution curves of CC (CL+CC) and CPC (CL+WPC+CA) mortars after 28 

and 60 days of curing.  

 

A volume of pores with radius smaller than 0.06 μm was registered in the CPC 28 days-

old sample (Figure 4 b), and it remained almost unvaried in the 60 days-old sample, although 

a lower volume might be expected, since the hydrated phases change their morphology in this 

period of time and occupy the pores left by the cement phases and the CSH gel [17]. 

In turn, in CC mortar, an increase of the volume of pores in the 0.01 - 0.06 μm size range 

was registered from 28 to 60 days (Figure 4a), and it is responsible for the porosity increase 

registered after 2 months (Table 2). This phenomenon is attributed to the formation of 

agglomerates of small calcite particles at the interfacial transition zone (ITZ) between 

aggregate grains and matrix [22], which is also expected to occur in presence of cement. 

The final consequence of these two opposite mechanisms (decrease of the pore gel 

volume and increase of the pores at the ITZ) is that the volume of small pores remains 

unvaried in CPC mortars, as well as the open porosity value determined at 28 and 60 days 

(Table 2). 

 

 

 



A. Arizzi and G. Cultrone 2310 

3.3. Physic-Mechanical Properties of Mortars 
 

3.3.1. Capillary Uptake 

 

Figure 5 shows the capillarity curves obtained for CC and CPC mortars after 2 months of 

curing. It can be noticed that, although CPC mortar presents slightly higher values of open 

porosity (Table 2), it does not absorb the highest amount of water. This fact, related with the 

pore size distribution of mortars, indicates that only pores of radius ranging between 0.1 and 1 

μm, whose volume is bigger in CC samples at every curing age, are responsible for the water 

capillary uptake in mortars. However, this difference in the amount of water absorbed and the 

rate of absorption is not big between the two mortars, as reflected in the similar values of 

open porosity and imbibition coefficients (Po, A and B, Table 2). 

 

                    (a)                         (b) 

  
Figure 5. Capillarity curves of CC (CL+CA) and CPC (CL+WPC+CA) mortars after 60 days since 

their elaboration. Time (in minutes) is plotted versus the weight increase (ΔM/M, in %) (a) and the 

water uptake level (h, in mm) (b). 

 

During the capillary test, some fissures appeared on the three samples of CPC, mainly 

between the dry and the wet zones of samples, and spread out, causing even important 

fractures in some points, as shown in Figure 6. 

   

  

 

Figure 6. Development of fissures on the three samples of CPC (CL+WPC+CA) mortar after the 

capillary assay. 
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Once the capillary assay was finished, CPC samples were broken and the internal parts, 

in which the fissures had propagated, were analysed by means of X-ray diffraction to find out 

the cause of these fractures. XRD pattern (Figure 7) shows the presence of small amount of 

ettringite, in addition to the original phases initially detected in this mortar. 

 

 
Figure 7. X-ray diffraction pattern of CPC mortar after the water capillary uptake. Et = ettringite; 

CH = portlandite; CC = calcite. 

 

Ettringite (Ca6Al2(SO4)3(OH)12·26H2O) derives from the reaction between the aluminates 

phases and the SO4
2-

 ions present in cement. 

The moist conditions created during the water imbibition test may have induced this 

reaction between the gypsum and the few aluminate phases of cement (see section 3.1), which 

had remained unhydrated in the cement matrix until this moment, given that no traces of 

aluminate hydrates were found during this study. Then the ettringite precipitated at the 

interface between the dry and wet zones of the samples, where the fissures had been initially 

observed. In fact, drying-wetting cycles contribute to a slight acceleration of the reaction 

although they are not necessary for the occurrence of ettringite [23]. 

 

3.3.2. Mechanical Strength 

CPC mortar shows the highest values of mechanical resistances (especially Rf, Table 2), 

as expected for the presence of cement, although this increase was not high, due to the low 

percentage of cement replacing the lime [24] as well as to the atmospheric conditions to 

which the CPC mortar was exposed during the curing [21]. 

 

3.3.3. Shrinkage 

The shrinkage values (in %) measured on the hardened samples (after 60 days) in three 

perpendicular directions (a, 4 cm; b, 16 cm; c, 4 cm) are shown in Table 2. 

In CPC mortar, shrinkage is smaller than in CC, especially in the longest direction (b), 

where is equal to zero. The highest value of shrinkage has been measured in both mortars 

along the c direction. This is caused by the fact that the surface perpendicular to direction c is 

the most exposed to the air when the sample is in the mould (first 7 days of curing) and, 

consequently, faster water evaporation occurs in this face at early age. 
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4. CONCLUSION 
 

This study shows that at the curing conditions applied for aerial lime mortars (T=20 ºC 

and RH=60%), the phases of Portland cement do not undergo to complete hydration so that 

only few changes in the microstructure and physical-mechanical properties are produced in 

the blended mortars. It was observed that the progress of the carbonation and hydration 

processes occurs at different degrees in the interior and the surface of mortars but few 

hydrated phases are formed in both cases. This is the reason of the scarce reduction of the 

capillary pores volume, which has resulted in no improvement of the water transfer properties 

(i.e. no reduction of the capillary uptake). 

On the contrary, the little hydration occurred gave place to similar mechanical resistances 

between the lime and cement-lime mortars, which may represent a positive aspect for the 

whole masonry. The addition of cement presented also the advantage of reducing importantly 

the shrinkage in one of the three dimension of mortar sample. Notwithstanding, these benefits 

of using white Portland cement in lime-based mortars are totally countered by the occurrence 

of soluble salts, such as the ettringite found here. 

In summary, the white Portland cement has demonstrated to be harmful and not very 

effective when mixed to lime mortars, even if only as additive. In view of these results, we 

recommend using and producing repair mortars without cement and, at the same time, we 

encourage researchers to improve the study of other alternative and more effective materials 

to be added to the lime. 
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