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ABSTRACT 
 
The present work presents focuses on the use of different admixtures for the 
development of rendering lime-based mortars with improved adhesion and durability, as 
well as reduction of cracking. To this aim, combinations of an adhesion improver 
(ethylene-vinyl acetate copolymer, EVA), a water repellent agent (sodium oleate), a 
viscosity enhancer (a starch derivative) and a mineral admixture (pozzolanic addition of 
nanosilica or metakaolin) were tested. The renders were applied on four different 
substrates (sandstone, limestone, granite and brick) to assess their performance. 
The influence of the admixtures’ combination on fluidity, stiffening time, adhesion, 
cracking, compressive strength, pore structure, frost resistance and durability against 
magnesium sulfate attack was evaluated. The EVA admixture was seen to enhance the 
adhesion when used in combination with oleate, metakaolin and starch. This 
combination also led to a minimized cracking. Opposite trends between adhesion and 
cracking were observed as a function of the porosity of the substrates and of the 
presence of small-sized capillary pores. 
The interferences with the carbonation accounted for the drops observed in compressive 
strength for the nanosilica-free tested renders; nanosilica-containing renders showed 
good compressive performance, due to the filling effect of the admixture and to the C-S-
H formation. The use of most of the admixtures’ combinations was seen to clearly 
enhance the durability of the renders, in the face of freezing-thawing cycles as well as 
sulfate attack, proving the applicability of these lime-based renders for repair works of 
the Cultural Heritage and for new Civil Engineering applications. 

 
Keywords: renders, air-lime, EVA latex, starch, pozzolanic addition, multiple 
admixtures, improved adhesion. 
 
 

1. INTRODUCTION. 
 
When cement renders were applied for cultural heritage repair works, scientific 
literature highlighted several drawbacks and incompatibilities [1–3]: efflorescence 
phenomena due to the formation of large amounts of soluble salts due to the migration 
of alkaline ions, low permeability to water vapor and a coefficient of thermal expansion 
higher than most masonry.  
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The use of lime as binding material for repairing renders helps to improve the 
appearance of historical buildings and it is also of great importance since renders act as 
a sacrificial layer to protect and preserve old masonry. Rendering mortars could be used 
directly to adhere to the vertical wall of the building without other binding materials [4]. 
The knowledge about the composition and performance of lime renders is basic to 
repair and renovate the existing ancient renders as well as to design new compatible 
ones. 

The choice of lime as binder can be upheld according to previous studies [4–9]. It has 
been widely applied in the internal or external decoration of buildings due to its unique 
aesthetics, texture, high compatibility with the external insulation system, excellent 
weather resistance and durability [4]. It is considered one of the healthiest and most 
environmentally friendly materials used in modern civil buildings compared to organic 
coatings, ceramic tiles, and natural stones [10]. 

However, the lime-based renders also show some drawbacks: for example, high 
sensitivity to deterioration processes due to low internal cohesion and high porosity that 
could provoke bad adherence. Furthermore, these factors lead to high rates of water 
absorption and a subsequent low mechanical resistance, thus enhancing the 
susceptibility to several damaging actions, frost and salt crystallization often being 
mentioned as the most damaging [11–14]. 

In addition, the lime-based renders are very sensitive towards cracking. The 
phenomenon of cracking is really heterogeneous and is dependent on drying, hydration 
(for renders with hydraulic phases) and creep. Stresses induced by shrinkage due to the 
restricted drying can be highlighted as one of the main factors causing cracks, which 
can be aggravated under severe drying conditions [14,15]. Shear stresses generated at 
the render/substrate interface are also a source of cracking. As a consequence, 
diffusivity and permeability to water and to other vapor and liquid compounds is 
sharply increased, affecting adhesion and giving rise to detachments [15]. 

The use of lime as binder entails also some well-known limitations, such as a much 
more extended setting time, slow placement and hardening process. The mix design 
(that is, binder: aggregate ratio, water content, lime characteristics, type of aggregate, 
etc.) influences the carbonation process, involving changes in the microstructure of the 
mortar and affecting the setting and hardening of the render. Since the pore structure is 
strongly changed, the mechanical properties and the water transport behavior are also 
modified [16]. 

The incorporation of mineral admixtures to the render mix such as pozzolanic materials 
(as brick dust, nanosilica or metakaolin [17,18]), admixtures such as water repellent 
materials (natural or artificial resins, wax and animal fat), viscosity modifiers and fibers 
appear as an alternative to combat the mentioned drawbacks of the lime renders, 
increasing their durability and turning these renders into suitable repair materials for the 
Built Heritage [19–22]. 

Among the pozzolans, Alvarez et al. [18] found that the addition of nanosilica (NS) to a 
lime-based binding material changed dramatically the distribution of the mesopores. 
Besides, the NS incorporation induced C-S-H development, giving rise to an enriched 
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population of gel pores (< 10 nm), including the microporous range. These two facts led 
to an improvement of the compressive strength of air lime mortars [18]. 

The use of metakaolin imparts considerable strength and the necessary workability in 
the fresh state. Vavrijuk et al. [23] observed that mortars achieved higher compressive 
and bond strengths more quickly. 

Literature has shown the positive effect of waterproofing agents for lime-based mortars 
[10,24]. Sodium oleate and other anionic surfactants are the most commonly used 
admixtures. The improvement was especially remarkable in terms of reduction of the 
water absorption through capillarity, and the subsequent durability enhancement of the 
material in the face of freezing–thawing cycles. Furthermore, Izaguirre et al. [10] 
confirmed that the maximum compressive strengths were reached in a shorter period of 
time. 

The use of rheology-modifying admixtures is also worth of consideration for lime-based 
binding systems. Literature has reported viscosity modifiers for binding systems such as 
starches and their derivatives (ethers and esters), cellulose (also etherified, 
hydroxypropylmethyl, hydroxyethyl and carboxymethyl cellulose) or some other 
biopolymers ethers (like chitosan or guar gum) [1,25,26]. The thickening action can be 
understood considering the water retention ability of these polymeric molecules and the 
entanglement between the chains. In lime systems some of these admixtures have 
shown a dosage-response pattern also improving the adherence of the binding material 
[27]. The water retention may be useful to slow down the drying and thus to minimize 
the cracking. 

It should be noted that the lime render adhesion on a substrate depends on moisture and 
open porosity at the substrate/mortar interface [28]. Furthermore, the main modes of 
failure in mortar/substrate systems are [15,29]: tensile cracking through the thickness of 
the mortar and peeling or shearing at the interface between the two materials. Cracking 
due to drying of the coating mortars depends largely on the boundary conditions 
(external RH, wind speed, etc.) and the substrate (roughness, Young's modulus, etc.). If 
the water absorption of the substrate is too high, the mortar can dry out, which is 
unfavorable especially for hydraulic binders since it hinders hydraulic reactions. A 
proposed solution to avoid this effect is the substrate humidification before applying the 
mortar. The use of admixtures may also help to control the drying and to enhance the 
adherence. 

Some admixtures, such as methylcellulose and ethylene-vinyl acetate (EVA) 
copolymer, are currently used as modifiers in Portland cement and concrete for 
improving the adherences [27,30]. Methylcellulose contributes to flexural strength, 
improves the dispersion and stability of hydration products, thus reducing the strength 
regression of cement in late stage [30]. The addition of EVA to concrete and mortar 
increases flexural strength because the active groups in their molecules can also react 
with the cations of cement hydration products to improve the physical structure of the 
mortar [27,31,32]. EVA can be formulated as redispersible powders to form a latex 
dispersion responsible for its properties [33]. EVA also improves the adhesion between 
the aggregates and the matrix of the cementitious material, reduce the modulus of 
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elasticity of the concrete and improve its ability to absorb stresses under variable 
temperature conditions [34–36]. 

To obtain lime-based renders that can be efficiently used as repair materials for the 
Architectural Heritage, the design of mixes with combination of multiple admixtures is 
explored in the current work. Air lime as binding phase is combined with: a pozzolanic 
addition (to increase the strength, durability and binding capacity), a waterproofing 
agent (sodium oleate, to reduce the water absorption), a viscosity enhancer (a starch 
derivative, to improve the application in the fresh state and to avoid a damaging quick 
drying) and an adhesion booster (ethylene-vinyl acetate copolymer). The compatibility 
between the admixtures in the light of their effects is investigated. The renders are 
applied onto four different substrates (sandstone, limestone, granite and brick), 
analyzing the effect on adherence, cracking and durability among other properties. The 
final performance of the renders is assessed providing valuable information about the 
potential use of these mixes as repair materials. 

2. MATERIALS AND METHODS 

2.1. Materials and composition of the renders 

Air lime supplied by CALINSA, Spain, CL 90-S class, in powder, was used for 
preparing the renders. Mean particle size was 10 μm (less than 10% > 50 μm). The lime 
presented a CaO percentage of 68.53%, with major impurities of MgO (3.29%), SO3 
(1.37%) and SiO2 (1.03%). As aggregate, a very fine limestone with particle size lower 
than 2 mm, supplied by CTH (Huarte, Navarra, Spain) was used, its chemical 
composition was 52.83% (CaO), 2.28% (MgO), 1.14% (Fe2O3 + Al2O3), 0.57% (SO3), 
0.49% (SiO2), 0.07% (Na2O), 0.05% (K2O), 43.10% (ignition loss) [17] and its particle 
size distribution is displayed in Fig.1. Mixing proportion of renders was 1:3 
binder/aggregate (air lime/aggregate) weight ratio [25].  

 

Fig. 1 Grain size distribution of the aggregate 

 

The detailed composition of the different combinations of admixtures for the renders 
was reported in Table 1. 
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Table 1. Percentage of admixtures of the renders expressed as percentage by weight of 
lime 

 

The description of the different admixtures was: 

• Mineral admixture (pozzolanic addition, 20% by weight of lime, bwol): nanosilica 
(NS) or metakaolin (MK). Nanosilica (NS) (ULMEN Europa S.L.) was supplied as a 
colloidal, superplasticizer-free silica suspension, solid/liquid ratio of 0.28 and 
pH = 9.68. Its specific surface area was ca. 500 m2 g− 1 and the average particle size 
was around 50 nm. Metakaolin (MK) (Metaver, supplied by, NEWCHEM, 
Pfäffikon, Switzerland), with a specific surface area of 20 m2 g− 1 and the average 
particle sizes in aqueous suspensions were of ca. 3.9 µm. Detailed characterization 
of these two mineral admixtures has been published elsewhere [37]. 

• Water-repellent agent (0.5% bwol): Sodium oleate (O), provided by HISA A 2388 N 
from ADI-Center-S.L.U. The well-known structure of the oleate, with its long non-
polar hydrocarbon chain and its polar carboxylate group at one end, has been also 
reported elsewhere [10,24]. 

• Rheology modifier (0.5% bwol): a potato starch derivative Casaplast KO09 (S). This 
is an etherified starch with a high degree of substitution and soluble in cold water 
according to the datasheet of the supplier. Due to its non-ionic character, it is highly 
compatible with bivalent ions such as calcium and magnesium. It has been applied 

 Name 
Pozzolanic addition Water 

repellent 
(sodium 
oleate)  

Rheology 
modifier 
(starch 

derivative)  

Adhesion 
enhancer 

(EVA) Nanosilica Metakaolin 

Control samples 

C - - - - - 

C-NS 20 - - - - 

C-MK - 20 - - - 

C-O - - 0.5 - - 

C-O-NS 20 - 0.5 - - 

C-O-MK - 20 0.5 - - 

Samples without 
rheology modifier 

O-E5 - - 0.5 - 5 

O-E10 - - 0.5 - 10 

O-NS-E5 20 - 0.5 - 5 

O-NS-E10 20 - 0.5 - 10 

O-MK-E5 - 20 0.5 - 5 

O-MK-E10 - 20 0.5 - 10 

Samples with 
rheology modifier 

O-S-E5 - - 0.5 0.5 5 

O-S-E10 - - 0.5 0.5 10 

O-NS-S-E5 20 - 0.5 0.5 5 

O-NS-S-E10 20 - 0.5 0.5 10 

O-MK-S-E5 - 20 0.5 0.5 5 

O-MK-S-E10 - 20 0.5 0.5 10 
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as a thickener for cement and plaster mortars [25]. X-ray diffraction (XRD), FTIR 
and TG-DTA studies were used to characterize the structure and functional groups 
of the admixture. XRD experiments were performed in a Bruker D8 Advance 
diffractometer with a Cu Kα1 radiation, from 5° to 70° (2θ), 1 s per step, and a step 
size of 0.04°. The infrared spectra (Shimadzu IRAffinity-1S apparatus) were 
registered at 100 scans over a wavelength range of 4000–600 cm−1, with resolution 
of 4 cm−1. TG-DTA (851e Mettler Toledo thermoanalyzer device) used alumina 
crucible, temperature range from 25 to 1000 °C, 10 °C·min− 1 heating rate, and 
under static air atmosphere. 

• Adhesion enhancer (5% and 10% bwol): Elotex MP 2080 (E) which is a water-
redispersible powder of ethylene-vinyl acetate copolymers (EVA). It has 
hydrophobic properties suitable for dry mineral mortars based on calcium or cement 
according to the producer. The characterization of the admixture was also carried 
out using the methods reported above for the rheology modifier. 

 
2.2. Preparation of the renders 
 
The dry raw materials, lime and aggregate, and the required amounts of the pozzolan 
and of the chemical admixtures were blended for 5 min using a solid mixer BL-8-CA 
(Lleal S.A.). The fluidity of the fresh samples was adjusted to a slump of 145 ± 10 mm 
[38] in line with the slump values for single-coat renders [39], and thus the amount of 
mixing water was set accordingly. Dry components and mixing water were mixed in a 
Proeti ETI 26.0072 mixer for 90 s at low speed mixer. Fresh state properties were 
determined as described below. 

Fresh renders were cast in cylindrical moulds (40 mm of diameter and 36 mm of 
height). Molds were stored at lab conditions (20 °C and 60% RH), and hardened 
samples were demolded 7 days later. Hardened state properties were studied after 28 
and 91 curing days. To guarantee the representativeness of the results, three replicates 
of the samples per each curing time and per measured property were tested. 

2.3 Fresh state 

For the fresh state of the renders, the following properties were studied according to the 
quoted standardized methods: 
 

• Density and air content, both data being recorded using a receptacle of 1 dm3 
previously weighed, which, after being filled with fresh mortar, was weighed 
again to obtain the density [40]. In a specific device, the entrained air was 
removed and replaced by a measurable amount of introduced water, which 
allowed us to determine the air content [41]. 

• Water retention capacity, determined by weighing absorbent materials placed on 
the fresh sample before and after 5 min of contact under pressure [42]; workable 
life, obtained from a specific device provided with a bradawl, which pushed the 
fresh sample until the strength exerted to introduce it into the sample was larger 
than 15 N (EN1015-9) [43]. 

• And finally, the evolution of the renders when applied on different substrates 
was assessed. This last test consisted of spreading a monolayer of fresh render of 
ca. 15 mm according to EN 998-1 [44] on four different pre-wetted substrates 
(limestone, sandstone, granite and brick) and observing any developments 
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(cracking and/or detachments) at different ages after application: 1 day, 2 days, 1 
week, 1 month and 2 months. The substrates were prepared cutting them in 
monoliths of 5x5 cm, with a thickness of 3 cm (Fig. 2). The pre-wetting was 
carried out spraying tap water on the surface of the substrates. Semi-quantitative 
mineralogical composition of the stony substrates was ascertained by X-ray 
diffraction: 

− sandstone (density 2.30 g cm-3, from Lleida, Spain, 41% dolomite, 39% 
calcite, 20% quartz);  
− limestone (density 2.67 g cm-3, type Marbella, from Murcia, Spain, 100% 
calcite); 
− granite (density 2.72 g cm-3, from Porriño, Spain, 26% pyroxene, 22% 
andesine, 17% albite, 15% microcline, 11% quartz, 9% calcite) 
− brick (density 1.14 g cm-3, 39% quartz, 32% diopside, 18% feldspar, 11% 
calcium aluminosilicate).  

 

 
Fig. 2. Photographs of the different substrates 

 
The total porosity of the substrates was determined by Mercury Intrusion 
Porosimetry (MIP) with a Micromeritics Auto Pore IV 9500 equipment 
(Micromeritics Instrument Corporation) (pressure range 0.0015–207 MPa). The 
obtained results were as follows: 20.85% (sandstone), 8.61% (limestone), 1.69% 
(granite) and 35.8% (brick). It can be seen that brick was a really porous 
substrate but with a ribbed surface. Sandstone and limestone exhibited a lower 
porosity and granite was a really low porous substrate. The analyses of the pore 
size distribution of these substrates depicted the patterns displayed in Fig. 3. The 
area under the curve perfectly matches the values of the total porosity of the 
substrates. A detailed effect of these pore size distributions is presented below in 
section 3.3. 

Sandstone

 

Limestone

 
Granite 

 

Brick 
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Fig. 3. Pore size distribution of the different substrates 

2.4 Hardened-State 
• The adherence of the plaster was determined according to the UNE 83 22 EX 

regulation [45]. 
• Compressive strengths were measured after 28 and 91 curing days in the 

cylindrical specimens. The rate of loading was 50 N s− 1 in a device Proeti ETI 
26.0052. 

• The pore size distribution was ascertained by MIP as indicated in the previous 
section. 

• The thermal decomposition of the hardened samples was monitored by TG-DTA 
analysis (equipment and conditions detailed above).   

• The permeance was obtained to get the permeability value, according to the 
standard EN1015-19 [46]. The permeance is the water vapor flow that passes 
through one area unit under equilibrium conditions for each unit of vapor 
pressure difference on both sides of the plaster. Then, water vapor permeability 
is calculated as the result of multiplying permeance by the thickness of the test 
specimen. 

• Water absorption through capillarity of different renders according to the 
EN1015-18 standard [47]. 

• Frost resistance was determined by means of freezing-thawing cycles. The 
cycles consisted of water immersion of the samples for 24 h and subsequently 
freezing at −10 °C for 24 h (CARAVELL 521-102 freezer). 

• For the assessment of the sulfate attack resistance, the monolithic samples were 
completely submerged in an aqueous solution saturated with MgSO4 at 20 °C 
and 95% RH for 24 h. After this step, the samples were dried in an oven at 65 °C 
for 24 h and submerged in water for 24 h at 20 °C and 95% RH. To conclude the 
cycle, the specimens were again dried as described above. The cycles were 
continuously repeated until the destruction of the specimens or a maximum of 
28 cycles. 

3. RESULTS AND DISCUSSION 
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3.1. Characterization of the admixtures 
 
The starch derivative (S) and the ethylene-vinyl acetate copolymer (EVA) admixtures 
were fully characterized. The other admixtures, including the mineral admixtures 
(nanosilica and metakaolin), and the sodium oleate had already been previously 
characterized as reported elsewhere [24]. 

The XRD pattern of the starch-based admixture is displayed in Fig. 4. The halo between 
15 and 25º 2θ corresponds to the modified starch, due to its amorphous condition. The 
sharp diffraction peaks identified in the pattern are ascribed to sodium sulfate (files of 
the ICDD PDF 89-4751, thenardite, anhydrous sodium sulfate mineral, and PDF 37-
1465, sodium sulfate). This salt was most likely added during the obtaining of the starch 
derivative as coadjuvant of the cross-linking process [48–52].  

 
Fig. 4. XRD pattern from starch 

 
The FTIR spectrum of this admixture is shown in Fig. 5 and the assignment of the 
absorption bands is summarized in Table 2. The predominant presence of –OH groups 
is denoted by the intense absorption band at 3403 cm-1 

 

 
Fig. 5. FTIR spectra obtained for starch (Casaplast KO09) and EVA (Elotex MP 2080) 
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Table 2. FTIR band assignment for starch (Casaplast KO09) and EVA (Elotex MP 2080). 
Starch  EVA 

Wavenumber 
(cm 1) 

Functional 
group  Wavenumber 

(cm 1) 
Functional 

group 
Wavenumber 

(cm 1) 
Functional 

group 
3403-3200 O-H 

 

3630-3620 CH2 
(ethylene) 1105-1100 C-O 

2926-2860 C-H 2900-2850 C-H 1030-1020 C-O, CH3 

1683-1500 C=O 1730-1725 C=O 950-940 C-C 

1156-937 C-O 1470-1440 C=O 750-720 CH2 
(ethylene) 

1083-1023 O-C 1370-1380 CH3 635-625 O-C-O 

  1275-1200 C-O 610-600 C=O 

 
The XRD pattern of the adhesion enhancer Elotex MP 2080 (E) shows the halo 
suggesting the amorphous character of the polymer between 18 and 28º 2θ (Fig. 6). 
Some crystalline peaks are also observed associated with inorganic materials (dolomite, 
kaolinite, and calcite) and diethylene glycol. These materials are usually added as 
anticaking agents to redispersible powders formulation in order to prevent the adhesion 
between polymer particles during manufacturing, transporting and storage, some of 
them with surfactant properties [25,30,53]. FTIR spectrum of the EVA admixture (Fig. 
5) was recorded and the bands assignment (Table 2) was ascribed to the specific peaks 
of polyethylene and polyvinyl acetate. The content of copolymer vinyl acetate and the 
ethylene part of the EVA was ascertained by thermogravimetric (TG) analysis. The TG 
curve (Fig. 7) shows the weight loss as a function of temperature. Several sections that 
can be associated with the presence of the different components of the sample were 
observed: a) from room temperature to 280 ºC, the sample undergoes no thermal 
transformation; b) thermal decomposition occurs in two stages: the first one ends 
around 400 ºC and the second one runs from 400 ºC to 500 ºC, approximately; c) at 
elevated temperatures, 500 - 600 ºC, the entire sample burnt. The first step of the curve 
corresponds to the loss of vinyl acetate in the copolymer, while the second 
decomposition is due to that of the ethylene part [54]. The quantification of the TG 
weight loss of the decomposition process allows to determine the vinyl acetate content 
of the EVA copolymer. For the calculation, it must be taken into account that the 
decomposition of the acetate groups takes place through the formation of acetic acid 
[54]. Percentage of 65.3% vinyl acetate and 34.7% ethylene part were obtained  
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Fig. 6. XRD pattern of EVA admixture 

 
Fig. 7. TG curve of EVA admixture 

 
3.2. Effect of the admixtures on the mixing water requirements 
 
As shown in Table 3, the use of EVA admixture (abbreviated E in the nomenclature of 
the samples) slightly increases fluidity compared with the control sample or with the 
samples with just the waterproofing agent, sodium oleate, with the same percentage of 
mixing water. This result can be explained due to the “ball bearing” effect of the 
polymer particles, to the entrained air and to the dispersing effect of the tensioactive 
compounds used in the formulation of the EVA powders [55]. The presence of small 
amounts of surfactants, a common practice during the EVA preparation, was seen to 
have a clear influence in the fresh state performance of the renders with EVA: the 
entrained air increased particularly at high EVA dosages. 

The addition of pozzolans increased the water demand to reach the set flow value: this 
is a well-known effect of the pozzolans which can be ascribed to the large surface area 
and to their reactivity. Among the pozzolans, the water requirements were higher for 
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nanosilica, as proved by the control samples (C-NS and C-MK) and by the samples with 
EVA and starch. 

The sharpest increase of the water demand was observed upon the addition of the 
viscosity enhancer, the starch derivative. This admixture behaves as a thickening agent 
that requires a greater amount of water to achieve a certain level of fluidity [25,56]. 

Regarding the workable life, the adhesion enhancer at 5% does not substantially modify 
this value in comparison to the plain control sample (C), as observed for samples O-E5 
and O-MK-E5. At the largest dosage tested in the current work (10%), regardless of 
whether another additive is in the mixture, the stiffening time increased. In these cases, 
the admixture at larger dosages exhibited a water retaining action that can be related to 
the hydrophilicity of the particles of the polymeric latexes at a colloidal state, to the 
increase in viscosity of the aqueous phase and to the  inhibition of the water loss due to 
the filling and sealing effect of the polymers [33–35]. 

 

Table 3. Mixing water, fluidity and workability, air content and bulk density values of 
different mixtures (spread values as measured by the flow table test, which were fixed at 
145 ± 10 mm). 

*percentages with respect to the weight of lime and sand 

The effect of the starch-based admixture on the workable life of the samples was 
pronounced owing to the water retaining action of the starch derivative molecules and to 
the viscosity increase of the liquid phase [25],which can be ascribed to the high number 
of –OH functional groups (absorption band identified in the FTIR spectrum Fig. 5). 
These groups enhance the water retention and the cross-linking phenomenon (and thus 
the viscosity) between polymer chains by hydrogen bonds. Therefore, the drying of the 

Sample Mixing water* 
(%) 

Fluidity 
(mm) 

Stiffening time 
(min) 

Air Content 
(%) 

Density 
 (g cm-3) 

C 28% 148 69 4.4 0.87 

C-NS 30% 145 475 2.7 0.91 

C-MK 29% 146 117 3.1 0.81 

C-O 28% 155 95 3.2 0.90 

C-O-NS 28% 135 360 2.6 0.91 

C-O-MK 28% 146 330 3.7 0.85 

O-E5 28% 155 62 4.9 0.87 

O-E10 28% 152 138 5.2 0.86 

O-NS-E5 31% 135 747 4.2 0.87 

O-NS-E10 33% 135 912 4.8 0.86 

O-MK-E5 28% 145 80 4.2 0.81 

O-MK-E10 30% 146 139 4.6 0.80 

O-S-E5 37% 147 1435 4.0 0.86 

O-S-E10 39% 147 2540 4.2 0.88 

O-NS-S-E5 37% 141 1342 4.2 0.86 

O-NS-S-E10 39% 142 1749 5.2 0.88 

O-MK-S-E5 37% 135 1440 3.6 0.82 

O-MK-S-E10 41% 155 1850 3.6 0.81 
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renders was delayed and the access of CO2 to the inner part of the renders hindered, 
resulting in a prolonged stiffening time. In this sense, it should be noticed that the water 
holding capacity of mortars influences drying. More water retention 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 can 
also produce good conditions for carbonation, ensuring sufficient moisture content, 
however moderate, for a long period, even in dry external conditions[57,58]. 
 
3.3. Application of the renders on different substrates 
 
Fig. 8 and 9 show the qualitative evaluation of the adherence and cracking occurrence, 
respectively, of the renders when applied as one-coat mortar on the four different 
substrates: sandstone, limestone, granite and brick. The evaluation of adherence (Fig. 8) 
was made observing the applied renders at different ages and assigning a description 
following this criterion: (i) detachment in different zones was assigned to samples that 
showed detachment of the monolayer render in different zones; (ii) detachment in the 
edge for the samples that only showed detachments in the borders of the substrates; and 
(iii) good adherence for the samples that presented no evidences of detachments. It 
must be pointed out that all the observed detachments were adhesive failures, 
confirming the relevance of the mortar-substrate interface. 
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Fig. 8. Qualitative evaluation of adhesion of lime renders on different substrates: a) sandstone, 
b) limestone, c) granite and d) brick 

The cracking assessment (Fig. 9) was made observing the applied renders at the same 
ages and comparing the quantity of cracks over the different mixes’ monolayers and the 
absence of cracking, according to: (i) severe cracking assigned to the sample that 
showed the entire or almost full area of monolayer with cracking; (ii) evident cracking 
for the samples with many areas showing cracking; (iii) moderate cracking for renders 
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with limited cracking; and (iv) little or no cracking for the samples that visually 
presented no cracking in almost all or all the monolayer area. 

 
Fig. 9. Qualitative evaluation of the cracking of lime renders on different substrates: a) 

sandstone, b) limestone, c) granite and d) brick 

 

To illustrate the criteria for the qualitative assessment, Fig. 10 shows several examples 
of samples with cracking or adherence problems and their qualification. 
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Sample O-MK-E10 applied onto sandstone (left) and granite (right) with no cracking. 
A small detachment was identified in a corner of the granite specimen. 

 

 

Sample O-NS-S-E5 onto sandstone, with detachment in the edge (left bottom part) and 
evident cracking 

 

 

Sample O-MK-E10 onto limestone, with good adherence and moderate-evident 
cracking 
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Sample O-MK-S-E5 onto sandstone, with good adherence and no cracking 

 
Fig. 10. Examples of different samples and their qualitative assessment of adherence and 

cracking 
 
The evolution of the renders applied on the different substrates showed the following 
behavior: 

• Sandstone: the control samples with only pozzolanic or starch admixtures 
showed in general a moderate to poor adherence. The cracking was intense 
particularly in the control samples with oleate (C-O and C-O-NS, particularly). 
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The EVA admixture induced a good adherence of the renders and the absence of 
cracking, as it was observed in O-MK samples with 5 and 10% adhesion 
enhancer and also O-MK-S-E5 mix, which, after 2 months, presented a good 
visual appearance (Fig. 11). In comparison with control samples C-MK and C-
O-MK, the EVA admixture in samples with MK increased the adherence and 
reduced the cracking. 
 

 

 
 

Fig. 11. Renders without cracking and good adherence after two months applied on sandstone 
 
On the contrary, renders without pozzolanic mineral admixture and with the 
starch-based admixture failed, showing cracks and adhesive detachments (O-S-
E5 and O-S-E10) (Fig. 12). 
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Fig. 12. Renders applied on sandstone with cracks and detachment after two months 

 
• Limestone: the application of the renders on the limestone was not as successful 

as in the case of the sandstone. Most control samples showed poor adherence, 
detachments and evident to intense cracking (Fig. 8 and 9), in line with previous 
works in the literature [10,18]. Most renders including admixtures showed 
cracks and -in some cases- detachments. For example, renders O-E10 and O-S-
E5 evidenced detachments and most of areas with visible cracking (Fig. 13). 
Sample O-MK-S-E5, in spite of small cracks, exhibited the best adherence on 
this surface (Fig. 13). As in the case of the sandstone substrate, renders with MK 
and EVA together yielded the best performance. 
 

O-S-E5 

 

O-S-E10 

 

 

Detachment

O-S-E5

Moderate
cracking

O-S-E10
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Fig. 13. Photographs of renders applied on limestone after two months. 

 
• Granite: all the set of the control samples applied on this substrate showed poor 

adherence (Fig. 8). The addition of the EVA admixture clearly enhanced the 
adherence. However, the cracking in the renders applied on granite was not as 
strong as in other substrates like limestone or brick. The render showing the best 
performance was O-MK-S-E10 (no detachments, no cracks, good aesthetic 
appearance) (Fig. 14). In comparison with control samples, the simultaneous 
presence of pozzolanic agent, starch and EVA enhanced the adherence. The 
absence of MK was detrimental, as can be seen in sample O-E10 that showed 
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cracks on the whole surface as well as material detachment observed in the 
borders of the substrate monolith (Fig. 14). 

 

 
 

 
Fig. 14. Photographs of renders applied on granite after two months. 

 
• Brick: the use of any of the admixtures was not favorable for renders applied on 

bricks. Severe cracking was observed (Fig. 15). This finding is related to the 
absorptivity of the substrate, as will be explained below. The adherence was 
however improved due to the addition of the EVA admixture in combination 
with MK (see the good adherence of sample O-MK-S-E5), although not so much 
for combinations with NS that showed several detachments (Fig. 15). 

 
Quantitative assessment of the bond strength was also carried out (Table 4). In some 
cases the equipment was not able to quantify due to the low bond strength of the 
material (values indicated as ND, not detected). 
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Fig. 15. Photographs of renders applied on brick after two months. 

 
Table 4. Adherence of different mixes over different substrates 

Sample Sandstone (N/mm2) Limestone (N/mm2)  Granite (N/mm2) Brick (N/mm2) 
C 0.0067 ND  0.0022 0.0225 

C-NS ND ND  ND 0.0199 

C-MK 0.0065 ND  0.0028 0.0212 

C-O ND ND  ND 0.0118 

C-O-NS ND ND  ND 0.0221 

C-O-MK ND ND  0.0025 0.0232 

O-E5 0.0134 ND  0.0312 0.0223 

O-E10 0.0179 ND  0.0202 0.0291 

O-NS-E5 ND ND  ND 0.0272 

O-NS-E10 ND 0.0115  ND 0.0504 

O-MK-E5 0.0198 ND  0.0440 0.0857 

O-MK-E10 0.0066 0.0462  0.0088 ND 

O-S-E5 0.0477 0.0295  ND 0.0091 

O-S-E10 0.0163 ND  ND 0.0418 

O-NS-S-E5 ND ND  ND 0.0463 

O-NS-S-E10 ND ND  ND 0.0481 

O-MK-S-E5 ND 0.0092  ND 0.0253 

O-MK-S-E10 ND 0.0069  0.0069 0.0207 

Detachment

O-NS-S-E10

Good 
adherence

O-MK-S-E5

Detachment,
intense cracking

O-NS-S-E5
Detached fragment due 
to the adhesive failure

Detachment

C Intense cracking



23 
 

In line with the results shown in the qualitative assessment of the adherence, the bond 
strength evaluation indicates that the addition of the EVA admixture, particularly in 
positive combination with MK and starch admixtures, resulted in an enhancement of the 
adherence. Table 4 shows the higher values of adherence of most samples with EVA as 
compared with the control samples. This was mainly applicable to renders applied onto 
brick, in which the bond strength was generally able to be measured. In renders onto 
limestone, the adherence of the control samples could not be detected. Finally, in some 
control samples applied on granite or sandstone, the adherence values were in general 
lower than those measured for samples with EVA admixture. 

The performance of the renders was dependent on two main factors: the pore structure 
of the substrate and the combination of the admixtures of the renders. These two factors 
are tightly connected with the drying of the renders, which plays a crucial role to 
understand the cracking and the bond strength. 
 
The fluctuation of the internal humidity of the render can be attributed to: 

i) Drying shrinkage, caused by external evaporation, responsible for the water 
removal from the render. This causes significant volumetric shrinkage of the 
material. 

ii) Chemical shrinkage, only for lime renders with hydraulic components (either 
renders prepared with hydraulic limes and/or mixed with pozzolans). This 
phenomenon takes place during hydration of hydraulic compounds (the 
lower the water/binder ratio, <0.40, the more intense the shrinkage) and 
results in strong capillary pressure and changes in free surface energy which 
cause cracking. 

iii) Water absorption by the substrate, generated when the render interacts with 
different porous media [58]. 

 
Concerning the characteristics of the substrate, the absorption of water by the substrate 
causes a reduction of water in the mortar, which leads to a decrease in its open porosity 
[59]. The greater the water absorption of the substrate, the greater the influence on its 
open porosity and bulk density. Furthermore, the suction pressure is another factor that 
must be considered. This pressure depends on the relative size of the mortar and 
substrate pores: the small pores of the substrate exert a suction pressure that induces the 
transport of water from the larger pores of the mortar. This mechanism is particularly 
significant for air lime mortars, which, in fact, have a higher population of large pores 
[60] and, therefore, a higher percentage of the pores of the substrate will be smaller than 
those of the mortars and will be able to apply suction pressure. The influence of 
substrate absorption on these mortars refers to drying and microstructural changes 
[57,59,61]. In all cases, both external evaporation and suction of the substrate promote 
microstructural modification along with possible cracks [59].  

Measurements of the total porosity values of the substrates used in the current work 
obtained by MIP [62] have been reported in section 2.2. Substrates of very high 
porosity, like brick, caused intense water suction and then the cracking of the renders 
was severe, confirming the close relationship between drying and cracking. On the other 
hand, the application of lime renders on a substrate of low porosity, such as granite, 
minimized the cracking.  

The apparently contradictory results between sandstone (with higher total porosity but 
with renders showing less cracking) and limestone (less porous substrate but renders 
with higher cracking) can be clarified considering a detailed analysis of their pore size 
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distributions (reported for all the substrates in Fig. 3). As it can be seen in Fig. 16, the 
limestone presents a marked population of small pores between 0.013 and 1 microns. 
Due to their low diameter, the capillary suction was higher and the induced cracking 
more intense (as in the case of the brick, the substrate showing the highest pore 
population < 0.5 microns). 

 
Fig. 16. Comparison of the pore size distributions of the limestone and sandstone. 

 
Concerning the cracking, and irrespective of the substrate, the combination including 
metakaolin, oleate, 5% EVA and the starch-based admixture (S), was the most effective 
in controlling and minimizing the cracking. Even in renders applied on brick, the 
formed cracks were smaller than with other combinations of admixtures.  

With respect to the adhesion, however, the porosity of the substrate seems to play a 
favorable role. The renders applied on brick yielded the highest bond strength values 
(Table 4), followed by the renders on sandstone. Large porosity, and thus large textures, 
allowed a better interaction at the interface between the render and the stony substrate, 
with more surface of anchorage [63]. This mechanical interlocking increases depending 
on the ratio between the effective contact surface and the area which could be 
potentially bound [64]. This was confirmed by the good adhesion on the brick, which 
exhibits a ribbed surface (Fig. 2). Pore size distribution is also important: the 
predominant capillary pores of the substrate obstructed the adhesion and led to 
detachments, such as those observed for renders onto limestone. This can be explained 
due to the impossibility of the render to penetrate the texture and wet the substrate as a 
consequence of the low size of these pores [65]. This fact is also confirmed by the poor 
adhesion results observed in the low-porosity substrates of the renders including the 
viscosity enhancer (starch): the increase in viscosity hindered the penetration of the 
fresh render in low-sized pores, causing a contact failure. The mixes that showed the 
least adherence on different surfaces were O-NS-E5, O-NS-S-E5, O-NS-S-E10: only 
the bond strength on the brick surface was able to be recorded, which can be ascribed to 
the ribbed surface.  

The use of EVA increased the bond strength after application on sandstone, granite and 
brick. This admixture was even more effective in combination with MK, although in 
this case EVA should be at 5% dosage. The mix with the best adherence on brick and 
granite was O-MK-E5. The presence of the rheology modifier slightly worsened the 
bond strength values, for the aforementioned reasons. On balance, the combination of 
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MK, oleate, EVA (5%) and starch may be selected as the most appropriate considering 
the cracking attenuation and the good adherence. 
 
3.4. Influence of the admixtures on the compressive strength and pore structure 
 
In the lime-based renders an increase in mechanical properties over time due to 
carbonation should be expected [17,37]. Fig. 17 depicts the values of compressive 
strength after two curing times, 28 and 91 days. In samples with pozzolanic agent, the 
pozzolanic reaction yielding C-S-H phases also should contribute to the strength of the 
renders. This was evident in the set of control samples: renders with either NS or MK 
(C-NS and C-MK) exhibited higher values than those of the pure lime (C). The presence 
of oleate showed a certain interference with the carbonation (decrease sharper at 91 
curing days). Detailed effects of the individual influence of NS, MK and sodium oleate 
have been reported elsewhere [10,37] Except for samples with NS, the admixtures O, S 
and EVA caused a drop in the compressive strength values as compared with the control 
group of samples, including C, C-MK and C-O-MK renders. This finding can be 
ascribed to the interference with the lime carbonation process and/or microstructural 
modifications caused by the admixtures. In the case of hydraulic phases, such as those 
to be developed by reaction of hydrated lime with MK, the presence of EVA has been 
reported to interfere with the continuous formation of C-S-H phases [30].  

The degree of carbonation was determined by thermal analysis and it is expressed -in 
Fig. 18- as the ratio CaCO3/Ca(OH)2. The higher the ratio, the higher the carbonation 
degree of the render. For samples with pozzolanic agent, the increase in the ratio 
simultaneously indicates the consumption of free Ca(OH)2 due to the pozzolanic 
reaction, as clearly shown in control renders C-NS, C-MK, C-O-NS and C-O-MK. As it 
can be seen, the presence of the admixtures O, S and EVA reduced the carbonation 
degree and/or the consumption of portlandite during the pozzolanic reaction (as 
mentioned before, EVA interferes with the C-S-H formation). Due to the low ionic 
character of these admixtures, the interference cannot be ascribed to Ca2+ complexation, 
unlike other admixtures [17,25]. Changes in porosity and water retention might account 
for modifications in the CO2 access and in the water availability inside the pores 
required for the fulfilment of the carbonation and of the pozzolanic reaction [10,25,30]. 
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Figure 17. Compressive strength results of the renders. a) E5%, and b) E10%. 

 

 
Fig. 18. CaCO3/Ca(OH)2 ratio of different samples 
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Fig. 19 and 20 show the pore size distribution of the renders after 91 days of curing. All 
renders showed a main intrusion volume in the range 0.5 to 1 μm pore diameter (in 
accordance with previous works on lime-based mortars [66,67], with an almost 
unimodal distribution). The addition of EVA in both dosages (5% and 10%) increased 
the volume of intruded mercury at the main peak in the range from 0.6 to 0.8 μm. In 
these samples the surfactant added with EVA increased the air content [30], accounting 
for this higher porosity. In all cases, the starch-based admixture shifted the main pore 
size towards higher diameters, a finding that can be attributed to the greater amount of 
mixing water required because of the addition of the viscosity enhancer.  

There was a clear reduction in total porosity (area under the curve) when NS was added. 
The filling effect of the NS and its ability to react with calcium hydroxide to form C-S-
H phases explain this finding, which justifies the higher compressive strengths of the 
renders with NS (Fig. 17) [see detailed analyses of the pore structure of lime with NS 
mortars in 17,24]. Pore size distribution of the renders with NS confirmed the formation 
of medium capillaries (between 0.01 and 0.05 microns) and outer C-S-H gel pores (< 
0.02 microns) [68]. However, higher compressive strengths do not guarantee a better 
performance, as it can be inferred from the severe cracking and poor adhesion of the 
renders with NS. 

 

Fig. 19. Pore size distribution in samples with 5% dosage of EVA after 91 days. 
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Fig. 20. Pore size distribution in samples with 10% dosage of EVA after 91 days. 

 
3.5. Water vapor permeability and water absorption 
 
Water vapor permeability was measured (Table 5). From a hygrothermal point of view, 
this parameter for the renders should be as high as possible to avoid undesirable water 
condensation and associated problems [69]. The renders must be breathable and the 
effect of the different admixtures on this property must be assessed. As a requirement, 
the permeability should increase outwards and be similar or higher than that of the 
support [70] to allow the water vapor flow through the constructive system. 

The mere addition of EVA was seen to just slightly reduce the permeability only when 
used at the highest dosage (10%) as compared with the plain lime render (C) or with the 
C-O render. In comparison, other renders including the pozzolanic agents showed lower 
permeability values as a consequence of the filling effect and the subsequent pore size 
reduction (C-NS, C-MK, C-O-NS, C-O-MK) [18]. If EVA was combined with the 
starch-based admixture, permeability increased due to the changes in the pore size 
distribution induced by the viscosity enhancer (see values of the renders O-S-E5 and O-
S-E10). 

In line with the good correlation observed between the pore size distribution and the 
water vapor permeability, samples with NS, which were seen to dramatically reduce the 
porosity and the population of large capillary pores (0.05 to 10 microns), exhibited the 
lowest permeability. The filling effect of NS and the formation of densified C-S-H 
structures of low pore size explain this finding. 
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Table 5. Water Vapor Permeability 

Sample Permeance  
(kg /·m2 ·s · Pa) x10-10 

Permeability  
(kg /m s · Pa) x10-12 

C 1.32 2.64 

C-NS 1.12 2.24 

C-MK 1.18 2.36 

C-O 1.34 2.68 

C-O-NS 1.02 2.04 

C-O-MK 1.04 2.08 

O-E5 1.49 2.97 

O-E10 1.26 2.52 

O-S-E5 2.32 4.64 

O-S-E10 1.62 3.24 

O-NS-E5 1.10 2.20 

O-NS-E10 0.71 1.43 

O-NS-S-E5 1.07 2.14 

O-NS-S-E10 0.94 1.90 

O-MK-E5 1.01 2.02 

O-MK-E10 1.25 2.51 

O-MK-S-E5 1.41 2.82 

O-MK-S-E10 1.39 2.77 

 

Water absorption is another important property for the assessment of the applicability of 
the renders. As outside renders are usually exposed to environmental phenomena – such 
as rain – or in contact with wet elements, high water absorption might jeopardize the 
durability of the material. High rates of water absorption mean water movement inside 
the building structure as well as an increased risk of efflorescence phenomena and 
damages in the renders, stones and bedding mortars [67].  

Fig. 21 shows the results of water absorption through capillarity of different renders. 
Results evidenced that the adhesion enhancer admixture increased the capillary 
coefficient with respect to all the set of control samples. Pore size distribution accounts 
for this fact, since the population of the large capillary pores (at ca. 0.6-0.8 µm) and the 
diameter of these capillaries underwent an increase. Due to the same reasons, the use of 
the viscosity enhancer produced an even sharper increase. Besides the changes in the 
pore size distribution, the hydrophilicity of the functional groups of the admixtures may 
also facilitate the water absorption. Some combinations with pozzolanic agents kept the 
capillary coefficient values similar to that of the control renders (C, C-NS, C-MK, C-O-
NS and C-O-MK). Nevertheless, the real influence of these water transportation 
properties on the durability of the renders will be assessed below. 
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Fig. 21. Water absorption through capillarity 

 
3.6. Durability Experiments 
 
Fig. 22 depicts both numerically and in a color scale the different damages observed in 
the tested samples during continuous freezing-thawing F-T cycles. The total decay of 
the specimen is displayed in red in the graph. Beyond this value, the specimen was 
totally destroyed and thus no longer tested. Y-axis indicates the number of withstood F-
T cycles.  

The control render (air lime without admixtures/additives) subjected to frost resistance 
test underwent serious decay leading to the total destruction of the sample after just 6 
cycles (Fig. 22), in agreement with the poor frost resistance of pure air lime mortars 
[17]. The addition of the sodium oleate, due to its water repellency, clearly enhanced the 
F-T durability of the renders [10,24], in sample C-O as well as in the renders with 
combination of multiple admixtures. Control renders with either MK or NS also 
increased the frost resistance due to the densification of the matrix and to the discussed 
increase in strength. It can be seen that the addition of EVA, starch derivative and 
pozzolanic agents promoted the frost resistance of the renders in comparison with the 
plain lime sample (C) or allowed the preservation of a good resistance (beyond 15 
cycles) as compared to the other control samples (C-NS, C-MK, C-O, C-O-NS and C-
O-MK). However, samples with the combination oleate, MK, EVA and S yielded 
moderate increase of resistance (up to 9 F-T cycles) in comparison with C render, in line 
with their high water absorption rates caused by the large population and diameter of 
large capillary pores. 
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Fig. 22. Alteration degrees of grouts after freeze-thaw cycles. 

With similar criteria, Fig. 23 presents the assessment of the resistance of the renders in 
the face of MgSO4 sulphate attack. In control samples the addition of NS, oleate or a 
combination of both admixtures increased the sulfate attack resistances in comparison 
with plain lime render (C). However, the presence of MK resulted in a lower number of 
cycles endurance (as observed in samples C-MK and C-O-MK). For samples with 
multiple admixtures, the addition of NS, starch and EVA produced the highest tolerance 
to sulfate attack compared with the control samples containing MK, being the samples 
O-NS-S-E5, O-E10, O-NS-E10 and O-NS-S-E10 the ones which lasted 28 cycles of the 
test. The poorer resistance of some of the MK-bearing samples (except O-MK-E5, in 
which the positive effect of oleate and EVA increased its sulfate attack resistance) is 
due to the chemical composition of the MK, which in reaction with the hydrated lime 
leads to the formation of aluminate phases, C-S-A-H and C-A-H, besides the C-S-H 
phases as common products of the pozzolanic reaction of both NS and MK [17,37]. 

Two main mechanisms explain the decay caused by the sulfate attack. On one hand, 
sulfate ions react with portlandite and C-A-H, giving rise to the formation of 
voluminous and thus expansive gypsum and ettringite. The expansion of these 
crystallized compounds results in cracking and disruption of the hardened matrix [71]. 
On the other hand, the leaching of the calcium from the C-S-H phases leads to the loss 
of the mechanical resistance of the paste. The literature has shown that the presence of 
Mg2+ ions (in case of attack by magnesium sulfate) cause decalcification of C-S-H (by 
ion substitution), increasing the degree of alteration [72]. 

Therefore, the increase in aluminate compounds due to the MK addition favors the 
formation of expansive salts, explaining the strongest damage observed, for example, in 
the O-MK-S-E5 sample. 

The higher MgSO4-attack resistance of the renders with EVA can be correlated with the 
inhibition of the carbonation reported in Fig. 18. The presence of non-carbonated 
portlandite prevents the formation of expansive sulfates, possibly due to the 
precipitation of magnesium hydroxide (brucite) and avoiding the Ca-leaching of the C-
S-H gel. As a consequence, the lasting of the samples increased [71–73].  
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It must be noticed that the durability assays were carried out with pure render samples. 
However, further works should be conducted to study the durability of the joint stone-
render systems. 

 
Fig. 23. Alteration degrees of grouts after sulfate attack cycles. 

 
 
3.7. Overall assessment 
 
To provide a comprehensive understanding of the performance of the different renders 
and considering six of the most relevant characteristics measured in this study, a 
comparison is presented (Fig. 24). For this assessment, a scale from 1 to 3 for each 
parameter has been assigned, as described below: 
 

• Adherence: according to Table 4, rate 1 was given to samples in which it was 
only possible to quantitatively measure this value in just one type of employed 
substrates; a rating of 2 was ascribed to samples in which this property could be 
measured in two of employed substrates; and 3 to samples in which this property 
was able to be measured in at least 3 of the substrates. 

• Cracking: the rating was assigned by comparison with the control sample C, 
establishing an average value with all substrates. The renders that showed more 
cracking than that of the control sample were scored with 1; a score of 2 for the 
samples that showed a similar behavior to the control sample and 3 for renders 
showing a better visual appearance and less cracking in comparison with the 
control render.  

• Compressive strength: the results at 91 days were taken into account. It was 
established a grade of 1 for samples with lower resistance than that of the 
control sample C; 2 for samples with similar values of strength and 3 for the 
samples that had a resistance greater than that of the control sample. 

• Permeability: the assigned rating of 1 was attributed to samples that had lower 
permeability than the control sample C, 2 to samples that had a value less or 
equal to 1.5 times than the control sample, and 3 to the samples that had a value 
greater than 1.5 times of the control sample. 
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• Frost resistance: A rating of 1 was set for samples that have endured less than 5 
more cycles than the control sample C, 2 for samples that have endured 6 more 
cycles than the control sample, but less than 16 cycles of this test, and a score of 
3 for samples that have endured more than 16 cycles of this test. 

• Durability to sulfate attack: The scale is the same as that applied for the 
resistance to freeze-thaw cycles. 

 
It is clearly observed that the compressive strength increased in all renders with 
nanosilica. Furthermore, the use of the admixtures S and EVA improved adherence and 
visual appearance by reducing cracking, except in samples such as O-NS-E5 and O-NS-
S-E5. 

There was a clear improvement in resistance to freeze-thaw cycles and sulfate attack, 
being optimal in the O-NS-S-E5 mixture. Samples O-MK-S-E5 and O-MK-S-E10 
exhibited frost resistance similar to that of the control sample. 

With regard to water vapor permeability, the renders without NS showed a higher 
permeability. Inasmuch as the renders formulation includes oleate, starch and EVA, it 
may be concluded that, whilst the NS addition sharply enhanced strength and durability, 
the addition of MK enhanced adherence and cracking. These conclusions are useful to 
design tailored renders, which may be prepared according to the specific requirements 
of different repair works. 
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Fig. 24. Overall assessment of the different renders 
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4. CONCLUSIONS 
 
New air lime-based renders were prepared combining different admixtures: a water 
repellent agent (sodium oleate), an adhesion improver (ethylene-vinyl acetate 
copolymer, EVA), a rheology modifier (modified starch), and pozzolanic mineral 
admixtures (metakaolin or nanosilica) in order to enhance the performance of the 
renders when applied on different substrates, particularly adhesion, cracking reduction 
and durability. 

The results showed that the nature and pore structure of the substrates exerted an 
outstanding influence on the performance of the renders: very porous substrates (like 
brick) favored the cracking of the renders, whilst the adherence was jeopardized when 
the rendering mortars were applied onto substrates with very low porosity and smooth 
surfaces (granite and limestone). 

The addition of some of the combinations of the admixtures improved some 
characteristics of the renderings with respect to a set of control samples including lime 
with individual admixtures or combinations of pozzolanic admixture and sodium oleate. 

The EVA addition, combined with oleate, MK and starch enhanced the adhesion on 
most of substrates and minimized the cracking. For areas in which the renders are not 
exposed to aggressive environmental conditions (indoor or protected walls), the use of 
these combinations might be useful, for instance O-MK-S-E10. 

If the environmental conditions after the application of the renders are expected to be 
aggressive – freeze-thawing cycles and/or marine environment -, the presence of 
nanosilica improves the mechanical strength and durability in combination with EVA, 
oleate and starch (O-NS-S-E10). However, it must be borne in mind that the adhesion 
and cracking were not so much enhanced in the combinations including NS studied in 
the present work. The study of combinations of starch, EVA and sodium oleate with a 
lower percentage of NS could be of interest for further works. 

The use of the assayed combinations of admixtures has been proved to be useful to 
obtain durable lime-based renders in which the adherence is enhanced and the cracking 
formation reduced. The validity of some of these renders for different substrates favors 
their application as repair materials of the Built Heritage and also for new works of civil 
constructions. 
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