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Abstract: The study focused on lime mortar, that represent sustainable and environmentally 9 

friendly construction material widely used all over the world on architectural surfaces since the 10 

classical times. Repair mortars in relation to expected freeze-thaw loading should be designed and 11 

applied within the conservation interventions. The frost attack effects on microstructure and me-12 

chanical characteristics of lime mortars with different binder composition were studied for this pur-13 

pose. The mortar with pure air lime binder showed a lowest mechanical strength and low durability 14 

when the mortar was subjected to freeze-thaw cycles. Lime-pozzolanic mortar based on metakaolin 15 

improved mechanical strength and frost resistance and did not produce shrinkage cracks. Regard-16 

ing hydraulic lime mortars, the compressive strength of all frost-aged specimens increased after 10 17 

freeze cycles, indicating a beneficial effect of the water on the hydration of unreacted hydraulic 18 

binder. On the other hand, the flexural strength of the frost-aged hydraulic mortars specimens de-19 

creased significantly after 10 freeze cycles. The reduction of mixing water would contribute to better 20 

frost resistance of all types of tested lime based mortars. As lime mortars are characterized by slow 21 

hardening process, testing procedures should be adapted to this fact by using smaller specimens 22 

than 4x4x16 cm, e.g. 2x2x10 cm. 23 

Keywords: lime binder; lime mortar; air lime; hydraulic lime; metakaolin; testing; durability; freeze-24 

thaw resistance; historic buildings repair 25 

 26 

1. Introduction 27 

Recently, lime has become one of the main materials used to protect and restore his-28 

toric buildings. It is probably the most versatile structural binder available that can be 29 

adapted to suit a variety of uses and exposures. The lime plasters, renders or masonry 30 

mortars are commonly utilized for the repair of cultural build heritage, because of their 31 

compatibility with traditional historic masonry fabrics [1]. Lime-based mortars offer nu-32 

merous eco-benefits and they can be used not only in retrofitting, but also in new con-33 

structions. Low energy consuming production of lime in comparison with Portland ce-34 

ment makes lime be sustainable and environmentally friendly construction material. Lime 35 

binder is also sequestrating CO2 from the atmosphere during its hardening process. The 36 

research of high-performance lime-based mortars contribute to the urgently needed CO2 37 

abetment by rethinking traditional approaches to maintaining continuity where neces-38 

sary, as in the building conservation sector, while providing modern solutions for con-39 

temporary architecture. 40 

The lime binder quality affects fundamentally a performance and durability of lime 41 

mortars manufactured from them, particularly in case when the building construction 42 

containing lime mortar is exposed to frequent water penetration and freezing-thawing 43 

events. 44 

Citation: To be added by editorial 

staff during production. 

Academic Editor: Firstname Last-

name 

Received: date 

Revised: date 

Accepted: date 

Published: date 

 

Copyright: © 2023 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Sustainability 2023, 15, x FOR PEER REVIEW 2 of 12 
 

Generally, the air (non-hydraulic) lime and the hydraulic lime binders (depending 45 

on the chemical composition of the limestone from which the lime was burned) have been 46 

used for historic lime mortars produce, in history and also today. From the studied litera-47 

ture follows that hardened air lime mortars are porous and their mechanical strength and 48 

durability is low when exposed to frost in wet condition even if frost occurs only occa-49 

sionally [2]. Analyzed samples of historical air lime mortars show high porosity (ranging 50 

from 30-40%) and well interconnected pore structure with a predominant pore size of 51 

around 1 µm in diameter. It is also evident that the original mortar mixture was often very 52 

rich in lime, about 1: 1.5 binder to the aggregate, or even larger [3]. However, lime mortars 53 

based only on the air lime binder take a long time to harden and they are very vulnerable 54 

to frost particularly during this hardening period. To achieve the intended mortar perfor-55 

mance, the air lime binder in mortars have been modified by admixtures or additives for 56 

various reasons in building practice very often. 57 

One way to avoid the shortcomings of air lime mortar applied in cold and humid re-58 

gions is to blend the air lime binder with pozzolans [4]. The addition of pozzolanic mate-59 

rials to air lime generally shortens the binder setting time and improves the mortar 60 

strength. Various natural and artificial materials exhibit pozzolanic properties (e.g. re-ac-61 

tivity with slaked air lime) thanks to their silica or alumino-siliceous chemical compo-62 

sition and the amorphous character of these components. Both the natural pozzolans and 63 

the artificial pozzolanic materials can be used in modifications of air lime binders. His-64 

torically, mainly soils or crushed rocks of volcanic origin were used (including Italian poz-65 

zolan quarried near Napoli); recently also industrially burned clays, crushed bricks or 66 

brick dust, silica fume, and fly ashes have been studied and used for the same purpose. 67 

Especially metakaolin (produced by burning kaolin or clay shale at temperatures around 68 

750 °C) has been researched [5], [6], [7] and used in many conservation projects. 69 

Increasingly, naturally hydraulic limes (NHLs) are also used to conserve and restore 70 

historic buildings, when a mortar with a high resistance to moisture and freeze-thaw 71 

events is required. Naturally hydraulic limes (NHLs) were traditionally used as binders 72 

for preparing mortars [7] and are nowadays often used in commercial mixes because of 73 

their rapid setting compared to the air lime, and good mechanical performance [8]. NHLs 74 

based mortars are generally known to have a lower porosity than air lime mortars; for the 75 

mix ratio 1:2.5 of the binder NHL3.5 and the aggregate, the hardened mortar have the po-76 

rosity of 25%. The denser microstructure is characteristic for NHL mortars when com-77 

pared to air lime mortar [9]. The 10-200 nm pore fraction is characteristic of hydraulic 78 

phases [10]. 79 

Some craftsmen used to add Portland cement as the hydraulic admixture to air lime 80 

in situations when the resistance of lime mortars to frost was necessary and (NHLs) bind-81 

ers were not available. Now, the risk of damage of historic porous building materials con-82 

sequently to the Portland cement presence in repair mortars is known and must be taken 83 

into account in case of conservation of valuable historic structures [11]. Generally, objec-84 

tions to the use of Portland cement for rendering and plastering of historic masonry are 85 

based on its high strength, its rather impermeable character and the risk of transferring 86 

soluble salts, especially sodium salts, to vulnerable masonry materials [12]. Therefore, the 87 

amount of Portland cement in mortars applied on historic masonries must be well 88 

founded and always precisely defined. 89 

Most cultural heritage structures are subjected to a range of environmental risks such 90 

as critical climatic events but also salt damage, biological attack and air pollution. Frost 91 

damage is a further important physical cause of decay of building materials [13]. The in-92 

tensity, rate and duration of freezing, the cyclic action, as well as interstitial moisture de-93 

termine the severity of the effect [14]. Noticeable frost damage effects mainly take place 94 

on porous materials (i.e. porosity > 5%) saturated in water. Shaffer in his pioneering book 95 

[15] mentions a Hirschwald saturation coefficient of around 0.85 as a limit beyond which 96 

materials are prone to be damage by frost. 97 
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Frost resistance is naturally limited if the binder in the mortar has a relatively low 98 

strength. High strength binders, such as hydraulic lime or Portland cement, are able to 99 

withstand higher stress induced by freeze/thaw cycles (F/T). However, in order to protect 100 

traditional masonry, it is necessary to make a compromise: to increase the strength of the 101 

mortar to withstand F/T and not to lose the real function of the mortar, such as drying the 102 

walls and maintaining the masonry unit [11]. The repair mortar composition and mortar 103 

durability should be designed considering both the exposure conditions of the construc-104 

tion and function of the mortar to be applied. 105 

The experiment presented in this article focuses on the frost and wet resistance of 106 

lime mortars prepared from various lime binders. The aim of the experiment was to de-107 

termine the effect of the binder quality on mortar performance when it is exposed to freez-108 

ing-thawing cycles or immersed in water for some period. In order to demonstrate the 109 

effect of the binder, various experimental mortars were prepared containing different type 110 

of the binder. As the binder, air lime or natural hydraulic lime was used. The variant of 111 

the air lime was studied without or with pozzolanic or hydraulic admixture (metakaolin 112 

or Portland cement). The binder components for the experiment were chosen considering 113 

raw materials available for the repair mortar to be designed today. The amount and nature 114 

of the aggregate, and also the binder: aggregate ratio in studied mortars were invariable. 115 

The framework of the study was described in Janotova [16]. The selection of studied build-116 

ing materials based also on the published knowledge of composition of historical lime 117 

mortars and their properties.  118 

2. Materials and Methods 119 

2.1. Mortar mixtures 120 

Six different mortar mixtures were prepared. A hydrated air lime powder CL 90 121 

(Čerťák®, Vápenka Čertovy schody, a.s.), a metakaolin admixture (Mefisto L05, České lu-122 

pkové závody, a.s.), two types of natural hydraulic limes, NHL3.5 (Calcidur®, Zement- 123 

und Kalkwerke Otterbein) and NHL5 (Hydradur®, Zement- und Kalkwerke Otterbein) 124 

and a white Portland cement (HET, CEM I 52.5 R, Aalborg Portland A/S, Denmark) were 125 

used as the binders. A pure silica sand with controlled particle size distribution 0 - 4 mm 126 

supplied by Provodín Sands a.s. was used as the aggregate. Table 1 shows the weight 127 

ratios of binder to aggregate and water to dry-solids used in the preparation of the mortar 128 

specimens. 129 

Table 1. Mortars composition and the water to dry solid ratio. 130 

Mortar L LM NHL3.5 NHL5 CL1 CL2 

Composition1  

weight 

parts 

CL90:agg 

 

1:3 

CL90:M:agg 

 

(0.75:0.25):3 

NHL3.5:agg 

 

1:3 

NHL5:agg 

 

1:3 

CL90:wPC:agg 

 

(0.9:1):15 

CL90:wPC:agg 

 

(0.5:1):10 

w/ds1 0.26 data 1 0.17 0.17 0.14 0.13 
1 CL90 = hydrated lime powder; M = metakaolin; NHL = natural hydraulic lime; wPC = white Port-131 

land cement, agg = aggregate; w/ds = water to dry solids weight ratio. 132 

 133 

Mortar mixtures were prepared using the desirable amount of kneading water to ob-134 

tain good workability and comparable consistency in all the mortars, 170±5 mm, measured 135 

using the flow table test [17]. The binder and dry aggregate were mixed for three minutes 136 

at low speed using a laboratory mixer MATEST-E093. Water was then added and the mix-137 

tures were blended for another 1.5 min. The fresh mortars were mechanically compacted 138 

into prismatic casts of dimensions 40×40×160 mm. The specimens were left inside the 139 

moulds for one day and were then stored for a further six days at 90±5 % relative humidity 140 

at room temperature 20±5 °C. The mortar prisms were then stored for 360 days under 141 

controlled conditions at a temperature of 20±5 °C at 60±10 % relative humidity, and placed 142 



Sustainability 2023, 15, x FOR PEER REVIEW 4 of 12 
 

on grid-lined shelves to provide air flow. The 60% RH value was chosen with respect to 143 

the average relative air humidity in Prague during the construction season [18]. 144 

 145 

2.2. Methods of Testing Hardened Mortar Samples 146 

The open porosity of the mortar specimens was determined by means of hydrostatic 147 

weighing under low pressure after total immersion in water for 24h according to the pro-148 

cedure described in [19].  149 

Pore size distribution was analyzed using mercury intrusion porosimetry (Poremas-150 

ter PM 60-13, Quantachrome). The pressure applied in the measurement (0.0055 to 200 151 

MPa) corresponds to pore sizes with a diameter of 258 µm to 6 nm. Two specimens of each 152 

mortar type were analyzed.  153 

The morphologies of the mortar specimens after the freezing test were observed by 154 

optical microscopy (Olympus BX53M). One thin section from each hardened mortar cate-155 

gory (40 × 40 mm) was prepared. 156 

Flexural strength was determined based on the three-point flexural test, and the com-157 

pressive test was done with half of the remaining samples obtained from the flexural test, 158 

according to [20].  159 

Dynamic modulus of elasticity was obtained based on determination of longitudinal 160 

resonance frequency using the ultrasonic device USG 40 (Krompholz Geotron Elektronik, 161 

FRG, 250 kHz, USG-T transmitter and USE-T receiver). 162 

Water absorption coefficient (kg.m2.hod-1/2) was measured in a free-water intake ex-163 

periment [21].  The three halves of the 4 × 4 × 16 cm samples that remained after the me-164 

chanical tests were immersed in 1 mm of water (using glass rods) inside a covered box to 165 

maintain constant hygrothermal conditions and to limit water evaporation from the sam-166 

ples. 167 

 168 

2.3. Frost aging test 169 

The frost resistance test was performed according to the Czech standard procedure 170 

[22]. Three specimens of standard dimensions 40 × 40 × 160 mm and an age of 360 days 171 

were initially dried to a constant mass at 60 °C. The specimens were then immersed in 172 

water at an ambient temperature of 20±5 °C for 24 h and then exposed to freezing at -20±5 173 

°C in a freezing box for a period of four hours (Figure 1). The specimens were then thawed 174 

in water at an ambient temperature of 20±5 °C for at least two hours before performing 175 

another cycle. This group of the frost exposed specimens was labelled “F”. 176 

During the freeze-thaw procedure the water absorption was monitored by weighing 177 

the thawed specimens on hydrostatic scales to follow changes in water uptake (in w.%). 178 

The total loss of mass of the material remaining in the vessels used for thawing the sam-179 

ples was also recorded. Morphological changes by photographic recording, weight varia-180 

tions of the specimens and ultrasonic wave velocity propagation were measured during 181 

the ageing tests. 182 

The frost resistance test was terminated when the samples (F) showed moderate to 183 

severe degradation patterns. The samples were then dried at 60 °C to constant weight and 184 

subjected to the dynamic modulus of elasticity, the flexural and the compressive strength 185 

characterizations. The halves of the specimens remaining after the mechanical tests were 186 

used to determine changes in the water transport properties of mortars that could indicate 187 

their porosity modification due to frost loading: capillary absorption coefficient [21], and 188 

water uptake at saturation by immersion under reduced pressure [19]. 189 

 190 
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 191 

Figure 1. Scheme represents the steps for performing one cycle of the frost ageing test. 192 

 193 

3. Results and Discussion 194 

3.1. Fresh mortar properties 195 

The mixing water amounts needed to prepare fresh mortar of consistency 170 mm 196 

(flow table) are summarised in Table 1 for all types of tested mortar. The largest amount 197 

was needed to the lime mortar L due to the large specific surface area of the hydrated lime 198 

powder particles. The rapid drying of the mixing water caused the formation of shrinking 199 

cracks in the hardened L mortar which displayed in the pore size distribution within the 200 

pore size range from 7 to 217 µm (Figure 2). The substitution of 25-w% of lime hydrate by 201 

metakaolin decreased the water consumption in the lime-metakaolin mortar LM by less 202 

than 8 % compared to the L mortar. Similar water consumption in the mortar with the 203 

same type of metakaolin was also reported in [6]. The reason for the lower water con-204 

sumption is probably the fact that the specific surface area of the metakaolin (SBET 205 

Mefisto L05 = 15.41 m2.g-1) is slightly smaller compared to the specific surface area of lime 206 

hydrate (SBET CL90 = 16.84 m2.g-1). In the case of the NHL3.5 and NHL5 mortars, the 207 

kneading water consumption was 36 % resp. 33 % lower in comparison with air lime mor-208 

tar L. This can also be explained by the lower specific surface area of the hydraulic lime 209 

particles [23]. The low shrinkage of that mortar can be attributed to the consumption of 210 

some water during hydration instead of evaporation. The low w/ds ratios of the CL1 a 211 

CL2 lime-cement mortars are assigned to the amount of cement used [24]. Since the aerial 212 

lime proportion is larger in the CL1 mortar, also the largest water demand was observed. 213 

3.2. Hardened mortar properties 214 

Table 2 summarizes the mortars properties in 360 days of age (these values represent 215 

the average of at least three measurements). The water accessible porosity was 32 % for 216 

the lime mortar L and its pore size distribution curve showed the presence of two peaks 217 

(Figure 2). The first peak in the range 0.1-1 µm was assigned to the binder porosity while 218 

the second in 10-100 µm range to shrinkage cracks. Slightly higher open porosity, of 34 %, 219 

was for the lime-pozzolan LM mortar (Table 2), which can be explained by the porous 220 

character of the pozzolanic reaction products, mainly the C-S-H gels [25], [26]. The gel´ 221 

pores, smaller than 0.1 um, are shown in the distribution curve of this mortar (Figure 2). 222 

LM mortar did not develop shrinkage cracks like L mortar which is probably related to 223 

the improvement of the mechanical properties granted by the rapid pozzolanic reaction 224 

[27]. Hydraulic limes mortars had porosity approximately 28 % and the pore size distri-225 

bution of these mortars was unimodal. The wide peak of pores in the range 0.5-1 µm is 226 

attributable to portlandite reaction while the 0.01-0.2 µm porosity fraction to hydraulic 227 

phases [28]. The addition of the white portland cement to the lime in CL1 and CL2 mortars 228 

visibly shifts the pores sizes into a lower range and macropores occurring in the pure air 229 

lime mortar L have completely disappeared. This tendency is more noticeable in CL2 with 230 

higher Portland cement amount. 231 

 232 
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Table 2. Properties of the hardened mortar with 360 days of age. 233 

Mortar 
Open porosity  

[%-v] 

Water absorption 

coefficient  

[kg∙m-2∙h-1/2] 

Flexural strength  

[MPa] 

Compressive 

strength  

[MPa] 

L 31.4 (±0.3) 32.2 (±1.4) 0.6 (±0.1) 1.8 (±0.2) 

LM 34.1 (±0.2) 8.6 (±1.4) 1.9 (±0.4) 5.9 (±0.4) 

NHL3.5 25.9 (±0.4) 16.4 (±0.8) 1.0 (±0.17) 6.8 (±0.3) 

NHL5 26.8 (±0.2) 18.9 (±0.3) 0.8 (±0.3) 6.1 (±0.7) 

CL1 23.3 (±0.5) 10.9 (±1.1) 2.7 (±0.3) 7.9 (±0.7) 

CL2 20.5 (±0.3) 4.6 (±0.4) 4.8 (±0.4) 19.6 (±1.9) 

 234 

 235 

Figure 2. Mercury intrusion curves show the relative pore size distribution of the mortar after 360 236 

days of curing. 237 

The capillary water uptake behaviour of the studied mortars strongly relates to the 238 

pore size values determined by mercury intrusion porosimetry (Figure 2). The highest 239 

water absorption coefficient, of 32 kg.m-2.h-1/2, was measured for the air lime mortar L (Ta-240 

ble 2). This value correlates well with the presence of pores between 10 and 100 µm. Con-241 

versely, the LM mortar had the capillary absorption coefficient nearly 4 times lower in 242 

comparison with L. This is in accordance with the observed pores size distribution curve 243 

with the main peak shifted towards smaller pore diameters which are not capillary active. 244 

Similar capillary absorption rate was also recorded on similar composition lime-me-245 

takaolin mortar [25]. The main reason for the slow liquid water transport in lime-me-246 

takaolin mortar is probably the effect of CSH gels that can bond by van der Waals forces 247 

more water molecules in the pore walls than calcium carbonate [25]. [23] reported reduc-248 

tion of the capillary absorption coefficient of lime-pozzolana mortars with the increasing 249 

amount of metakaolin. The mortars with hydraulic lime NHL3.5 and NHL5 also showed 250 

low capillary absorption coefficient (16.4 and 18.9 kg.m-2.h-1/2) corresponding to the pres-251 

ence of hydration products in the microstructure [29]. The slowest capillary transport was 252 

determined for lime-cement mortars CL1 and CL2 (10.9 and 4.6 kg.m-2.h-1/2). Hydrated 253 
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phases affect the capillary pores with a decrease in the total porosity and a shift to finer 254 

pores [30]. 255 

Table 2 shows the flexural and compressive strength of the samples with 360 days of 256 

age. The lowest values of flexural and compressive strength obtained for the lime mortar 257 

L can be attributed to the shrinkage cracks. Relatively low measured strengths of the nat-258 

ural hydraulic lime mortars NHL3.5 and NHL5 was probably caused by a combination of 259 

two factors which negatively influenced the strengthening: 1) insufficient amount of 260 

kneading water used for the fresh mortar preparation and 2) not enough wet curing con-261 

ditions. [30] state that the optimum value of the mortar flow rate of lime NHL3.5 and 262 

NHL5 should approach 185 mm. [31] admits that the strength of hydraulic mortars may 263 

not always correspond to the classification according to EN 459-1. The values of both com-264 

pressive and bending strength of the lime-pozzolana plaster LM containing metakaolin 265 

can be clearly attributed to the formation of C-S-H and hydrated calcium aluminate struc-266 

tures that have higher strength than calcium carbonate [25]. The highest values of 267 

strengths showed the lime-cement mortar CL2 (with a higher amount of white Portland 268 

cement), followed by the lime-cement mortar CL1. However, it must be considered that 269 

the strength of the repair mortar containing Portland cement may be too high compared 270 

to mechanical characteristics of used historic building materials and compatibility with 271 

historic construction properties should be assessed. 272 

3.3. Resistance to frost aging  273 

Some visible aspects of mortars damage exhibited in the form of surface spalling or 274 

micro-crack formation (Figure 3). Lime mortar proved to be highly susceptible to the 275 

freezing and thawing action after it broke down after the 4th cycle. Hydraulic lime mortars 276 

showed several longitudinal cracks already after the 5th cycle although the specimens 277 

maintained their cohesion up to the 10th cycle. Degradation was faster for NHL5 mortar. 278 

After the 3rd cycle, LM/F mortar also showed significant degradation signs as a dense 279 

network of fine surface cracks on the specimen’s surface. Immediately after the freezing 280 

step very fine ice crystals were observed growing from these cracks. The cracks developed 281 

only along with the 40 × 160 mm side faces of the mortar prisms, i.e. parallel to the 282 

compaction plane, the top surface showing no signs of visually detectable crack 283 

development. After completion of the test and final drying, the specimens emitted a 284 

hollow sound when tapped. Cement-lime mortars CL1 and CL2 exhibited fine hairline 285 

fissures in several areas after the 8th and 15th cycle, respectively. 286 

 287 

Figure 3. Degradation pattern of specimens after frost aging: a) progressive granular disintegration 288 

of L/F specimens after 3rd cycle; b) surface fissuration of LM/F after 10 cycles; c) deep fissures of 289 

NHL5 after 10 cycles; d) hairline cracks of CL2 after 20 cycles. Scale next to the specimens shows 290 

1mm intervals. 291 
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Table 3 shows changes of mortars properties after 10 resp. 20 cycles of freeze-thaw 292 

aging, except data for L mortar that was destroyed after four cycles. The compressive 293 

strength of all frozen specimens with the hydraulic binder increased, indicating a 294 

beneficial effect of the water on the hydration previously unreacted hydraulic binders. On 295 

the other hand, the flexural strength of the Frost-aged specimens decreased significantly 296 

after 10 and 20 freeze cycles, respectively, indicating the drastic character of the test 297 

performed. (E.g. The flexural strength of the 360-day-old LM mortar decreased by 74 % 298 

compared to the strengths of the same old non-freezing set. The flexural strength of frozen 299 

mortar specimens NHL3.5, NHL5 and CL1 decreased almost by 40, 63 and 56 % after 10 300 

cy freezing, while the flexural strength of CL2 decreased by 69 % after 20 freeze cycles. 301 

Based on a comparison of the resulting strength values, the most frost resistant/durable 302 

mortar appear to be NHL3.5, NHL5, CL1 and CL2.he text continues here. 303 

Table 3. Change of mortars properties after freeze-thaw aging. (The down / up arrow symbol clearly 304 

indicates the trend of decrease / increase of the characteristic after the end of the freezing test.) 305 

Mortar (Nr. of 

cycles) 

Capillary absorp-

tion coefficient 

[kg∙m-2∙h-1/2] 

Open porosity 

[%] 

Flexural 

strength 

[MPa] 

Compressive 

strength 

[MPa] 

Dynamic modulus of 

elasticity  

Edyn [MPa] 

L 
- - - - - 

(4 cy) 

LM  3.5 % 1.5 % 74 % 3.4 % 55.9 % 

(10 cy) ↓ ↑ ↓ ↓ ↓ 

NHL3.5  2.5 % 0.4 % 40 % 35.3 % 48.6 % 

(10 cy) ↓ ↑ ↓ ↑ ↓ 

NHL5   11 % 3.7 % 62.5 % 1.6 % 21.9 % 

(10 cy) ↓ ↑ ↓ ↑ ↓ 

CL1  16.5 % 0.4 % 55.6 % 20.3 % 55.6 % 

(10 cy) ↓ ↑ ↓ ↑ ↓ 

CL2  46 %  4 % 68.7 % 25.5 % 31.9 % 

(20 cy) ↓ ↓ ↓ ↑ ↓ 
 306 

The lowest dynamic modulus loss was determined for LM and CL1 samples after ten 307 

cycles (reduction of 45 %), followed by NHL3.5 (loss of 51 %) and NHL5 (loss of 78 %). 308 

CL2 mortar exhibited the dynamic modulus loss of 68 % after 20 cycles. The lower reduc-309 

tion of dynamic modulus of elasticity obtained for LM and CL1 indicates a better mechan-310 

ical durability of these mixtures against the freeze-thaw cycles. Cracks formed in frozen 311 

specimens work similarly to capillary active pores and are able to absorb additional 312 

amount of water [32]. However, in our case there was only a slight increase in open po-313 

rosity (maximum NHL5 3.7 %). In this case, the effect of storing samples in water pre-314 

vailed, which had a favorable effect on the additional hydration of previously unreacted 315 

hydraulic binders as a result of which the capillary absorption coefficient significantly 316 

decreased. The additional hydration of the binder created smaller pores in the mortars 317 

which transport water more slowly. The largest capillary absorption coefficient increase 318 

is evident in CL1 and CL2 mortars with a Portland cement. 319 

The phenolphthalein staining test (1 % vol. Phenolphthalein solution) revealed a sur-320 

prising conclusion. Deep purple color indicates that the central portion of the Frost-aged 321 

specimens was not completely cured even after 360 days. Photographs of cross-sections 322 

of the Frost-aged specimens test in Figure 4 indicate that 10-30 % of the volume of the test 323 

specimens contained unreacted binder. 324 

 325 
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 326 

Figure 4. Cross-sections of the Frost-aged specimens. The purple color marks the part of the speci-327 

men area (4 × 4 cm) that contains the unreacted binder: a) LM, 10 cy; b) NHL3.5, 10 cy; c) NHL5, 10 328 

cy; d) CL2, 20 cy. 329 

4. Conclusions 330 

Most cultural heritage structures are subjected to a range of environmental risks 331 

including frost damage. Repair mortars with appropriate microstructure and durability 332 

in relation to expected freeze-thaw loading should be designed and applied within the 333 

conservation interventions. The frost attack effects on microstructure and mechanical 334 

characteristics of lime mortars was studied for this purpose. In the same time, the used 335 

testing procedure based on saturation of the test specimens with water was assessed with 336 

respect to the observed lime mortars characteristics and behaviour.  337 

Although samples of lime mortars (in the form of standard test samples 4 × 4 × 16 cm) 338 

were stored in regulated laboratory conditions recommended by the standard and 339 

subsequently in laboratory regulated conditions corresponding to real external 340 

conditions, the binder was not homogeneously matured even after one year (360 days), as 341 

is evident from the phenolphthalein test. The least cured is air lime mortar, however, lime-342 

cement mortars also have immature centers of beams. It follows that lime mortars are 343 

tested in a different hardened state, which affects (distorts) the test result. The frost 344 

resistance test should be adapted for lime mortars, e.g. using smaller specimens. 345 

The mortar with pure air lime binder showed significant shrinkage apparently due 346 

to the large amount of mixing water which resulted in a low mechanical strength (mainly 347 

bending strength) and low durability when the mortar was subjected to freeze-thaw 348 

cycles. It has been confirmed that the preparation of mortar with an air lime binder 349 

requires great care. The appropriate consistency should be achieved by kneading fresh 350 

mortar with a minimum amount of water. Subsequently, the lime mortar must be 351 

protected against rapid drying and the hardening mortar must be repeatedly moistened 352 

by gentle spraying with water. In order to create a microstructure of the mortar without 353 

cracks, and thus more resistant to frost. 354 

Lime-pozzolanic mortar based on metakaolin admixture to pure air lime improved 355 

mechanical strength and did not produce shrinkage cracks. Due to the pozzolanic reaction 356 

of the binder and the formation of C-S-H gels, the pores in the porous structure 357 

predominate in the range of 0.01-1 µm, which limit capillary suction rate (the water 358 

absorption coefficient dropped to a quarter of that observed for pure air lime mortar). The 359 

compressive strength of the mortar increased, but the flexural strength decreased 360 

significantly after 10 freezing cycles. After the 3rd cycle, mortar showed significant 361 

degradation signs as a dense network of fine surface cracks on the specimen’s surface. 362 

Even in this case, we can assume that the amount of mixing water required with respect 363 

to the required consistency of 170 mm was too high and that the reduction of mixing water 364 

would contribute to better frost resistance. 365 

Hydraulic limes mortars possessed also lower porosity and lower water absorption 366 

coefficient compared to the air lime mortar. Contrary to expectations, low flexural 367 

strengths have been established for these mortars which has had a negative impact on 368 

frost resistance. Hydration of hydraulic binders has probably been negatively influenced 369 

either by the low relative humidity setting for a curing (90±5 % for 1 week then 60±5 % 370 

RH) or too much mixing water played a role. Hydraulic lime mortars showed several 371 
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longitudinal cracks already after the 5th cycle although the specimens maintained their 372 

cohesion up to the 10th cycle.  373 

Lime-cement mortars CL1 and CL2 achieved the highest compressive and flexural 374 

strengths. However, even after 360 days, the standard beams of lime-cement mortars were 375 

not cured until the middle of the beam. The porosity accessible to water is the lowest of 376 

the mortars compared. The porous structure is dominated by pores smaller than 0.1 µm, 377 

which do not transport liquid water, but can retain it on the surface of the pores through 378 

hydrogen bonds. There is also a significant slowing down of water transport through 379 

capillary pores in comparison with other studied mortars.  380 

The compressive strength of all Frost-aged specimens with the hydraulic binder 381 

component increased, indicating a beneficial effect of the water on the hydration 382 

previously unreacted hydraulic binders. On the other hand, the flexural strength of the 383 

Frost-aged specimens decreased significantly after 10 and 20 freeze cycles, respectively, 384 

indicating the drastic nature of the test performed. 385 
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