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Abstract  

 

The research focused on improving the durability and frost resistance of lime mortars. The 

tests were carried out on traditional lime mortar, but the conclusions can also be applied to 

historical composites based on lime binders. Surface impregnation with liquid potassium 

silicate and silicic acid ester was used in the tests. The test results showed a slight 

improvement in the bending strength of the test specimens. A significant improvement in the 

physical and mechanical properties (compressive strength, water absorption resistance and 

frost resistance) was noted. The obtained results indicate that it is possible to increase the 

durability of the lime mortars without changing their color. In the summary it was noted that 

surface impregnation of lime mortars with silicic acid ester proved to be the most effective 

way to improve the physical and mechanical properties of built-in lime mortars, but the 

higher cost of impregnation, compared to liquid potassium silicate, may be a reason for the 

limitation of this solution. It was pointed out that surface impregnation is often the only way 

to increase the durability of brittle composites with low strength.  
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Introduction  

 

The modification of traditional and historical lime mortars to improve their durability is 

the subject of many scientific papers. This applies to both currently used mortars and historical 

mortars [1, 2]. The range of additives and admixtures introduced to modify the properties of 

those composites is very wide [3-5]. 

The aim of revitalization work concerning historical lime mortars is to select methods 

and materials that do not significantly interfere with the architectural properties relating to the 

color and structure of the reinforced materials [6-10]. One of the most important issues is the 

sustainable interference in the modification of the physical and mechanical properties of the 

reinforced materials [11-27]. Many polymer-based agents are not considered to be appropriate 

for restoration work on historical structures because they have too much impact on the 

properties of mortar. 
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The use of water glass (sodium silicate) to improve the properties of cement and lime 

mortars has been the subject of many studies [19-21]. It is important to distinguish between 

liquid potassium silicate and sodium silicate for impregnation purposes. In repair work for the 

surface reinforcement of lime mortars, the application of liquid potassium silicate is more 

justified than the application of liquid sodium silicate [17]. The results of the tests should not be 

treated as also generally valid for other materials due to the possibility of uncontrolled 

reactions. The application of impregnating agents on new surfaces requires in each case the 

confirmation of their effectiveness in increasing the durability of those composites. 

Tests of silicic acid esters with respect to various historical materials are a relatively new 

issue and, as in the case of liquid potassium silicate (as regards application on the surface of 

other materials), require appropriate verification. 

An important question regarding the reinforcement of brittle composites with relatively 

low strength is the method of application of impregnating agents to increase their durability [22, 

23]. The use of the pressure injection method is not recommended due to the possibility of 

destroying the structure of those composites [24, 25]. The gravitational soaking method cannot 

always be used. It generates a large volume of impregnating agents, which results in increased 

repair costs. The surface impregnation method used in this work limits the reinforcing effect to 

surface layers but, as the obtained results indicate, can be effectively used to increase the 

durability of brittle composites with lime binder characterized by relatively low strength. 

 

Experimental part 

 

Materials 

The reference mortar M0 corresponds to a traditional lime mortar based on hydrated 

lime CL 90-S with a compressive strength of approx. 1MPa. The weight proportion of mortar 

components lime to sand is 1:4.5 

Water – tap water added in an amount that made it possible to obtain a constant mortar 

consistency (PN-B-04500 consistency 6 - Novikow cone).  

The specimens were molded into 40mm×40mm×160mm beams and kept in a humidity 

chamber for 28 days. The specimens were left for a further 28 days under laboratory conditions 

at 20°C. Six specimens of the tested mortars were used for each determination of the result and 

the results were presented as an arithmetic mean. 

The reference mortar M0 was impregnated twice with the use of a brush—liquid 

potassium silicate and silicic acid ester were applied separately (Table 1). 
 

Table 1. Sample lime mortars used in the research 

 

Lime mortar specimen  

M0 reference mortar 

MS ref. mortar impregnated with liquid potassium silicate (S) 

MH ref. mortar impregnated with silicic acid ester (H) 

 

Methods 

Compressive strength and three-point bending test  

The three-point bending test ftb performed according to the guidelines for standard 

cement mortar (Fig. 1b). The compressive strength test fc was performed on the beam halves 

obtained from the ftb test (Fig. 1a). 
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Fig. 1. Mortar specimens: a) compressive test, b) bending test 

 

Water absorption test  

The water absorption test was carried out by placing the lime mortar beams 

(40mm×40mm×160mm) in a vertical position in a cuvette filled with water to a height of 

10mm. The specimens were left for 1 hour. The table presents the water absorbed by the 

specimens (percent by mass). 

Frost resistance 

The frost resistance test was conducted by carrying out the cycles of freezing and 

thawing of the lime mortar beam halves obtained after the 3-point bending test. Before the frost 

resistance test, the fracture surfaces of the specimens were impregnated.  

One cycle consisted of flooding the specimens with water and storing them in the water 

at 20°C for 4 hours, after which the wet specimens were frozen in a freezer at -20°C for 4 hours. 

One hour after the start of the next cycle (flooding with water), the specimens were removed, 

visually assessed, weighed and documented photographically. Next, they were placed in the 

water and the freeze-thaw cycle was continued.  

The specimens that were damaged, showed cracks, or had a weight loss of more than 5% 

were considered to present a negative frost resistance result. 

 

Results  

 

Table 2 shows the results of the tested physical and mechanical properties. The results 

indicate the amount of water in [g] that was absorbed by the specimens and the amount of water 

in [%] calculated with reference to the dry mass of the specimen. In addition, the table shows 

the number of freeze-thaw cycles after which the first cracks were observed. It also presents the 

destructive forces and the corresponding values of strength in the 3-point bending strength test 

ftb and compressive strength test fc. 

 
Table 2. The results of tests for water absorption, 3-point bending strength ftb and compressive strength fc 

 

Specimen 

Water 

abs.  

[g] 

Water 

abs. 

 [%] 

Frost 

resistance 

[cycle] 

Bending  

force  

[N] 

Compressive 

force  

[N] 

Bending  

strength 

ftb[MPa] 

Compressive 

strength 

fc[MPa] 

M0 55.18 14.46 1 101 1402 0.24 0.9 

MS 39.64 10.73 3 133  3201 0.31 2.0 

MH 25.06 7.06 7 150 3950 0.35 2.5 
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Figure 2a and Table 2 show the results for the amount of water absorbed by the tested 

specimens and figure 2b for frost resistance (number of cycles until the first signs of destruction 

are visible). 

 
Fig. 2. Tested mortars: a) water absorption, b) frost resistance – number of cycles 

 

 

The results for 3-point bending tensile strength are shown in Figures 3a and 3b presents 

the results for compressive strength. 

 

 
Fig. 3. Strength: a) 3-point bending tensile strength ftb, b) compressive strength fc 

 

 

Figure 4 presents specimen MH during the frost resistance test. Figure 4a shows the 

detached hardened layer. The impregnated layer is approx. 3mm thick. The hardened layer can 

be visually distinguished from the remaining specimen structure. Figure 4b shows air bubbles 

appearing during the thawing (soaking) of the specimens with water after the freeze cycle. The 

appearing bubbles indicate that the specimen exhibited diffusion properties. Similar phenomena 

were also observed in specimens M0 and MH. 

Figure 5 shows the frost resistance results for reference mortar M0 and mortars MS and 

MH. The photographs of beam halves before the frost resistance test (0 cycles) and after 1, 2, 7 

and 9 freeze cycles are presented. Figure 5 shows examples of specimens with the visible 

destruction process at different cycles of the frost resistance test. Red markers were placed on 

the photographs to indicate the first cracks occurring during the freeze-thaw process. Some of 

the cracks are only clearly visible when the photographs are zoomed in. In the reference 

specimen M0, the first cracks occurred after the first freeze-thaw cycle (Fig. 5b). Specimens 

MS showed the first destruction processes after 2 freeze-thaw cycles (Fig. 5c). Specimens MH 

presented the best frost resistance, exhibiting the first destruction processes after 7 frost cycles 

(Fig. 5d).  
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Fig. 4. Specimen MH during the frost resistance test: a) visible thickness of the hardened layer, b) air bubbles during the 

flooding of the specimen with water 
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Fig. 5. Frost resistance test—general appearance of the lime mortars M0, MS and MH: 

a) before the test, b) 1 cycle, c) 2 cycles, d) 7 cycles, e) 9 cycles 

 

Specimens M0 and MS, with lower frost resistance, also showed a faster process of 

complete destruction after the first cracks occurred, compared to specimen MH, in which this 

process was much slower. 

The photographs were taken after the thawing in water, immediately before the freeze 

cycle. Slight differences in the colors of the surface of presented specimens were caused by the 

fact that the photographs were taken under natural and artificial lighting (day and night).  

 

Discussion  

 

The conducted testing aimed at increasing the durability of traditional and historical lime 

mortars. It was proposed to modify the durability using liquid potassium silicate and silicic acid 

ester.  

As is shown in Table 1 and Figure 2a, the impregnation of mortar M0 with potassium 

silicate limits the absorption of water from 14.46% to 10.73% (specimen MS). When silicic 

acid ester was used for impregnation, the amount of absorbed water was limited more 

effectively, from 14.46% to 7.06% (specimen MH).  

The improvement of frost resistance (Table 2, Figs. 2b and 5) correlates with the 

limitation of water absorption. Impregnation with agent S slightly increased frost resistance 

from 1 cycle to 2 cycles (compare M0 and MS). The use of agent H increased frost resistance 

seven times (compare M0 and MH), indicating greater effectiveness.  

Impregnations S and H slightly increase the bending strength of reference mortar from 

0.24MPa to 0.31MPa (impregnation S) and 0.35MPa (impregnation H). The obtained results 

indicate that the proposed impregnation is not sufficiently effective to increase bending tensile 

strength. 

The improvement of the compressive strength of the impregnated mortars is significant 

(Table 2 and Fig. 3b), from 0.9MPa for reference mortar to 2.0MPa (impregnation S) and 

2.5MPa (impregnation H). When assessing the strength, it should be noted that the 

reinforcement of the structure only occurred on the surface, to a depth of approx. 3mm (Fig. 

4a). Inside, the structure of the specimens did not change. A more than twofold increase in the 

strength with surface reinforcement of the specimens can be considered significant. The most 

effective impregnation occurs with the use of silicic acid ester (specimens MH). 
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No direct tests relating to the determination of the diffusivity coefficient were carried out 

(outside the scope of the study). As can be seen from Table 2, the amount of water absorbed 

after impregnation was reduced. Despite the reduction in the amount of water absorbed, the 

specimens diffusion properties are preserved after impregnation. This is evidenced by the water 

absorption capacity (Table 2, Fig. 2a) and the appearance of air bubbles when the specimens 

were thawed in water (Fig. 4b). 

Summarizing the obtained results, it can be said that the proposed surface impregnation 

with liquid potassium silicate and silicic acid ester significantly increases the durability of 

traditional lime mortars. At the same time, the obtained results can also be applied to historical 

lime mortars. The improvement of durability by means of the proposed impregnation is the 

result of reduced water absorption, increased compressive strength and improved frost 

resistance. 

The applied impregnation, either with liquid potassium silicate or silicic acid ester, does 

not cause a change in the color of the specimen surface. The slight differences in surface colors 

visible in the photograph result from the fact that the photographs were taken after freeze-thaw 

cycles in daylight and at night under artificial lighting. 

It appears that the test results indicate the validity of using impregnation S and H to 

increase durability in relation to other materials characterized by relatively low strength 

(<5MPa) and significant water absorption.  

The obtained test results show that silicic acid ester is a more effective way of improving 

the physical and mechanical properties of lime mortars compared to liquid potassium silicate, 

but the approx. three times higher cost of this type of impregnation may be a reason for the 

limitation of this solution.  

Due to the brittleness of lime mortars, pressure impregnation cannot be used. The 

gravitational application modifies the physical and mechanical properties more effectively than 

surface impregnation but increases the volume of materials, which generates higher costs.  

 

Conclusions 

 

Significant improvement was noticed in the physical and mechanical properties of lime 

mortars with surface impregnation (liquid potassium silicate and silicic acid ester). A reduction 

in water absorption was achieved, with an increase in bending and compressive strength. The 

results indicate the possibility of increasing the durability of traditional and historical lime 

mortars with the use of the proposed method. 

Impregnation with silicic acid ester results in the best improvement of the physical and 

mechanical properties of lime mortars. The effects of impregnation included a significant 

reduction in water absorption, an increase in compressive strength and a sevenfold increase in 

frost resistance, while diffusion capacity was maintained. 

The applied method of impregnation, either with liquid potassium silicate or silicic acid 

ester, does not result in a change in the color of the surface.  

The obtained results indicate that the achieved effects can also be valid for other building 

materials, particularly brittle absorbent materials. 
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