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Abstract

:

Protecting the built cultural heritage is one of the most important tasks in architectural practice. The process of repair is time-consuming, weather-dependent, and sensitive to materials applied. Introducing new materials in historic building repair in order to decrease the time needed for repair, brings some risk in the preservation process. The most common material for masonry repair is lime mortar. Adding cement to lime mortar can improve the mechanical properties of mortar and speed up the repair process. The high amount of cement may increase the strength, but decrease ductility and permeability of mortar, causing damages to protected buildings. An increase in strength with the smallest amounts of cement demands optimization of water content in the mixture. Tests were performed to investigate the influence of the water/binder (w/b = water/(lime + cement) ratio on mortar strength and water permeability. An air-entraining agent (AEG) was introduced to improve permeability. Results confirmed that adding small amounts of cement to lime (20% by weight) and decreasing of w/b ratio, improves the strength, with almost negligible influence on water permeability. The addition of very small amounts of AEG did not decrease the strength, nor the permeability.
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1. Introduction


Historical buildings have cultural significance, witness to architectural history, but also preserve information about structural systems, materials applied and building techniques used [1]. Until the end of the 18th century, the use of lime mortar was considered as an element of continuity of architectural heritage, whether it was applied for rendering or as a structural component. The oldest data, from 6000 BC (before Christ) regarding the application of lime in Serbia, is located in Lepenski Vir, an archaeological site from the Neolithic era on the banks of the Danube River, where the lime mortar floor, made with quicklime, was found [2]. The process of lime mortars hardening, i.e. transformation of Ca(OH)2, into CaCO3 as a carrier of strength, occurs in the presence of carbon dioxide. According to Van Balen [3], diffusion of CO2 is roughly 10,000 times lower in water than in air [4,5]. Literature review [6,7,8,9,10], has shown that after 180 days from the production day, lime mortar reaches approximately the final values of its compressive strength. Elongated setting and requirements for dry environmental conditions, slow and undetermined carbonation, low mechanical properties, and internal cohesion, were the main reasons for the introduction of Portland Cement (PC) into conservation practice. Lime and alumina silicates in cement develop crystalline substances during hydration which improves the strength of mortar and its adhesion to the brick and stone. [11]. Nevertheless, as conservation of historic structures is quite complex and its accomplishment lies in the adequate interaction between the inherited structure and a new one, the rapid diffusion of PC was stopped because of its incompatibility with the original structure. A high concentration of soluble salts found in PC could cause damage to the original materials as salt crystallization occurs. Moreover, higher mechanical strengths of the PC than of the original mortar, as well as low deformability, appeared to be the source of degradation of historical heritage. International organizations, such as International Council on Monuments and Sites (ICOMOS) or International Centre for the Study of the Preservation and Restoration of Cultural Property (ICCROM), prefer practitioners to use the same or materials similar to originals, both in composition and characteristics, for the restoration works [7,12].



Research problems in the area of mechanical characteristics of lime-based mortars are various, moving from deeper exploration and understanding of carbonation process [3,8,13,14], different factors affecting it [15,16,17], to studies focusing on mechanical characteristics of the final product with different variables [7,18,19,20,21,22,23,24,25,26,27,28]. However, the addition of cement to lime-based mortars is still a common practice in most conservation works in order to increase the hardening reaction by cement hydration [29].



Long-term exposure to environmental loads damage and decay the walls of the historical buildings. Mortar for the restoration of the walls of historical monuments should bind the masonry elements (stone, brick) into a sound structure providing load-bearing capacity in the shortest possible time, while its compressive and tensile strengths must not be higher than those of the stone or brick, so that future environmental loads should damage restored mortar first, instead of the stone or brick that we want to protect. The adhesion of mortar should be lower than the tensile strength of the base material, to ensure the separation of the mortar from stone and brick instead of the crushing and falling stone or brick pieces together with the binder.



Figure 1 shows the retaining wall of a 14th-century fortification in the south of Serbia. Figure 1a was taken before the reconstruction in 2012 and shows the condition of the damaged wall: after several hundred years, the stones show no visible signs of damage; the white lime mortar that it had been built with collapsed because it had weaker mechanical properties. The wall was repaired with mortar containing a large amount of ordinary grey Portland cement (OPC). After hardening, this mortar had an inappropriate colour (as the white colour was requested by Heritage Protection Authorities), became significantly stronger and more impermeable than stone. The idea that stronger mortar will better strengthen the wall proved to be completely wrong. Figure 1b, taken in 2021, less than nine years after the reconstruction, shows the consequences of the application of the inappropriate mortar: the stone is damaged and the surface layer, few centimetres thick, fell off. Significantly reduced permeability of the mortar caused the transport of water vapour and moisture through the stone material instead of through the mortar and resulted in accelerated deterioration of the stone wall.



Many researchers are trying to define an adequate proportion of cement, to improve lime mortar properties, keeping its compatibility with historic structures. Nevertheless, it has been found that by blending cement with the lime, it is possible to reduce cracking, to quicken the application and hardening of the mortar, thus providing protection from the rain before carbonation has been completed, and to ensure reliability and predictability of its properties [30]. Literature review regarding the issue of adding PC to lime mortars shows that there are no clear recommendations. Some studies promote the use of PC to a significant extent of a minimum of 20% of lime weight, justifying it by high initial strengths [11,19]. Other studies promote the use of PC in smaller amounts, referencing unchanged water absorption with regard to lime mortars with no additives [31], significant reduction of porosity due to the increase of cement content [29], or loss of elastoplastic behaviour or mortar mixtures, which makes them able to adapt to movements and deformation under critical stress in the masonry [32].



It is notable, that the information available regarding this topic is diversified, with no unique attitude concerning the optimum amount of Portland cement in lime-based mortars. Literature review showed that criteria of water/binder ratio in lime mortars with the addition of cement, is quite neglected, therefore, this paper aims at discussing early mechanical properties (up to 28 days) of the abovementioned mixtures. It is well known that the water/binder ratio in cement mortars has a strong influence on the mechanical characteristics of the hardened material. However, this rule is not applicable to lime mortars, due to smaller particle size. Research made by Lawrence and Walker [33], demonstrates that the water/binder ratio has almost no influence at all on the mechanical properties of lime mortars. On the other hand, according to Lanas and Alvarez [7], a higher water/binder ratio results in greater porosity, which enables better diffusion of CO2, a key component in the process of carbonation. Hence, the main hypothesis of this paper is that with an adequate determination of water/binder ratio in lime mortars with the addition of White Portland Cement (WPC), higher initial mechanical strengths could be acquired with amounts of cement, up to 20% of the lime weight. Use of the WPC is mandatory, as heritage protection requirements demand the white colour of the mortar.



The literature reviews also showed different studies of lime mortars with incomparable mixtures. Some mixture proportions are determined by weight, others by volume; some use hydrated lime in powder, others, lime putty. However, the water content of the mixtures is determined arbitrarily: “on the basis of masonry experience”, “adequate for common workability”, by volume or by weight of binder (regardless of the lime/cement ratio), etc. Such determination of water content is especially inadequate when cement is added. Excessive water may prevent the expected cement hardening. The mechanical characteristics of cement-based mortars and concrete crucially depend on the W/C factor. It is, therefore, necessary to precisely define the amount of water in lime mortar with the addition of cement. This study shows that it is necessary to keep the same consistency of the lime-cement mortars mixtures, in order to adequately compare their mechanical properties.




2. Materials and Methods


2.1. Composition of Mortar Mixtures


Mortars were made by using the following components:




	
Hydrated lime CL90-S (EN 459-1, produced by Ingram, Bosnia, and Herzegovina).



	
Calcium carbonate aggregate produced by OMYA (Venčac, Serbia); it was used in two grades (0.0–0.8 mm and 0.8–2.0 mm), equally dosed.



	
Lime/Aggregate ratio was defined among the commonest dosages described in the literature, as 1:3.



	
WPC CEM I 52.5 N was used (EN 197-1, produced by CRH Slovakia). Different amounts of WPC were added, as shown in Table 1.








Table 1 shows mixture proportions and properties of one reference (E) and nine different mixtures in three series (C, KC, and AC) that were made. Six specimens of each mixture were casted (three for testing after 7 and three for testing after 28 days).



	
Series 1, with w/b ratio at fixed value (0.875);



	
Series 2, with w/b ratio at three different values, but same workability (slump);



	
Series 3, with the same workability (slump), but with the added air-entraining agent (AEG-Chryso Air G 100, 0.4% by weight of cement).






The amount of water added (w/l = 0.875) for the reference lime mortar (E) was based on experience. The first series of samples were casted with the same water/binder ratio, which increased the slump. In order to obtain the same slump, in series 2 and 3, the water/binder ratio was decreased.



Mixtures were prepared following European standard EN 196-1. Binders were mixed with water for 1 min, the aggregate was added, and mixed for 2 minutes. Afterwards, the prepared paste was casted in moulds, dimensions 40 × 40 × 160 mm, and covered with absorbent paper in order to decrease evaporation.



The specimens were cured under dry environment conditions (T = 20 ± 5 °C, RH = 65 ± 5%), removed from moulds after 5 days (as reference samples did not gain sufficient strength to be removed earlier), and tested on the 7th and 28th day.




2.2. Methods for Measurement of Properties of Hardened Mortars


2.2.1. Compressive Strength


Compressive strength was measured in accordance with European standard EN 1015-11 using CONTROLS Pilot Pro Multipurpose 500/15 kN Cement Compression and Flexural Machine, with a loading rate of 40 N/s.




2.2.2. Flexural Strength


A three-point flexural test was performed using CONTROLS Pilot Pro Multipurpose 500/15 kN Cement Compression and Flexural Machine, with the loading rate of 1 N/s.




2.2.3. Carbonation Depth


A carbonation depth test was performed using phenolphthalein on the broken surfaces of the specimens, immediately after the flexural test. Phenolphthalein indicated the development of carbonation, as it changed the colour from colourless to purple at pH > 9, in the presence of OH− ions. This method, although not very precise, was chosen as the fastest and easily visible. Other more precise methods for measuring the carbonation depth (X-ray Diffraction Analysis, Fourier Transform Infrared Spectroscopy, Thermo-gravimetric Analysis and Loss on Ignition, Dust digestion [34] required special equipment and trained professionals for the application, to which the authors had no access.




2.2.4. Capillary Absorption


The capillary absorption tests were conducted in accordance with European standard EN 1015-18, by placing the specimens in shallow water, around 3 mm depth. The weight of specimens was taken in different time intervals, at 1, 3, 5, 10, 15, 20, 30, 45, 60, 90, 120, and 150 min, until the absorption reached an asymptotic value.






3. Results


Results of compressive and flexural strength testing after 7 and 28 days are shown in Table 2. Values in Table 2 are average values of three specimens for flexure, and six specimens for compressive strength. It shows that the addition of WPC in the range of 20% (specimens C20, KC20, and AC20) improves compressive strength in comparison to the reference mortar (E).



3.1. Compressive Strength


The testing of specimens from Series 1 (Figure 2), with a constant water/binder ratio, shows that the addition of 5% of WPC reduces compressive strength by 27%, whilst the addition of 10% of WPC reduces it by 36%. Significant change occurs with the addition of WPC of 20%, where the increase is more than 120% for the initial, 7-day compressive strength, comparing to the reference specimen (E) without WPC. This trend of insignificant change of mechanical strengths with smaller additions of WPC (5% and 10%), can be noted throughout results from all series. This observation is in accordance with results obtained from previous studies [11,19].



When it comes to water/binder ratio, by comparing results obtained from Series 1 (Figure 2) and Series 2 (Figure 3), it can be concluded that decreasing of water content in lime mortars with the addition of WPC, can have a major impact on the initial mechanical strengths. In order for the mixtures with the addition of cement to have the same consistency as the reference mixture (mixture E), it was necessary to reduce the total amount of water with the increase in the amount of added cement. This is notable for both 7th day and 28th-day strengths. In relation to results from Series 1, results from Series 2 show higher strengths, increasing as the amount of WPC increases, which was expected. It can be concluded that the addition of 20% of WPC, with a water binder ratio of 0.775, increases compressive strength by 90% in the first 7 days, and by 60% on the 28th day. The test results of KC10 samples with 10% WPC, showed an unexpected decrease in strength, which may be due to internal defects.



The main idea behind the addition of air-entraining agents (AEG) in the amount of 0.4% of WPC amount, was an increase of porosity as the addition of WPC decreases it. As the addition of AEG was the only variable between Series 2 and Series 3 specimens, it was expected that this addition would reduce mechanical strengths, but the result showed that this mixture gave almost the same results as the previous ones (Figure 4). The highest 28th-day compressive strength (2.135 MPa) was for a specimen named AC20, with 20% WPC and 0.4% of AEG by weight of WPC. Concluding from the experiment, the addition of AEG does not reduce the compressive strength of lime mortars with the addition of WPC.




3.2. Flexural Strength


It is noticeable that the addition of 5–10% of WPC to lime mortar slightly improves the flexural strength compared to the reference mortar (E) (results in Table 2). Regarding the specimens from Series 1 (Figure 5), with a constant water/binder ratio, it can be observed that the addition of 5% of WPC increases flexural strength by 28%, whilst the addition of 10% of WPC, increases it by 48%. Significant change occurs with the addition of WPC of 20%, where the increase is more than 250% for the initial 7-day compressive strength, regarding the reference specimen with no WPC added. The abovementioned trend, of a slight change of mechanical strengths with the addition of WPC between 5–10%, is diagnosed for flexural strength, as well.



With regard to water/binder ratio, comparing results obtained from Series 1 and Series 2 (Figure 6), it can be concluded that decreasing of water content in lime mortars with the addition of WPC, had a small influence only on 28th-day strengths, but did not improve the 7th-day strengths. It can be noted that an increase in the amount of WPC, slightly increases the flexural strengths of specimens.



As for the specimens from Series 3 (Figure 7), the same trend can be noticed. The addition of AEG actually had no impact on flexural strengths, in comparison to the mixtures with no AEG added (Series 2).




3.3. Carbonation Depth


Carbonation depth, determined by the phenolphthalein test after 28 days, showed that carbonation progressed from exterior to interior, but the measurement showed negligible differences between different specimens. For specimens with the addition of WPC, hardening is a result of two processes, carbonation of lime and hydration of cement. The result of these two processes can be seen by comparing specimens KC5, KC10, KC20 (Figure 8), where the increase of WPC amount decreases the carbonation depth.



With the decrease of WPC, the effect of both the carbonation and hydration process is apparent. It is expected that carbonation will proceed gradually until the 180th day of the porosity. Results from specimens with the addition of AEG show different patterns, with gradual carbonation in the core, as well as by the edges (Figure 9).




3.4. Capillary Absorption


Measured values of capillary absorption are shown in Table 3. It is commonly observed that the addition of WPC decreases the capillary absorption coefficient as a result of the changed pore structure. Results obtained from this research shows an insignificant change in capillary water absorption between different mixtures.



Although a test of porosity was not a part of this research, capillary water absorption results indicated that small amounts of WPC did not change capillary pore structure, as the absorption coefficient did not change significantly. For specimens with a constant water/binder ratio, the percentage of water absorbed was slightly increased. This is probably due to the fact that excess water in these mixtures resulted in greater porosity than for mixtures with constant consistency, where less water was used, thus, lower porosity was obtained. Results are shown in Figure 10 and Figure 11.



Specimens from Series 3 (Figure 12), with the addition of AEG, did not show any significant difference. It was expected that due to increased porosity, the capillary water absorption coefficient would become higher. Hence, results obtained show different situations, referring authors to the assumption from compressive strength tests, as well. It is assumed that AEG actually did not change porosity, i.e., did not react with WPC, but with lime, resulting in greater calcification of specimens.





4. Discussion


The addition of WPC makes some difference in regard to the mechanical characteristics of specimens tested. Comparison of the results obtained from the specimens in Series 1 and 2, where the only variable is water/binder ratio, shows that adequate dosing of water can have a major impact on the initial mechanical strengths of lime mortars with the addition of WPC. In order to maintain the same slump, the w/b ratio was reduced as the amount of WPC was increased. This is due to the well-known fact that the strength of cement mortar is inversely proportional to the water/cement ratio [8], which is not applicable to the lime mortars due to their fine particles content. Analysing the w/b ratio used, it could be numerically presented that this ratio is a composition of a water/lime ratio as of the reference specimen (0.875), and a standard water/cement ratio of 0.5. Concerning this and the amount of WPC added to each specimen, the final w/b ratio was as presented in Table 2. Results from Series 2, in regard to results from Series 1, show higher strengths as the amount of WPC increases, which was expected. It can be concluded that the addition of 20% of WPC, with a water binder ratio of 0.775, increases compressive strength by 90% in the first 7 days, and 60% on the 28th day.



As for the specimens from Series 3, with a constant w/b ratio and the addition of AEG of 0.4% to the weight of WPC added, unexpected observations occurred. AEG, as small bubbles of oxygen, was added to cement in order to improve its freeze-thaw behaviour by reducing initial stresses in the structure of the material. On the other hand, by adding AEG, the porosity is reduced. The initial idea behind Series 3 composition was to increase the porosity for specimens with WPC added, as its addition significantly reduces porosity. However, the obtained results point out different assumptions. This situation may be due to the fact that air lime mortar, as it is commonly known, hardened as a result of the transition from hydroxide Ca(OH)2, to carbonate CaCO3, in the presence of CO2. The obtained results indicate the possibility of reaction between AEG and lime mortar, as AEG are CO2 carriers. As the amount of AEG depended on the amount of WPC, AEG/lime ratio was increasing from specimen AC5 to AC20. The assumption obtained from this part of the research is that regardless of the decrease of porosity with adding AEG, its reaction with Ca(OH)2 actually promotes carbonation inside the specimen.



When it comes to flexural strength results, it is shown that adding WPC has a slightly positive impact as the final value is increasing with the addition of WPC. That increase is almost insignificant, so the obtained results in this research are in accordance with Arandigoyen and Alvarez [32], who concluded that 40% (by volume, approximately 26% by weight) of cement was the lower limit for improvement of flexural mechanical characteristics of lime-cement mortars. Values of flexural strength, moving from 0.125–0.455 MPa for 7-day tests and from 0.3–0.535 MPa for 28-day tests, are in accordance with the results of previous studies [29,35]. It can be noted that absolute values of flexural strengths are low, these values increase faster than those of compressive strength, which is in accordance with Ramesh, Azenha and Lourenco [36].



When it comes to capillary absorption, it can be observed that the addition of 5, 10, and 20% of WPC, does not significantly change capillary absorption capacity. It is evident from the obtained results that these results are almost the same for all mixtures, moving from 13.94% to 17.17%, which is believed not to be a significant factor of different water and steam permeability.




5. Conclusions


In this paper, different amounts of WPC were used in order to understand how and if this addition has an influence on the mechanical and physical characteristics of lime mortars. Throughout this research, some assumptions were confirmed, whilst some findings motivated new research questions. The main findings of this research are:




	
The addition of WPC to air lime mortars, of 5–10% of lime, has almost no influence on the mechanical characteristics of these mixtures. For compressive strength, results show that these small amounts actually degrade the material. Significant change happens with the addition of 20% of WPC, where both compressive and flexural strength increase. Further research should examine the mixtures with higher cement content in order to determine the optimal quantity of cement, to achieve higher strengths while maintaining the vapour permeability.



	
The w/b ratio has an important influence on the initial mechanical strengths of lime mortars with the addition of WPC. To achieve the same workability, the w/b ratio decreased with the increasing amounts of additional cement. The excess of water prevents cement from gaining expected mechanical strengths, thus decreasing the overall strength of blended lime. Future research should examine the possibility of further reduction of the w/b ratio while maintaining the required consistency using superplasticizers.



	
The addition of AEG in lime mixtures, as a function of the weight of WPC, was expected to decrease mechanical strengths as a result of increased porosity. Nevertheless, this addition increased mechanical strengths, while, as authors assume, changing porosity slightly. This conclusion was reached from capillary water absorption results, as the absorption coefficient remained almost the same as of the reference mixture. The main assumption is that AEG while introducing the CO2 in the structure of the material, improves calcification and consequently increases mechanical properties of mortars, does not change porosity significantly. Different types of air-entraining agents, possible increase of the amount of AEG, and the consequence of such increase to the early strengths of the cement-blended lime mortars should be studied.



	
Future research should test the adhesion of the cement-blended lime mortars to masonry units, as well as the porosity of the samples using mercury intrusion porosimetry.
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Figure 1. Malpractice of introducing cement-lime mortar in Serbia (a) before July 2012; (b) nine years after repair of the wall—July 2021). 
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Figure 2. Development of compressive strength from 7–28 days in Series 1 (same w/b ratio, different percentage of WPC). 
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Figure 3. Development of compressive strength from 7–28 days in Series 2 (varied w/b ratio and percentage of WPC). 
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Figure 4. Development of compressive strength from 7–28 days in Series 3 (varied w/b ratio and percentage of WPC, 0.4% AEG agents added). 
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Figure 5. Development of flexural strength from 7–28 days in Series 1 (same w/b ratio, different percentage of WPC). 
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Figure 6. Development of flexural strength from 7–28 days in Series 2 (varied w/b ratio and percentage of WPC). 
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Figure 7. Development of flexural strength from 7–28 days in Series 3 (varied w/b ratio and percentage of WPC, 0.4% AEG agents added). 
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Figure 8. Phenolphthalein test specimens in Series 2 (varied w/b ratio and percentage of WPC). 
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Figure 9. Phenolphthalein test, AC20 specimen (varied w/b ratio and percentage of WPC, 0.4% AEG agent added). 
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Figure 10. Capillary water absorption in Series 1 (same w/b ratio, different percentage of WPC). 
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Figure 11. Capillary water absorption in Series 2 (varied w/b ratio and percentage of WPC). 
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Figure 12. Capillary water absorption in Series 3 (varied w/b ratio and percentage of WPC, 0.4% AEG agents added). 
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Table 1. Mortar mixtures and properties of fresh mortars.






Table 1. Mortar mixtures and properties of fresh mortars.





	Series
	Specimen Code
	w/b

Ratio
	WPC
	Lime/WPC (by Weight)
	AEG/WPC (by Weight)
	Slump Flow (mm)
	Slump (mm)





	1
	E
	0.875
	-
	-
	-
	68.0
	5



	1
	C5
	0.875
	WPC
	5%
	-
	80.0
	10



	1
	C10
	0.875
	WPC
	10%
	-
	87.5
	16



	1
	C20
	0.875
	WPC
	20%
	-
	91.0
	17



	2
	KC5
	0.845
	WPC
	5%
	-
	71.5
	9



	2
	KC10
	0.8125
	WPC
	10%
	-
	70.0
	9



	2
	KC20
	0.755
	WPC
	20%
	-
	68.0
	9



	3
	AC5
	0.845
	WPC
	5%
	0.4%
	75.5
	10



	3
	AC10
	0.8125
	WPC
	10%
	0.4%
	75.0
	10



	3
	AC20
	0.755
	WPC
	20%
	0.4%
	78.5
	11
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Table 2. Average compressive (fc) and flexural strength (ff), at 7 and 28 days, with their corresponding standard deviation (σ).
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Series

	
Specimen Code

	
Compressive Strength, fc (MPa)

	
Flexural Strength, ff (MPa)




	
7 Days

	
28 Days

	
7 Days

	
28 Days




	
fc,7

	
σ

	
fc,28

	
σ

	
ff,7

	
σ

	
ff,28

	
σ






	
1

	
E

	
0.580

	
0.056

	
1.515

	
0.131

	
0.145

	
0.022

	
0.300

	
0.029




	
1

	
C5

	
0.430

	
0.032

	
1.125

	
0.051

	
0.160

	
0.024

	
0.335

	
0.060




	
1

	
C10

	
0.540

	
0.079

	
1.315

	
0.065

	
0.185

	
0.029

	
0.340

	
0.062




	
1

	
C20

	
0.940

	
0.028

	
1.705

	
0.109

	
0.325

	
0.051

	
0.525

	
0.041




	
2

	
KC5

	
0.910

	
0.050

	
1.425

	
0.094

	
0.130

	
0.017

	
0.460

	
0.037




	
2

	
KC10

	
0.940

	
0.038

	
1.100

	
0.131

	
0.130

	
0.021

	
0.505

	
0.029




	
2

	
KC20

	
1.430

	
0.071

	
2.020

	
0.112

	
0.145

	
0.021

	
0.535

	
0.037




	
3

	
AC5

	
0.795

	
0.051

	
1.415

	
0.061

	
0.150

	
0.140

	
0.465

	
0.027




	
3

	
AC10

	
0.820

	
0.056

	
1.620

	
0.140

	
0.185

	
0.190

	
0.510

	
0.037




	
3

	
AC20

	
1.345

	
0.063

	
2.135

	
0.093

	
0.455

	
0.310

	
0.520

	
0.036
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Table 3. Capillary water absorption: mass of the specimens (m), mass of the absorbed water (Δm), and its corresponding standard deviation (σ).






Table 3. Capillary water absorption: mass of the specimens (m), mass of the absorbed water (Δm), and its corresponding standard deviation (σ).





	Series
	Specimen Code
	m (g)
	Δm (g)
	σ
	t (min)
	A (kg/m² × √h)
	U (%)





	1
	E
	222.01
	35.24
	1.16
	150
	13.93
	15.87



	1
	C5
	230.18
	35.92
	3.40
	120
	15.87
	15.60



	1
	C10
	226.17
	37.50
	1.37
	150
	14.82
	16.58



	1
	C20
	223.09
	38.30
	0.30
	150
	15.14
	17.17



	2
	KC5
	220.14
	32.96
	0.91
	150
	13.03
	14.97



	2
	KC10
	225.40
	37.51
	1.79
	120
	16.58
	16.64



	2
	KC20
	224.85
	37.57
	0.88
	050
	14.85
	16.71



	3
	AC5
	226.71
	31.61
	0.12
	90
	16.13
	13.94



	3
	AC10
	224.35
	32.98
	1.36
	90
	16.83
	14.70



	3
	AC20
	236.96
	34.64
	0.68
	120
	15.31
	14.62
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