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Abstract: In this study, mullein plant (MP) (Verbascum Thapsus) was replaced with cement at a dosage of 300 (the amount 

of cement in mortar for producing 1 m3 mortar) in cement-based mortars at different weight ratios (0%, 1.5%, 3%, 4.5% and 

6%). To investigate the impact of MP on the hydration (internal) temperature and the formation time of hydration products in 

mortars, the mortars' interior temperature and moisture ratios were measured and recorded every minute for one day. It was 

concluded that the MP had a high-water absorption capacity and delayed the initial and final setting times. The optimum ratio 

of MP as a replacement for cement was found to be 1.5%. The study also investigated the effects of direct current (DC) 

application on fresh mortars (both with and without MP). The results showed that the 7-day mechanical strength of the refer-

ence mortars exhibited a significant increase with the application of DC. Previous studies have not explored the use of MP in 

cementitious composite materials. This study concluded that adding a specific amount of MP to cement-based materials can 

provide self-curing and self-cooling properties. This research is critical for water conservation as it develops a novel self-

curing method. 
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1. Introduction  

 

Cement is the most preferred hydraulic binder in the world. In cement-based materials, extra water is needed for the hy-

dration reactions to continue after the material has hardened. Curing is an essential factor for the continuation of the hydration 

process, especially at an early age in cement-based composite materials (Chand et al., 2016). The curing process of cement-

based materials is often time-consuming and economically inefficient. To address this problem, researchers have conducted 

extensive studies aimed at identifying more efficient curing methods. One promising solution involves preparing a buried 

water source for the curing process (Bentz and Weiss, 2010). After the cement-based material hardens, the first 7 days are 

very important for the material to gain mechanical strength. Shrinkage cracks may occur in cement-based materials, especially 

in concrete castings produced under hot weather conditions or high-volume concrete productions such as mass concrete, when 

proper precautions are not taken. Various measures are taken to eliminate this effect, such as adding mineral and chemical 

additives to cement-based materials. The highest mechanical strength and durability can be achieved by curing the concrete 

and mortar in lime water (Ravikumar et al., 2011). 
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Various studies have been conducted on the self-curing of cementitious materials. It has been determined in previous 

studies that various additives can be used to increase the hydration water content in hardened concrete (Ghiasvand et al., 

2022). Self-curing cement-based composite systems can be produced using polymers, super absorbent, lightweight aggre-

gates, wood powders, and shrinkage-reducing additives (Lokeshwari et al., 2021; ACI (308-213) R-13, 2022; Kamal et al. 

(2018). Ramalingam et al. (2022) observed that the water absorbed during the hydration process of concrete could be provided 

as an internal water source using polymer balls. Jieting et al. (2022) observed that when the superabsorbent polymer was 

added to the concrete, more C2S and C3S formed compared to the control sample. Self-curing is a novel method that can 

increase the internal moisture ratio in cement-based systems for a more effective cement hydration (Bentz et al., 2005; Bilek 

et al., 2002;  El-Dieb and El-Maaddawy, 2020), which highlights the importance of using self-curing additives in cement-

based systems to protect water resources (El-Dieb, 2007). Bashandy et al. (2017) concluded that self-curing concretes exhib-

ited better mechanical properties than no cured concrete. Seongwoo et al. (2022) substituted kenaf cellulose microfibers in-

stead of cement in cement-based composites at 0, 0.3, 0.6, 1.2 and 3% by weight. They observed that an increase in relative 

moisture ranging from 3% to 30%. The mullein plant (MP) grows almost all over the world (all over Europe, temperate Asia, 

North America, etc.) (Riaza et al., 2013). The MP is the largest genus of the Scrophulariaceae family (Tatli and Akdemir, 

2016). It has been seen that the MP has been often used in the health and pharmaceutical industries (Turker and Camper, 

2002; Turker and Gurel, 2005). 

 

MP has high water absorption capacity. Therefore, this research aims to produce self-curing and self-cooling cement-based 

mortars using natural MP addition. This study also investigates the effects of MP on the hydration temperature. In the litera-

ture, the studies on the use of MP in cementitious materials are limited. It was investigated whether a novel self-curing method 

could be developed by adding MP to cement mortars. It was observed that adding MP to mortars significantly reduced the 

hydration temperature. However, it is also undesirable to excessively reduce the hydration temperature in cement-based ma-

terials. To eliminate this adverse effect, it was aimed to accelerate the hydration reactions by applying DC to the fresh mortars 

that MP added. This study is considered a significant advantage due to its cost-effectiveness compared to other self-curing 

methods. 

 

1.1. Scope and significance 

 
The initial days following the hardening of the cement-based materials are crucial for the material to gain mechanical 

strength. The curing process of cement-based materials is often time-consuming and economically inefficient. To overcome 

this problem, the researchers conducted extensive studies to identify more efficient curing methods. In previous studies, dif-

ferent methods, such as the use of polymers, lightweight aggregates, shrinkage-reducing chemical additives, and wood dust 

addition, have been applied to gain the self-curing properties of cementitious materials. However, these materials are often 

costly. 

 

This study demonstrates both ecological and economic benefits, as it utilizes a natural plant to provide self-curing properties 

to cementitious materials. Furthermore, the positive impact of the results presented in this research is of critical importance 

in conserving limited water resources. In the literature, the studies on the use of MP in cement-based systems are limited. It 

was observed that when MP was added to mortars, it significantly reduced the hydration temperature. However, it is also 

undesirable to excessively reduce the hydration temperature in cement-based materials. To eliminate this adverse effect, it 

was aimed to accelerate the hydration reactions by applying DC to the fresh mortars that MP added. This study is critical for 

water savings due to developing a new self-curing method. However, this research should be improved as it causes significant 

decreases in compressive strength. 

 

2. Materials and methods 

 

2.1. Materials 

 

In the experimental study, tap water, cement, crushed sand (0-4mm) and MP were used for self-cooling and self-curing 

green mortar production. A view of the cement, sand and MP is shown in Figure 1. 
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Figure 1. The view of (a) cement, (b) crushed sand and (c) mullein plant. 

 

2.1.1. Cement 

 

CEM I 42.5 R type cement, which complies with TS EN 197-1 (2011), produced by Çimsa company was used in all 

experiments. The components, content and physical-chemical properties of Portland cement are shown in Table 1.  

 

Table 1.  Content and components of the cement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2. Crushed sand  

 

The largest grain size of the crushed sand was measured as 4 mm. The specific gravity of the crushed sand was determined 

as 2.66. The sieve analysis results of the crushed sand are given in Table 2. 

 

Table 2.  Sieve analysis of the crushed sand (Hocaoğlu, 2022). 

 

Sieve no 

Passing sieve (%) 

According to ASTM C778-13 Experimental results 

16 (1.18 mm) 100 100 

30 (600 µm) 96-100 99 

40 (425 µm) 65-75 69 

50 (300 µm) 20-30 28 

100 (150 µm) 0-4 4 

Components Content (%) 

CaO 63.5 

Al2O3 4.72 

SiO2 19.6 

MgO 1.91 

Fe2O3 3.26 

K2O 1.05 

Na2O 0.34 

TiO2 0.41 

SO3 4.72 

LG 2.67 

Specific weight 3.10 

Fineness, cm2/g 3307 

Ignition loss 1.54 

28-day compressive strength, MPa 49.3 
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2.1.3. Mullein plant  

 

The MP, in its natural state, exhibits hydrophobic property. In previous studies, total ash, acid-insoluble, and water-soluble 

ash in the mullein leaves were found as 14.32%, 4.75% and 8.30%, respectively (Mahek et al., 2011). On the other hand, the 

granulated MP has high water absorption capacity. The MP used in the experiments was taken directly from nature. First, the 

MP was dried in an oven at almost 105 C for one day. Afterward, the MP was granulated using a grinder under laboratory 

conditions. The average particle size of ground MP was measured as 1-2 mm. The water absorption rate of the MP was carried 

out in the laboratory and determined as between 20-22%. The water absorption test of MP was conducted using the ASTM 

D570 (2022). Figure 2 shows the natural appearance of the MP, as well as its appearance before and after grinding and views 

taken from SEM.  

 

In the previous studies, chemical analysis of MP was conducted, and according to the results of chemical analysis, it was 

observed that there was Al, Na, K, Mg, Sulfate, chloride, silicate, Cr, Ni, Zn and Pb elements (Riaz et al., 2013; Kifayatullah 

et al., 2001; Shah et al., 2004). 

 

 
 Figure 2. The appearance of MP (a) natural state, (b) drying, (c) grinding, (d) microstructure. 

 

2.2. Method 

 

2.2.1 Preparation of the mortars 

 

The green mortars were prepared at dosages of 300 and in accordance with ASTM C305-20 (2020). In all series, the w/c 

ratio was designed as 1.00. There are two reasons for using a high water-to-cement ratio (w/c) of 1.00 in mortar mixes. The 

first reason is that the MP has high water absorption capacity. The second reason is that the application of electric current 

during mixing can increase the hydration temperature of the mortar, causing some of the hydration water to evaporate. Mortars 

were prepared by adding 0, 1.5, 3, 4.5 and 6% MP by weight instead of cement. While calculating the mixture, the water-

saturated and surface dry weight of the crushed sand were used. While mixing the mortar, a dry mixture (cement and crushed 

sand) was made first. Then water was added in three stages. Finally, MP was added and mixed. The mixing ratio of one cubic 

meter mortar is shown in Table 3. The mixture process followed in this study is shown in Figure 3. 

 

Table 3. Mixing ratio of the mortars. 
 

MP (%) Cement (kg/m3) Sand (kg/m3) MP (kg/m3) Water (lt/m3) 

0 300.00 1551.20 - 300.00 

1.50 295.50 1551.20 4.50 295.50 

3.00 291.00 1551.20 9.00 291.00 

4.50 286.50 1551.20 13.50 286.50 

6.00 282.00 1551.20 18.00 282.00 
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    Figure 3. The mixing process of the study. 

 

2.2.2. DC application on mortars, measuring the hydration temperature and moisture ratios 
 

When mortars (with and without MP) were fresh, stress intensity of 27.5V was applied through a DC power supply for 

almost one day. For comparison, reference mortars were produced for each mixing ratio. The internal temperature values of 

the specimens were measured (by placing a temperature sensor in the center of the mortars) for every minute. The data was 

recorded in the data logger. The moisture (surface) content was also measured at every minute. The application of DC to the 

mortars and the measurement of hydration temperatures-moisture ratios are shown in Figure 4. 

 

 
Figure 4. DC application, measuring and recording internal temperature and moisture values. 
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2.2.3. Curing of the samples, physical and mechanical experiments 

 

The mortars were removed from the molds after one day. Then they were put in saturated lime water for 7 and 28-day 

according to the BS EN 12390-2 (2019). Afterward, the samples were kept at room condition until the test day (Figure 5). 

 
Figure 5. Laboratory conditions in which the experiments were carried out. 

 

After the mortars were taken from the curing pool, the saturated surface dry weights, oven dry weights (after the mortars 

were exposed to 110 ºC for one day), and their weights in water were measured. The water absorptions of the mortars were 

calculated using Equation 1 and Equation 2 according to TS EN 12390 (2010). 

 

                                                                     Porosity =
(𝑊2−𝑊0)

(𝑊2−𝑊1)
𝑋100                                                                             (1)    

 

                                                                     Water absorption =
(𝑊2−𝑊0)

(𝑊0)
𝑋100                                                              (2)         

                   

                                                                     
In the equations, W2 is the weight in saturated air (g), W1 is the weight in water (g) and W0 is the oven dry weight (g). 

Afterward, the samples were subjected to 3-point tensile and compressive strength tests in accordance with ASTM C348 

(2014). 

 

2.2.4. Durability experiments on mortars 

 

The sulfate resistance experiment was carried out on 40x40x160 mm mortar specimens, where the electric current was not 

applied, according to ASTM C1012 (2004). The mortars underwent a 28-day curing process in lime water, followed by im-

mersion in a 10% Na2SO4 solution for 90 days. The Na2SO4 solution was refreshed every 15 days to maintain a consistent 

concentration level. After 180 days, tensile and compressive strength tests were conducted on the mortars subjected to sulfate 

attack. 

 

2.2.5. Micro examination 

 

EDX and SEM analyses were performed on some selected mortars. Firstly, 5-7 mm pieces were taken from the samples 

subjected to mechanical experiments. Then the surfaces of these samples were coated with carbon. Afterward, the mortars 

were put through SEM process. The microanalysis was performed by zooming 10000 times. 
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3. Results and discussion 

 

3.1. The effect of mullein plant on hydration temperature 

 

Figure 6 compares the hydration temperatures of cementitious mortars with different proportions of MP (0, 1.5, 3, 4.5 and 

6%). The results show that the internal temperature decreased as the amount of MP substituted with cement (Figure 6). De-

creasing hydration temperature in cement-based materials means that the hydration reaction rate slows. It was seen that the 

hydration temperature decreased significantly in the mortars, when MP was added at high rates (4.5 and 6%). This decrease 

is attributed to the high-water absorption capacity of MP, which slows down the hydration reaction rate. It was thought that 

the most efficient results could be obtained when 1.5% MP by weight was added instead of cement since it had the closest 

internal temperature values compared to the control mortar. When 1.5% and 6% MP by weight were added instead of cement, 

approximately 0.50 C and 2.75 C decrease was observed in the internal temperatures of the mortars compared to the initial 

hydration (Figure 6). 

 
Figure 6. Comparison of hydration temperatures of mortars with different MP ratios. 

 

It is also undesirable for hydration reactions to excessively slow down in cement-based composite materials during the 

early stages of hydration. To eliminate the adverse impact of MP, it is aimed to increase the hydration temperatures of fresh 

MP-added mortars by applying 27.5V DC for approximately one day. It was observed that the hydration temperatures of the 

mortars with MP additives at different rates (0, 1.5, 3, 4.5 and 6%) and with DC application approximately increased by  4.27 

C, 4.00 C, 2.64 C, 1.84 C and 1.48 C. Previous studies have indicated that the final setting time for cementitious materials 

occurs when the internal temperature approaches the highest (first peak) values (Kosmatka et al., 2016; Hocaoğlu, 2021). The 

final setting times of the DC-applied mortars were approximately determined at 330, 211, 209, 99 and 94 minutes, respectively 

when 0, 1.5, 3, 4.5 and 6% MP were added (Figure 7).  
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Figure 7. Comparison of internal temperature values and setting (final) time in mortars. 

 

The shortening of the final setting time can be explained in two ways as the MP ratio increases in DC-applied mortars. The 

first explanation is that the increase in the ratio of MP in the mortar causes more hydration water absorption. The second 

reason is the evaporation of some of the hydration water due to the increase in the internal temperature of the mortars with 

the DC application. Since there was less hydration water in the mortars containing a high MP ratio, it can be interpreted that 

the hardening occurs in a shorter time (Fabre et al., 2011). 

 

3.2. Effect of MP on mortar surface moisture during hydration 

 

Figure 8 was prepared to compare the surface moisture ratios of mortars with different MP (0, 1.5, 3, 4.5 and 6%) additives 

from the initial stage of hydration. It was observed that the mortars with 1.5% and 3% MP in the first stages of hydration had 

lower moisture rates than the mortars with MP at other rates. However, it was seen that the moisture ratio increased in the 

following stages of hydration. In particular, significant changes in the moisture ratio of the mortars containing 4.5% and 6% 

MP were not observed.  

 

 
Figure 8. Mechanism of formation of CSH gels by moisture measurement in mortars. 

 

This situation can be explained as follows: due to the high-water absorption capacity of the MP, the hydration water was 

absorbed at a high rate during the initial stage of hydration in the mortars with 4.5% and 6% MP. It was thought that the 
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mortars with 1.5% and 3% MP absorbed less water at the beginning of hydration than mortars with other MP contents. It has 

been interpreted that after the setting (final) time, the water trapped in the MP leaves some of it, causing an increase in 

moisture. When Figure 8 was examined, it was concluded that the moisture ratios decreased and rose rapidly in the following 

minutes of hydration. These peaks mean that CSH gels formed (Hocaoğlu, 2022). 

 

3.3. Comparison of the initial and final setting times  

 

Previous studies have determined that initial and final setting times in cementitious materials can be predicted by measuring 

surface moisture (Hocaoğlu, 2022; Hocaoğlu, 2023). In cement-based materials, the initial setting time occurs when the sur-

face moisture content reaches its first lowest value (Hocaoğlu, 2023). The final setting time occurs when the surface moisture 

content reaches the second lowest value (Hocaoğlu, 2022; Hocaoğlu, 2024). Figure 9 illustrates the estimation of the initial 

setting times of the mortars which MP was added to at different rates. When Figure 9 was examined, it was observed that the 

initial setting times of the mortars were realized at approximately 29, 35, 43, 45 and 62 minutes by adding MP with the ratios 

of 0, 1.5, 3, 4.5 and 6%. 

 
Figure 9. Effect of the MP on initial setting time. 

 

Figure 10 was drawn to estimate the final setting times of the mortars which MP was added to at different ratios. The final 

setting time of the mortars containing 0, 1.5, 3, 4.5 and 6% MP was determined as 262, 325, 337, 341 and 423 mins, respec-

tively. 

 

 
Figure 10. Effect of the MP on final setting time. 
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As the amount of MP in the mortars increased, the setting (initial and final) times were delayed. It is critical to slow down 

the hydration reaction in structures in hot weather conditions. In this study, it was concluded that the MP could be used as a 

set retarder. 

 

3.4. Gaining self-curing property by adding MP to cement-based mortars 

 

Figure 11 compares the moisture content of 1, 7 and 28-day cured mortars with different MP ratios. The 1-day data in the 

Figures represent the fresh moisture content of the mortars (for approximately one day from the beginning of the hydration).      

When Figure 11 was examined, it was observed that, in general, moisture rates of the mortars cured for 28-day approach the 

moisture rates of the 1-day samples.  However, it was observed that it became much closer with increasing MP in the mortar 

content. If the moisture ratio approaches the moisture level of the first day, it indicates that there is free water inside the mortar 

and on its surface. In general, it was observed that the moisture content of the mortars cured for 7 and 28-day increased 

between 0-500 minutes. It was thought that this situation emerged due to measuring the sample surface moisture (Figure 11 

a-e). The free water in the mortar came to the surface of the mortar and caused an increase in the moisture rate. It was also 

observed that the low humidity at 7 days compared to 28 days for all mortars with different proportions of MP. It can be 

explained that rapid hydration in the first 7 days may reduce the moisture content. 
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Figure 11. Self-curing of mortars with mullein plant additives in different ratios 

(a-0%, b-1.5%, c-3%, d-4.5%, e-6%). 

 

While the moisture content of the samples cured for 7 and 28-day after the 500th minute in the control mortar was almost 

the same, differences were observed in the mortars containing the MP. This result demonstrates that mortar with a self-curing 

can be produced. Previous studies have applied various methods to achieve self-curing properties in cementitious materials, 

such as superabsorbent polymers, lightweight aggregates, shrinkage-reducing chemical additives and wood dust addition have 

been applied (Lokeshwari et al., 2021; ACI (308-213) R-13, 2022;  Kamal et al., 2018).  However, these materials are usually 

high cost. In this study, a natural plant, which is economical and environmentally friendly, was used to provide self-curing 

properties to cementitious materials.  

 

3.5. Flexural strength of the mortars 

 

Figure 12 compares the flexural strength of mortars with different MP ratios. Figure 12a shows the 7-day (cured) flexural 

strength of the mortars, and Figure 12b represents the 28-day (cured) flexural strength. When the 7-day flexural strengths of 

the mortars were compared, it was seen that the flexural strengths of the DC-applied mortars were higher than those of the 

non-DC-applied samples. Conversely, the opposite result was obtained in samples cured for 28-days. When electrical current 

was applied on 7-day cured mortars with MP (0, 1.5, 3 and 4.5%) additives, the flexural strengths of the mortars increased by 

14.26%, 7.24%, 5.73% and 2.98%, respectively compared to reference (DC was not applied) mortars. When the stress inten-

sity of 27.5V was applied to 28-days cured mortars with 0, 1.5, 3, 4.5 and 6% MP additives, the flexural strengths of the 

mortars decreased by 10.23%, 5.50%, 8.26%, 5.16% and 12.67% respectively, compared to reference mortars. 
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Figure 12. Flexural strengths of the mortars with different MP (a- 7-day cured, b- 28-day cured). 

 

3.6. Compressive strength of the mortars 

 

Figure 13 compares the compressive strength of mortars with different MP ratios and cured for 7-day. It was seen that as 

the MP ratio in the mortar increased, the compressive strength decreased. When 1.5, 3, 4.5 and 6% MP were added to the 7-

day cured mortars, the compressive strengths of the mortars were 12.98%, 22.89%, 54.15% and 64.67% lower, respectively 

than the control mortar (without MP). It was concluded that the compressive strengths of the mortars which were 1-day 

electrically cured and then cured in lime water for the remaining 6-day were higher than those that not electrically cured 

(Figure 13). 

 

 
Figure 13. Compressive strengths of different ratios of MP-added and 7-day cured mortars.  

 

When 1.5, 3, 4.5 and 6% MP were added to the 28-day cured mortars, the compressive strengths of the mortars were 6.24%, 

26.19%, 44.88% and 62.33% lower, respectively than the reference (0% MP added and DC was not applied) mortar. The 

excessive absorption of MP to the hydration water can explain the low compressive strength values of mortars containing 

high MP. This confirms the results obtained in the porosity tests. In previous research, self-curing concrete has shown 10% 

less compressive strength than concrete cured in normal water (Vyawahare et al., 2014; Bashandy, 2015). It was observed 
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that the optimum ratio of MP to be placed in cement-based materials was 1.5%. It was also concluded that the compressive 

strengths of the electrical cured mortars which were lower than those that not electrically cured (Figure 14). 

 

 
Figure 14. Compressive strengths of different ratios of MP-added and 28-day cured mortars. 

 

3.7. The physical and durability experiment results 

 

Figure 15 compares the porosity and water absorption rates of mortars containing different ratios of MP that were cured 

for 28-day. It was observed that increasing the MP content in the mortar led to a rise in porosity. For instance, adding 4.5% 

MP resulted in a 37.67% increase in porosity compared to the control mortar. A higher void ratio in cement-based composite 

materials generally indicates reduced mechanical strength and durability. In this study, the results obtained in physical exper-

iments are compatible with those obtained in mechanical experiments. Additionally, the water absorption rate also increased 

with a higher MP content in the mortars (Figure 15). The increase in the water absorption rate could be explained by the high 

water absorption capacity of the MP. 

 
Figure 15. Porosities and water absorptions of mortars depending on MP.  

 

Figure 16 compares the durability of mortars with varying MP ratios. With the effect of sulfate attacks, cracks occur in the 

internal structure of the products formed in cementitious systems and cause an increase in porosity. Previous research has 

concluded that a 1% entrapped air gap can reduce compressive strength by approximately 5-7% (The Concrete Society, 1976).  
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Figure 16. Durability experiment results of mortars depending on MP. 

 

When Figure 16 was examined, decreases were observed in flexural and compressive strength as the MP ratio in the mortar 

increased. In terms of durability, the optimum MP ratio for cement-based mortars was found to be 1.5%. The results showing 

the loss in flexural and compressive strength of mortar samples exposed to Na₂SO₄ solution are presented in Table 4. Contin-

uous loss of flexural and compressive strength is known to occur during immersion in sulfate solutions. However, the lowest 

decrease in strengths was observed in the control sample due to the sulfate attack. This reduced durability in mortars with 

higher MP content can be attributed to increased porosity. Increasing the porosity in mortars allows harmful ions to diffuse 

into the mortar easier. 

 

                              Table 4. Flexural and compressive strength reduction rate depending on durability experiment. 

 

 

 

 

 

3.8. Micro examination 

 

3.8.1. SEM analysis results 

 

When the mixing water becomes supersaturated with dissolved calcium ions, new hydration products begin to form, re-

sulting in an increase in heat output. This situation is called the onset of hardening. C-H gels and C-S-H gels are crucial for 

the cement-based material to gain strength (Jaya et al., 2018). C-S-H gels reduce the free Ca(OH)2 and water content in the 

cementitious systems (Salem, 2002). In the following stages of hydration, the C-S-H products are formed more tightly (Figure 

17). 

 

 
Figure 17. Variation of hydration reactions over time (Kosmatka and Voigt, 2016). 

 

Strength reduction rates, % 
MP, % 

0 1.5 3 4.5 6 

Flexural strength  36.65 39.20 39.39 39.80 40.28 

Compressive strength  32.99 36.41 38.14 38.28 39.32 
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Figure 18a represents the mortar (28-day cured) without MP addition. When Figure 18a was examined, it was observed 

that CSH gels and needle-shaped ettringites formed. Figure 18b represents the reference mortar exposed to DC for 1-day and 

then cured in lime water for 27-day. A significant deterioration in the microstructure of the mortar was observed when an 

electric current was applied for one day, followed by curing in lime water for 27 days. Additionally, pore structure formation 

was noted in the DC-applied sample. The formation of pores in the microstructure of the mortar caused a decrease in com-

pressive strength. SEM analysis of the mortar containing 1.5% MP is shown in Figure 18c. As a result of replacing the cement 

with MP at a ratio of 1.5%, it was seen that the C-S-H gels formed less than the reference (without MP) mortar (Figure 18c). 

Figure 18d shows the mortar with 3% MP substituted with cement exposed to DC for 1-day and then cured in lime water for 

27-daya. It was seen that fewer C-S-H gels formed in the electrically cured (during one day) mortars (Figs. 18d-f). The mi-

crostructure deterioration occurred with the increase in the amount of MP in the mortar (Figure 18e). This is because the MP 

does not show pozzolanic reaction. The increase in MP ratio led to higher porosity, which, in turn, decreased the durability 

and compressive strength of the mortars. 
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Figure 18. Microstructure views of the mortars (a) 0V-0% MP, (b) 27.5V- 0% MP, (c) 0V- 1.5% MP, (d) 27.5V- 1.5% MP, (e) 0V- 

4.5% MP, (f) 27.5V- 4.5% MP. 

 

3.8.2. EDS (Energy dispersive spectroscopy) analysis results 

 

EDS can provide information about which elements are formed in cementitious systems (Kumar et al., 2020). EDS analysis 

results of the mortars depending on MP addition and DC application, which cured for 28-days, are shown in Figure 19. Silicon 

(Si) and Calcium (Ca) are effective in the formation of CH and C-S-H gels (Hocaoğlu, 2022; Hu, 2014). Figure 19a represents 

the mortar cured for 28 days without MP addition. Figure 19b represents the reference mortar exposed to DC for 1-day and 

then cured in lime water for 27-days. Figure 19c represents the 28-days cured mortar with 1.5% MP. Figure 19d shows the 

mortar with 1.5% MP, with DC applied for 1-day, and cured in lime water for 27-days. Figure 19e represents the 28-day cured 

mortar with 4.5% MP. Figure 19f shows the mortar with 4.5% MP, with DC applied for 1-day, and cured in lime water for 

27-days. It was seen that Ca, the most influential element in forming C-S-H gels (Hocaoğlu, 2022), formed more without DC 

application (Figure 19). It was also concluded that the Ca formation decreased with the increase of the MP ratio in the mortar. 
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Figure 19. EDS analysis results of mortars depending on MP and DC (a) 0V-0% MP, (b) 27.5V- 0% MP, (c) 0V- 1.5% MP, (d) 

27.5V- 1.5% MP, (e) 0V- 4.5% MP, (f) 27.5V- 4.5% MP. 

 

It has been seen in the literature that some studies have been conducted to determine the CaO/SiO2 ratios in cementitious 

materials and to estimate the formation rates of CSH gels (Hu, 2014). Kunther et al. (2017) concluded that more hydration 

products formed when cement-based materials had a low CaO/SiO2 ratio (Kunther et al., 2017). More hydration products 

mean higher mechanical strength. Table 5 compares the CaO/SiO2 ratios of the mortars. CaO and SiO2 in the sample were 

measured from the parts where the most compact (CSH gels occur) formed. It was concluded that the Ca/SiO2 ratio increased 

with increasing MP ratio in mortar. It was also seen that the Ca/SiO2 ratio increased with the DC application. 

 

Table 5. Comparison of CaO/SiO2 ratios in 28-day cured mortars. 

 

 

 

 

 

 

 

 

3.9. Sustainability analysis  

 

In particular, the negative environmental impact of cement production (Hossain et al., 2017) and high anthropogenic green-

house gas (GHG) emissions cause worldwide concern. An environmentally friendly system can create embedded carbon 

(eCO2) in cementitious composite materials (Purnell and Black, 2012). The reactions shown in Equation 3 and Equation 4 

occur during the process of cement hydration. 

MP% - DC CO2, kg fc, MPa Cf (CO2/fc) 

   0% MP – 0V 20.73 23.55 0.88 

   0% MP – 27.5V 34.74 22.14 1.56 

1.5% MP – 0V 45.45 22.08 2.05 

1.5% MP – 27.5V 36.14 19.48 1.85 

4.5% MP – 0V 59.31 12.98 4.56 

4.5% MP – 27.5V 38.78 11.98 3.23 
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CaO + H2O → Ca(OH)2 + heat           (3) 

 

                                                             Ca(OH)2 + CO2 → CaCO3 +H2O             (4) 

 

Carbonation of portlandite (Ca(OH)2) is critical for cementitious materials in terms of CO2 storage (Kutchko et al., 2007; 

Scherer and Huet, 2009; Duguid and Scherer, 2010). Many scientists have associated eCO2 values for concrete with compres-

sive strength (Xiao et al., 2020). Hammond and Jones (2008) concluded that there is a monotonic relationship between char-

acteristic compressive strength (8-50 MPa) and eCO2 (0.061-0.188) for OPC. The CO2 amounts obtained from the EDS anal-

ysis of different MP-added mortars are shown in Table 6. Equation 5 was used to measure the sustainability (Cf) (Topçu and 

Sofuoğlu, 2021) of the MP-added mortars. 

 

                                                                        Cf=
𝑒𝑚𝑏𝑜𝑖𝑑𝑒𝑑 𝐶𝑂2

𝑓𝑐
                                                                                       (5)   

 

Where, fc is the 28-day compressive strength (MPa) of mortar, and Cf (CO2/kg. MPa) is the embodied CO2 parameter 

(Topçu and Sofuoğlu, 2021). The Cf values of MP-added mortars were observed to have lower values than the control mortar 

(without MP). Previous studies found that when Cf had lower values, it had better sustainability (Xiao et al., 2020). It was 

concluded that OPC can be a more sustainable than MP (Table 6). In addition, it was concluded that sustainability also de-

creased as the amount of MP in the mortar increased. The study also found that electric current generally had a negative 

impact on sustainability. 

 

 Table 6. Sustainability analysis of mortars depending on MP addition and DC application. 

 

4. Conclusions and comments 

 

This study demonstrates both ecological and economic benefits, as it utilizes a natural plant to provide self-curing proper-

ties to cementitious materials. Furthermore, the positive impact of the results presented in this research is of critical importance 

in conserving limited water resources. The results obtained as a result of the study are summarized below: 

 

1. When 1.5% and 6% MP by weight were added instead of cement, approximately 0.50 C and 2.75 C decrease was 

observed in the hydration temperature values of the mortars compared to the initial stage of hydration. It was con-

cluded that the MP could be used as a setting retarder. 

2. It was concluded that the internal temperature values of the mortars with MP additives at different ratios (0%, 1.5%, 

3%, 4.5%, and 6%) with DC application approximately increased by  4.27 C, 4.00 C, 2.64 C, 1.84 C and, 1.48 

C. 

3. The final setting times of the DC-applied mortars were approximately determined at 330, 211, 209, 99 and 94 

minutes, respectively when 0%, 1.5%, 3%, 4.5%, and 6% MP were added. 

4. When the 7-day flexural strengths of the mortars were compared, it was observed that the flexural strengths of the 

DC-applied samples were higher than those of the non-DC-applied samples. When DC was applied on 7-day cured 

mortars with MP (0%, 1.5%, 3%, and 4.5%) additive, the flexural strengths of the mortars increased by 14.26%, 

7.24%, 5.73%, and 2.98%, respectively compared to the reference mortars. 

5. When 1.5%, 3%, 4.5%, and 6% MP were added to the 7-day cured mortars, the compressive strengths of the mortars 

were 12.98%, 22.89%, 54.15%, and 64.67% lower, respectively than the reference mortar. 

MP% - DC CO2 CaO SiO2 CaO/SiO2 

   0% MP – 0V 20.73 58.64 13.23 4.43 

   0% MP – 27.5V 34.74 38.72 7.94 4.87 

1.5% MP – 0V 45.45 51.44 10.92 4.71 

1.5% MP – 27.5V 36.14 48.10 9.79 4.91 

4.5% MP – 0V 59.31 32.42 7.05 4.59 

4.5% MP – 27.5V 38.78 53.28 7.84 6.79 
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6. When 1.5%, 3%, 4.5%, and 6% MP were added to the 28-day cured mortars, the compressive strengths of the mortars 

were 6.24%, 26.19%, 44.88%, and 62.33% lower, respectively than the reference mortar. As a result, it was deter-

mined that the optimum MP ratio placed in cement-based materials was 1.5. 

7. It was observed that the increase in the amount of MP in the mortar caused a rise in its porosity. It was concluded 

that the porosities of the mortars increased by approximately 37.67 % with the addition of 4.5% MP instead of 

cement. 

8. It has been concluded that in terms of durability, the optimum MP ratio was 1.5% in cement-based mortars. 

9. A significant deterioration in the microstructure of the mortar was observed by applying an electric current to the 

mortar for 1-day and then curing it in lime water for 27-day. 

10. MP may be a more sustainable alternative than OPC. 

11. In this study, water savings can be achieved due to the development of a new self-curing method. 

 

This study could be further improved by exploring the effects of incorporating MP into concrete at different ratios, as well 

as investigating its impact on lower w/c ratios. Additionally, improved mechanical strength may be achieved with better 

grinding of MP and increasing its surface area. It has been observed that the mechanical strength is low in MP-added mortars. 

It is thought that higher mechanical strength can be achieved when MP is used with nanomaterials. It was also thought that 

the study could be improved by producing MP-added concrete by BS EN 196-3 (2016) standard. This study is considered 

critical for future research on cementitious composite systems, aiming to shorten the traditional curing period. 
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