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Abstract 

In this study, experimental tests were conducted on composite mortars in different 

forms prepared using lime, pumice, fly ash, and metakaolin. This research aims to 

recycle fly ash produced as industrial waste and produce a building material that is 

durable, lightweight, and provides good insulation. In the composite structure mortar 

mixture designs prepared for the experiments, CEN standard sand was replaced with 

Nevşehir pumice (0.5-4 mm) at the rates of 10%, 20%, and 30%, respectively, and 

fly ash-metakaolin was replaced with the cement at the rates of 10%, 20%, and 30%, 

respectively. A total of 13 different mixtures were prepared. Unit volume mass test, 

Ultrasonic test, water absorption test, compressive strength test, flexural strength, 

thermal conductivity coefficient test, scanning electron microscope (SEM) analysis, 

and thermogravimetric - differential thermal (TGA/DTA) analysis were performed 

on the prepared samples. As a result of the research, it was determined that the mortar 

mixture obtained by substituting 30% pumice with standard sand and 30% fly ash 

and metakaolin with cement provided the highest compressive strength, lowest dry 

unit volume weight, and thermal conductivity coefficient compared to other mortar 

mixtures. 
 

 
1. Introduction 

 

In recent years, it has been observed that cement 

mortars in our country are insufficient to provide the 

required performance in construction applications in 

many respects. For this reason, the use of new-

generation composite cement mortars is becoming 

widespread. Mortars used in the construction industry 

are generally normal-weight mortars prepared with 

cement, aggregate, water, and various chemical 

additives [1]. However, many R&D (Research and 

Development) studies are ongoing to improve the 

technical properties of new-generation composite 

mortars with lightweight aggregates with different 

characteristics and different binder uses [2]. Studies 

continue to improve the properties of plaster mortar 

by substituting alternative materials for both cement 
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and sand [3]. One of these alternative materials is 

pumice, a lightweight aggregate. Pumice aggregate is 

generally used in the construction industry in the 

world and in Türkiye. The main reason for this is its 

low unit volume weight, high heat and sound 

insulation, air-conditioning feature, excellent acoustic 

feature, elasticity against earthquake load and 

behavior, and being more economical than its 

alternatives. The use of lightweight aggregates in 

cementitious mortars is increasing significantly due to 

the energy savings they provide in production, 

transportation, heat, and sound insulation [4]. Since 

the earthquake forces affecting the structures vary in 

proportion to the weight of the structures, it is 

extremely important to use lightweight materials to 

reduce the loss of life and property, so that the 

structures are less affected by earthquakes. For this 
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reason, the importance of using lightweight aggregate 

in cementitious mortars is better understood. 

Particularly porous lightweight aggregates are an 

important raw material in the development of thermal 

insulating mortars [5]. In this study, pumice was 

substituted with CEN standard sand, and fly ash, and 

metakaolin were substituted with cement. The 

materials we produce are intended to be economical, 

provide heat and sound insulation, have high strength, 

and are lightweight. Rahman et al., in their study with 

pumice, showed that the samples produced had 9.8% 

higher compressive strength and 36% lower porosity 

than the control sample [4].  

 Lime was one of the most common building 

materials used as a binder in the production of mortar 

until the 1990s. It is known that lime was used as a 

binder in all historical buildings that have survived to 

the present day [7, 8]. It is known that Pozzolanas, 

which consist of natural and artificial substances that 

give hydraulic properties to mortars when mixed with 

lime, have been used in the construction of water-

resistant structures in water and humid regions since 

ancient times [8]. In their study, Gülbe et al. examined 

the effect of white cement on the properties of lime 

mortars. They determined that the mechanical 

strength of the mortar increased significantly as the 

amount of cement in lime mortar mixtures increased 

[9]. Veiga et al. created separate mortar mixtures with 

air lime, natural hydraulic lime, white cement, silica 

fume, metakaolin, and natural pozzolana from the 

Cabo Verde region. They investigated the 

experimental application and performance evaluation 

of mortars with mortars with added additives. As a 

result, they observed the highest compressive strength 

in lime-white cement mortars in hardened mortar 

samples [10]. 

 With the studies carried out in the academic 

world, due to environmental protection and 

sustainable construction requirements in the future; It 

has been shown that the use of by-products such as fly 

ash, granulated blast furnace slag, silica fume, rice 

husk ash and metakaolin in cement and concrete has 

gained great importance [11]. Turk et al. stated that 

generally the use of these mineral additives reduces 

and improves permeable voids through micro-filling 

effect, pozzolanic reaction, and densification of the 

cement paste-aggregate interface area [12]. Using fly 

ash instead of some cement also contributes to the 

protection of the environment by reducing the amount 

of natural raw materials used in cement production 

[13]. In this paper, fly ash and metakaolin waste 

materials were used as binders. Fly ash is the waste 

material formed by burning hard coal in thermal 

power plants built to produce energy and kept in 

chimneys with the help of filters. Fly ashes alone have 

little to no binding properties. For this reason, they are 

combined with slaked lime to create a chemical 

reaction and gain hydraulic binding properties. If fly 

ashes contain lime components in their structure, their 

strength increases as a result of their interaction with 

water, and they can gain durability. The increases in 

strength values that may occur very slowly in fly 

ashes form the basis of the pozzolanic properties of 

fly ashes [14]. Fly ashes, which have very high 

surface area values, do not conduct heat and 

electricity well because they are empty and spherical 

in micro dimensions. Therefore, fly ashes are known 

to be good insulators. Metakaolin is a substance 

obtained as a result of the calcination of clay and used 

in many areas of concrete production. [11]. Ahmed et 

al., stated in their study that metakaolin is an 

environmentally friendly alternative binder to 

Portland cement [15]. Various studies have proven 

that metakaolin contributes to the improvement of the 

properties of mortars by combining with calcium 

hydroxide, thanks to the high silica and alumina 

content it contains [15], [16]. 

 

2. Material and Method 

 

In the research conducted, in the production of the 

control mortar series; CEM II A-LL 42.5 R Portland 

calcareous composite cement, lime, and CEN 

standard sand complying with TS EN 196-1 [17] were 

used. It is known that hydrated lime improves the 

workability and adhesion properties of mortars. Many 

studies have been conducted on how the use of 

hydrated lime affects the water requirement in 

mortars. It has been determined that in the mortars 

created by mixing a small amount of lime (0%~20%) 

with natural pozzolans, the lime particles fill the gaps 

between the natural pozzolan particles by acting as a 

filler. According to this evaluation, the water needs of 

lime-pozzolan mixtures are not higher than natural 

pozzolan mixtures. However, it is assumed that after 

the lime rate exceeds 20%, more water will be needed 

to wet the lime particles and fill the gaps between the 

particles [18]. For these reasons, the lime rate was 

kept constant at ~14% in this study. The basic 

characteristics of the lime used are given in Table 1. 
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Table 1. Basic characteristics of lime 

Basic Characteristics Performance 

Grain Size Distribution  

0.009 mm ≤7 

0.2 mm ≤2 

Volume Constancy ≤2 

Penetration/Water 

requirement 
≥10 and ≤50 

CaO+MgO ≥80 

MgO ≤5 

CO2 ≤7 

SO3 ≤2 

Free Lime ≥65 

 

 As shown in Figure 1, Nevşehir pumice (0.5-

4 mm), fly ash, and metakaolin were used in the 

proportions of 10%, 20%, and 30% in the mortar 

mixture designs in the composite structure. The 

physical and chemical properties of the cement used 

are given in Table 2. 
 

Table 2. Physical and mechanical properties of cement 

Fineness (45 µm, above sieve, %) 5.7 

Specific mass (g/cm3) 3.00 

Specific surface (cm2/g) 3997 

The initial setting of cement 2h-50 min 

The final setting of cement 3h-30 min 

Compressive strength 

(MPa) 

Day 2 22.00 

Day 28 51.70 

 

 

 

 

 

 

 
Figure 1. Materials used in mixtures 

 

 To provide lightness to the produced 

composite mortars, 3 different mixtures were 

prepared by substituting pumice at 10%, 20%, and 

30% of the sand volume instead of standard sand. The 

Nevşehir pumice used is between 0.5 and 4 mm in 

size and the physical properties of each granulometry 

have been determined by experiments and are shown 

in Table 3. The sieving method of Nevşehir pumice 

was made in accordance with TS EN 933-1 [19] 

standard. TS EN 1097-3 [20] and TS EN 1097-6 [21] 

standards were used to determine the physical 

properties of aggregates. 9 different mixtures were 

prepared by substituting fly ash, metakaolin, and fly 

ash-metakaolin as binders in the proportions of 10%, 

20%, and 30% of the cement volume instead of 

cement. A total of 13 different composite mortar 

mixtures were produced. 
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Table 3. Physical Properties of Nevşehir Pumice 

 
Aggregate Size (mm) 

1-0.5 2-1 4-2 

Saturated unit volume 

mass (g/cm3) 
1.13 1.08 1.00 

Dry unit volume mass 

(g/cm3) 
0.91 0.85 0.77 

Water absorption (%) 23.59 26.35 30.11 

Compact bulk density 

(g/cm3) 
0.485 0.475 0.469 

Loose bulk density (g/cm3) 0.422 0.448 0.451 

Aggregate moisture 

content (%) 

0.30 0.30 0.40 

City tap water was used in all mixtures. The chemical 

properties of pumice, fly ash, and metakaolin used in 

the mixtures are given in Table 4, and their specific 

mass is given in Table 5. 

 

 

 

 

 

 

 

 

Table 4. Chemical Properties of Pumice, Fly ash, and Metakaolin 

Contents(%) SiO2 Al2O3 Fe2O3 CaO MgO P2O5 K2O SO3 SrO Na2O TiO2 SiO2 NiO 
Loss of 

ignition 

Metakaolin 53.0 43.1 0.7 0.5 0.1 0.1 0.1 0.0 0.0 0.1 2.0 0.0 - 0.2 

Fly Ash  28.4 14.6 11.4 23.3 2.2 0.1 1.4 6.7 0.1 0.4 0.6 0.1 0.1 10.6 

Pumice 73.2 12.3 1.1 0.7 0.1 - 4.2 0.0 - 3.6 0.1 0.0 - 4.5 

 

2.1. Mixture Calculation 

 

The water-solid ratio in the mixtures was kept 

constant at 0.20. In the mixtures, Nevşehir pumice 4-

2 mm was used at a rate of 50%, 2-1 mm at a rate of 

30%, and 1-0.5 mm at a rate of 20%. They are named 

"Control mortar "CS", Pumice "P10, P20, P30", Fly 

Ash "FA10, FA20, FA30", Metakaolin "MK10, 

MK20, MK30" and All (Pumice + Fly Ash + 

Metakaolin) "ALL10, ALL20, and ALL30". 

 
Table 5. A specific mass of Fly ash, Metakaolin, and 

Lime 

   FA MK Lime 

Specific 

mass 

(g/cm3) 

2.18 2.03 2.064 

 

 In mortar mixtures containing pumice (P10, 

P20, P30) and containing all components (ALL10, 

ALL20, ALL30), pumice was used as lightweight 

aggregate instead of sand by substituting 10%, 20%, 

and 30% of the sand volume, respectively. In mortar 

mixtures containing fly ash (FA10, FA20, FA30), 

metakaolin (MK10, MK20, MK30) and all 

components (ALL10, ALL20, ALL30), binders were 

used by substituting 10%, 20% and 30% of the cement 

volume. Thus, a total of 13 different mixtures (CS, 

P10, P20, P30, FA10, FA20, FA30, MK10, MK20, 

MK30, ALL10, ALL20, ALL30) were prepared. The 

materials used in the mortar mixture are given in 

Table 6. 

 For mortar mixtures in which only sand was 

used as aggregate, sand, lime, and binders were taken 

into the mixing bowl and mixed dry for 3 minutes. 

Then, 2/3 of the mixture water was added and mixed 

at high speed for 2 minutes. Finally, all the mixing 

water was added and mixed at high speed for 1 

minute. In the mortar mixtures using sand and pumice 

as aggregates, sand and pumice aggregates of 

different sizes were taken into the mixing bowl, 1/3 of 

the mixture water was added and mixed for 3 minutes. 

Then, lime and binders (cement, fly ash, and 

metakaolin) were added and mixed at high speed for 

2 minutes, using all the mixing water. For all 

mixtures, fresh mortar taken from the mixer was 

poured into 40x40x160 mm prism size and 50x50x50 

mm cube molds according to TS EN 998-1 [22]. 

Mortar samples were compressed on the vibration 

table for 2 minutes and kept in the mold for 24 hours. 

It was then removed from the molds and left to cure 

in water for 7, 14, and 28 days. Unit volume mass 

analysis, compressive strength, flexural strength, 

thermal conductivity analysis, ultrasound test, water 

absorption test, SEM analysis, and TGA/DTA 

analysis were performed on the samples that 

completed the curing period following the standards. 
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Table 6. Materials Used in 1 m3 Mortar  

Code Standard sand  

(kg) 

Lime 

(kg) 

Cement  

(kg) 

Water 

(kg) 

Pumice 

(kg) 

Metakaolin  

(kg) 

Fly ash  

(kg) 

CS 1000 280 400 340       

P10 900 280 400 340 100     

P20 800 280 400 340 200     

P30 700 280 400 340 300     

MK10 1000 280 360 340   40   

MK20 1000 280 320 340   80   

MK30 1000 280 280 340   120   

FA10 1000 280 360 340     40 

FA20 1000 280 320 340     80 

FA30 1000 280 280 340     120 

ALL10 900 280 360 340 100 20 20 

ALL20 800 280 320 340 200 40 40 

ALL30 700 280 280 340 300 60 60 

 

3. Results and Discussion 

 

3.1. Compressive Strength Analysis 

 

For each of the 13 different composite mortar 

mixtures prepared, the compressive strength tests of 3 

cube samples of 50x50x50 mm dimensions after 7, 

14, and 28 days of curing were carried out following 

the TS EN 1015-11 [23] standard. In these tests, the 

crushing operations were carried out perpendicular to 

the mortar casting direction in accordance with the 

relevant standards. In the study, the 7, 14, and 28-day 

compressive strength of the samples was calculated 

according to Equation 1. The arithmetic average of 

the obtained values was taken as shown in Figure 2. 

 

𝑓𝑐 =
𝐹

𝐴𝑐
                                                            (1) 

 

In the statement given above; fc is the 

compressive strength (MPa), F is the maximum load 

reached at the moment of fracture (N) and Ac is the 

cross-sectional area (mm2) where the pressure load is 

applied on the sample. 

 

 

 

Figure 2. Compressive strength of the samples 
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In the TS EN 998-1 standard, four separate 

strength classes are prescribed for the 28-day 

compressive strength values of mortar groups (CS I - 

CS IV). The strength limits in these classes are given 

in Table 7: 

Table 7. 28-day compressive strength values of mortar 

groups [1] 

The strength class 28-day mortar strength range 

(MPa) 

CS I 0.4 – 2.5 

CS II 1.5 – 5.0 

CS III 3.5 – 7.5 

CS IV ≥ 6 

 
When Figure 2 is examined, the highest 

compressive strength result of the 7-day samples 

belongs to the MK20 mortar mixture, and it is seen 

that the metakaolin used increases the compressive 

strength. When the results of 14-day samples were 

examined, the compressive strength value of the 

MK20 mortar mixture gave the best result with 13.97 

MPa. However, the results for ALL10 and ALL20 

mortar mixtures were 13.38 MPa and 13.75 MPa, 

respectively, and a lighter and higher compressive 

strength building material was obtained. When 

previous studies were examined, it was observed that 

the compressive strength increased in samples 

produced by substituting 10-20% metakaolin with 

cement in mortar production [24], [25]. However, 

when replacing metakaolin with cement, it has been 

observed that the compressive strength decreases 

above 30% MK [26]. Among the samples, the highest 

compressive strength was obtained with 16.36 MPa in 

the FA30 mortar mixture in the 28-day curing results. 

Many studies have shown that the use of fly ash 

deteriorates the early-age concrete strength, but 

generally increases the strength and durability of 

composites over time, as it consumes the Ca(OH)2 

produced during the hydration of cement and forms 

secondary hydrates such as CSH [27, 28, 29]. It was 

also observed that it had a positive effect on the 28-

day compressive strength of the samples in which fly 

ash was used instead of cement. When the evaluation 

of lightweight aggregates for the production of 

composite mortar is analyzed, it is envisaged in the 

TS EN 998-1 standard that mortars with low unit 

volume mass values will be included in the CS I and 

CS II classes in terms of 28-day compressive strength 

class [2]. When the 7, 14, and 28-day compressive 

strength values of the ALL20 mortar mixture, in 

which pumice was used as lightweight aggregate, 

were examined, it was seen that they were 4.76 MPa, 

13.75 MPa, and 13.79 MPa, respectively. When this 

situation was evaluated, it was determined that all of 

the mortars we produced were included in the CS IV 

mortar strength class. 

 

3.2. Flexural Strength Analysis 

 

In the study, beam samples of 40x40x160 mm were 

prepared from composite mortar mixtures for flexural 

strength tests. When the samples completed their 14-

day cure in the curing pool, flexural strength analysis 

was performed following TS EN 1015-11 [23] 

standard. The longitudinal axis of the sample was 

placed perpendicular to the longitudinal axis of the 

lower and upper loading cylinders and was placed 

exactly centered as shown in Figure 3. Flexural 

strength was calculated using Equation 2. 

 

𝑓 =
3×𝐹×𝐿

2𝑏ℎ2
                                                              (2)                                                 

 

 
Figure 3. Three-point flexural test 

 

In this expression; f is the flexural strength 

(N/mm2), F is the ultimate load (N), L is the distance 

between the support cylinders (mm), b is the beam 

width (mm) and h is given as the beam height (mm). 

In the study, the test results of the composite 

mortar mixtures that completed their 14-day cure are 

shown in Figure 4. Flexural strength is an important 

mechanical property in exterior plaster applications. 

When Figure 4 is examined, the highest flexural 

strength of the 14-day-old samples was obtained in 

the P30-coded samples. It was concluded that as the 

ratio of pumice used as lightweight aggregate in the 

mixtures increased, the flexural strength improved. 

When looking at the mortar mixtures using 

metakaolin, it was observed that their flexural 

strengths were lower compared to other mortar 

mixtures. 
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Figure 4. Flexural strength of the composite mortar mixtures 

 

3.3. Water Absorption Analysis 

 

In the water absorption test, the prepared composite 

mortar samples with dimensions of 50x50x50 mm 

were kept in the oven at 105°C for 24 hours. The 

composite mortar samples taken out of the oven were 

left to cool at room temperature. After the cooled 

samples were weighed and their weights were 

recorded, they were left to cure in 20°C water for 24 

hours. The samples were removed from the water 

after 24 hours and placed on a dry towel to remove 

moisture. The samples were then weighed, and their 

saturated weights were recorded. The weight water 

absorption percentages of the samples were 

calculated using Equation 3. 

 

𝛿𝑘 =
𝐺𝑑−𝐺𝑘

𝐺𝑘
× 100                                              (3) 

 

In this equation, δk denotes the water 

absorption percentage by weight (%), Gd denotes the 

water-saturated sample weight, and Gk denotes the 

oven-dry sample weight. 

In the study, experiments were carried out on 

three cube samples each to obtain the 14 and 28-day 

water absorption test results of the samples. These 

results were then averaged and shown in Figure 5. 

When the graphs in Figure 5 showing the test results 

are examined, according to the water absorption 

percentage, the highest water absorption value in the 

14-day samples was obtained in the ALL30 mixture 

at 19.77%. It has been observed that this value is 

related to the dry unit volume mass value of the 14-

day T30 mixture. It was observed that the water 

absorption value increased as the dry unit volume 

mass decreased. It can be said that the reason for this 

is that lightweight materials are more porous. Similar 

results were also observed in 28-day samples. 

When the 14-day results of the water 

absorption test are examined, the water absorption 

amount increases by 20% in the ALL30 sample 

compared to the control samples, and it has the 

highest water absorption amount. The P10 sample 

gave the lowest value, measuring 6.7% less water 

absorption than the control sample. When evaluated 

regarding control samples for 28-day results, the 

FA30 sample gave the highest water absorption 

amount with a 20% increase, while the P10 sample 

gave the lowest value with a 3.8% decrease. 
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Figure 5. Water absorption test results 

 

3.4. Dry Unit Volume Mass Analysis 

 

In this experiment, which was carried out following 

the TS EN 1015-10 [30] standard, cube samples of 

50x50x50 mm were left in the oven at 105 °C for 24 

hours, then removed from the oven and allowed to 

cool at room temperature. The oven-dry weights of 

the cooled samples were weighed on a scale and the 

readings were recorded. The dry unit volume mass of 

the samples was calculated using Equation 5. 

In this expression, 𝜌 is the unit volume mass 

of the sample (kg/m3), 𝑀𝑑𝑟𝑦 is the oven-dry mass of 

the sample at the end of 24 hours (kg), and 𝑉is the 

volume of the cube samples of 50×50×50 mm size 

(m3). 

 

𝜌 =
𝑀𝑑𝑟𝑦

𝑉
                                                        (5) 

 

When the results of the unit volume mass 

values of the control mortar samples after 7, 14, and 

28 days of curing, determined according to TS EN 

12390-7, were examined, the unit volume mass value 

of the control sample (CS) was higher because it did 

not contain light aggregate. It can be seen in the graph 

in Figure 5 that the unit volume mass value decreases 

in the ALL-mixture series in which pumice, fly ash, 

metakaolin, and all materials are used. This is a result 

of reducing the amount of cement and sand in the 

mixtures by substituting less dense fly ash and 

metakaolin with cement, and standard sand with 

pumice. It has been observed that the use of pumice 

provides lightness to a certain extent in mortar series. 

Binici, [31] in his study, showed the positive effect of 

using pumice in composite mortars on unit volume 

mass results. Today, both sustainability and economy 

will be achieved by choosing light aggregate mortars 

instead of traditional mortars in the interior and 

exterior spaces of buildings. 

 

3.5. Thermal Conductivity Analysis 

 

The thermal conductivity test was carried out 

following the ISO 22007-2 standard [32]. In this 

experiment, 50x50x50 mm cube samples, which were 

kept in the curing pool for 28 days, were kept in the 

laboratory until they reached the appropriate 

temperature before starting the experiment. The 

sensor was contacted to the flat and smooth surface of 

the 50x50x50 mm sample placed on the 3 cm 

diameter sensitive sensor of the Hot Disk brand 

device called TPS 500 S, and the temperature between 

the sensor and the sample was balanced and the heat 

conduction value (k) was obtained in W/mK. Analysis 

results are given in Figure 6. 
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Figure 6. Thermal conductivity coefficient test results 

 

When the results were examined, it was 

observed that the thermal conductivity coefficients of 

the samples using pumice aggregate were lower than 

the other samples. The lowest thermal conductivity 

coefficient was observed in the sample coded ALL30, 

and the positive effect of pumice aggregate was 

observed. It was understood that the reason why the 

thermal conductivity coefficient of the samples using 

pumice was lower than the other samples without 

pumice was due to the porosity of the pumice 

aggregate. 

 
3.6. Ultrasonic Test 

 

Ultrasound tests were carried out on the produced 

samples after 7, 14, and 28 days of curing, according 

to the TS EN 12504-4 [33] standard. First of all, the 

sample is placed between the probes of the UPV 

device, with the casting surface of the sample to be 

tested on top. At this location, the sound velocities of 

the samples were measured. In order to make the 

measurement results more precise, measurements 

were made on three cube samples of 50x50x50 mm 

from two different directions, and the average value 

was taken. Sound transmission speed was calculated 

by dividing the sample length by the transition speed 

time according to Equation 6. 

𝑣 =
𝑙

𝑡
                                                                    (6) 

In this expression, v is expressed in terms of sound 

speed (m/s), l is expressed in sample size (m) and t is 

expressed in transition speed time (s). The results are 

summarized in Figure 7. 

 

 

Figure 7. Ultrasound speed test results 
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Ultrasound testing is a method that gives an 

idea about the strength of materials in terms of 

existing voids and cracks [34]. When the ultrasound 

transmission rate results were examined, it was 

observed that the 14-day cure result was lowest in the 

ALL20 mortar mixture. It has been observed that the 

porous structure of pumice as an aggregate positively 

affects the sound insulation properties of the mortar. 

When the results of the ultrasound test are examined, 

taking the control samples as reference, the MK20 

sample gave the lowest value with a 9% decrease for 

the 7-day results, while the P30 sample gave the 

highest value with a 17.7% increase. For 14-day 

results, the ALL20 sample gave the lowest value with 

a 13% decrease, while the MK30 sample gave the 

highest value with a 12.5% increase. Although there 

was no significant difference between the 28-day 

results of the samples compared to CS, the most 

significant increase was 9% in the FA30 sample. 

In general, from the graph given in Figure 7, 

it can be seen that the ultrasound transmission rate 

values of the 28-day-old samples are higher than the 

7- and 14-day-old samples. This shows that after 28 

days of curing, the samples have largely completed 

their hydration, and their compressive strength has 

increased. 

 

3.7. SEM Analysis 

 

The morphological features of the samples were 

characterized using a scanning electron microscope 

(ZEISS EVO50 SEM) on a Secondary Electron (SE) 

detector at a distance of approximately 4-11 Work 

Distance (WD) at an acceleration voltage of 7 kV. 

After the test samples were subjected to the pressure 

test, the sample samples taken from the broken 

surface were carefully taken and packaged in ziplock 

bags, and then the samples were made conductive at 

a thickness of 5 ηm in a gold plating device (electron 

microscope system) for electron microscope imaging. 

Images of the test samples were taken from regions 

where the materials used (pumice, fly ash, 

metakaolin, lime, standard sand, and cement) were 

dense and where they contacted each other and 

formed interfaces. Analyzes were carried out at 

Harran University Science and Technology 

Application and Research Center (HUBTAM). The 

magnification ratio was chosen as 5.00KX and 

10.00KX, and the cross-sectional images have a 

magnification ratio of 250X. 

When looking at the SEM analysis in Figure 

8 (a), the porous structure of the pumice draws 

attention to the mixture containing 10% pumice, 

while lime and cement grains stuck to the pores on the 

surface of the pumice were observed in the second 

image. In Figure 8 (b), samples with 10%, 20%, and 

30% fly ash added, it was observed that the ashes 

were shaped in a spherical shape and the pores were 

completely covered with ashes. As the amount of fly 

ash increases, it is seen in the SEM images that it 

covers the surface of the cement in a spherical 

manner. 

 

Figure 8. SEM Analysis of the samples coded P10 (a), FA20 (b), MK30 (c), ALL20 (d), and ALL30 (e) 
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Since pumice aggregate is a light material 

with a rough and porous structure, it is possible to 

adhere to the aggregate in the paste phase. This 

situation caused the interface region to not be clearly 

understood in the SEM images of pumice-added 

samples, as in some previous studies [34], [35], [36]. 

In the SEM images of the MK30 sample in 

Figure 8 (c), as the amount of metakaolin increased, 

metakaolin deposits were seen in the sample, and the 

interface that emerged when the metakaolin material 

seen in this mass was combined with cement was 

photographed. The difference in clarity in the 

photographs is due to the difference in elevation on 

the surface of the sample. Due to the presence of 

pumice, fly ash, and metakaolin in ALL20 and 

ALL30 mixtures, together with the spherical structure 

of fly ash and the thick and short structure of 

metakaolin, porosity increases were observed in the 

SEM images in Figure 8 (d-e) as the ratio of pumice 

increased. 

3.8. TGA/DTA Analysis 

TGA/DTA Analysis is performed to determine the 

changes that occur within the material as the 

temperature increases. The TGA experiment was 

conducted at Harran University Science and 

Technology Application and Research Center 

(HÜBTAM). For this analysis, samples that 

completed their 28-day cure in the cure pool were 

exposed to pressure testing. Then, the pieces taken 

from these samples were ground into powder. The 

powder pieces that were ready for testing were placed 

in thermo balance, the temperature was increased by 

20°C per minute, and the mass losses (TGA) and 

energy losses (DTA) occurring in their structures 

were monitored for 1 hour as shown in Figure 9. 

 

 

 

 

Figure 9. TGA/DTA analyzes samples coded FA20 (a), MK20 (b), P20 (c), and ALL20 (d) 
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With TGA/DTA analysis, endothermic and 

exothermic reactions of the sample against the heat it 

is exposed to in the experiment are determined. The 

red line seen in the graphs is the DTA (energy loss) 

line, the blue line is the TGA (mass loss) line, and the 

green lines are the temperature change line. 

When the TGA analysis of the FA20 coded 

sample was examined, as seen in Figure 9(a), it was 

understood that there was a mass decrease in the 

temperature range of 680-485 °C, and in a similar 

case, in the MK20 coded sample, in the temperature 

range of 700-520 °C, as shown in Figure 9(b). 

When the TGA analysis was examined, as 

seen in Figure 9 (c), in the P20-coded sample, a mass 

decrease was observed in the temperature range of 

650-560°C, and a two-stage mass loss was observed 

in the ALL20-coded sample, as in Figure 9 (d). In the 

first stage, there was a mass decrease in the 

temperature range of 650-550°C. In the second stage, 

the mass decrease occurred in the temperature range 

of 550-430°C. 

In TGA analyses, the highest mass loss 

occurred in the P10-coded sample and the least mass 

loss occurred in the MK20-coded sample. It was 

observed that pumice-added samples had more mass 

loss compared to other composite mortar samples. It 

is thought that the behavior of pumice aggregate 

against temperature is effective in this result. 

According to the DTA analysis results of 

composite mortars, it is seen that there is an 

endothermic peak between 400°C and 500 °C and an 

exothermic peak between 750°C and 1000 °C. This 

peak arises from the free moisture in the system and 

the loss of water in the C–S–H structure. These peaks 

correspond to the removal of water molecules bound 

or free to structural compounds. When temperatures 

exceed 300 °C, chemically bound water begins to 

move away [36]. 

 

4. Conclusion and Suggestions 

 

Within the scope of this study, Nevşehir pumice (0.5-

4 mm) was replaced with CEN standard sand at the 

rates of 10%, 20%, and 30%, respectively, and fly 

ash-metakaolin was replaced with cement at the rates 

of 10%, 20%, and 30%, respectively. Thus, a total of 

13 different mixtures (CS, P10, P20, P30, FA10, 

FA20, FA30, MK10, MK20, MK30, ALL10, ALL20, 

ALL30) were prepared. The results of the 

experiments are summarized below. 

When the results of 28-day-old samples were 

evaluated according to their dry unit volume mass, as 

the amount of pumice increased, the dry unit volume 

mass decreased, while as the amount of metakaolin 

increased, the dry unit volume mass increased.  

When the compressive strength results were 

evaluated, it was observed that as the ratio of pumice, 

fly ash, and metakaolin increased, the compressive 

strength increased, according to the 7, 14, and 28-day 

results. ALL30 sample provides the required 

compressive strength according to mortar strength 

classes and is the lightest composite mortar material. 

According to flexural strength test results, 

P30 showed the highest flexural strength value in the 

beam samples, and the ALL30 sample showed the 

lowest value. It has been understood that pumice 

material increases flexural strength, while metakaolin 

decreases it. 

It was observed that the water absorption 

value increased as the dry unit volume weight 

decreased. This is because lightweight materials are 

more porous. 

According to the thermal conductivity 

coefficient results, the high thermal conductivity 

coefficient of the samples containing only metakaolin 

caused low thermal insulation, while the samples 

containing pumice and fly ash had a low thermal 

conductivity coefficient and provided high thermal 

insulation. Therefore, the ALL30 sample provided the 

best thermal insulation value. 

Ultrasound transmission rate results show 

that the samples that completed their 28-day cure are 

higher than the samples that completed their 7 and 14-

day cure. This shows that after 28 days of curing, the 

samples have largely completed their hydration, and 

their compressive strength has increased. 

When the SEM images were examined, it was 

observed that there were minerals and light 

aggregates with a porous glassy structure, and 

hydrated phases such as portlandite, ettringite, and C-

S-H. In the mixtures, the spherical structure of fly ash, 

the thick and short threadlike structure of metakaolin, 

and the porous structure of pumice were observed. 

According to the TGA-DTA analysis results 

of composite mortars, the samples deteriorated in 

more than one stage with the use of pumice, fly ash, 

and metakaolin.  

In light of these evaluations, it was 

determined that the ALL30 composite mortar mixture 

has high compressive strength, low dry unit volume 

mass, and the lowest thermal conductivity coefficient 

(highest thermal insulation value). Therefore, 

considering these features, it is thought that it can be 

used in the supply of mortar for the construction 

industry. 
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