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A B S T R A C T   

The results of the impact of cement type and expanded vermiculite powder (EVP) on the thermal, 
mechanical characteristics and durability of lightweight mortars at high temperature and RSM 
modelling are presented in the paper. The lightweight mortars were fabricated by replacing fine 
aggregate with EVP in certain proportions. In the production of the mixtures, two different 
cement types namely, Portland cement (PC) and calcium aluminate cement (CAC) were used as 
binders and fine aggregates were replaced with EVP at the rates of 0%, 15%, 30% and 45%. The 
microstructure, thermal, mechanical properties and durability of PC and CAC mortars produced 
in this way were determined after standard curing for 28 days at temperatures ranging from 20 ◦C 
to 900 ◦C. Mechanical performance of mortar mixtures was evaluated based on compressive, 
flexural strength and ultrasonic pulse velocity (UPV). The durability of the specimens was also 
determined using porosity, water absorption and dry unit weight. Thermal conductivity and 
Scanning electron microscope (SEM) observations of 28-day mortar specimens were also evalu
ated. The response surface methodology (RSM) was adopted to develop the relation between 
parameters and response for thermal conductivity. The test results reported that lightweight re
fractory and insulating mortar can be manufactured by combined use of CAC and EVP when 
considered strength and durability and thermal performance after high-temperature exposure. 
Test results also pointed out that the combined use of CAC and EVP gained significant high- 
temperature resistance performance in terms of compressive strength as compared to PC 
blended mortar specimens.   

1. Introduction 

The investigation of the effect of high temperature, which causes the durability problem of the buildings, on concrete and concrete 
building elements goes back to 1920 [1]. High temperature causes thermal dehydration of hardened cement paste or concrete, 
reducing the expected service life of the structure because of the permanent damage. Thus, it has become an important issue in terms of 
economy and safety [2–7]. With the increase in temperature in the hardened cement paste, free water is lost first, followed by the loss 
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of physically absorbed water and finally the chemical bond water of the hydration products is lost. On the other hand, it creates 
micro-cracks that cause a decrease in the strength of the concrete because of the shrinkage of the cement paste in the concrete structure 
and the expansion of the aggregate grains. Dehydration of slaked lime in cement paste at higher temperatures or physical/chemical 
transformations in aggregate cause more strength losses [8]. The main factors affecting the strength of mortars/concrete after high 
temperatures are: material properties and environmental factors. The mineralogy and porosity of aggregate appear to have a notable 
effect on the performance of concrete/mortar after high-temperature exposure. The characteristics of cement paste, aggregate and 
bond between aggregate and cement paste and their thermal compatibility greatly affect the strength of concrete. Moreover, envi
ronmental factors affecting the heat resistance of cement-based materials are heating rate, cooling rate, maximum exposure time, and 
humidity regime and loading conditions [7,9,10]. Calcium silicate hydrate (CSH) water in the interlayer and some of the combined 
water from CSH and sulfoaluminate hydrates will vaporize under high temperature of about 300 ◦C. Microcracks occur first in the Ca 
(OH)2 concentration region at about 300 ◦C and then in areas of anhydrous grain at 400 ◦C [11]. At temperatures between 400 and 
600 ◦C, it can activate a series of reactions, starting with the complete drying of the pore system in the hardened cement paste, CSH gel 
destruction and hydration product decomposition. It is possible to take preventive measures to minimize heat, such as the right 
material and binder selection and appropriate insulation methods. Recently, there has been an increasing trend of developing 
high-temperature resistant building materials for use in buildings. Calcium aluminate cement (CAC) as binder and vermiculite as a 
mineral additive or as aggregates can be used in mortars/concrete to minimize the effect of high temperature. 

CAC is a versatile specialty cement that is advantageously used in some special applications such as monolithic refractories, 
foundries, furnaces and fireplaces, quick repair mortars, ceramic adhesives and sealants. The main special properties of CAC are rapid 
strength development, good resistance to sulfate, improved resistance to abrasion, and the ability to withstand repeated heating to 
high temperatures. It develops about 80% of its ultimate strength just 24 h after the start of hydration. Due to its fast hydration 
property, CAC is useful for low-temperature applications [12–19]. 

Khaliq and Khan [16] studied CAC concrete exposed to temperatures of 23, 200, 400, 600 and 800 ◦C as compared to PC concrete, 
they pointed out CAC concrete indicated a lower loss of compressive strength compared to PC concrete below 600 ◦C, but at higher 
temperatures, both materials showed similar strength deterioration. CAC concrete performed worse performance in terms of the elastic 
modulus as compared to PC concrete below 400 ◦C due to the increase in porosity. But, at 600 and 800 ◦C, significant improvements of 
32% and 44% was obtained for CAC concrete respectively due to the higher alumina content in the CACs. 

Terzic et al. [20] investigated the performances of vermiculite and perlite-based thermal insulation lightweight concretes. They 
found that the investigated lightweight concretes could be used both as thermal insulators and structural materials, despite decreased 
compressive strength after exposure to high temperatures. Roig-Flores et al. [21] focused on the development of thermo-mechanical 
properties of concrete with CAC and special aggregates for energy storage. They showed that the main changes mostly occur after the 
first thermal cycle and stabilize during successive thermal cycles with only a slight decrease in thermo-mechanical properties. Lee et al. 
[22] studied microstructural investigation of CAC-based ultra-high performance concrete at high temperatures. They pointed out that 
calcium aluminosilicate (C-A-S) gel formation was observed as a result of sintering of anhydrous CAC and anhydrous C-A-(S)-H with 
adjacent micro silica contributed to the residual strength after exposure to 800 ◦C. Baradaran-Nasiri and Nematzadeh [23] investigated 
the effect of high temperatures on the mechanical properties of fine recycled refractory brick aggregate and aluminate cement con
crete. They showed that refractory brick aggregate and CAC increased the residual strength of concrete by twice the temperature of 
800 ◦C. Mo et al. [24] developed a lightweight aggregate mortar skin layer for an innovative sandwich concrete composite. They 
highlighted that CAC mortar had better high-temperature resistance than OPC mortar. Akçaözoğlu and Akçaözoğlu [25] focused the 
effect of high temperature on lightweight concrete produced with expanded clay aggregate and CAC. They reported that the difference 
between the strength values of fast and slow cooling specimens was not significant for the CAC mixture. 

Vermiculite is a mineral composed of hydrated aluminum and magnesium silicate with a naturally occurring composition that 
expands 8–30 times with respect to its original thickness after heating to exfoliate. Expanded vermiculite (EV) has low density, 
comparatively high refractoriness, chemical inertness, high fire resistance, low thermal conductivity and strong sound absorption 
making EV a satisfactory material for thermal and acoustics [6,7,26–28]. Concrete or mortars produced with aggregates such as 
expanded vermiculite, perlite, expanded clay, foamed slag and pumice with low thermal conductivity have better fire resistance and 
high resistance to volume expansion and decomposition and are more resistant to fire than regular concrete [3,6,7,26–39]. Koksal et al. 
[26] studied the characteristics of lightweight mortars with EV and silica fume under high temperatures. They noted that thermal 
performance enhancement of 58.2% was obtained and using vermiculite as aggregate showed good mechanical strength performance 
to elevated temperature. There have been very limited studies about combining CAC and EVP in concrete or mortar exposed to high 
temperatures in the literature. This study covers the investigation of the resistance of the mortars to be produced by replacing fine 
aggregate with expanded vermiculite powder (EVP) in certain proportions against high temperatures. In the mortar mixes, two 
different cement types namely, Portland cement (PC) and calcium aluminate cement (CAC) were used as a binder and fine aggregates 
were replaced with EVP at the rates of 0%, 15%, 30% and 45%. The microstructure, mechanical properties and durability of PC and 
CAC mortars produced in this way were determined under laboratory conditions after applying standard curing for 28 days and after 
the ambient and high temperature of 20 ◦C, 300 ◦C, 600 ◦C and 900 ◦C. Mechanical performance of mortar mixtures was evaluated 
based on compressive strength, flexural strength and UPV. The durability of the specimens was also determined using porosity, water 
absorption and dry unit weight. SEM observations and thermal conductivity of 28-day mortar specimens were also investigated at all 
these temperature ranges. 

This study aimed to manufacture and evaluate low density, lightweight refractory and insulating mortars containing PC and CAC as 
binder and EVP as filler in different weight ratios for constructing greener buildings at different temperatures and not to use as a 
material for structural purposes. 
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2. Materials and methods 

2.1. Materials used 

2.1.1. Binders 
Two cement types namely, CEM I 42.5R Type cement (PC) and calcium aluminate cement (CAC) with specific gravities of 3.08 and 

3.20 and specific surface of 3088 and 3053 cm2/g, respectively were used within the scope of the study. The Chemical, mechanical and 
physical properties of PC and CAC are demonstrated in Table 1. 

2.1.2. Expanded vermiculite powder (EVP) 
Ukrainian origin of expanded vermiculite (EV) was ground to obtain powder form EVP whose density was 1.68 g /cm3. Table 2 

exhibits the chemical composition of EVP. Fig. 1 gives the SEM images of EV and EVP, it also shows the XRD pattern and thermal 
gravimetric analysis (TGA) result of EVP. As seen from the SEM images of EV and EVP, EV lost accordion-shaped structure when 
ground and turned into separately leaf-shaped in the powder form with a maximum leaf size of about 25 µm. When the XRD pattern of 
the EVP is considered, it seems that EVP contains phlogopite mica and hydrobiotite phases. When TGA of EVP is considered, EVP loses 
about 7% of total weight at 1000 ◦C. The physically absorbed water is lost at about 100 ◦C by the dehydration of vermiculite. The 
chemically absorbed water is lost between 500 and 900 ◦C, which results in mass losses. 

2.1.3. Aggregate 
Crushed sand and expanded vermiculite powder were used as aggregates in the study. In the mortar production, 0–4 mm crushed 

sand with a specific gravity of 2.63 and a water absorption rate of 0.98% was used as fine aggregate. Gradation of sand and EVP is given 
in Fig. 2a. Fig. 2b–c shows expanded vermiculite and expanded vermiculite powder. 

2.2. Mixture proportions and production 

Mortar specimens were produced with two different cement mixtures (PC and CAC) with water/cement (w/c) ratio of 0.5 for 
control specimens and EVP/sand ratio of 0%, 15%, 30% and 45%. The samples were produced by taking the reference temperature 
(laboratory temperature) and 3 different elevated temperature values for each mortar sample. Mixing ratios are given in Table 3. While 
preparing the mixture, cement and aggregate were stirred first. And then, vermiculite was added and stirred again to achieve a ho
mogeneous distribution. Then the mixing water was added. In all PC and CAC mortar mixtures, the sand is substituted with EVP at 
dosages of 0%, 15%, 30% and 45% by volume. The mortar specimens of 40 × 40 × 160 mm sizes are tested for mechanical and 
durability characteristics at 20 ◦C, 300 ◦C, 600 ◦C and 900 ◦C. After 28 days of water curing, mortar specimens were put in an oven to 
subject the temperature of 300 ◦C, 600 ◦C and 900 ◦C. The rate of temperature was selected as 7 ± 3 ◦C / min as proposed in the 
literature. After reaching the target temperature, the specimens were kept for 3 h then left for cooling at the lab. 

2.3. Testing procedures 

The fresh mortars were subjected to flow table test as per ASTM C1437–15 [40]. The durability characteristics of mortar/concrete 
can be measured by transport properties indirectly. The test on the specimens of 50 × 50 × 50 mm was executed to assess the transport 
properties in compliance with ASTM C642 [41] to determine the water absorption and porosity and unit weight being exposed to the 
room and high temperature of 300 ◦C, 600 ◦C and 900 ◦C. Mortar prisms of 40 × 40 × 160 mm were cast for flexural as per ASTM 
C348–19 [42] and compressive strength tests as per the guideline of ASTM C349–18 [43]. Three specimens were used for performing 
flexural strength and six specimens obtained from the flexural test were utilized for performing compressive strength at ambient 
conditions and after being subjected to temperature of 300 ◦C, 600 ◦C and 900 ◦C. UPV measurement was made to assess the quality of 
concretes in compliance with ASTM C597-02 [44] after being exposed to related temperatures. The thermal conductivity of the 
specimens was measured in a conductivity analyzer according to ASTM D7984 - 16 [45]. The response surface methodology (RSM), a 

Table 1 
PC and CAC properties.  

Oxides% PC CAC Physical properties PC CAC 

CaO 62.09 36.41 32 µm sieve passing (%) 18.55 37.75 
SiO2 18.44 4.72 45 µm sieve passing (%) 8.12 28.86 
Al2O3 5.50 36.56 Specific gravity (g/cm3) 3.08 3.20 
Fe2O3 3.18 17.10 Surface area (Blaine,cm2/g) 3088 3053 
SO3 3.64 – Initial /final setting time (min.) 166/216  
TiO2 – 2.36 6 h compressive strength  47 MPa 
MgO 2.24 1.26 24-h compressive strength  70 MPa 
K2O 1.06 0.13    
Na2O 0.12 0.24    
Insoluble content 0.39 1.08    
Loss in ignition 3.34 0.14     
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statistical experimental design method, was adopted to develop the relationships between parameters and response for thermal 
conductivity. A package program (Design-Expert) was used to response surface regression analysis. 

3. Results and discussion 

3.1. Evaluation of the consistency of the fresh mortars 

For the evaluation of the consistency of the mortars, flow table test was carried out on fresh mortars. The flow diameter values were 
kept as fixed between 15 and 16 cm. 

3.2. Compressive strength 

The results obtained for the compressive strengths of 28-day mortar specimens upon exposure to temperatures ranging from 
ambient to 600 ◦C are shown in Fig. 3. Fig. 3b demonstrates the compressive enhancements and reductions strength in the temperature 
of 300 ◦C and 600◦ C. As shown, the compressive strength of PC blended mortars are higher than those of CAC blended mortars for 
control and all EVP incorporated specimens. It should be noted that the hydration of CAC is completely different from that of PC. In 
addition, an effect is known as "conversion" is known in CAC chemistry. This effect shows that the porosity of hardened CAC increases 
over time, resulting in a decline in strength [46]. The mortar specimens produced from PC as binder and EVP as sand replacement 
indicated the compressive strength varying from 48.30 to 13.90 MPa at 20 ◦C. As expected, the highest strength of 48.3 MPa was 
obtained for the PC_Control specimen and with the inclusion of EVP, compressive strength decreased to the lowest value of 13.9 MPa at 
45%EVP content by 71.22% reduction as compared to PC_Control specimen. The mortar specimens produced from CAC as binder and 
EVP as sand replacement exhibited the compressive strength varied from 20.70 to 6.70 MPa at 20 ◦C. Similarly, the highest strength of 
20.70 MPa was obtained for the CAC_Control specimen and the lowest value of 6.70 MPa was obtained for the mixture with 45%EVP 
content by 67.63% reduction in comparison with CAC_Control. The strength reduction can be attributed to the increasing porosity and 
decreasing unit weight values with EVP content. Another reason for the compressive strength decrease may be related to the greater 
demand for water required for EVP blends to complete the hydration process that produces a dried blend that causes a reduction in 
strength [3,6,28,38]. Strength reductions of PC blended mixtures with the inclusion EVP were 39.54% and 57.34% at 15% and 30% 
EVP contents, respectively. On the other hand, Strength reductions of CAC blended mixtures with the inclusion EVP were 20.28% and 
48.89% at the contents of 15% and 30% EVP respectively. As seen, with the inclusion of EVP, the strength reduction of CAC blended 
specimens were lower than that of PC blended specimen. 

After mortar specimens were exposed to high temperatures of 300 ◦C, 600 ◦C and 900 ◦C, the compressive strength variations were 
shown in Fig. 3b. Since CAC and EVP are refractory materials, the inclusion of EVP as sand replacement increased the high-temperature 
performance of both PC and CAC blended mortar specimens at 300 ◦C and 600 ◦C. At 300 ◦C, combined use of CAC and EVP showed 
very high performance after high-temperature exposure by strength enhancements of 64.3%, 37.6%, 30.4% and 10.5% for the mix
tures of CAC control and CAC blended mortars with 15%, 30% and 45%EVP contents respectively. The strength enhancement can be 
due to the reactions during a temperature rise, as the porous nature of these mortars aids in steam or liquid circulation [47]. At 600 ◦C, 
CAC blended specimens exhibited strength reductions of 20.8%, 15.2%, 25.0% and 22.4% for 0, 15%, 30% and 45% EVP addition. On 
the other hand, PC blended specimens revealed strength reduction at all temperature ranges and higher reduction than CAC specimens. 
Only PC blended mortar with 45% EVP had a strength increase at 300 ◦C. This strength improvement may be associated with lower 
thermal expansion of EVP at high temperature, which prevents the penetration of heat and flame through the matrix barrier during 
high-temperature exposure, greatly reducing the size and number of cracks [48]. Another possible reason for increasing 
high-temperature resistance is that the EVP particles are granular aggregates with multiple air pockets. These air gaps act as an 
insulator that lowers harmful heat transfer due to high temperature [34,35,49]. Similar results were obtained by Khaliq and Khan [16]. 
They pointed out that concrete produced from CAC showed higher compressive toughness than normal concrete and low cracking with 
fewer color changes compared to NC as obtained from visual investigations after high temperature. It was observed that the combined 
use of CAC and EVP gained significant high-temperature resistance performance in terms of compressive strength as compared to PC 
blended mortar specimens. After 900 ◦C, all specimens completely deteriorated. So, the results of 900 ◦C are missing in the figures. 

Table 2 
Chemical composition of EVP (%).  

Oxides% EVP 

SiO2  38.76 
Al2O3  15.89 
Fe2O3  12.06 
CaO  2.32 
MgO  17.69 
SO3  0.38 
K2O  5.50 
Na2O  0.30  
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Fig. 1. a) SEM of EV b) SEM of EVP c) XRD pattern of EVP d) TGA result of EVP [26–28,38].  
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Fig. 2. a) Gradation of crushed sand and EVP b) EV c) EVP.  
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3.3. Flexural strength 

The results obtained for the flexural strengths of 28-day mortar specimens upon exposure to temperatures ranging from ambient to 
600 ◦C are shown in Fig. 4. Fig. 4b represents the flexural strength increase and declines in the temperature of 300 ◦C and 600◦ C. As 
shown, Similar to compressive strength results, PC blended mortars showed higher flexural strength than those of CAC blended mortars 
for control and all EVP incorporated specimens at ambient temperature. The mortar specimens produced from PC as binder and EVP as 
sand replacement exhibited the flexural strength varying from 6.6 to 1.9 MPa at 20 ◦C. As expected, the highest strength of 6.6 MPa 
was obtained for the PC_Control specimen and with the addition of EVP, the flexural strength decreased to the lowest value of 1.9 MPa 
by 71.21% reduction as compared to PC_Control specimen at 45%EVP content. The mortar specimens produced from CAC and EVP 
represented the flexural strength varied from 3.3 to 1.2 MPa at 20 ◦C. Similarly, the CAC control specimen showed the highest strength 
of 3.3 MPa and the lowest value of 1.2 MPa was obtained for the mixture with 45%EVP by 63.63% reduction compared to CAC control. 
27.27% and 48.48% of flexural strength reductions of PC blended mixtures with the inclusion EVP were obtained at the contents of 
15% and 30% EVP respectively. On the other hand, Strength reductions of CAC blended mixtures with the inclusion EVP were 0% and 
33.33% at the contents of 15% and 30% EVP respectively. The strength reduction of CAC blended specimens was lower than that of PC 
blended specimens with EVP inclusion. The same reasons that affected the compressive strength reduction also caused the flexural 
strength reduction mainly due to increased porosity and water demand with EVP. The flexural strength variations were plotted in 
Fig. 4b after high-temperature exposure of 300 ◦C, 600 ◦C and 900 ◦C. For PC blended specimens, increasing EVP content decreased 
the strength reduction at high temperature and at 45% EVP, flexural strength increased by 42.10% at 300 ◦C and decreased by 47.37%, 
which was the lowest reduction as shown in Fig. 4b. Combined use of CAC and EVP enhanced the high-temperature resistance of 
mortars remarkably with strength enhancement of 63.63%, 6.06%, 18.18% and 16.67% at 300 ◦C and strength reduction of 24.24%, 
48.48%, 54.54% and 41.67% at 600 ◦C for EVP content of 15%, 30% and 45% respectively. The reason for this strength enhancement 
can be due to low cracking [16]. It was reported that combined use of CAC and EVP gained significant high-temperature resistance 
performance in terms of flexural strength as compared to PC blended mortar specimens. After 900 ◦C, all specimens completely 
deteriorated. So, the results of 900 ◦C are missing in the figures. 

Fig. 5a illustrates the compressive and flexural strength relation of PC and CAC specimens at expressed temperature ranges. As seen 
in Fig. 5a, it can be pointed out that a very strong quadratic relationship between the two parameters with R2 of 0.99, 0.99 and 0.99 at 
20 ◦C, 300 ◦C and 600 ◦C respectively, for PC blended samples. CAC samples also showed the nearly same relations with R2 of 0.98, 
0.99 and 0.98 at 20 ◦C, 300 ◦C and 600 ◦C respectively. 

3.4. Evaluation of ultrasonic pulse velocity (UPV) 

For assessing the quality of concrete/mortar, The UPV method is the most powerful non-destructive method [50]. The results 
obtained for the UPV results of 28-day mortar specimens upon exposure to temperatures ranging from ambient to 900 ◦C are shown in  
Fig. 6a. Fig. 6b presents the reductions in the UPV values in the temperature of 300 ◦C and 900◦. Since PC blended mortar specimens 
showed higher compressive strength than CAC blended specimens, PC blended specimens also had higher UPV values than CAC 
specimens for all temperature ranges, but Since the aluminate cement samples are dispersed when taken out of the furnace at 900 ◦C, 
the amount of UPV of these samples could not be calculated. At ambient temperature, all PC and CAC specimens exhibited decreasing 
UPV values with increasing EVP content. 10.29%, 21.78% and 25.09% UPV reductions were obtained for the PC mixtures containing 
15%, 30% and 45%EVP respectively. The CAC mixtures containing 15%, 30% and 45%EVP showed 6.95%, 16.24% and 32.46% 
reduction respectively. The reductions in the UPV values were plotted in Fig. 6b after high-temperature exposure of 300 ◦C, 600 ◦C and 
900 ◦C. Decreasing reduction rate in UPV was observed for both PC and CAC blended mixtures as EVP content increases. More 
reduction in UPV was observed for CAC specimens than PC specimens.18.27%, 13.63%, 13.56% and 10.33% reduction for PC blended 
mixtures were obtained at 300 ◦C compared to PC control specimen. CAC blended mixtures showed 29.11%, 17.99%, 17.62% and 
10.08% reductions at 300 ◦C. After 600 ◦C, 51.42%, 48.26%, 42.42% and 39.17% reductions for PC specimens, 72.04%, 56.02%, 
50.75% and 37.58% reductions for CAC specimens were obtained. Such a change in UPV may be due to the degradation of the CSH gel 
after 450 ◦C, which increases the air void content in the concrete and thus reduces the rate at which sound waves pass through the 
specimens [51]. 

Fig. 7 plots the compressive strength and UPV relation of PC and CAC mortar specimens at expressed temperature ranges. As shown 
in Fig. 7, generally a strong relation between the UPV results and compressive strength of specimens was reported with the coefficients 

Table 3 
Mortar mixture proportions for portland and aluminate cements.  

Mix code EVP/Sand (by volume) Cement (g) Water (g) Sand (g) EVP (g) 

PC_Control 0  1350 675  4050 0 
PC_EVP15 15  1350 887  3444 75 
PC_EVP30 30  1350 1052  2838 150 
PC_EVP45 45  1350 1237  2241 225 
CAC_Control 0  1350 675  4050 0 
CAC_EVP15 15  1350 887  3444 75 
CAC_EVP30 30  1350 1052  2838 150 
CAC_EVP45 45  1350 1237  2241 225  
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Fig. 3. a) Compressive strength and b) compressive strength variations.  
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Fig. 4. a) Flexural strength and b) flexural strength variations.  
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of correlation R2 of 0.97, 0.94 and 0.55 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC blended samples and 0.99, 0.88 and 0.81 at 
20 ◦C, 300 ◦C and 600 ◦C respectively for CAC samples. As expected, higher compressive strength was associated with higher UPV 
values. The correlation between the strength and UPV lowered with increasing temperature exposure, especially for PC blended 
mortars at 600 ◦C. 

3.5. Evaluation of dry unit weight 

The results obtained for the dry unit weight of 28-day specimens upon exposure to temperatures ranging from ambient to 600 ◦C 
are shown in Fig. 8a. Fig. 8b presents dry unit weight reductions in the temperature of 300 ◦C and 600◦ C. As shown, CAC blended 
specimens had higher dry unit weight than PC blended specimens due to the higher specific gravity of CAC. All PC and CAC mortar 
specimens exhibited decreasing dry unit weight with increasing EVP content and temperature. The PC specimens exhibited the dry unit 
weight varying from 2174.75 to 1672.50 kg/m3 at 20 ◦C. As expected, the greatest dry unit weight of 2174.75 kg/m3 was obtained for 
the PC control specimen and the dry unit weight decreased to the lowest value of 1672.50 kg/m3 by 23.09% reduction as compared to 
PC control specimen at 45%EVP content. At 15% and 30% EVP contents, unit weight reductions were 6.75% and 14.11%. The CAC 
specimens exhibited the unit weight varying from 2280.50 to 1798 kg/m3 at 20 ◦C. As expected, the greatest unit weight of 
2280.50 kg/m3 was obtained for the CAC control specimen and the dry unit weight decreased to the lowest value of 1798 kg/m3 by 
21.14% reduction compared to the CAC control specimen at 45%EVP content. At 15% and 30% EVP contents, unit weight reductions of 
CAC specimens were 4.82% and 12.27%. As represented in the compressive strength results, CAC specimens showed less dry unit 
weight reduction than PC specimens with EVP. The dry unit weight decline of EVP incorporated mortars can be due to the lower 
specific gravity of EVP than sand and more water needed for EVP in the fresh state and leaving the water from the mortar body in the 
hardened state. Fig. 8b plots the dry unit weight reductions after high-temperature exposure of 300 ◦C and 600 ◦C. As shown in Fig. 8b, 
PC blended specimens revealed unit weight reductions of 2.3%, 4.9%, 3.7% and 5.8% at 300 ◦C and 7.8%, 10.5%, 10.6% and 11.8% at 
600 ◦C at 15%, 30% and 45% EVP replacement level respectively as compared to the dry unit weight at ambient temperature. On the 
other hand, CAC blended specimens revealed unit weight reductions of 1.9%, 3.2%, 4.1% and 6.5% at 300 ◦C and 9.6%, 10.6%, 10.8% 
and 14.7% at 600 ◦C at 15%, 30% and 45% EVP replacement level respectively as compared to the dry unit weight at ambient 
temperature. It seems that at 15% and 30% EVP content, at 600 ◦C, both PC and CAC blended specimens showed nearly the same dry 
unit weight reduction, but at 45%EVP, CAC showed more unit weight reduction. After 900 ◦C, specimens completely deteriorated. So, 
the results of 900 ◦C are missing in the figures. 

Fig. 9 plots the compressive strength and unit weight relation of PC and CAC mortar specimens at expressed temperature ranges. As 
represented in Fig. 9, very high relation between the unit weight results and compressive strength of mortar specimens was reported 
with the coefficients of correlation R2 of 0.99, 0.98 and 0.99 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC blended samples and 0.99, 
0.99 and 0.98 at 20 ◦C, 300 ◦C and 600 ◦C respectively for CAC samples. As expected, higher compressive strength was associated with 
higher dry unit weight values. 

3.6. Thermal conductivity 

Thermal conductivity results of 28-day mortar specimens upon exposure to temperatures ranging from ambient to 600 ◦C were 
presented in Fig. 10. An important relationship exists between the thermal conductivity and unit weight of concrete [52,53]. It was 

Fig. 5. The compressive -flexural strength of mortar specimens.  
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Fig. 6. a) The values of UPV and b) UPV decrease.  
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observed that CAC blended mixtures had lower thermal conductivity than PC blended mixtures. Thermal conductivity decreased by 
replacing sand with EVP and temperature increased. CAC blended control and 15% EVP substituted mixtures showed lower thermal 
conductivity than PC blended control and 15% EVP substituted mixtures. As expected, replacing sand with EVP at 15%, 30% and 45% 
reduced the thermal conductivity of PC blended specimens significantly by 37.46%, 55.79% and 62.85% respectively, at 20 ◦C due to 
porous structure and low density of EVP. Similarly, for CAC specimens, thermal conductivity decreased by 0.69%, 14.58% and 22% at 
15%, 30% and 45% EVP content. At room temperature, CAC blended specimens had more compact and dense structure, which led to 
higher unit weight and lower thermal conductivity reduction than PC blended mixtures. At 300 ◦C, thermal conductivity reduction at 
15%, 30% and 45% EVP content was 44.05%, 55.70% and 61.44% for PC blended specimens and 0.12%, 5.33% and 36.54% for CAC 
blended specimens respectively. The lower reduction was obtained at this temperature, similar to reduction at room temperature for 
CAC specimens. This means that less damage occurred in the structure of CAC specimens that PC specimens. At the temperature of 
600 ◦C, thermal conductivity reduction at 15%, 30% and 45% EVP content was 31.03%, 67.46% and 70.63% for PC blended specimens 
and 9.25%, 14.78% and 68.12% for CAC blended specimens. The lower reduction was also obtained at this temperature, similar to that 
at room temperature for CAC specimens. This means that less damage occurred in the structure of CAC specimens than PC specimens. 
As represented in Fig. 10b, a very strong correlation between the unit weight results and thermal conductivity of mortar specimens was 
reported with the coefficients of correlation R2 of 0.99, 0.98 and 0.97 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC blended samples 
and 0.94, 0.98 and 0.97 at 20 ◦C, 300 ◦C and 600 ◦C respectively for CAC samples. As expected, lower unit weight was associated with 
lower thermal conductivity values. 

3.6.1. Response surface methodology for thermal conductivity 
The response surface methodology (RSM), a statistical experimental design method, was adopted to develop the relationships 

between parameters and response for thermal conductivity. A package program (Design-Expert) was used to response surface 
regression analysis. Experimental plan of response surfaces consists of two variables (i.e. EVP/FA and T); four-level (i.e. EVP/FA = 0%, 
15%, 30%, and 45% by volume) and three-level (i.e. T = 20◦ C, 300 ◦C and 600 ◦C) full factorial experimental design for each cement 
type. The experimental design scheme for the thermal conductivity is demonstrated in Fig. 11. 

In each cement type, twelve experimental data for TC were fitted to a polynomial type mathematical model using variance analysis 
(ANOVA). Equations of the best fitting response surface models established for the thermal conductivity with Portland cement and 
Calcium Aluminate cement at different temperatures are obtained as follows: 

For Portland cement;.  

TC = 1⋅795–0048*(EVP/FA)− 0⋅007*(T) +0⋅0006((EVP/FA)2                                                                                                          (1) 

For Calcium Aluminate cement;.  

TC = 1⋅172–0⋅035*(EVP/FA)− 0⋅008*(T)− 0⋅00025*(EVP/FA)2                                                                                                        (2) 

Response surfaces of the models are shown in Fig. 12. The coefficients of determination (R2) of PC and CAC cement models were 
0.966 and 0.939, respectively. Comparison of the experimentally obtained and predicted thermal conductivity values of mortars for 
each cement type is illustrated in Fig. 13. 

Fig. 7. The compressive strength and UPV relation of mortar specimens.  
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Fig. 8. a) Unit weight and b) unit weight reductions of mortar specimens.  
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3.7. Porosity 

Fig. 14a represents the porosity values of EVP incorporated PC and CAC mortar mixtures at all temperature ranges. Fig. 14b 
demonstrates the porosity increase of specimens after being exposed to the expressed temperature ranges. The porosity of all PC and 
CAC mortar specimens was enhanced at all temperature ranges with the addition of EVP. The PC specimens demonstrated the porosity 
varying from 15.08% to 31.27% at 20 ◦C. The porosity enhancements of the PC mortar specimens with the addition of EVP were 
31.43%, 63.85% and 107.36% at EVP contents of 15%, 30% and 45% respectively, compared with PC control specimens at ambient 
temperature. The CAC specimens demonstrated the porosity varying from 15.03% to 27.59% at 20 ◦C.The porosity enhancements of 
the CAC specimens with the addition of EVP were 18.76%, 53.16% and 83.56% at EVP contents of 15%, 30% and 45% respectively, 
compared with CAC control specimen at ambient temperature. It was obviously seen that porosity enhancements of CAC specimens 
were lower than those of PC specimens at ambient temperature as observed similar behavior for compressive strength. Fig. 14b plots 
the enhancements in the porosity after high-temperature exposure of 300 ◦C and 600 ◦C. As shown in Fig. 14b, PC blended specimens 
exhibited porosity enhancements of 20.01%, 44.98%, 22.21% and 26.44% at 300 ◦C and 62.74%, 80.36%, 54.20% and 50.64% at 
600 ◦C at 15%, 30% and 45% EVP replacement level respectively as compared to the porosity value at ambient temperature. On the 
other hand, CAC blended specimens revealed porosity enhancements of 19.30%, 30.68%, 29.56% and 37.04% at 300 ◦C and 85.86%, 
94.74%, 57.68% and 80.55% at 600 ◦C as compared to the porosity value at ambient temperature. The porous nature and lower fine 
particles of EVP resulted in enhancements in the porosity [54]. PC blended mortar had lower porosity, especially at 45% EVP 
replacement level than CAC blended mortar specimens at 600 ◦C temperature exposure. After 900 ◦C, all specimens completely 
deteriorated. So, the results of 900 ◦C are missing in the figures. 

Fig. 15a plots PC and CAC mortar specimens’ compressive strength and porosity relation at expressed temperature ranges. As 
shown in Fig. 15, a very high relationship between the porosity and compressive strength of specimens was reported with the co
efficients of correlation R2 of 0.99, 0.99 and 0.99 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC blended samples and 0.99, 0.99 and 
0.98 at 20 ◦C, 300 ◦C and 600 ◦C respectively for CAC samples. As expected, higher compressive strength was associated with lower 
porosity values. Fig. 15b plots the unit weight and the porosity relationship of PC and CAC mortar specimens at all temperature ranges. 
As shown in Fig. 11b, a very high relationship between unit weight and the porosity of mortar specimens was also reported with the 
coefficients of correlation R2 of 0.99, 1.00 and 0.99 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC blended samples and 0.99, 0.99 and 
1.00 at 20 ◦C, 300 ◦C and 600 ◦C respectively for CAC samples. As expected, higher porosity was associated with lower dry unit weight 
values. Fig. 15c plots the PC and CAC mortar specimens’ porosity and flexural strength relation at expressed temperature ranges. As 
shown in Fig. 15c, flexural strength–porosity dependence of mortar specimens was so strong that coefficients of correlation R2 of 0.99, 
0.96 and 0.99 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC blended samples and 0.98, 0.99 and 0.98 at 20 ◦C, 300 ◦C and 600 ◦C 
respectively for CAC samples. It can be reported that from these correlations that flexural strength strongly depends on the porosity 
values. 

3.8. Water absorption 

The results obtained for the water absorption of 28-day mortar specimens upon exposure to temperatures ranging from ambient to 
600 ◦C are shown in Fig. 16a. Fig. 16b presents enhancements in the water absorption at the temperature of 300 ◦C and 600 ◦C. 
Obviously, water absorption of both PC and CAC specimens increased with increasing content of EVP and temperature due to the 
porous structure of EVP, as stated before. Observing Fig. 16a that CAC blended specimens mostly had lower water absorption than PC 

Fig. 9. The compressive strength and dry unit weight relation of mortar specimens.  
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Fig. 10. a) Thermal conductivity values and b) Dry unit weight vs. thermal conductivity.  
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blended specimens. The PC specimens exhibited the water absorption varying from 6.88% to 18.68% at 20 ◦C. As expected, the lowest 
water absorption of 6.88% was obtained for the PC control specimen. The water absorption increased to the highest value of 18.38% at 
45%EVP content by 171.51% enhancement compared to PC control specimen. The CAC specimens exhibited water absorption varying 
from 6.58% to 15.35% at 20 ◦C. As expected, the lowest water absorption of 6.58% was obtained for the CAC control specimen. The 
water absorption increased to the highest value of 15.35% at 45%EVP content by 133.28% enhancement compared to the CAC control 
specimen. From the results, it can be concluded that CAC blended mortars with EVP showed a lower enhancement in water absorption 
than PC blended mortars with EVP. Similar behavior was also observed for compressive strength, CAC specimens also showed lower 
compressive strength reduction than PC specimens with EVP addition at room temperature. Fig. 16b presents the enhancements in the 
water absorption after high-temperature exposure of 300 ◦C and 600 ◦C. As shown in Fig. 12b, PC blended specimens exhibited water 
absorption enhancements of 23.64%, 37.79%, 36.11% and 33.33% at 300 ◦C and 84.73%, 89.20%, 88.28% and 72.42% at 600 ◦C at 
15%, 30% and 45% EVP content respectively as compared to the water absorption at ambient temperature. On the other hand, CAC 
blended specimens revealed water absorption enhancements of 20.15%, 30.49%, 32.47% and 42.67% at 300 ◦C and 108.37%, 
106.10%, 94.81% and 101.95% at 600 ◦C in comparison with the water absorption at ambient temperature. The porous nature and 
lower fine particles of EVP led to enhancements in the porosity and water absorption [54]. It can be reported that CAC control had the 
lowest water absorption increase at 300 ◦C and PC blended mortar containing 45% EVP showed the lowest water absorption increase 
at 600 ◦C. It seems that CAC blended mortar had a lower water absorption increase for CAC control and 15% and 30% EVP than PC 
blended mortar specimens at 300 ◦C temperature exposure. However, at 600 ◦C temperature exposure, CAC blended mortar had a 
higher water absorption increase than PC blended mortar specimens at all EVP rates. After 900 ◦C, specimens completely deteriorated. 
So, the results of 900 ◦C are missing in the figures. 

Fig. 17 illustrates the compressive strength and the water absorption relation of PC and CAC mortar specimens at expressed 
temperature ranges. As seen in Fig. 17, very high relationship between the compressive strength and water absorption of mortar 
specimens was reported with the coefficients of correlation R2 of 0.99, 0.98 and 0.98 at 20 ◦C, 300 ◦C and 600 ◦C respectively for PC 
blended samples and 0.99, 0.99 and 0.98 at 20 ◦C, 300 ◦C and 600 ◦C respectively for CAC samples. As expected, higher compressive 
strength was associated with lower water absorption values. 

3.9. SEM observations 

SEM observations of PC control and PC EVP30 (containing 30%EVP) mortar specimens with 5000X and 25000X magnification at 
ambient and temperatures of 300 ◦C and 600 ◦C are represented in Fig. 18. At 20 ◦C of PC control, SEM observations of PC control 
indicate a compact and dense microstructure with very tiny micro-cracks. Fig. 18 shows that after the samples were subjected to 
300 ◦C, the internal structures showed significant changes and the decomposition of the binder with significant cracking of the 
cementitious matrix. Form these images, it can be observed the appearance change of CSH crystals with temperature increase. CSH 
crystals get thinner and slimmer with an increase in temperature, causing a decrease in compactness. At 600 ◦C, severe damage and the 
expansion of cracks in number and size can be seen from the SEM image. Chemically and physically bound water of gel-like hydration 
products seems to disappear in mortar samples. Important cracks are observed in the interface transition region. It is obvious that after 
600 ◦C, hydration products are greatly damaged. After high temperatures, the C-S-H gel structure was dehydrated and the structure of 
the gel changed. Hydration products such as CH and CSH were observed in PC mortars at room temperature. PC mortar appears to be 
stable up to 300◦ C. Because no crack network was observed in the microstructure. However, it was determined that hydration 
products were damaged at 600◦ C. At 600◦ C, fibrous CSH structures could not be determined. A more round and porous structure is 
seen in the microstructure. The damage at 600◦ C is the shrinkage of the paste caused by the loss of water of the hydration products. 
With the increase in temperature, thermal stress increases and as a result, the micro-crack network expands. Since the porosity of PC 
mortars is very high, it is generally not damaged much at 300◦ C.SEM analysis of PC EVP30 (containing 30% EVP) mortar specimens 
with 5000X and 25000X magnification at ambient and temperatures of 300 ◦C and 600 ◦C are also represented in Fig. 18. At room 
temperature of PC with 30%EVP, SEM images show clearly that expanded vermiculite powders are homogeneously distributed within 
the mortar matrix containing porous and weak dense structures. When compared to PC control, it seems more voids and many porous 
in the matrix. Fig. 18 shows that after the samples were subjected to 300 ◦C, more cracks and porous formed and they enlarged. The 
mortar matrix exhibited significant changes and the decomposition of the binder with significant cracking. Important cracks are 
observed in the interface transition region. It is obvious that after 600 ◦C, hydration products are greatly damaged. After high tem
peratures, the C-S-H gel structure was dehydrated and the structure of the gel changed. 

Fig. 11. Experimental design scheme.  
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Fig. 12. Three-dimensional surface plots for thermal conductivity of a) PC and b) CAC specimens.  
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Fig. 13. Scatter plot between target and predicted values of thermal conductivity of a) PC and b) CAC specimens.  
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Fig. 14. a) Porosity and b) porosity change of specimens.  
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Fig. 15. a) Relation among the compressive strength & porosity and b) porosity & dry unit weight c) flexural strength–porosity dependence of mortar specimens.  
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Fig. 16. a) Values of water absorption and b) water absorption change of specimens.  
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Hexagonal metastable hydrate crystals of C2AH8 were detected in room temperature CAC mortars (Fig. 19). Morphological changes 
have occurred in CAC mortars as a result of the high-temperature effect. C3AH6 and AH3 structures were intensely observed in CAC 
mortars exposed to 300 ◦C. A small number of cubic crystals of C3AH6 and AH3 were observed in CAC mortars exposed to 600◦ C. Also, 
it was determined that the porosity increased due to the evaporation of chemical water with the effect of high temperature. However, 
the presence of the AH3 gel covering the C3AH6 crystals enabled the microstructure to be dense at 300 ◦C. These hydration products 
also reduced the damage at 600 ◦C compared to PC mortars. Also, the use of EVP in CAC mortars has reduced the micro-crack network. 

4. Conclusion 

The investigation of the resistance of the mortars to be produced by replacing fine aggregate with expanded vermiculite powder 
(EVP) in certain proportions against high temperatures was performed in this study. In the mortar mixes, two different cement types 
namely, Portland cement (PC) and calcium aluminate cement (CAC) were used as a binder and fine aggregate (sand) was replaced with 
EVP. The microstructure, mechanical, thermal properties and durability of PC and CAC mortars produced in this way were determined 
under laboratory conditions after applying standard curing for 28 days and after being temperature exposure of 300 ◦C, 600 ◦C and 
900 ◦C and the following conclusions have been drawn: 

• The compressive strength of PC blended mortars are higher than those of CAC blended specimens for control and all EVP incor
porated specimens. 

• At 300 ◦C, combined use of CAC and EVP showed very high performance after high-temperature exposure by strength enhance
ments of 64.3%, 37.6%, 30.4% and 10.5% for the mixtures of CAC control and CAC blended mortars with 15%, 30% and 45%EVP 
contents respectively.  

• At 600 ◦C, CAC blended specimens exhibited strength reductions of 20.8%, 15.2%, 25.0% and 22.4% for 0, 15%, 30% and 45% EVP 
addition. On the other hand, PC blended specimens revealed strength reduction at all temperature ranges and higher reduction than 
CAC specimens. Similarly, the highest strength of 20.70 MPa was obtained for the CAC_Control specimen and the lowest value of 
6.70 MPa was obtained for the mixture with 45%EVP content by 67.63% reduction in comparison with CAC_Control.  

• The combined use of CAC and EVP gained significant high-temperature resistance performance in terms of compressive strength as 
compared to PC blended mortar specimens.  

• Combined use of CAC and EVP gained significant high-temperature resistance performance in terms of flexural strength compared 
to PC blended mortar specimens. Combined use of CAC and EVP enhanced the high-temperature resistance of mortars remarkably 
with strength enhancement of 63.63%, 6.06%, 18.18% and 16.67% at 300 ◦C and strength reduction of 24.24%, 48.48%, 54.54% 
and 41.67% at 600 ◦C for EVP content of 15%, 30% and 45% respectively.  

• Since PC blended mortar specimens showed higher compressive strength than CAC blended specimens, PC blended specimens also 
had higher UPV values than CAC specimens for all temperature ranges.  

• More reduction in UPV was observed for CAC specimens than PC specimens. After 600 ◦C, 51.42%, 48.26%, 42.42% and 39.17% 
reductions for PC specimens, 72.04%, 56.02%, 50.75% and 37.58% reductions for CAC specimens were obtained. Such a change in 
UPV may be due to the degradation of the CSH gel after 450 ◦C,  

• The PC specimens exhibited lower dry unit weight than The CAC specimens 

Fig. 17. Relation among the compressive strength and water absorption of mortar specimens.  
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Fig. 18. SEM observations of PC control and PC EVP30 specimens after exposure to 20 ◦C, 300 ◦C and 600 ◦C.  
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Fig. 19. SEM observations of CAC control and CAC EVP30 specimens after exposure to 20 ◦C, 300 ◦C and 600 ◦C.  
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• CAC specimens generally had lower thermal conductivity than PC specimens, but higher thermal conductivity reduction was 
obtained for PC specimens than CAC specimens at all temperature ranges.  

• PC blended mortar had lower porosity, especially at 45% EVP replacement level than CAC blended mortar specimens at 600 ◦C 
temperature exposure.  

• CAC blended mortar had a lower water absorption increase for CAC control and 15% and 30% EVP than PC blended mortar 
specimens at 300 ◦C temperature exposure. However, at 600 ◦C temperature exposure, CAC blended mortar had a higher water 
absorption increase than PC blended mortar specimens at all EVP rates. 
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