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Abstract 

In Turkey, the importance of energy efficiency in construction industry during different 
phases (manufacturing to consumption) is increasing due to the fact that, energy productions 
resource extensive process which lead to over utilization of limited natural resources and 
environmental degradation. Concrete is a widely used construction material in Turkey as it is 
economical and durable in long run. Thus, thermal performance of concrete is an important 
factor for its widespread applications and it depends on parameters such as density, moisture 
content and components such as aggregate.  

In this study, thermal performance of three different types of concrete; light-weight 
concrete, normal-weight concrete and high-strength concrete were investigated. Thermal 
conductivity coefficient and water vapour diffusion resistance factor of these concretes were 
experimentally determined and their thermo-physical properties were compared. Thermo-
physical properties of concrete are affected by mineral additives and aggregate type and 
polymer fiber existence. 
 
Keywords: High-strength concrete, light-weight concrete, normal-weight concrete, thermal 
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1. INTRODUCTION 

The increasing energy demand is one of the most important problems faced by the 
developing and the developed world in the 21st century. Currently, fossil fuels are one of the 
major sources of energy, but they have disadvantages such as environment pollution, 
uneconomical, non-renewable and ozone layer depletion. Out of the total energy generated for 
commercial use, approximately 50% of the total energy is either used to light the buildings or 
maintain the optimum temperature for living. Nearly 40% of the total energy in the United 
States is utilized by commercial buildings, corporate offices and residential complexes out of 
which a significant portion is spent on heating or cooling and lighting the interior space. In 
2009, the residential and commercial end-use sectors accounted for 22% and 19%, 
respectively, of carbon dioxide emissions from fossil fuel combustion, of which 70 to 77% of 
these emissions were attributed to electricity consumption for lighting, heating, cooling and 
operating appliances [1]. 
In Turkey, the importance of energy efficiency is increasing due to the fact that, energy 
production is expensive and also has some disastrous effects on the natural resources and 
environment. Thus, researchers are conducting many studies to increase the efficiency of 
energy consumption in buildings [2-5]. Depending on the ambient temperature, the buildings 
loss or gain heat. Since the amount of these losses or gains determines the energy 
consumption for heating and cooling, heat loss and gain should be decreased in the living 
spaces of the buildings.   

Different type of concretes such as light-weight, normal-weight and high-strength are 
common used construction materials in the buildings the knowledge on the thermal properties 
of concrete provides proper thermal insulation and fire safety design of buildings. Thermal 
properties of concrete depend on its density, porosity, moisture content, and mix design. 
Normal-weight concrete’s thermal conductivity ranges between 1.0 and 3.6 W/mºK [6]. The 
oven-dry density of structural lightweight aggregate concretes ranges from 800 to 2000 kg/m3 
compared with 2000to 2600 kg/m3 for normal weight concretes [7]. Light-weight concrete has 
a thermal resistance capacity of 6 times more than conventional concrete [8] and can be used 
in constructions to provide thermal insulation. Generally, concrete with a compressive 
strength over 50 MPa is classified as high strength concrete (HSC) [9].  Due to their low 
porosity, HSCs’ thermal conductivity coefficient (TCC) is higher than normal weight 
concrete. 

Lower thermal conductivity of concrete, brings delayed heat transmission in case of fire. 
Condensation may occur in buildings according to the thermal and water vapour resistance of 
materials and the order of each layer. The condensation control is performed according to TS 
825. In this control the main parameters are thermal conductivity and water vapour diffusion 
resistance factor of the materials [10]. Water vapour diffusion resistance factor (VDRF) is 
related to the pore structure of materials. More porous structure eases the vapour transmission. 
Kearsley and Wainwright (2001) reported that a reduction in density leads to a marked 
increase in water vapour permeability of concrete [11]. In another study it was found that the 
increase in porosity of concrete resulted in up to 30% reduction in water vapour diffusion 
resistance factor [12].  
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In this study, thermal performance of three different types of concrete; light-weight, 
normal-weight and high-strength concrete were investigated. TCC and VDRF of these 
concretes were experimentally determined and results compared. 

2. EXPERIMENTAL DETAILS 

2.1 Materials and mix design 
2.1.1 High-strength concrete  

HSC mixes were produced by using Portland cement (CEM I 42.5R), two types of 
pozzolans (silica fume and granulated blast furnace slag), and three types of aggregates. Silica 
fume and granulated blast furnace slag was incorporated to all HSC mixes by 7% and 10% of 
cement by weight, respectively. Physical properties of aggregates are used in HSC mixes are 
listed in Table 1. 
 
Table 1: Physical properties of aggregates 

Type of aggregate Particle density (g/cm³) Maximum aggregate size 
(mm) 

Limestone coarse aggregate 2.76 12 
Crushed limestone sand 2.72 4 
Siliceous sand 2.61 4 

 
Details of concrete mix proportions are presented in Table 2.  

 
Table 2: HSC mix proportions 

Materials HSC1 HSC2 HSC3 HSC4 
Cement (kg/m³) 450.0 450.0 450.0 450.0 
Water (kg/m³) 127.5 127.5 127.5 127.5 
Coarse aggregate (kg/m³) 1128 1128 1128 1128 
Crushed sand 
(kg/m³) 371.0 371.0 371.0 371.0 

Natural sand (kg/m³) 355 355 355 355 

Silica fume (kg/m³) 31.5 31.5 31.5 31.5 

Blast furnace slag (kg/m³) 45.0 45.0 45.0 45.0 
Polypropylene (kg/m³) - 0.90 1.80 2.25 
Superplasticizer (kg/m3) 1.70 1.75 1.80 1.90 
Unit weight (kg/m3) 2610 2610 2610 2580 

2.1.2 Normal-weight concrete 
A total of 4 series of concrete namely NC1, NC2, NC3 and NC4 were made with ordinary 

Portland cement (CEM I 42.5 R), two types of aggregates; siliceous and calcareous, three 
types of pozzolans; silica fume (SF), granulated blast furnace slag (GBFS) and fly ash (FA). 
SF, FA and GBFS were replaced in 5, 20 and 40% by weight of cement, respectively. The 
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water-cementitious material ratio was kept at 0.50, and the workability was adjusted by using 
a superplasticizer at required dosages (1.1–1.15%). NC mix proportions are given in Table 3.  

 
Table 3: NC mix proportions 

Series Cement 
(kg) 

Mineral additives (kg) Aggregates   
(kg) 

SP 
(%) 

Unit 
weight 
(kg/m3) Silica fume Slag Fly ash 

NC1 346 -- -- -- 2005 1.10 2522 
NC2 328 17 -- -- 2001 1.15 2507 
NC3 204 -- 136 -- 1971 1.15 2507 
NC4 270 -- -- 68 1961 1.15 2488 

2.1.3 Light-weight concrete 
A total of 4 series of LC were made with constant water to cement ratio and two different 

cement dosages. Acidic pumice aggregate with 8 mm maximum size was used as lightweight 
aggregate in all series.  

Table 4 shows the mix proportions of LC mixes, in some series air entraining agent (AEA) 
was used to enhance thermal properties. 
 
Table 4: Physical properties of aggregates 

Materials 0–1 (mm) 1–2 (mm) 2–4 (mm) 4–8 (mm) Crushed 
Sand 

β (kg/m3) Dry 795 627 579 563 1750 

γ (kg/m3) SSD 1803 1565 1418 1354 2670 

Mixture ratio (%) 20 15 30 20 15 

Water 
absorption 
(%) 

10 min 8.7 8.7 11.5 10.5 - 

30 min 9.4 9.1 11.9 10.9 - 

1 hour 10.2 9.5 12.6 11.2 - 

24 hours 10.9 13.9 16.1 16.7 - 
 
Table 5: Light-weight concrete mix proportions 

Code 

Aggregate (kg) Cement 
(kg) Water (kg) 

Unit 
weight 
(kg/m3) 

SP (%) AEA (%) 
Pumice Crushed 

sand 
LC1 633 270 350 192.5 1570 2.2 - 

LC2 858 270 350 192.5 1455 2.2 0.3 

LC3 705 218 500 275.0 1700 1.0 - 

LC4 688 217 500 275.0 1465 1.0 0.3 
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2.2 Specimen preparation 
In order to determine compressive strength, TCC and VDRF, cylindrical specimens with 

dimensions of Ф100/200 mm, plate specimens with dimensions of 300×300×40 mm and 
cylinder specimens with dimensions of Ф100/40 mm were cast respectively. All specimens 
were stored in a water tank at 20±2°C until testing. Tests were conducted at 28 days. 

2.3 Methods 
Compressive strength (CS) was determined according to EN 12390-3 (2010) [13]. The test 

was conducted on 6 cylindrical specimens for high-strength concrete and on 3 cylindrical 
specimens for normal and lightweight concrete.  

Vapor diffusion resistance factor (VDRF) was determined according to TS EN 12086 [14]. 
In this test, the specimens were placed in vapor-tight cups containing a sorbent (CaCl2). The 
cups were then placed in a controlled atmosphere cabinet at constant air temperature and 
relative humidity and weighed at 24 h time intervals in order to determine the quantity of 
moisture diffused through the specimen. Weighing was repeated until the mass per unit time 
was no longer subject to changes and steady state values of mass gain were determined for the 
last five readings. 

The water vapor diffusion factor, μ, was determined using the following equation (Eq. 1): 
 

 
 

               (1) 
 

 
where Da (m2 s−1) is the diffusion coefficient of water vapour in the air, Δm(kg) is the 

amount of water vapor diffused through the sample, d (m) the sample thickness, S (m2) the 
specimen surface, τ (s) the period of time corresponding to the transport of mass of water 
vapour (Δm, Δpp) (Pa) the difference between partial water vapor pressure in the air under 
and above specific specimen surface, R (J mol−1 K−1) the universal gas constant, M (kg mol−1) 
the molar mass of water and T (K) is the absolute temperature.  

The TCC of concrete was determined according to TS ISO 8302 [15]. Test is performed 
using a double sided apparatus. Specimens were placed on either side of the hot surface 
assembly. The heat transferred through the specimens is equal to the power supplied to the 
main heater. Thermal equilibrium is established when temperature and voltage readings are 
steady and after that thermal conductivity was determined according to Eq. (2). 
 

)( 21 TTA
d
−

Φ
=λ

                                                                                                          
(2) 

 
In this equation, λ is the thermal conductivity, Φ is the power, d is the thickness of the 

specimen, A is the specimen area and T1 and T2 are the surface temperatures of the specimens.  

3. RESULTS 
The compressive strength of HSC series varied between 111-118 MPa. HSC3 series 

possessed the maximum compressive strength of 118 MPa while HSC2 series possessed the 
minimum (111 MPa). Compressive strength of normal-weight concrete series varied between 
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30.9-38.4 MPa. NC1series possessed the minimum and NC2 containing silica fume possessed 
the maximum compressive strength of 38.4 MPa.  It can be seen from Table 6 that addition 
resulted in an increase in compressive strength. Compressive strength of light-weight concrete 
series varied between 13-28.5 MPa.The compressive strength increased with an increase in 
cement dosage but inversely affected by air entraining admixture addition.  

The TCC values of all concrete mixes are presented in Table 6. The TCC of HSC series 
ranged between 1.85 and 2.62 W/mºK. HSC2, HSC3, HSC4 series exhibited lower TCC 
values compared to HSC1 series owing to the lower TCC of PP (0.036-0.086W/mºK). As it 
can be seen from Table 6, TCC of normal-weight concretes varied between 1.89 and 2.02 
W/mºK and addition of different type of mineral additives did not cause considerable change. 
TCC of lightweight concretes varied between 0.42 and 0.52 W/mºK. Addition of air 
entraining agent created additional pores in concrete and this phenomenon caused decrease in 
TCC. In LC2 and LC4, decrement was about 6% and 17%, respectively. Saygılı and Baykal 
(2011) reported that the decrease in the thermal conductivity is due to the increase of void 
ratio that decreased the unit weight of concrete [16]. Since air is the poorest conductor 
compared to the solid and liquid due to its molecular structure it leads to a lower TCC in 
concrete [17]. 

Table 6 shows the VDRF of the high strength concretes where the values ranged between 
86 and 132. The highest and lowest values belong to the HSC1 mix and the HSC4 mix, 
respectively. The increase in the PP fiber amount caused a decrease in the VDRF of the 
concretes. In HSC4 series decrease was 35% compared to reference series. It was found that, 
VDRF values of NCs varied between 31 and 51. The reason of increase in VDRF in mineral 
additive series could be attributed to the denser microstructure and lower porosity. The VDRF 
results for the NC are below than the values given in TS 825. Today, mineral additives are 
often used in production of concrete. These additives react with the calcium hydroxide 
produced by cement hydration and form additional C-S-H. Thus, porosity both in cement 
paste and in interface between cement and aggregate decreases [18]. Previous studies 
indicated that VDRF increases by decrease in porosity and increase in density [11, 12]. 
According to test results, VDRF results of LCs ranged between10-15 (Table 6). Since 
addition of air entraining causes additional pores in concrete, VDRF decreased occasionally; 
it was especially remarkable in LC4 series (31%).  
 
Table 6: Experimental test results for concrete series  

Concrete Type D (kg/m³) fc (MPa) λ (W/mK) μ 
LC 1189-1468 13.0-26.0 0.42-0.52 10-15 
NC 2488-2522 30.9-38.4 1.89-2.02 31-51 

HSC 2520-2540 114.0-118.0 2.09-2.62 86-132 

3.1 Comparison of thermo-physical properties 
Considering the test results, it can be deduced that compressive strength, TCC and VDRF 

results are related with unit weight of concrete. LC mixes yielded the lowest compressive 
strength, TCC and VDRF values, on the other hand the maximum compressive strength, TCC 
and VDRF results were obtained in HSC.  
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As seen in Figure 1 and 2, the compressive strength of LC series ranged between 13.0 and 
28.5 MPa. On the other hand, TCC and VDRF values ranged between 0.42 and 0.52 and 10-
16, respectively and they did not show a distinct variation. 

Despite the slight differences in compressive strength of NC series (30.9-38.4 MPa), 
VDRF results changed substantially (31-51). Here, it is possible to observe the mineral 
additives’ effect. However, this effect was not valid for TCC results. 

TCC and VDRF values of HSC series having similar compressive strengths were between 
2.09-2.62 W/mK and 86-132, respectively. Differences in VDRF results might be attributed to 
the increase in PP fiber amount.  

The condensation analysis performed on the same structural member according to TS 825 
showed different results for different concrete properties.   

 

 
Figure 1: Comparison of compressive strength-vapor diffusion resistance factor relationship 

of series 

 
Figure 2: Comparison of compressive strength-thermal conductivity coefficient relationship of 

series  
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4. CONCLUSIONS 
Based on the results obtained in this study, the following conclusions can be summarized. 
• Light-weight concrete showed the minimum results in terms of unit weight, 

compressive strength, thermal conductivity and vapour diffusion resistance factor while 
high strength concrete showed the maximum results. 

• Normal-weight concrete’s VDRF values ranged between 31 and 51. These values are 
lower than those stated in TS 825. In addition, TS 825 assigned no specific values for 
thermo-physical properties of HSC. 

• Thermo-physical properties are affected not only by compressive strength and unit 
weight but also mineral additive and aggregate type and polymer fiber addition. This 
situation should be considered in related standards and in building physics problems’ 
analysis. 
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