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Abstract 

 

The application of mass concrete increases with the increasing construction of massive structures like bridges/ flyovers, dams 

etc. However, the challenges of high heat generation vis-à-vis heat dissipation problems with thermal behavior become a 

concern. The excessive heat of mass concrete may lead to cracking and other temperature related damage to the concrete 

structures. Thermal stress developed from concrete heat development and environmental conditions could potentially lead to 

structural cracking. Thermal cracking mainly develops due to volume change when relatively large temperature difference exists 

between the interior and the surface of a concrete placed. When cracking occurs, repair can be very expensive and may delay 

project completion. In order to improve the durability of mass concrete, mix design and construction methods should be planned 

to properly control the temperature, especially the maximum temperature and temperature difference between the interior and the 

surface of the concrete. Concrete releases the majority of its heat and gain its strength due to the formation of calcium silicate 

hydrate and calcium hydroxide. It is also important to apply the curing procedures before concrete starts hardening to prevent 

water from evaporating, thus reducing the risk of plastic shrinkage cracking. The cooling stage or the deceleration stage occurs 

right after final set. Final set is a critical point when the concrete achieves a defined stiffness. The buildup C-S-H and CH begins 

to limit access of water to the cement, so silicate reactions become slow. Generally, final set occurs at 10 to 13 hours after 

mixing for Portland cement with or without addition of supplementary cementitious materials (SCMs). During this stage, the 

heat peak is reached and the temperature begins to drop. Once these reactions are greatly slowed, the concrete begins to cool and 

experience strain. Mass concrete thermal cracking occurs during the cooling stage when the concrete has strength and begins to 

cool. When the exterior of the concrete cools much faster than the interior, stress from the contraction of the exterior relative to 

the interior will cause cracking. This study was conducted to investigate the thermal conductivity and specific heat of the two 

concrete mixes (M15A80 & M20A40) which are proposed to be used in the construction of Kalisindh Dam, Rajasthan. The 

thermal properties viz. thermal conductivity and specific heat values of concrete are useful for predicting its thermal behaviour 

and taking necessary decisions about the construction methodology such as fixing the lift height, methods of cooling system etc., 

in order to control heat dissipation.        
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_______________________________________________________________________________________________________ 

I. INTRODUCTION 

Mass concrete can be defined as ―any volume of concrete with dimensions large enough to require that measures be taken to 

cope with the generation of heat from the hydration of the cement and attendant volume change to minimize cracking‖ [1]. 

Thermal properties of concrete are significant in connection with keeping differential volume change at a minimum in mass 

concrete, extracting excess heat from the concrete, and dealing with similar operations involving heat transfer. These properties 

are specific heat, conductivity, and diffusivity [2]. At a construction site of a dam, concrete would be placed in large quantities. 

However, such concrete in large quantities placed at the same time, causes the temperature of the concrete to rise. It often 

reaches about 40 - 70°C because of the hydration heat of the cement. Due to such temperature rise, thermal stress can be 

generated. While constructing large dimensional structures such as dam, spillway, foundation etc., attention shall be paid to the 

generation of cracks due to thermal stress to make sure of its safety and serviceability [3]. 

 

Usually, delayed ettringite formation (DEF) occurs when the internal temperature exceeds 70°C. When DEF occurs, the concrete 

paste usually expands and sometimes cracks the concrete with detrimental results. Thermal cracking is generally due to 

unexpected volume changes in mass concrete, and can lead to the tensile stress exceeding the tensile strength of concrete. 



Estimation of Early Age Thermal Behaviour of Mass Concrete  
(IJIRST/ Volume 2 / Issue 07/ 016) 

 

 
All rights reserved by www.ijirst.org 99 

Thermal cracking generally happens when large internal and external temperature differences occur. Large temperature 

difference results in large thermal stresses which can cause cracking of the surface. Temperature difference between surface and 

interior should be 20°C or less to minimize thermal cracking (Riding, 2007).  

The main difference between mass concrete dam construction and other typical concrete structure types is its thermal 

behavior. Depending on concrete block thickness, the temperature generated from the hydration of cement in mass concrete can 

reach a true adiabatic condition in the interior if large blocks prevent timely heat dissipation to the surroundings. At a high 

temperature, the interior concrete tends to expend, while at a low ambient temperature, the exterior concrete tends to shrink and 

resist interior concrete to expend, thus causing thermal stress. The high thermal gradient between the center and the surface may 

cause thermal cracks when the thermal stress in concrete exceeds its tensile strength. In other words, small concrete blocks and 

thin construction lift allows rapid heat dissipation, thus reducing thermal cracking. 

Therefore, one of the challenges in mass concrete design and construction is the maximum thickness of the concrete lifts, 

which should be designed without creating thermally-induced cracks as well as the time between the placements of the next 

layer. Major economic savings in large projects can be achieved when the size and placement of lifts are perfectly orchestrated 

(Mehta, 2002). Determining the maximum lift thickness of a concrete layer is among the most important considerations in 

concrete dam construction because it ultimately relates to saving time, effort, and money. 

The control of heat generated from cement evolution is one of the most effective ways to reduce the temperature rise in mass 

concrete dams; methods include the use of low heat generating cement and the control of the amount of cement content by using 

the large size of aggregate. These methods have all been used in dam construction. Rate of cement hydration is closely related 

chemical composition of the cement. The use of supplementary cementitious materials (SCMs) such as fly ash, ground 

granulated blast furnace slag in concrete generally reduces the heat of hydration and results in a lower concrete temperature.  

The factors that allow controlling the dam’s temperature are also taken in to consideration while estimating the thermal 

properties of concrete. These factors are; type of formwork and time it remains in place, lift placement rate (lift height as well as 

time interval between the placement of lifts) and, finally, concrete temperature control, either by using special cements, by prior 

cooling concrete’s constituent materials, or by artificial cooling after pouring (post cooling). Climatic actions are evaluated as 

they affect thermal state of dams. 

II. SALIENT FEATURES OF THE PROJECT 

Kalisindh Project located on River Kalisindh, a tributary of river Chambal at Jhalawar, Rajasthan.  The length of the concrete 

gravity dam is about 995 meter including overflow & non-overflow section and height about 26 meter. It is proposed to have a 

live storage capacity of 54.37 Million cum water and planned to develop a storage dam to meet 34 Million cum (MCM) water 

requirements for 1200 MW. It consists of Ogee shape gated spillway. [4] 

The climate of Jhalawar is hot and dry in summers. The average temperature falls in the range of 42°C (max) to 27°C (min) 

with occasional maximum temperature up to 48
o
C and minimum up to 7

o
C. 

III. PROCESSES TO CONTROL THERMAL GRADIENT OF MASS CONCRETE 

In mass concrete, thermal strains and stresses are developed by volume change. The volume change is primarily from generation 

and dissipation of heat of cement hydration. It is important to control thermal development to avoid thermal cracking. The main 

purpose of controlling temperature of mass concrete is to reduce volume changes effectively by controlling the temperature 

difference in concrete.  

Thermal gradient is the main cause for volume change, which is defined as ―the temperature change along a particular path or 

through a section of a structure‖ (ACI Committee 207, 2005). Thermal gradient is categorized as mass gradient and surface 

gradient. Mass gradient describes the temperature difference of maximum interior temperature and ambient temperature. The 

properties of mass concrete itself, sub-base material below the mass concrete, and geometry have influence on stress and strains. 

Surface gradient is the result of surface concrete temperature to more stable internal temperature. Surface temperature is greatly 

affected by daily and annual cycled ambient temperature, which varies stresses as well. Surface cracking, so called thermal 

shock, usually occurs when extreme contrast exists between ambient temperature and internal temperature. For example, thermal 

shock may occur when forms and insulation are removed very soon on an extremely cold day. 

In order to properly control thermal behavior, it is recommended that construction limit the maximum temperature, reduce the 

maximum temperature difference as much as possible, support mass concrete without restraint, and relieve stress through creep. 

However, none of these conditions could be achieved thoroughly. To efficiently reduce maximum temperature and temperature 

differences, several thermal control methods are recommended which broadly include; 

- Material Properties 

- Mix design aspect  

- Pre-cooling system 

- Post cooling system, and 

- Surface insulation 
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 Material Properties:  A.

Fine and coarse aggregate generally occupy 60% to 75% of the concrete volume (70% to 85% by weight). These materials are 

normally natural minerals with different thermal properties. Therefore, the type of coarse and fine aggregate used in 

manufacturing of concrete strongly influence the thermal properties of concrete.  Basalt and Trachyte type of aggregate have 

very low thermal conductivity of the order of 1.20 to 1.35 J/m/s/
o
C whereas Dolomite and Limestone type of aggregate have 

medium thermal conductivity of around 3.00 to 3.70 J/m/s/
o
C and Quartzite has high thermal conductivity of the order of 3.70 

and 4.00 J/m/s/
o
C.  Thermal conductivity and thermal diffusivity for different types of rocks are given in the Table 1 [5]. 

However, from a practical point of view, most minerals and rocks used as aggregates have similar thermal properties except that 

quartz and quartz based rocks have a significantly higher thermal conductivity than feldspars, limestone [6]. It is thus of 

importance to know how much quartz the aggregate contains to be able to make calculations of thermal properties of sand, 

aggregate and concrete. 
Table – 1 

 Thermal Conductivity and thermal diffusivity Properties of concrete made of various rock types aggregate at 32oC 

Aggregate rock type Thermal Conductivity (Joule/m/hr/oC) 
Thermal Diffusivity 

(m2/hr) 

Quartzite 12641.72 to 12767.30 0.0054 

Dolomite 11762.66 to 12139.40 0.0046 

Limestone 11302.20 to 11637.08 0.0047 

Granite 9418.50 to 9878.96 0.0040 

Rhyolite 7367.36 to 7451.08 0.0033 

Basalt 7534.80 to 7576.66 0.0030 

For special applications other types of concrete aggregates with quite different thermal properties can be used. A special group 

of material for heat storage are phase change materials (PCMs) that will consume heat by melting in a rather narrow temperature 

range; this can be seen as that the material has an extremely high heat capacity in a limited temperature interval. Such materials 

are commonly made from paraffin and have been investigated also for use in concrete [7-8]. 

 Mix Design Aspect:  B.

Usage of lower heat Portland cement, blended hydraulic cement, and reducing the cement content by replacing it with a slag or 

pozzolanic material also benefit thermal control. Controlling of aggregate grading is also recommended for mass concrete 

construction. In addition, water reducers and retarders reduce temperature rise during first 12-16 hours. However, they have little 

influence on total heat development after 24 hours from concrete casting. Three principal conditions (water content, density and 

temperature) significantly influence the thermal conductivity of a specific concrete [9]. In well hydrated concrete, the thermal 

properties are mainly functions of the water to cement ratio (w/c), higher the ratio more porous is the structure. The larger pores - 

usually 2-4% of a concrete - have such a low thermal conductivity and heat capacity compared to the other phases (if they are 

filled with air) that the values of both these properties can in practice be assumed to be zero. If the pores are partially or fully 

filled with water both thermal conductivity and heat capacity will be increased. 

 Precooling System:  C.

In precooling processes cooled aggregates are used to reduce the peak temperature of concrete. Construction practices for 

temperature control include those such as cooling batch water or using water with ice, spraying or immersion of aggregates in 

cool water. [10]. Also, some construction management practices protect the structure from excessive temperature difference by 

modifying handling, scheduling and construction procedures. 

 Post cooling system:  D.

Furthermore, embedded cooling pipes, as a post-cooling method, is a useful construction practice to control thermal behavior of 

mass concrete [10]. Also, surface cooling by way of sprinkling and pounding water on the surface etc. 

 Surface insulation:  E.

Selection of proper formwork and adjusting its striping period is useful to minimize temperature differential. Applying insulation 

on the surface of the concrete is also one of the method to minimize temperature differentials. The materials used for these 

purpose are synthetic materials, polystyrene or urethane etc. [10] 

IV. EXPERIMENTAL WORKS 

It was required to carry out thermal conductivity and specific heat tests on mass concrete specimens of grades M15A80 

(maximum aggregate size 80 mm) and M20A40 (maximum aggregate size 40mm) in the CSMRS laboratory. The mentioned 

tests were to be carried out on concrete cylindrical specimen having size 200 mm diameter and 400 mm high with a central hole 

of 46mm dia. The concrete specimens were casted as per method given in USBR for evaluation of thermal conductivity and 

specific heat properties in the laboratory at 7 and 28 days’ ages respectively.  
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 Mix Proportion F.

The materials proposed to be used in construction of dam, the same were used in the concrete mix design. The preliminary 

properties of Portland pozzolana cement, fine aggregates, coarse aggregates, flyash, admixtures and mixing water are evaluated 

and found suitable according to relevant codes. Coarse aggregate used in the construction was crushed aggregates from sand 

stone quarries. Two types of sands were blended to get the desired properties and specification requirements as per IS 383.  

The design of concrete mixes was carried out in accordance with the latest technology as per BIS i.e. on the basis of estimation 

of absolute volume of different ingredients of concrete mix. The grading of coarse aggregate and ratio between coarse aggregate 

and fine aggregate for different mixes were fixed for achieving maximum density and desired workability with minimum 

bleeding and segregation. The mix proportions are given in Table 2 and Table 3 represents the ratios which influences the 

thermal properties of concrete. 
Table – 2 

Concrete Mix Proportions (In Kg/M3) 

Mix Cement Sand Coarse aggregate Flyash Water W/B Additive Slump 

   4.75mm -80mm      

M15A80 151.78 444.67 971.00 27.60 104.76 0.58 0.57 45 mm 

   4.75mm- 40mm      

M20A40 199.77 551.10 938.73 33.94 139.05 0.60 1.14 45mm 

 

Table – 3 

 Ratios of Paste to Aggregate and FA to CA Contents 

Mix 
Ratio of 

Paste to Aggregate 

Ratio of 

FA to CA 
Density of concrete specimen (kg/m3) 

M15A80 16.74: 83.26 31.41: 68.59 2380.35 

M20A40 20.06: 79.94 : 63.01 2322.37 

 Experimental Procedure: G.

 Thermal Conductivity (K) Test on Concrete Specimen: 1)

Thermal conductivity is the rate of heat flow through a unit thickness over a unit area of the material subjected to a unit 

temperature difference between the two faces. 

The method adopted for carrying out the thermal conductivity as per the guidelines of USBR (CRD-C 44) [11]. All the 

methods specified in ASTM & BIS are mostly useful for dry condition of concrete whereas this is only the method which 

stimulates the actual field conditions i.e. wet condition.  

Thermal conductivity tests were carried out with the equipment designed to produce a uniform flow of heat through a test 

specimen to measure the rate of heat flow and to measure temperature differences between the inner and outer surfaces of the 

specimen. 

Thermal conductivity was obtained by introducing heat at the central hole of a concrete specimen and keeping the outer 

surface of the specimen at some lower temperature, thus causing a flow of heat through the concrete.  Test data required for 

computation of thermal conductivity are the specimen dimensions, heat flow rate and potential temperature difference at steady 

state. 

The test specimen was placed on stationery mounting in the thermal conductivity tank and submerged in water.  The water 

was maintained at a desired constant temperature by controlled heating system.  Rotating paddles in the tank maintains uniform 

temperature from top to bottom of the outer periphery of the specimen by continuously circulating of water and ensures uniform 

temperature conditions. The central hole provided with stirrer to maintaining the uniform inner water temperature. Two 

thermometers are pleased at inner hole as well as outer surface of the specimen respectively and are shown in Fig. 1. These 

thermometers are used to measure inner and outer surface temperatures of the test specimen.  To control the heat losses from top 

and bottom surfaces of the specimen insulator cork was used to ensure confined flow of heat to a radial direction. A D.C heater 

of 100 Volts, 100 Watt fitted in the inner chamber produces uniform heat of flow through the concrete specimen. 
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Fig. 1: Schematic sketch of Thermal Conductivity apparatus Fig. 2: Concrete Specimen with cork insulators on top and bottom 

The rate of flow of heat was measured by the amount of electric current required to maintain a constant temperature difference 

between the two faces that is measured by the thermometers t2 and t1.  Two test runs were made on each of the two-specimen, 

cast from each concrete mix. Heat flow rate was calculated based on current (I) in amperes and electro motive force (E) volts of 

central heater when steady state condition is achieved. 

 

Fig. 3: Thermal Conductivity and Specific Heat test equipment 

The relations between thermal properties of concrete and the quantities measured in the tests are expressed in the form of 

Fourier’s equation for steady state of heat flow along the axis is as follows: 

K  =    
)(2

)/(log

21

12

ttl

rrq e


 

Where q = Rate of flow of heat 

r2 = Outer radius or specimen radius  

r1 = Inner radius or radius of hole 

t1 = Inner temperature 

t2   =   Outer temperature 
l    = length of specimen 

Cork  

Cork 
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 Specific Heat (C) Test on Concrete Specimen 2)

The method adopted for carrying out the specific heat as per the guidelines of USBR (CRD-C 124) [12]. Specific heat is the 

amount of heat required to raise the temperature of a unit mass of the material by one degree of temperature. Specific heat was 

determined by using copper calorimeter, designed to measure the amount of heat required to raise the temperature of a 

cylindrical test specimen.  The calorimeter consisted of double-walled container, one within the other, with provision for the 

measurement of heat input and temperature rise.  The electric immersion heater and circulating propeller were mounted in the 

inner hole of the test specimen. This assembly together with platinum-resistance thermometer was submerged in water in the 

inner container (i. e. copper calorimeter) as shown in the schematic sketch in Fig. 4 and complete set up of specific heat test 

apparatus is shows in Fig. 5. The experiment was stared and initial temperature was noted.  The stirrer motor was started and 

temperature was again noted after a period of 30 minutes and heating was given to the inner hole of the specimen for a period of 

45 minutes. Stirring process was continued till the end of the experiment. In this method total heat given to the system was 

measured by kWh meter and heat given to the calorimeter and water is subtracted from total heat input to obtain the specific heat 

of concrete specimen. The specific heat is expressed as follows: 

              
                   

                                           
 

 Diffusivity 3)

Diffusivity is an index of the facility with which a material will undergo temperature change. Diffusivity was computed from 

conductivity (K), specific heat(C) and density () using the following relation, 

            
  

           
 

Where 

K =  Thermal conductivity of concrete 

C =    Specific heat of concrete 

  = Unit weight of saturated concrete 

  
Fig. 4: Schematic Sketch of Specific Heat test apparatus Fig. 5: Specific Heat test apparatus 

V. DISCUSSIONS ON TEST RESULTS 

 Thermal Conductivity  A.

Two concrete specimens M15A80 and M20A40 were subjected to thermal conductivity tests as per the procedure mentioned in 

U.S. Bureau of Reclamation [11] for 7 days and 28 days.  Based on the test results, it is seen that the thermal conductivity at 7 

days for M15A80 and M20A40 was found to be 2.2515 Joule/m/sec/
o
C and 2.2758 Joule/m/sec/

o
C respectively and at 28 days 

were found to be 2.2277 Joule/m/sec/
o
C and 2.2395 Joule/m/sec/

o
C respectively. The results are presented in Fig. 6. 
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It has been observed that there is no significant influence on the thermal conductivity with age of specimen. Comparing Fig. 6 in 

conjunction with Table 3, it is seen that as the volume of aggregate increases, decrease in thermal conductivity is observed. The 

similar reduction has been observed with increase in density of concrete. The reduction of thermal conductivity depends on 

aggregate type, aggregate’s chemical composition and volume of aggregate in concrete.  

 
Fig. 6: Thermal Conductivity of Grade: M15A80 and M20A40 at 7 & 28 Days Age 

 Specific Heat  B.

Two test specimens as mentioned above were subjected to specific heat tests as per the test procedure given in U.S. Bureau of 

Reclamation [12] for 7 and 28 days.  Based on the test results it can be seen that the specific heat of concrete for M15A80 and 

M20A40 at 7 days was found to be 1263.46 Joule/kg/
o
C and 1221.06 Joule/kg/

o
C respectively. Specific heats at 28 days for 

M15A80 and M20A40 were found to be 1233.30 Joule/kg/
o
C and 1207.11 Joule/kg/

o
C respectively. The results are presented in 

Fig. 7. 

 
Fig. 7: Specific Heat of Grade: M15A80 and M20A40 at 7 & 28 Days Age 

It has been observed that there is a significant influence with age in case of MSA 80, however, there is no significant change 

with age in case of MSA 40. It is also observed that as the strength increases, the specific heat decreased, the same complies with 

the research conducted by other researchers [13]. In view of the density of the concrete, as density decreases the specific heat 

also decreases. 

 Diffusivity  C.

Based on the test results of thermal conductivity and the specific heat of concrete for M15A80 and M20A40 grades at 7 days the 

diffusivity was calculated to be 0.00269 m
2
/hr and 0.00288 m

2
/hr respectively. Diffusivity at 28 days for M15A80 and M20A40 

were calculated to be 0.00273 m
2
/hr and 0.00287 m

2
/hr respectively. The results are presented in Fig. 8. 
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Diffusivity is depending on the thermal conductivity, specific heat and density. Diffusivity is directly proportional to thermal 

conductivity and inversely proportional to specific heat and density. As the thermal conductivity increases (Fig. 6) and specific 

heat (Fig. 7) and density decreases from M15 to M20 grade of concrete, therefore, diffusivity also increases as seen in Fig.8. 

 
Fig. 8: Diffusivity of Grade: M15A80 and M20A40 at 7 & 28 Days Age 

VI. CONCLUSIONS  

The thermal behavior study of dams is essential since it allows reflecting on the progress of construction processes, as well as on 

the different structural types of concrete dams to adopt, in order to limit the temperature and to moderate retraction effects 

associated with the curing process and hardening of concrete.  

In order to plan efficiently the dam’s temperature control measures, it is essential that this reflection is based on reasonable 

estimations of the dam’s temperature. After completing this study one came to the understanding that it is possible to get very 

credible estimates of the dam’s temperature during its construction, as long as the most relevant factors are well reproduced.  

Thermal conductivity depends on the volume of aggregate, aggregate type and density of concrete.  

It has been observed that there is no significant influence with age in case of thermal conductivity and specific heat in the 

same concrete, however, there is slight change with age in case of different density concretes. 
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