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Synopsis:The purpose of this paper is to study the production of crack-free 
massive concrete structures manufactured by using flowing mixtures 
characterized by low heat development and the following performances of the 
mixtures: 

- compressive strength in the range of 30-40 MPa at 28-90 days; 
- slump level of about 200 mm. 

The main ingredients of these mixes were: 
• normal portland Cement (not more than 150 kg/m3); 
• fly ash as pozzolanic mineral addition (up to 150 kg/m3); 
• ground limestone as filler (70-250 kg/m3); 
• superplasticizers based on acrylic or sulfonated naphthalene polymers; 
• natural aggregates with a maximum size of 20 mm. 
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INTRODUCTION 

 

For the purposes of this paper, mass concrete is a special cement mixture 
devoted to structures with massive dimensions, such as a gravity dam or, in 
general, any other concrete member of such dimensions that the thermal 
behavior may cause cracking unless appropriate measures are taken (1). 

Due to the heat of hydration, there is a rise in the temperature of concrete. 
This rise is not uniform since the heat loss to the ambient atmosphere is higher 
from the surface of the concrete member than from its interior (Fig. 1). When 
the temperature difference (δT) between the surface and the interior of the same 
member is greater than 20°C approx. there is a risk of external or internal 
cracking (2, 3). The cracking is external when this thermal difference occurs 
during heating (δTh) and internal when it occurs during cooling (δTc), both, 
however, occuring within 2-3 days from the time (t) of placing (Fig. 1). 

 

PARAMETERS AFFECTING THE THERMAL DIFFERENCE 

 

The thermal difference (δT) between the nucleus of the structure and its 
surface depends on many parameters not related to the concrete composition 
such as: 

� thermal and windy conditions of the environment; 



 

� presence or absence of the formwork on the surface of the concrete 
member; 

� thermal conductivity and thickness of the formwork when present; 

� geometry and size of the concrete members. 

 

Due to the numerous combined changes of the above parameters, it is not 
easy to predict theoretically how δT will change as a function of the time t in 
Fig. 1 or how that change will affect the cracking potential. However, this 
prediction can be done for one case when extreme ideal conditions would occur 
such as the following ones: 

- no heat loss in the nucleus of the concrete member where the 
temperature would rise according to the heat development of cement 
hydration and the concrete specific heat; 

- complete dissipation of the heat of cement hydration so that there is 
no temperature rise on the surface. 

In these extreme conditions, the adiabatic temperature rise (∆Tt) of the 
nucleus at the time t coincides with the maximum thermal difference (δTt)max 
between the nucleus and the surface which remains always at the same original 
temperature, To (Fig. 2). The ∆Tt value can be calculated through the equation 
[1]: 

Qt = m · ρρρρ · ∆∆∆∆Tt = m · ρρρρ · (δδδδTt)max  [1] 

where Qt is the total heat developed by cement hydration at the time t in the 
mass m of concrete, and ρ is the specific heat of the concrete (about 1.1 kJ·kg-

1·C-1). 

If the mass (m) is referred to that of 1 m3 of concrete, then equation [1] 
becomes:  

   Qt = qt · c = m · ρρρρ · ∆∆∆∆Tt = m · ρρρρ · (δδδδTt)max  [2] 

where qt is the unitary heat developed by 1kg of cement at the time t, c is the 
cement content in 1m3 of concrete, and m becomes the specific mass of the 
concrete (about 2400 kg/m3). 

Equation [2] can also be written as: 

              (δδδδTt)max = ∆∆∆∆Tt = 
1.12400

cqt

⋅⋅⋅⋅
⋅⋅⋅⋅ =     [3] 

According to the equation [3], the temperature rise (∆Tt) of the nucleus of the 
concrete member, and therefore the maximum thermal difference (δTt)max in the 
same concrete member at the same time t, can be reduced to a level lower than 
the critical value of 20°C (2,3) provided that: 



 

       20 >
1.12400

cqt

⋅⋅⋅⋅
⋅⋅⋅⋅    [4] 

and, then, provided that 

20·2400·1.1 = 52,800 > qt · c  [5] 
 

This means that, in order to avoid the risk of thermal cracking in a concrete 
member (Fig. 1), a cement with a low unitary heat of hydration (qt) and/or a low 
cement content (c) should be adopted so that: 

52,800 > qt · c   [6] 
 

Since, in practice, the risk of cracking (δT>20°C) occurs at about 3 days 
from placing concrete (Fig. 1), we can realistically adopt 3 days for the time t in 
the equation [6]: 

 

52,800 > q3 · c   [7] 

 

SCOPE OF THE WORK 

 

The purpose of the present paper was to study whether or not mass concrete 
members, not affected by thermal cracking because there is agreement with 
equation [7], might be produced even when they are manufactured as flowing 
mixtures at a slump level of about 200 mm. 

Flowing concretes need, in general, a relatively high amount of mixing water 
(w) and then a relatively high cement content (c) for a given w/c ratio. 
Moreover, a reactive cement, and then a relatively high heat development at the 
early ages (q1-q3), is needed when a relatively high compressive strength  (30-40 
MPa) is required. These requirements for flowing concretes are just the opposite 
for the mixtures of most massive concrete members which need a cement 
content as lowest as possible and use a less reactive cement to reduce the heat of 
hydration at early ages. 

 

EXPERIMENTAL 

 

Materials: Table 1 shows the physico-chemical characteristics of the high 
strength normal portland cement (PC), fly ash (FA) used as pozzolanic mineral 
addition, and the ground limestone (GL) filler used in different proportions for 
the concrete mixtures. 



 

The particle size distribution of  the combined aggregate (natural sand and 8-
20 mm gravel) is shown in Fig. 3. 

Concrete Mixtures: All the concrete mixtures were manufactured with an 
aggregate/PC ratio of 12.7 and a water/PC (w/c) of 0.93. 

The PC content was limited to about 150 kg/m3 so that, by taking into 
account its heat of hydration (Table 1) developed at three days (q3 = 350 kJ/kg), 
the upper limit of equation [7] is not exceeded: 

52,800 > 350 · 150 = 52,500 
The dosage of superplasticizers (4), based on acrylic polymer (AP) or 

sulphonated naphthalene polymer (SNP), was adjusted in the range of about 0.3-
0.7% or 0.7-1.1%, respectively, by mass of binder (PC+FA).  

In order to reduce bleeding and segregation of the fresh mixtures, as well as 
to increase the long-term strength of the hardened concretes, various amounts of 
fly ash were used (0-50-100-150 kg/m3). Due to the different amount of fly ash, 
the water/binder ratio – where the binder include both PC and FA – was in the 
range of 0.93-0.47 (Table 2). 

Moreover, Table 2 indicates that the presence of fly ash (at least 50 kg/m3 as 
in mixes B and B’) is needed to avoid a shear slump of the flowing concretes 
recorded in the absence of fly ash (mixes A and A’). From this point of view, 
flowing mixtures with a slump of at least 200 mm, but at the same time 
cohesive, unsegregable and bleeding-free such as the concretes D and D’ 
contain about 150 kg/m3 of PC, 150 kg/m3 of FA and 70 kg/m3 of GL filler. 

 

Properties of Hardened Concrete: Two aspects were checked in the 
hardened state of the concrete mixes shown in Table 2: 

- temperature-time trend such as that shown in Fig. 1 in the interior and 
on the surface of mass concrete members (Fig. 4-5); 

- compressive strength from 1 to 90 days at 20°C (Fig. 6-7); 

- permeability to water measured through the penetration of water 
under pressure (up to 7 bar) according to the ISO DIS 7031 test. 

Figure 4 shows a concrete block (500x500x500 mm) thermo-insulated by a 
thick layer of light polystyrene. Two thermocouples, one immersed in the 
nucleus and the other put on the surface of the member, were used. The highest 
and the lowest temperature rise, respectively, were measured as a function of 
the time after placing (Fig. 5). 

The data of Fig. 5 are related to the mixture D’ shown in Table 1. Similar 
results, not shown here, were obtained with all the other mixtures of Table 1. 
The data of Fig. 5 indicate that in these quasi-adiabatic conditions for the 
interior of the concrete block, very close to those illustrated in Fig. 2 for the 



 

temperature rise in the interior, the maximum temperature rise (∆Tn) in the 
nucleus was less than 16°C at about 2 days. The temperature rise on the surface 
was about 15°C, and then a δT2 of 1°C (16°C-15°C) was recorded. This low 
value in the thermal difference between nucleus and surface (δT2) is related to 
the thermo-insulation of the concrete block of Figure 4. If the dissipation of the 
heat from the surface were complete, then a thermal difference of less than 
16°C, lower than the critical value of 20°C for thermal cracking, would be 
recorded. 

Figures 6 and 7 show the compressive strength trend, from 1 to 90 days, for 
superplasticized flowing concretes with the AP-based and SNP-based 
admixtures, respectively. No significant difference has been recorded for the 
strength as a function of the superplasticizer type (AP or SNP). 

The concrete compressive strength is strongly dependent on the W/(PC+FA) 
ratio and at a given time, specially after 7 days, it increases by reducing the 
W/(PC+FA) ratio. At 90 days, the compressive strength increases by about 50% 
by passing from the mixtures A and A’ without fly ash, to the mixtures D and 
D’, respectively, where the fly ash content was about 150 kg/m3 (Table 1). 

Last, but not least, mixes D and D’, (both with about 150 kg/m3 of normal 
Portland Cement, 150 kg/m3 of fly ash and 70 kg/m3 of ground limestone as 
filler) were impermeable according to ISO DIS 7031 test where the penetration 
of water into the concrete specimens were 6 and 7 mm against the critical value 
of 20 mm accepted for impermeable concretes. 

 

CONCLUSIONS 

 

The combined use of a high strength normal portland cement (150 kg/m3), 
fly ash (150 kg/m3) as pozzolanic addition, ground limestone (70 kg/m3) as 
filler, and natural aggregates with a maximum size of 20 mm allow: 

- the manufacture of flowing concretes (slump ≥ 200 mm), without 
segregation, very cohesive even in the presence of the limited amount 
of portland cement (150 kg/m3); 

- limiting the temperature rise in the nucleus of a massive concrete 
block in quasi-adiabatic conditions to less than 16°C, then with a 
thermal difference (δT) between the nucleus and the surface much 
lower than the critical value of 20°C adopted for the absence of 
thermal cracking in massive concrete structures; 

- compressive strengths in the range of about 25-35 MPa at 28 days 
and 30-40 MPa at 90 days. 



 

All of the above results appear to be, to a certain extent, revolutionary since 
superplasticized flowing concretes, with a relatively small aggregate (maximum 
size of 20 mm), could be placed in massive concrete structures, including a 
gravity dam, without any risk of thermal cracking and relatively high strength 
up to 35 and 40 MPa at 28 and 90 MPa, respectively. 
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Table 1 – Physico-chemical characteristics of  Portland Cement (PC), Fly Ash and Limestone 

 

Mineralogical 
Composition (%) PC* Fly Ash** Ground 

limestone 
C3S 
C2S 
C3A 
C4AF 
CaSO42H2O 
CaCO3 

60 
20 
12 
3 
5 
- 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

96.8 
Blaine Fineness m2/kg 540 310 470 

Heat of hydration (kJ/kg) 
at:                         1 day 

                         3 days 
                         7 days 
                        28 days 

 
280 
350 
400 
440 

 
- 
- 
- 
- 

 
- 
- 
- 
- 

  *CEM I 52.5R according EN 197/1 ; ** SiO2 = 60% 

 

 
Table 2 - Composition of concrete mixes and properties in the fresh state 

 

PC FA GL Superplasticizer
MIX 

(kg/m3) Type (%)* 
w/c 

 
w 

c + fa

Slump 
(mm) 

Specific  
Mass 

 (kg/m3) 

Cohesiveness 
by Visual 

Assessment 
A 

B 

C 

D 

149 

148 

146 

145 

0 

50 

100 

151 

252 

169 

131 

69 

SNP 

SNP 

SNP 

SNP 

0.72 

0.85 

0.99 

1.13 

0.93 

0.93 

0.93 

0.93 

0.93 

0.70 

0.56 

0.47 

200 

200 

220 

210 

2437 

2456 

2446 

2437 

Shear Slump 

Good 

Very Good 

Excellent 

A’ 

B’ 

C’ 

D’ 

149 

148 

146 

145 

0 

49 

98 

145 

252 

189 

128 

67 

AP 

AP 

AP 

AP 

0.28 

0.42 

0.55 

0.68 

0.93 

0.93 

0.93 

0.93 

0.93 

0.70 

0.56 

0.47 

200 

200 

220 

200 

2437 

2408 

2379 

2340 

Shear Slump 

Good 

Very Good 

Excellent 

* by weight of Portland Cement and fly ash 

 

 

 

 

 
 



 

 

 
 

Fig. 1 – Schematic example of temperature change in the nucleus and on the surface of a 
concrete member with respect to the ambient temperature. 

 
 

 

 
 

Fig. 2 – Schematic example of temperature change in the nucleus in adiabatic conditions and 
on the surface of a concrete member with complete heat dissipation. 

 
 
 
 



 

 
 

Fig. 3 – Particle size distribution of  combined aggregate. 
 

 
 

Fig. 4 – Thermo-insulated formwork for the concrete block (500x500x500 mm  with thermo-
couples to record the temperature rises shown in Fig. 5.  

 



 

 
 

Fig. 5 – Temperature rise, ∆T, in the nucleus and on the surface with respect to the initial 
temperature of 20°C in quasi-adiabatic conditions. 

 
 
 

 
 

Fig. 6 – Compressive strength as a function of the time for concrete mixtures A, B, C and D of 
Table 1 (superplasticizer: SNP). FA and GL indicate the amount in kg/m3 of fly ash and ground 

limestone. 
 
 
 



 

 
Fig. 7 – Compressive strength as a function of the time for concrete mixtures A’, B’, C’ and D’ 

of Table 1 (superplasticizer: AP). FA and GL indicate the amount in kg/m3 of fly ash and 
ground limestone. 

 
 
 

 
 


