
Heat evolution due to cement hydration in
foamed concrete

A.S. Tarasov*; E.P. Kearsley*; A.S. Kolomatskiy†; H.F. Mostert*
University of Pretoria; Belgorod Shukhov State Technological University; Institute of Concrete Technology

* Department of Civil Engineering, University of Pretoria, Pretoria 0002, South Africa
† Belgorod Shukhov State Technological University, Russia

ABSTRACT

Foamed concrete is nowadays considered an attractive building material as a result of flexible production
technology and excellent target properties, along with economic benefits. Heat generated in foamed
concrete during cement hydration is found to differ significantly from normal-weight concrete. Foamed
concrete that is placed in a regular-shaped well-insulated mould experiences significant core temperature
rises and, although several documents discussing the thermal effect in foamed concrete have been
published, there is still a lack of information revealing the interrelations of foamed concrete parameters
and their effect on temperature rise. Laboratory tests were carried out with foamed concrete of variable
densities and volumes under semi-adiabatic curing conditions. The observed trends were used as the
initial input for a mathematical model of temperature prediction in foamed concrete. The heat evolution
process under real production conditions can be controlled by optimising the mix composition. If the
thermal energy in foamed concrete is properly employed it can result in considerable improvement of the
final product characteristics while production costs decrease.

NOTATION

A overall surface area of foamed concrete cube in a sealed box (m2)

a/c ash/cement ratio

Cem cement content in foamed concrete (kg/m3)

Cv volumetric heat capacity of foamed concrete (kJ/(m3 °C))

ci specific mass heat capacities of components (cement, filler, water, foaming agent and the air) (J/(kg
°C))

D design dry density of hardened foamed concrete (kg/m3)

F sum of the weights of filler content in foamed concrete (ash and/or silica sand etc.) (kg/m3)

mi mass content of the ingredients in foamed concrete as it is prescribed in mix compositions (kg/m3)

RDc relative density of cement



RDa relative density of ash

RDs relative density of sand

S mass of all solid ingredients in the given foamed concrete mix (kg/m3)

s/c sand/cement ratio

w/c water/cement ratio

V volume of foamed concrete in a sealed box (m3)

Vf volume of foam (l)

λi thermal conductivity of constituents (cement, filler, water, foaming agent and the air) (W/(m K))

λv thermal conductivity values for foamed concrete mixes (W/(m K))

ρi real density of a constituent in the mix (kg/m3)

ρv casting density of foamed concrete (kg/m3)

INTRODUCTION

Foamed concrete is a versatile material which has become widely used in the construction industry,
mostly for cast-in-situ applications in roof slopes, floor levelling and insulating layers of wall
constructions, as well as for any kind of void filling (mines, tunnels, road basements, ground stabilisation,
land reclamation and others), owing to its free-flowing properties, excellent heat-insulating
characteristics, low density and affordable strength values. In this case dry densities of 300–500 kg/m3 are
normally applied as there are no strict requirements to strength characteristics, and thermal conductivity
plays the more dominant role (Aldridge, 2000; 2005; Basuirski and Wells, 2001; Cox
and Van Dijk, 2003; Giannakou, 2002; Jones and McCarthy, 2005b; Kearsley and Mostert, 2005b; Tisyachuk and
Svinarev, 2005; Vasiljev and Lundyshev, 2003; Wimpenny, 1996).

Foamed concrete has also found its application as an alternative to autoclaved aerated concrete (AAC)
products for semi-structural purposes, especially where small-capacity production facilities are more
economically efficient as foamed concrete plants require much lower capital expenditures owing to the
simplicity of the technology in comparison with AAC factories (Tarasov et al., 2005). In this case the most
common dry density range lies within 500–900 kg/m3 as both compressive strength and insulating
properties of the foamed concrete need to meet standard requirements. The most progressive technologies
for the manufacture of foamed concrete products include high-volume mass castings with subsequent
cutting of the green concrete into products with given dimensions (Kolomatskiy, 2003).
Hence, both cast-in-situ and product items entail high volumes of foamed concrete to be poured in one
section, which may lead to a significant rise in core temperature owing to the heat of cement hydration
(Jones and McCarthy, 2006; Kolomatskiy, 2003; Tarasov et al., 2005; Tarasov, 2007). Although several
documents discussing the thermal effect in foamed concrete have been published, there is still a lack of
information revealing the interrelations of foamed concrete parameters and their effect on temperature
rise (Jones and McCarthy, 2006; Sakharov, 2002).



The main goal of the present study is to investigate the influence of foamed concrete density, volume of
casting and fine aggregate type on temperature profiles that can develop in foamed concrete due to
cement hydration. Thermal gradients between core and surface of foamed concrete specimen were also
registered to estimate the risk of cracking. An attempt was made to create a prediction model for
temperature development in foamed concretes.

PARAMETERS INFLUENCING HEAT EVOLUTION IN FOAMED CONCRETE

Heat evolution in foamed concrete is affected by a greater number of parameters than normal-weight
concretes (Jones and McCarthy, 2006). Results have been published to indicate the significance of the
parameters influencing the temperature development of foamed concrete (Jones and McCarthy, 2006). The
factors affecting heat evolution of cement in foamed concrete can be divided into two main groups,
namely foamed concrete internal parameters and outside environmental factors, as described below.

Internal foamed concrete parameters

(a) characteristics of the cement

(i) volume of cement per cubic metre of foamed concrete

(ii) mineralogical composition of cement clinker and cement fineness

(b) water/cement ratio

(c) heat capacity of 1 cubic metre of foamed concrete

(i) foamed concrete density

(ii) type and amount of aggregate

(d) initial temperature of foamed concrete mix

(e) size of foamed concrete mix pouring

(f) pore size, distribution and connectivity.

Environmental factors

(a) insulation

(b) parameters of the outside environment (air temperature and humidity, air velocity)

(c) other external influences (pressure, heating, different types of rays etc.).

Both types of concrete (normal-weight and foamed concrete) comprise solid, liquid and gaseous phases,
but the latter phase is dominant (up to 70% by volume) in the cellular concrete. The gaseous phase (which
in foamed concrete is normally presented by the air) acts as a heat insulator, preventing heat dissipation.
The evolved heat is transferred mostly through interporous partitions by means of heat conductivity. It has
been shown (Anikanova, 2007) that in cellular concrete, especially low-density concretes, the heat is also



transferred through the heat boundary layer that is formed between a pore and interporous partition, while
convection is negligible.

The rate of hydration is faster for finer cement, higher initial temperature of mix and higher water/cement
ratios (Bentz, 1998; De Schutter and Taerwe, 1995). These factors were not investigated in this project.
Temperature development in cellular concrete containing Portland cement seems to be influenced mostly
by density and pouring size, with the other factors being comparable to normal-weight concrete. The
influence of cement content and fly ash as fine aggregate on temperature profiles is, however, unclear.

EXPERIMENTAL SET-UP

The aim of the laboratory investigation was to determine the effect of foamed concrete density and pour
size on the temperature profiles. Temperature development in foamed concrete subjected to semi-
adiabatic conditions in insulated boxes was measured.

The cement used in the investigation is Portland cement (denoted PC) with a density of 3140 kg/m3,
which can be classified as a CEM I 42·5 R according to the South African specification SANS 50197-
1:2000 (SABS, 2002). The fly ash, with a density of 2200 kg/m3, is an unclassified ash where
approximately 40% of the particles have a particle size exceeding 45 μm. The chemical composition of
the cement and the ash can be seen in Table 1. The foaming agent consists of hydrolysed proteins and is
diluted with water to a 2% concentration and then aerated to form foam with a density of 75 kg/m3.

A density grade (D) was used to calculate the foamed concrete mix composition. This density grade is the
design dry density of cellular concrete (Tarasov et al., 2005) stipulated in Russian standard GOST 25485-
89 (Gosstandart, 1990). The dry densities of foamed concrete were chosen in the range D400–D1200 with
silica sand as fine aggregate and D400–D800 with fly ash as fine aggregate. These are the dry densities,
which are commonly used in the construction industry. The effect of Portland cement content was



established while varying the dry densities from D250 to D650 without using any fine aggregate. It was
assumed that the water bound in the chemical hydration reactions will result in the addition of 20% to the
mass of the unhydrated cement, while assuming that fly ash plays the sole role of a filler and no amounts
of fly ash are hydrated (Kearsley, 1999; Kearsley and Mostert, 2005a; Tarasov et al., 2005). Although the fly
ash will start taking part in the hydration process, the rate of reaction is a function of temperature and to
simplify the modelling process this variable was not included in the current study. The following equation
was produced

 (1)

where D is the design dry density of hardened foamed concrete (kg/m3), Cem is the cement content
(kg/m3) and F is the sum of the weights of filler content in foamed concrete (ash and/or silica sand, etc.)
(kg/m3).

Besides the dry density formula (see Equation 1), the sum of the volume of all the constituent materials
should be 1 cubic metre (or 1000 litres) (Kearsley, 1999; Kearsley and Mostert, 2005a; Kearsley and
Wainwright, 2001) as shown in the formula below

 (2)

where x is the cement content (kg/m3); w/c is the water/cement ratio (indicating total water to cement
mass in the foamed concrete mix); a/c is the ash/cement ratio; s/c is the sand/cement ratio; Vf is the
volume of foam (l); RDc is the relative density of cement; RDa is the relative density of ash; and RDs is the
relative density of sand.

The calculation of foamed concrete mix compositions can be seen in Table 2 and Table 3. In Table 2 the
cement content was kept constant for different mix compositions in order to look into the influence of
foamed concrete density and pour size on temperature development. In the mixtures presented in Table 3,
the cement content varied for foamed concrete of different densities while the water/cement ratio was
kept constant and no fine aggregates were incorporated into the mixes.

Foamed concrete mixes were produced using preformed foam and mortar slurry mixed in a rotary drum
mixer with a horizontal main shaft. The foam was generated by diluting a hydrolysed protein-based
foaming agent with water to a 2% concentration and then blending in compressed air until the foam had a
density of 75 kg/m3. As soon as the homogeneous mortar was prepared, the preformed foam was added
and incorporated. The plastic density of the foamed concrete mix was measured with a tolerance of ±50
kg/m3.

The foamed concrete was then poured into specially prepared insulated cubic moulds of different sizes
with side lengths of 100, 400 and 800 mm. The ‘hot curing' boxes were constructed with 100 mm thick
polystyrene sheets covered by 15 mm plywood boards reinforced with wooden beams. Once the box was
filled with foamed concrete, it was levelled by trowel and covered with a polystyrene sheet and plywood
on top. K-type thermocouples were placed into the centre and surface of each foamed concrete mass using
copper tubes filled with synthetic oil. The layout and illustration of the experimental set-up is shown in
Figure 1.



The temperature development caused by heat of cement hydration in foamed concrete was recorded using a Graphtec GL
400/350 Midi Logger (Graphtec Corporation, Japan). The data were captured at 10 min intervals. Afterwards all received data
were transferred to computers and processed to obtain final temperature profiles.



Figure 1. Layout and illustration of sealed-box foamed concrete curing test

EXPERIMENTAL RESULTS

Temperature profiles

The effect of foamed concrete density and pour size was examined with the mixes as shown in Table 2 (keeping the
cement content constant). Dry densities of foamed concrete with fly ash varied from D400 to D800, and with sand varied
from D400 to D1200. The temperature profiles obtained are given in Figure 2 and Figure 3, for fly ash and silica sand as
fine aggregates, respectively.

Temperatures inside the 800 mm and 400 mm cubes reached their maximums within 12–18 h from casting. Peak
temperature values in the 800 mm cubes are 1·75–2·25 times higher than in 100 mm cubes for fly ash, and 2·05–2·15
times for those with silica sand, depending on the foamed concrete density. Foamed concrete in 400 mm cubes evolves
much more heat in comparison with 100 mm cubes, and the margins of the registered temperatures were 1·7–1·95 and
1·55–1·85 times higher for fly ash and silica sand, respectively. It can be seen from these graphs that cube size drastically
changes the heat evolution curves of the foamed concrete.

The other observed peculiarity of the foamed concrete heat evolution is related to the material's density. The lighter the
material, the better it conserves the heat inside the mass, preventing its dissipation from the cube centre. The highest
temperature values, as well as the highest rate of temperature increase, were recorded for D400 foamed concrete (the
lowest density in these sets of experiments), both for fly ash and silica sand fine aggregates. This trend becomes more
evident as pouring size is increased.

As soon as peak temperatures are reached the temperature starts going down as the amount of the subsequently evolved
heat is no longer sufficient to maintain temperature growth. The heat continues to be consumed by constituent products
and dissipated into the environment through the box insulations. The slopes of the temperature curves beyond the turning
point depend on the heat-accumulating ability (thermal inertia) of the foamed concrete, which is mostly determined by the
coefficient of thermal diffusivity.



Figure 2.  Influence of pour size and density on temperature profiles of foamed concrete with fly ash



Figure 3. Influence of pour size and density on temperature profiles of foamed concrete with silica sand

The curves in Figure 4 illustrate temperature profiles for foamed concrete where the cement content is
varied as shown in Table 3. This foamed concrete contained no fine aggregate and the dry densities varied
from D250 to D650. The cube sizes were the same as in the previous sets of experiments. Size effect in
these mixtures had a similar influence on the temperature gradient as foamed concrete with a constant
cement content. The density effect was, however, overwhelmed by cement content, which was the
dominant influencing factor in these systems.



Figure 4. Temperature profiles of foamed concrete curing in sealed boxes with different cement contents

Fluctuations of temperature curves after more than 2 days following casting, especially for 100 mm
cubes, resulted from daily room temperature variations, indicating insufficient insulation of the moulds.

It should also be noted that some temperature curves in the 800 mm cubes were visibly dropping quickly
as they reached high temperatures. This happened because of different volumetric thermal expansion
values of constituents of the foamed concrete, mostly due to air bubbles having significantly (over 100
times) higher coefficient of volumetric thermal expansion values than cement stone or (over 10 times)
water at the temperature range 20–80°C (Malinina, 1977; Shakhova, 2007). These differences caused
excessive internal stresses in the foamed concrete matrix, resulting in its collapse. The other probable
reason could be protein coagulation at high temperatures that induced irrevocable destruction of the
porous structure. Foamed concrete mixtures with a synthetic type of foaming agent were not investigated



in the present paper. Nevertheless, this phenomenon has to be taken into consideration when high
temperatures occur in foamed concrete.

Core–surface temperature differentials in foamed concrete masses

The temperature differentials between the core and surface of sealed cured foamed concrete with fly ash
as fine aggregate were registered in the 800 mm and 400 mm cube moulds. The resulting curves are
presented in Figure 5.

The initial temperature differential of 2–3° disappears within the first 3 h after casting in low-density
foamed concretes. After 3 to 4 h the difference starts increasing and reaches a maximum after 30 to 40 h
in the 800 mm cubes. After 42 h the difference reaches a maximum of 21·3° for D800 foamed concrete.
Afterwards the difference decreases, but after 72 h the temperature differences in D800 and D600 foamed
concretes are still high (17° and 9° respectively). Meanwhile D400 foamed concrete has a low difference
of temperatures (2–4°) for the whole registered period.

In general it can be concluded that the heavier the foamed concrete, and the bigger the size of a mould,
the higher the thermal difference. Taking into the account the risk of thermal cracks occurring, low-
density foamed concretes are preferable for use in large pours.

DISCUSSION OF RESULTS

Rate of temperature development in foamed concrete

The temperature profiles given in Figure 2 and Figure 3 have been interpreted to obtain a rate of
temperature development in the centres of insulated foamed concrete 800 mm and 400 mm cubes (see
Figure 6).

The peaks in the curves indicate the maximum rate of temperature rise and time of its occurrence in the
centres of foamed concrete cubes. Regardless of cube size (either 800 mm or 400 mm) all the peaks lie in
the time interval between 5·5 and 8 h after casting; but for larger (800 mm) cubes the peaks are shifted
earlier by 0·5–1·5 h. Heat evolution starts accelerating earlier in larger foamed concrete cubes because
foamed concrete cores are more insulated by the material itself.

Definite trends can be observed for both the magnitude and time of the peak occurrence. Lighter foamed
concretes always show higher rates of temperature rise due to less heat capacity in comparison with
heavier foamed concretes. Considering similar densities in 800 mm cubes, foamed concrete with fly ash
shows a higher rate of temperature rise than that with silica sand. The D800 foamed concrete with silica
sand in 400 mm cubes was the only specimen with an unexpected rate of heat development.

The maximum temperature is reached when the rate of heat development becomes negative, as can be
seen in Figure 6 (b). The heavier the foamed concrete, the more time it required to get to the maximum
temperature regardless of the type of aggregate. It is also noted that it takes more time for higher volumes
of material (800 mm cubes) to heat up to maximum than for smaller volumes (400 mm cubes). However,
foamed concrete with fly ash reaches the peak temperatures earlier than that with silica sand.



Figure 5. Influence of density and mould size on core–surface temperature differentials in foamed
concrete (fly ash fine aggregate)



Figure 6. Rate of temperature development in foamed concrete cores of 800 mm and 400 mm sealed
cubes

Effect of aggregate type and cement content on temperature profiles

The experimental programme of the present study allowed investigation of the influence of aggregate type
on heat evolution in foamed concrete. The literature proves (Atis, 2002; Jones and McCarthy, 2005;
Kearsleyand Wainwright, 2001) that the replacement of a part of cement with fly ash is beneficial, such as
in the reduction of core temperatures and crack development, long-term strength improvement and so on.
Fly ash can also be used as fine aggregate in foamed concrete but this should logically increase the total
generated heat. However, Jones and McCarthy (2006)) report that replacement of sand with fly ash as fine
aggregate led to a reduction of temperature, although heat capacities of the aggregates are similar (from
700 to 800 J/kg °C), while it is significantly less than the heat capacity of water (4180 J/kg °C). The
authors explained that the higher water content in the mixes with fly ash means a greater amount of
energy is required to produce a temperature increment. Langan et al. (2002) reported that fly ash increases
initial hydration but retards the dormant and acceleration periods. It also accelerates hydration after the
acceleration period.






















