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A type of ultralight (<300 kg/m®) foamed concrete (FC), which can be used as a new energy-conservation and environmental-
protection building material and is particularly suitable for the thermal-insulation engineering of building external walls, was
produced. The influences of different mixing amounts of fly ash, fly ash activator, WC (WC) ratio, and foaming agent (FA) on the
compressive strength of FC were reported. The experimental study indicated that (1) the addition of fly ash reduced the strength of
the FC and that the appropriate mixing amount of fly ash in this ultralight FC system should not exceed 45%; (2) with the increasing
of fly ash activator, the strength of the FC sample is notably enhanced and the appropriate mixing amount of fly ash activator is
2.5%; (3) the optimized proportion of WC ratio is 0.45, and the FC that was produced according to this proportion has relatively
high compressive strength; (4) by increasing the mixing amount of FA, the compressive strength of the FC notably decreases, and
the optimal mixing amount of FA in this experiment is 3.5%.

1. Introduction

Foamed concrete (FC) belongs to the broader category of
cellular concrete in which air-voids are trapped in the mortar
matrix using a suitable aerating agent [1-4]. It is lightweight
and has moisture protection, fire protection, sound insu-
lation, and good heat insulation; therefore, it has been
successfully applied in oil-well cementing projects, used as a
backfill material in excavation projects, and used for sound
and heat insulation in building panels, fire-protection wall,
energy-absorbing pads in roads, road subbase, structural fill,
foundations, and geotechnical and mine fill applications [5-
7].

Researchers have successfully produced FC in the density
range of 300-1800kg/m’ [2-4, 8, 9], as the type of base
materials; the foam-producing methods and the properties
of FC have been widely studied. Some examples follow.

(i) Constituents of the Base Mixture. In addition to the Ordi-
nary Portland cement, in the rapid-hardening Portland

cement, high alumina and calcium sulfoaluminate have been
used to reduce the setting time and improve the early strength
of the foam concrete. In addition to cement, many types of
materials such as silica fume fly ash, lime chalk, crushed
concrete, incinerator bottom ash, recycled glass, foundry
sand, quarry finer, expanded polystyrene, oil palm shell, and
Lytag fines were used to reduce the density of the foam
concrete and/or make use of waste/recycled materials [3, 5,
6,10, 11].

(ii) Methods to Produce Foam. Chemical expansion and
mechanical foaming have been used. In chemical foaming, a
foaming agent (FA) such as aluminum powder, CaH,, TiH,,
or MgH, is mixed with the base-mix ingredients, and, during
the mixing process, foam is produced from the chemical
reactions, which forms the cellular structure in the concrete.
In mechanical foaming, the foam is prepared in advance
using a special device, a foam generator, where the water and
chemical admixture are mixed with a certain proportion, and
the premanufactured foam is mechanically mixed with the
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TaBLE 1: Chemical properties of the cement and the fly ash that were used.
Cement Fly ash

% by mass GB175-2007 % by mass GB/T1596-2005
Sio, 21.84 — 482 —
CaO 65.23 — 19.6 —
ALO, 523 — 18.4 —
Fe,0, 3.30 — 3.7 —
SO, 0.98 <35 1.7 <3.0
MgO 2.76 <5 L1 —
K,O + Na,O 16 — - —
Loss on ignition L5 < 2.0 <5.0
Soluble residue 0.19 <L5 0.75 —

concrete mixture. After molding, the concrete hardens under
normal atmospheric conditions [3, 12, 13].

(iii) Properties of FC. 'The physical properties (drying
shrinkage, density, porosity, air-void system, and sorption),
the mechanical properties (compressive strength, tensile
strength, modulus of elasticity, and prediction models), the
durability, and the functional characteristics (thermal con-
ductivity, acoustical properties, and fire resistance) have been
widely discussed [5, 6, 14-19].

Many of the above mentioned studies on FC used cement
as one of the main materials. However, cement is a building
material with high energy consumption and serious envi-
ronmental pollution. Therefore, the traditional manufactured
FC product contradicts the development mode of green
construction materials, although many experimental and the-
oretical studies were performed by adding a certain amount
of industrial waste such as fly ash and slag into the cement;
for example, Nambiar and Ramamurthy [10] used fly ash to
produce FC with densities of 1000, 1250, and 1500 kg/m”’.
Kearsley and Wainwright [5, 6, 17] concluded that the long-
term properties of FC could be enhanced by replacing 75%
cement with fly ash. Until now, little experimental study
was performed on the effect of a high fly ash content on
the compressive strength of ultralight (<300kg/m®) FC.
However, with the scope of FC’s applicability getting wider
and wider, more and more ultralight (<300kg/m®) FC is
needed, for example, thermal insulation material for building
external walls, backfill material for heat preservation pipes,
foundation for the highway roads, and so on. In these
applications, the compressive strength demand is not very
high; usually 0.3~0.5 MPa will be enough.

In this study, a type of ultralight (<300kg/m?®) FC was
produced, which can be used as a new energy-conservation
and environmental-protection building material, and is par-
ticularly suitable for the thermal insulation engineering of
building external walls. The influences of different mixing
amounts of fly ash, fly ash activator, WC ratio, and FA on the
compressive strength of FC were reported.

2. Experimental Programs

2.1. Materials

(i) Cement. The cement used in this study was a Chinese
standard 425 Portland cement [20]. Its density is 3100 kg/m”,
and its chemical composition is given in Table 1.

(ii) Fly Ash. One-graded ash (pfa) from the Yaomeng power
plant in Pingdingshan, China, which was used as dry and
screened to remove some large particles. The number of
particles with a diameter larger than 45 mm was controlled to
be less than 12.5%. Its technical performance was consistent
with the result recorded in “fly ash used in cement and
concrete” GB/T1596-2005 [21], and the chemical composition
is shown in Table 1.

(iii) Foaming Agent (FA). It has 27.5% concentration of hydro-
gen peroxide; it reacts with the catalyst (MnO,) to form
oxygen gas during the making process of FC. The reaction
equation is as follows:

MnO,
2H,0, —> 2H,0 + 0, 1 @

(iv) Foam Stabilizer. 1t is a self-made, white powder. It is
made of triethanolamine (20%), polyacrylamide (40%), and
hydroxypropyl methyl cellulose (40%), its mixing amount
is 1% of FA, and its main function is to improve the slurry
viscosity.

(v) Fly Ash Activator. It is self-made; the main component
is CaO white powder (80%), with the other components
including NaOH (8%) and Na,SO, (12%). The activation
principle of CaO is as follows: the chemical activity of fly
ash is from soluble SiO, and Al,Oj; in the vitreous body, and
they can react with CaO in the presence of water, generating
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hydrated calcium silicate, and after that the strength will come
into being. The reaction equations are as follows:

CaO + H,0 = Ca(OH), (2)

m, Ca(OH), + SiO, + nH,0 — m;CaO - SiO, - nH,0
(3)
m,Ca(OH), + AL,O; + nH,0 — m,CaO - Al,O; - nH,0
(4)

The function of NaOH is to make the solution into alkaline
environment, which can provide the basis for the ash reac-
tion. OH™ will prompt Si-O, Al-O bond to rupture and this
will accelerate the hydration speed. The function of Na,SO,
is mainly to accelerate the speed and promote the level of
activation of fly ash excitation. This is because SO,*” can react
with AIO*” when Ca®" exists, generating hydrated calcium
aluminate. It can cover the fly ash particles and form a fibrous
layer, and the close degree is smaller than C-S-H, which is
more beneficial to Ca** diffusing into the fly ash particles.

(vi) Catalyst. It is a manganese dioxide (MnO,) powder; its
molecular weight is 86.94 (g/mol).

2.2. Test Equipment

(i) A high-speed blender: autocontrol with a rotating
speed of 0~1200 r/min.

(ii) A standard tester for consistency and setting time of
the cement (Vicat Apparatus).

(iii) A funnel of cement mortar consistency: produced
by Hebei Guanghua Weiye Construction Instrument
Factory, with a capacity of 1725 mL.

(iv) Multifunction rock mechanics test (RMT) machine: a
series of RMT systems was developed at our institute.
The machine has a unique multifunction design and
control technology; it can conduct many types of tests
such as uniaxial compression, triaxial compression,
tension, shear, and fatigue tests. Its maximum load is
1 MN, and its maximum confining pressure is 50 MPa.

(v) An electrothermal blowing drying oven with the type
of OL-103.

(vi) Constant-temperature-and-humidity curing box: Bei-
jing Huachuang Northern Experimental Apparatus
Co., Ltd.

2.3. Preparation of FC

(i) Add water into other materials such as cement, fly ash,
foam stabilizer, and fly ash activator except FA and
evenly stir while maintaining the temperature of the
slurry at approximately 45°C. In general, this process
lasts approximately 5 minutes.

(ii) While stirring at high speed, quickly add FA and
continue stirring for approximately 30 seconds.

(iii) Pour the evenly stirred slurry into a 1200 mm x
900 mm x 350 mm mold and wait until it foams; the
foam process is shown in Figure 1.

(iv) Take apart the mold after 2 hours and keep it in the
curing box with constant temperature and humidity
until the test age ends. Use a 100 mm x 100 mm X
100 mm sample to perform the test; the pore structure
is shown in Figure 2.

The entire FC preparation process using chemical foam-
ing can be summarized as a dynamic balance process. The
design process of the experiment must carefully consider
the denseness of the slurry, the foaming speed, the conden-
sation speed of the slurry, the additive amount of FA, and
other influencing factors to prepare a relatively high-quality
product. The key to FC structure formation using chemical
foaming is to make the foaming speed match the setting and
hardening speed of the slurry.

3. Results and Discussion

3.1. The Influence of the Mixing Amount of Fly Ash on the
Compressive Strength. The strength of the FC is directly
related to the proportion of the gelled material. Larger
proportions of the concrete in the gelled material correspond
to higher strengths of the product. In the cement-fly ash
system, the massive use of fly ash will dramatically reduce
the strength of the concrete, which is particularly obvious in
the ultralight FC that is based on cement-fly ash [5, 6, 18].
Therefore, the amount of fly ash is greatly limited in ultralight
FC products. Nevertheless, a moderate amount of fly ash
activator can effectively improve the early strength of the
products [22], which is also beneficial to shorten the stripping
time of the products and improve the production efficiency.
For the FC with a fixed fly-ash-activator mixing amount of
2.5% and a dry bulk density of 290 kg/m”, the strength of 28 d
products decreases as the fly ash content increases, as shown
in Figure 3.

When the fly ash content is smaller than 45%, the
downtrend of the product strength is moderate: when the
mixing amount changed from 30% to 45%, the strength
decreased by 0.14 MPa. However, when the fly ash content
is larger than 45%, the downtrend of the product strength
is intensified: when the mixing amount changed from 45%
to 55%, the strength decreased by 0.37 MPa, and the product
strength was only 0.15 MPa when the fly ash content was 55%.
Therefore, for practicability, the appropriate mixing amount
of fly ash in this ultralight FC system should not exceed 45%.

3.2. The Influence of the Mixing Amount of Fly Ash Activator
on the Compressive Strength. FC strength is directly related to
the proportion of cement in the cementitious materials, and
many researchers have studied the activation of the reactivity
of natural pozzolans and fly ashes [22-25]. In this study, the
fly ash activator is self-made, and its main component is
CaO. The activation mechanism of fly ash by CaO can be
explained as follows. The substance in lime that ultimately
affects the activity of the fly ash is Ca(OH),; Ca(OH), can
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F1GURE 1: The foam process of FC.

FIGURE 2: The pore structure of FC.

provide OH™ to unfold the chemical bonds between Si-O
and Al-O and Ca®" to generate the hydraulic cementing
materials by the hydration of fly ash. However, the reaction
must have a moderate amount of sulfate to rapidly, fully, and
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FIGURE 3: The influence of fly ash content on the compressive
strength of FC.

economically activate the fly ash at normal temperature and
pressure. Therefore, the mixing amount of self-made fly ash
activator is critical to activating the strength of fly ash.
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FIGURE 4: The influence of fly ash activator content on the compres-
sive strength of FC.

The influence of the mixing amount of fly ash activator on
the compressive strength of FC, which has a fixed internally
doped fly ash content of 45% and a dry bulk density of
290 kg/m?, is shown in Figure 4. As shown in Figure 4, the
strength of FC sample is notably enhanced with the increase
in the amount of fly ash activator. When the mixing amount
of fly ash activator is more than 2.5%, the strength increase of
FC tends to level off, which implies that the mixing amount of
fly ash activator has an optimum value. In this ultralight FC
system, the appropriate mixing amount of fly ash activator is
2.5%.

3.3. The Influence of WC Ratio on the Compressive Strength.
The WC ratio is another important factor that can influence
the performance of FC [5, 6]. In the preparation of FC by
chemical foaming, the thickening speed and the foaming
speed of the slurry must highly match, which indicates that
the foaming and the static maintenance of the slurry are
synchronized. In the preparation process of FC, the WC ratio
significantly influences the entire preparation technology:
when the WC ratio is excessively low and the slurry is too
thick, it opposes the full dispersion of FA and leads to partially
intensified foaming and large blowholes; besides, the initial
setting time of the slurry is notably short if the WC ratio
is low. If the slurry sets before the foaming procedure of
FA finishes, the products will become overstressed inside
and flaws will appear. When the WC ratio is excessively
large and the denseness of the slurry is excessively low, the
condensation and stiffening of the slurry lag behind the
foaming of FA, which will cause the FC to collapse in the
later stage. The influence of the WC ratio on the compressive
strength of FC is shown in Figure 5. When the WC ratio
increases from 0.40 to 0.50, the compressive strength of the
sample first increases and later decreases because in this range
of WC ratio, the consistency of the slurry is moderate, and the
gases evenly scatter in the slurry; thus, FA is fully foamed,
and the volume of the slurry steadily enlarges. Meanwhile,
the pore structure is well set because the initial setting speed
of the slurry matches the foaming speed of FA. Thus, the
compressive strength of the sample is relatively high. When
the WC ratio increases from 0.45 to 0.50, the denseness of
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Compressive strength (MPa)

0.4 0.45 0.5
‘Water-cement ratio

FIGURE 5: The influence of the WC ratio on the compressive strength
of FC.
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FIGURE 6: The influence of the FA content on the compressive
strength of FC.

the slurry is too low, and it is extremely easy for the gas to
rush out of the surface of the sample and leave cracks and
through holes in the sample, which will decrease the strength
of the sample. In addition, because the WC ratio is too large,
the coagulation time is longer than the vesicant’s foaming
time; in the later foaming stage, parts of the pores merge,
which decreases the evenness and significantly decreases the
strength of the pore structure in the sample. Therefore, in the
experiment, the optimal WC ratio is 0.45. The FC that was
produced with this WC ratio has a relatively high compressive
strength.

3.4. The Influence of FA on the Compressive Strength. FA is
one of the basic raw materials to prepare FC. FA generates
chemical reactions in the evenly stirred slurry, which create
a lot of gas. The gas scatters inside the slurry and is gradually
fixed in the hardened concretes as the slurry condenses;
finally, the gas forms the even and stable vesicular structure.
Figure 6 shows the influence of the amount of FA mixture on
the 28-day compressive strength of FC. From Figure 6, it can
be observed that the compressive strength of the FC decreases



as the amount of FA mixture increases because the amount of
air holes inside the FC also increases and the walls of the air
holes become thinner. Therefore, the dry bulk density of FC
decreases, and so does the strength. It is observed that the
pore wall of the sample with the H,O, admixture amount of
3% is the thickest with almost no interlocking pores; thus,
this sample has the maximum compressive strength. The
pore wall of the sample with the H,0, mixing amount of
4.5% is the thinnest with many interlocking pores; thus, it
has the minimum strength. For the sample that was made
using the FA with the H,0, admixture amount of 3.5%, the
pore wall thickness and the pore structures are relatively
appropriate, and the strength is also qualified with the heat-
preservation requirement of the exterior wall. Therefore,
the optimal amount of FA admixture in this experiment is
3.5%.

4. Conclusions

A type of ultralight (<300 kg/m’) FC was produced. The
influences of various mixing amounts of fly ash, fly ash
activator, WC ratio, and FA on the compressive strength of
FC were experimentally studied and can be summarized as
follows.

(1) The denseness of the slurry, the foaming speed, the
condensation speed of the slurry, the additive amount
of FA, and other influencing factors must be carefully
conblacksidered to prepare a relatively high-quality
product. In the formation of FC structures using
chemical foaming, the foaming speed must match the
setting and hardening speed of the slurry.

(2) When the fly ash content is smaller than 45%,
the product strength moderately decreases, whereas
when the fly ash content is larger than 45%, the
product strength rapidly decreases. For practicability,
the appropriate mixing amount of fly ash in this
ultralight FC system should not exceed 45%.

(3) With the increase in the amount of fly ash activator,
the strength of the FC sample is notably enhanced.
When the mixing amount of fly ash activator is
more than 2.5%, the strength increase of FC tends to
level off. In this ultralight FC system, the appropriate
mixing amount of fly ash activator is 2.5%.

(4) In the experiment, the optimized proportion of WC
is a ratio of 0.45. The FC that was produced with this
proportion has a relatively high compressive strength.

(5) With the increase of the amount of FA admixture,
the compressive strength of the FC notably decreases.
The pore wall thickness and the pore structures of the
sample that was produced using the FA with the H,0,
admixture amount of 3.5% are relatively appropriate,
and the strength also satisfies the heat-preservation
requirement of the exterior wall. Therefore, the opti-
mal amount of FA admixture in this experiment is
3.5%.
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