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ARTICLE INFO ABSTRACT
Keywords: In this study, the properties of ultra-low density foam concrete with silica fume substitute and
Foam concrete synthetic foam additive were investigated. Two different references and silica fume substituted
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foam concretes with densities of 220 and 200 kg/m® were produced. Silica fume was used as the
replacement material and its ratio in the mixtures was kept constant at 5% by weight. According
to the results of the study, the compressive strengths and the thermal conductivity coefficients of
the references and silica fume substituted foam concretes with densities of 220 and 200 kg/m>
were found to be 0.26, 0.21 and 0.32, 0.26 Mpa at 28 days and 0.073, 0.069 and 0.068, 0.060 W/
mK, respectively. In addition, the behavior of foam concrete at high temperatures was investi-
gated using a flame source, which can reach up to 1200 °C, since temperatures usually exceed
1000 °C during a fire. At the end of ten minutes, the heat permeability of silica fume substituted
foam concrete exposed to a 1200 °C temperature was 6.5% and 5.3%, which was better than
reference foam concretes, respectively. As a result, silica fume has positively affected the
compressive strength at later ages and thermal conductivity properties of foam concrete.

1. Introduction

Foam concrete (FC), which has a porous structure, is a type of lightweight concrete obtained by mixing foam into cement mortar
[1]. FC has been used at many construction sites since 1923 [1-6] in part because it is economical, but it is also environmentally
friendly and fire resistant with low elasticity and acceptable thermal insulation [7-13].

The air void structure in FC is the most important factor on the compressive strength and dynamic modules of elasticity [14] As a
natural result of the changes in the air void system, there may be significant effects on the micro/macro structure and mechanical
properties of FC [15]. The literature [16] have shown that with the decrease in the density of FC, decreases in compressive strength
occur. In addition, protein-based and two different synthetic-based foaming agents were used to produce FC. Therefore, the type of
foaming agent used in FC production also affects the mechanical properties of FC [17].

In recent years, with the increase of studies for thermal-insulation materials used in buildings, the technological developments in
this area have gradually accelerated. According to the principle of heat transfer [18-21], micro-porosity of the material to be used in
thermal insulation is necessary in order to obtain good thermal insulation [18,22]. FC has excellent thermal insulation properties [23].
In the literature [16,24], when the cement-sand mortar and FC are compared, it has been reported that the thermal properties of FC
with a density of 1000 kg/m? are six times more effective than the cement-sand mortar.
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Researchers have now begun increasing their work on the production of environmentally friendly and sustainable thermal insu-
lation materials using waste products [25]. Silica fume (SF) is an inorganic byproduct used as a replacing material in concrete pro-
duction and obtained from the metallurgical industry [26,27]. In the literature [28], it has been stated that SF improves early age
strength of lightweight concretes but reduces workability.

This study sought to examine ultra-low-density FCs produced by replacing 5% of cement with SF, and investigate its effects on
consistency, density, thermal conductivity coefficient and heat permeability properties.

2. Materials and methods
2.1. Materials

2.1.1. Cement and silica fume

The type of cement used in this study was CEM I 52.5 R with a density of 3.1 g/cm>. The density of SF is 2.32 g/cm? and the surface
area is 15,000 cm?/g. Silica fume has been used to have a highly specific surface area and to fill the micro-voids by wrapping around
the gaps more efficiently. Another reason for using SF is that it is a waste material, and will, therefore, not be as damaging to the
environment. The properties of the cement and SF are presented in Table 1.

2.1.2. Chemical additive
Synthetic based foam additive was used in the study. The properties of this material are given in Table 2.

2.2. Method

FCs were first prepared as slurry (cement, water and + SF). The cement, water and + SF was stirred together in a helical type mixer
with a speed of 40 rpm for 90 s (Fig. 1). The helical type mixer minimizes the damping of the foam and the volume losses that may
occur in FC by reducing the mechanical effect that occurs. The solution prepared at the rate of 1/50 (1 unit of foam additive/50 units of
water) in the foam generator was put into the foam tank reservoir (Fig. 2). Foam was then produced by having 2.5 bar compressed air
blown into the foam solution inside the generator. Properties of the foam produced are given in Table 3. The prepared foam was placed
in containers of certain volume and added to the slurry at the calculated rate and mixed in a helical type mixer for 90 s.

The quantity of materials used in FC production are given in Table 4. In addition, the foam volume amounts to be added to the foam
concrete mixtures were calculated using Egs. (1) and (2). The amount of foam volume to be added has been increased in order to reduce
the unit volume weights in FCs. Then, a consistency test with a Marsh Funnel was performed on the freshly prepared FCs. After the
foam concrete samples placed in the molds were removed the next day, they were left to cure. The curing period lasted 28 days.
Afterward, compressive strength, microscope and SEM analysis, thermal conductivity and heat permeability tests under high tem-
perature were performed on the hardened FCs.

2.2.1. Dry density measurement
Samples with size of 100x100x 100 mm were weighted on 28th day. Then, the volumes of the samples were calculated. Lastly, dry
densities of samples were calculated with Eq. (3) below.

ps=Ms/Vs 3)

where,

ps= Dry density (g/cm?),

Ms= Weight of the samples after drying (g),
Vs= Volume of samples (cm).

2.2.2. Marsh cone flow test
The Marsh Cone Flow Test is used as the method to determine the flowability of fresh FC [29-31]. To conduct the test, the marsh

Table 1

Properties of CEM I 52.5 R and SF.
Oxide Cement (W.-%) SF (w.-%)
SO3 3.27 1.3
SiO, 21.7 82.7
Al,O3 4.06 4.34
Fey03 0.27 1.3
CaO 65.8 0.8
MgO 1.35 1.45
Na,O - -
K,0 - —
LOIa 3.22 4.25

@ LOL Loss on ignition.
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Table 2

Properties of synthetic based foam additive.
Density (g/cm®) Appearance pH
1.20 Light brown 6

Fig. 1. Helical type mixer used in mixing foam concrete.

Fig. 2. Foam generator.

Table 3

Properties of foam.
Density (g/dm?) pH
85 6
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Table 4
Mixture quantities.
Samples Density kg/m> Bindercontent kg/m® Water content kg/m? Foam solution mixture ratio (Foam additive/water) Volume of foam (%)
C SF
C 200 200 170 - 85 1/50 85.8
C 220 220 180 - 95 1/50 85
CSF 200 200 161.5 8.5 85 1/50 85.8
CSF 220 220 172 8 95 1/50 85
Abbreviations
C: Cement

SF: Silica fume

C 220: Reference produced at density 220 kg/m®

C 200: Reference produced at density 200 kg/m®

CSF 220: Foam concrete produced at density of 220 kg/m® and has 5% silica fume
CSF 200: Foam concrete produced at density of 200 kg/m® and has 5% silica fume

Foam Volume=1000 dm>-solid volume (dm3) (€]

Solid volume=Cement-+tsilica fume+water volume 2

cone is first filled with 1.5 liters of FC. The time it takes for 1 liter of FC to flow through the 10 mm hole is then measured [31,32]
(Fig. 3). According to Table 5, if 1 liter of fresh FC is able to flow in less than one minute, the FC is considered to have a constant and
regular flow. If the time exceeds one minute, it is expressed as interrupted or difficult flow; and if it does not flow at all, it is expressed
as "no flow" [29,31-33].

2.2.3. Compressive strength test
A compressive strength test was applied to 100 x 100 x 100 mm cubic specimens on Days 1, 7, and 28 in accordance with TS EN
12390-3 [34] using a compressive strength test device at a speed of 2.0 + 0.5 kN/s until the specimens were broken (Fig. 4).

2.2.4. Measurement of thermal conductivity
The thermal conductivity measurement for samples was carried out with a Thermtest HFM-100 test device (Fig. 5). Table 6 shows
the properties of the device.

2.2.5. Flammability and heat permeability test

A temperature of approximately 1200 °C was applied to one surface of the FC slabs with dimensions of 300x300x50mm and the
temperature change on the back surface was measured over the course of ten minutes with a laser heat meter [35]. A flame gun that can
create a temperature of roughly 1300 °C, was used as the heat source (Fig. 6). A two-point laser heat meter that can measure the
temperature change between 50 and 2200 °C remotely was used [35] (Fig. 7).

Fig. 3. Determination of consistency of foam concrete with The Marsh Cone Flow Test.
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Table 5
Classification of foamed concrete flow [29,31-33].
Main Class Description Sub-class Describtion
1 1L < 1min A Constant Flow
2 1 min < efflux < 2 min B Interrupted Flow
3 0.5 L<efflux< 1L C
4 Efflux< 0.5 L
5 No Flow

Fig. 4. Test equipment for compressive strength test.

Fig. 5. Test tool used to determine the thermal conductivity coefficient.

Table 6
The properties of the device.

Specifications

Values

Plate Temperature Range

Maximum Sample Size

High Thermal Conductivity Kit
Accuracy

Thermal Conductivity Measuring Range
Measurement Time

-20-70 °C

Up to 300 x 300x100 mm
Up to 2.5 W/meK
Typically better than 3%
0.005-0.5 W/meK

30-60 min
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Fig. 6. Flame gun used as a heat source.

Fig. 7. Laser remote temperature meter.

In the experiment, two heat sources (flame guns) were placed at equal distances away from the FC slabs (Fig. ©6). After the flame
guns were turned on, temperature changes were measured with a laser thermometer at intervals of one minute from the front surface
where the heat source touched and the rear surface of the plate in the same direction (Fig. 7). The temperature change on the back
surface was measured and recorded for ten minutes. At the end of the experiment, the ignition and burning conditions in FCs were
observed and recorded.

3. Result and discussion

The fresh consistency of the FCs was determined with The Marsh Funnel. The obtained consistency results were classified according
to Table 5. In this study, the consistency class for all samples was no flow. In ultra-low density FC, the air bubbles are closer to each
other and the amount of solid material around the air bubbles is less. Since the surface loads of the air bubbles increase the mutual
attraction power, the viscosity increased and the flow became difficult.

All FCs reached the strength to be released from the mold the next day and no volume loss or collapse occurred while waiting in the
mold. One of the biggest threats to the preparation of low-density FCs is of its collapse while waiting in the mold. The foam added to the

Table 7

Test analysis of hardened foam concrete.
Samples Fresh density (kg/m®) Hardened density (kg/m®) Thermal conductivity coefficient (W/mK) Compressive Strength (MPa)

1 day 7 days 28 days

C 200 265 202 0.069 0.09 0.15 0.21
C 220 290 222 0.073 0.11 0.18 0.26
CSF 200 275 204 0.060 0.10 0.20 0.26
CSF 220 294 223 0.068 0.14 0.25 0.32
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slurry must maintain its stability until the cement starts to harden. Otherwise, collapses occur in the molded foam concretes as a result
of the damping of the foams that cannot maintain their stability, and this leads to volume losses. In this study, it was ensured that
volume losses were prevented by using synthetic based foam additive and a helical type mixer.

According to Table 7, as the densities of the reference and SF substituted FCs decreased, their strengths also decreased. However,
the compressive strength of CSF 200 was equal to the strength of C 220 in 28 days. This is due to the fact that the specific surface area of
SF is higher than that of cement and its ability to surround voids more densely [36]. So, the void structures within the FC were
improved by replacing cement with SF (Figs. 8 and 9). In this respect, the compressive strength of FC has increased with replacing
cement with SF in later ages due to the pozzolanic effect of SF and the improvement of the void structures in the FC [16,37,38].

By examining Fig. 8 (the images of CSF 220 at 10- and 20-times magnification), it is clear that the resulting void diameters are much
smaller and independent closed cells were formed. As a result of the highly specific surface area of the SF, its ability to surround small
diameter air cells has increased. When Fig. 9 (the images of C 220 at 10- and 20-times magnification) is examined, it is should be noted
that independent closed cells were formed, but there were no small-diameter void cells as in FCs with SF replacement.

Fig. 10 shows the SEM image of C 220 at 100 times magnification. Most of the voids formed in the FC were surrounded by cement
and independent closed cells were formed. As a result of the independent closed cell formation and the increase in the capability of
covering the voids by the cement, no collapse and volume losses occurred. It was determined that closed cells of different diameters
between 178 and 976 um were formed.

Fig. 11 shows the SEM image of CSF 220 at 100 times magnification. As seen from the SEM image, the majority of the voids formed
were surrounded by cement and silica fume and independent closed cells were formed as they had been in C220. It is also evident in the
SEM image that the highly specific surface area of the SF allows the creation of smaller diameter voids. It was determined that closed
cells with different diameters between 64 and 515 pm were formed.

According to Table 7, the thermal conductivity coefficients for C 200, C 220, CSF 200 and CSF 220 were found 0.069, 0.073, 0.060
and 0.068 W/mK, respectively. The test result showed that the thermal conductivity reduces as the density decreases. Thus, it can be
said that there is a relationship between density and thermal conductivity [39]. As seen in the SEM analysis of SF substituted FCs and
Table 7, as a result of the formation of smaller diameter independent closed cells, SF substitution reduced the thermal conductivity. As
the SF surrounds closed cells more intensely, the permeability of the barriers formed decreased. This result is similar to the work done
by Demirboga and Giil [40].

The effects of thermal permeability and burning conditions on FCs under high temperatures were tested in the heat permeability
test [35]. Temperature values of experiment results are given in Table 8. When Table 8 and Fig. 12 are examined together, it is clear
that no ignition or burning event occurred upon the FCs. The test method applied in this study will be useful in terms of getting quick
results regarding the burning, ignition and heat permeability of lightweight thermal insulation materials. Also, by using this test
method, information about the behavior of thermal insulation materials at high temperatures can be obtained quickly.

4. Conclusions

All FCs prepared did not show flowing in the marsh funnel test. In addition, there was no collapse or loss of volume in any of the FCs
taken into the mold. As the unit volume weights decrease in FCs, the compressive strength has decreased. However, there has been an
increase in the compressive strength of FCs with SF substitution. Thermal conductivity coefficient showed a direct relationship with the
density of FC. As the density of the FCs decreased, the thermal conductivity coefficients reduced.

The thermal conductivity coefficient of CSF 200 was found to be 0.060 W/mK. According to this result, the FC in which SF is
substituted can be included in the insulation material class. The high specific surface area of SF positively affected the compressive
strength and thermal permeability properties of the FC as a result of the formation of independent closed cells by surrounding the walls
of the voids in the FC more densely.

At the end of 10 min, the heat permeability of SF substituted FCs with densities of 220 and 200 kg/m® exposed to temperature at
1200 °C were respectively 6.5% and 5.3% better than reference foam concretes with densities of 220 and 200 kg/m?. All FCs were

10x magnification 20x magnification

Fig. 8. Microscopic images of CSF 220.
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10x magnification 20x magnification

Fig. 9. Microscopic images of C 220.

Fig. 10. SEM image of C 220 foam concrete.
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Fig. 11. SEM image of CSF 220 foam concrete.

exposed to 1200 °C temperature for 10 min and at the end of the test, they showed non-flammability. Since there is no flammable
material in FC, it will not show any negative effect during fire.

In SEM analysis, smaller diameter (64 pm) cells were detected in more dense SF-substituted FCs. As a result of the surface area of SF
being approximately 3 times more than cement, more smaller diameter cells were formed and these cells were surrounded more
densely. As a result, the compressive strength, thermal conductivity coefficient and heat permeability test results of SF substituted FCs
were better.

In short, FC can be used as a thermal insulation material with its workability, ease of application, low thermal conductivity co-
efficient and non-combustibility under high temperature effect.
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Temperature changes on the back surface of 300x300x50 mm foam concrete slabs.
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Samples Temperature Changes (°C)

1.min 2.min 3.min 4.min 5.min 6.min 7.min 8.min 9.min 10.min
C 200 21.6 22.3 23.2 24.3 25.8 27.3 29.2 29.9 30.5 31.9
C 220 21.8 23.8 24.6 25 29.6 31 31.6 32.4 33 33.9
CSF 200 21.1 22.7 22.9 23.5 23.9 25.6 26.8 27.9 29.1 30.2
CSF 220 21 229 23.5 24.4 25.1 27.8 28.3 29.2 30.4 31.7

(@)

(b)

Fig. 12. (a) Back surface temperature measurement of foam concretes exposed to a temperature of about 1200 °C (b) The appearance of the samples
after the experiment.
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