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ABSTRACT



ABSTRACT

LFC is cementatious material integrated with mechanically entrained foam in the mortar
slurry which can produce a variety of densities ranging from 400 to 1600 kg/m>.The application
of LFC has been primarily as a filler material in construction works. This research explores the
potential of using LFC in building construction, as non-load bearing partitions of lightweight
load-bearing structural members. Experimental and analytical studies will be undertaken to
develop quantification models to obtain thermal and mechanical properties of LFC at ambient
and elevated temperatures. In order to develop thermal property model, LFC is treated as a
porous material and the effects of radiant heat transfer within the pores are included. The thermal
conductivity model results are in very good agreement with the experimental results obtained

from the guarded hot plate tests and with inverse analysis of LFC slabs heated from one side.

Extensive compression and bending tests at elevated temperatures were performed for
LFC densities of 650 and 1000 kg/m3 to obtain the mechanical properties of unstressed LFC.
The test results indicate that the porosity of LFC is mainly a function of density and changes
little at different temperatures. The reduction in strength and stiffness of LFC at high
temperatures can be predicted using the mechanical property models for normal weight concrete
provided that the LFC is based on ordinary Portland cement. Although LFC mechanical

properties are low in comparison to normal weight concrete.

LFC may be used as partition or light load-bearing walls in a low rise residential
construction. To confirm this, structural tests were performed on a composite walling system
consisting of two outer skins of profiled thin-walled steel sheeting with LFC core under axial
compression, for steel sheeting thicknesses of 0.4mm and 0.8mm correspondingly. Using these
test results, analytical models are developed to calculate the maximum load-bearing capacity of
the composite walling, taking into consideration the local buckling effect of the steel sheeting
and profiled shape of the LFC core.

The results of a preliminary feasibility study indicate that LFC can achieve very good
thermal insulation performance for fire resistance. A single layer of 650 kg/m3 density LFC

panel of about 21 mm would be able to attain 30 minutes of standard fire resistance rating, which



is comparable to gypsum plasterboard. The results of a feasibility study on structural
performance of a composite walling system indicates that the proposed panel system, using
100mm LFC core and 0.4mm steel sheeting, has sufficient load carrying capacity to be used in

low-rise residential construction up to four-storeys.
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INTRODUCTION

In recent years, the construction industry has shown significant interest in the use of
lightweight foamed concrete (LFC) as a building material due to its many favourable
characteristics such as lighter weight, easy to fabricate, durable and cost effective. LFC is a
material consisting of Portland cement paste or cement filler matrix (mortar) with a
homogeneous pore structure created by introducing air in the form of small bubbles. With a
proper control in dosage of foam and methods of production, a wide range of densities
(400 — 1600 kg/m3) of LFC can be produced thus providing flexibility for application such as
structural elements, partition, insulating materials and filling grades. LFC has so far been applied
primarily as a filler material in civil engineering works. However, its good thermal and acoustic
performance indicates its strong potential as a material in building construction. In fact, there has
been widespread reported use of LFC as structural elements in building schools, apartments and
housing in countries such as Libya, Russia, Brazil, Malaysia, Mexico, Saudi Arabia, Indonesia,
Egypt and Singapore (Kearsley and Mostert, 2005). Figures 1.1 to 1.4 show some examples of

the application of LFC in real project.

Figure 1.1 LFC blocks being used in a housing project in Malaysia.
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Figure 1.3 Cast in-situ LFC wall in Surabaya, Indonesia.
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Figure 1.4 LFC being employed in a high rise building floor screed in Penang, Malaysia.

This project is concerned with exploring the potential of using LFC as a building
material. Although LFC mechanical properties are low compared to normal weight concrete,
LFC may be used as partition or light load-bearing walls in low rise residential construction. The
first stage to realize the potential of LFC for application as a load-bearing material in building
construction is to obtain reliable thermal and mechanical properties at elevated temperatures for
quantification of its fire resistance performance and some indication of whether it has adequate
load-bearing performance. In order to gain a clearer understanding of the properties of LFC so as
to develop a method to dependably predict its performance under ambient and elevated
temperatures, this research will involve both experimental and theoretical investigations to
ensure that the analytical model is generically applicable and validated. This research is divided

into four main stages. The first stage is to develop a theoretical model for temperature dependant
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thermal properties (thermal conductivity and specific heat) and to conduct transient heating tests
in an electric kiln on LFC slabs to establish the through depth temperature profiles for validation
of its thermal properties. In the second stage, compression and bending tests are performed at
elevated temperatures to establish the mechanical properties of unstressed LFC. Thirdly,
experiments are performed to observe the compressive structural behaviour of LFC based
composite walling system and to investigate methods of calculating their strength at ambient
temperature. Finally, a feasibility study will be executed to assess the applicability and limits of
this LFC based system in building construction in terms of its fire resistance and structural

performance.
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OBJECTIVES AND SIGNIFICANCE OF LIGHTWEIGHT FOAM
CONCRETE

LFC is a relatively new construction material compared to normal weight concrete. The
major factor limiting the use of LFC in applications is insufficient knowledge of the material

performance at elevated temperatures.

In building application, load carrying capacity and fire resistance are the most important
safety requirements. In order to comprehend and eventually predict the performance of LFC
based systems, the material properties at ambient temperature and elevated temperatures must be
known at first stage. To be able to predict the fire resistance of a building structure, the

temperatures in the structure must be determined.

For such calculations, knowledge of the thermal properties, at elevated temperatures of
the material is essential. In this research, the important thermal properties of LFC at elevated
temperatures will be investigated. These properties include thermal conductivity, specific heat,
porosity and density change of LFC. For quantification of structural performance, LFC
mechanical properties will be established, including compressive strength, compressive modulus,
strain at maximum compressive strength, compressive stress-strain relationship, failure modes,
flexural tensile strength and flexural tensile modulus. To indicate feasibility of using LFC in
building construction,
it is necessary to carry out investigation of structural performance of LFC based building

components. In this research, a composite walling system will be investigated.

The main objectives of this study are:
v To experimentally study and quantify the thermal properties of LFC at high temperatures
so as to obtain material property data for prediction of fire resistance of LFC based
systems through transient heating tests.

v To develop and validate proposed thermal property models for LFC.

v To experimentally examine and characterize the mechanical properties of LFC at ambient
and elevated temperatures.
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v" To assess and propose mechanical properties prediction equations of LFC, based on
comparison of the experimental results with existing models for normal weight concrete.

v' To experimentally investigate the compressive behaviour of composite wall panels
consisting of two outer skins of profiled thin-walled steel sheeting with LFC core and to
analytically develop a model to calculate the maximum loadbearing capacity of the
composite walling system.

v To carry out feasibility study on fire resistance and structural performance of using LFC
in low-rise residential construction.
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LITERATURE REVIEW

Since LFC is not a main stream construction material, a brief introduction to LFC will
first be provided. LFC is defined as a cementitious material having a minimum of 20 per cent by
volume of mechanically entrained foam in the mortar slurry (Van Deijk, 1992) in which air-
pores are entrapped in the matrix by means of a suitable foaming agent. The air-pores are
initiated by agitating air with a foaming agent diluted with water; the foam then carefully mixes
together with the cement slurry to form LFC. Integrating the air-pores into the base matrix gives
a low self-weight, high workability, excellent insulating values, but lower strength in contrast to

normal weight concrete. LFC can be fabricated anywhere in any shape or building unit size.

LFC is not a new material in the construction industry. It was first patented in 1923
(\Valore, 1954) and a limited scale of production was instigated in 1923. The use of LFC was
very limited until the late 1970s, when it was started to be consumed in Netherlands for ground
engineering applications and voids filling works. In 1987 a fullscale assessment on the
application of LFC as a trench reinstatement was carried out in the United Kingdom and the
achievement of this trial led to the extensive application of LFC for trench reinstatement and
other applications followed (Brady et al., 2001). Since then, LFC as a building material has
become more widespread with expanding production and range of applications.

Over the past 20 years, LFC has primarily been used around the world for bulk
filling,trench reinstatements, backfill to retaining walls and bridge abutments, insulation to
foundations and roof tiles, sound insulation, stabilising soils (especially in the construction of
embankment slopes), grouting for tunnel works, sandwich fill for precast units and pipeline infill.
However, in the last few years, there is developing interest in using LFC as a lightweight non-
structural and semi-structural material in buildings to take advantage its lightweight and good
insulation properties. LFC can have a wide range of densities and each density is produced for a
particular type of application. Table 2.1 shows the range of densities suitable for different

applications.
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Table 2.1 Applications of LFC with different densities

Density (kg/m°)

300 - 600

600 — 900

900 — 1200

1200 — 1800

Applications

Used for roof and floor insulation against heat and
sound and alsofor interspaces filling between brickwork
leaves in undergroundwalls, insulation in hollow blocks
and any other filling situation where high insulating

properties are required.

Used for the production of precast blocks and
panels for curtain and partition walls, slabs for false
ceilings, thermal insulation and soundproofing screeds in
multi-level residential buildings. LFC of this density range

is also ideal for bulk fill application.

Used in concrete blocks and panels for outer leaves
of buildings, architectural ornamentation as well as

partition walls, concrete slabs for roofing and floor screeds.

Used in precast panels of any dimension for
commercial and industrial use, garden ornaments and other
uses where structural concrete of light weight is an

advantage.
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Constituents material of LFC

LFC with low density, i.e. having a dry density of up to about 600 kg/m3, is frequently
formed from cement (to which other binders could be added), water and stable foam whilst
denser LFC will incorporate fine sand in the mix. The requirements of each constituent of LFC
are explained below:

Cement

Portland cement SEML is typically used as the main binder for LFC. Additionally, rapid
hardening Portland cement (Kearsley and Wainwright, 2001), calcium sulfoaluminate and high
alumina cement (Turner, 2001) have also been used to reduce the setting time and to obtain
better early strength of LFC. There was also an attempt to decrease the cost of production by
using fly ash (Kearsley and Wainwright, 2001) as cement replacement to enhance consistency of
the mix and to reduce heat of hydration while contributing for long term strength.

Fillers (sand)

Sach and Seifert (1999) suggested that only fine sands having particle sizes up to about
4mm and with an even distribution of sizes should be used for LFC. This is primarily because
coarser aggregate might lead to collapse of the foam during the mixing process. Coarse
pulverised fuel ash (PFA) also can be used as a partial or total replacement for sand to make LFC

with a dry density below about 1400 kg/ma3.

Water

The amount of water to be added to the mix depends on the composition of the mix design.
Generally for lighter densities, when the amount of foam is increased, the amount of water can
be decreased. The water-cement ratio must be kept as low as possible in order to avoid
unnecessary shrinkage in the moulds. However, if the amount of water added to cement and sand
is too low, the necessary moisture to make a workable mix will have to be extracted from the
foam after it is added, thereby destroying some of the foam in the mix. The range of water-

cement ratio used in LFC is between 0.4 to 1.25 (Kearsley, 1996), the appropriate value will be
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depending on the amount of cement in the mix, use of chemical admixtures and consistence
requirement. Plasticizers are not normally necessary to make LFC because of LFC has intrinsic

high workability.

Surfactants (foaming agent)

There is an extensive choice of surfactants (foaming agent) available in the
market.Generally two types of surfactants can be used to produce foam: protein and synthetic
based surfactants. Protein based surfactants are produced from refined animal products such as
hoof, horn and skin whilst synthetic based surfactants are produced using man made chemicals
such as the ones used in shampoos, soap powders and soaps (Md Azree, 2004). The surfactant
solution typically consists of one part of surfactant and between 5 and 40 parts of water but the
optimum value is a function of the type of surfactant and the technique of production. It is very
important to store all surfactants accordingly because they are inclined to deterioration at low
temperatures. According to McGovern (2000), foams formed from protein based surfactants
have smaller bubble size, are more stable and have a stronger closed bubble structure compared
to the foam produced using synthetic surfactants. Therefore, protein based surfactants would be
best suited for the production of LFC of comparatively high density and high strength.The
stability of foam is a function of its density and the type of surfactant. The foam has to endure its
inclusion into the mortar mix and the chemical environment of the concrete until it has attained a
reasonable set. A number of external environmental factors can exert influence on the stability of
the foam such as vibration, evaporation, wind and temperature. Some or all of these may be
present on a site and may lead to the breakdown in the foam structure. Currently two methods
can be used to produce LFC, either by pre-foaming method or mixed foaming method. Pre-
foaming involves preparation of the base mix and the stable foam individually and then is added
together. In the mixed foaming method, the foaming agent is mixed together with the base
matrix. The properties of LFC are significantly reliant upon the quality of the foam; therefore,
the foam should be firm and stable so that it resists the pressure of the mortar until the cement
takes its initial set to allow a strong skeleton of concrete to be built up around the void filled with
air (Koudriashoff, 1949).
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Design procedure of LFC

At the moment, there is no standard method for designing LFC mix. For normal weight
concrete, the user would signify a certain compressive strength and the water-cement ratio would

be adjusted to meet the requirement.

As far as LFC is concerned, not only the strength is specified, but also the density. Since
the compressive strength of LFC is a function of density, the density can be used to modify the
strength but this does not give any indication of the water requirement in the mix. It is not an
easy task to achieve an accurate measurement of the density of LFC on site because of the

hardened density of LFC depends on the saturation intensity in its pores.
According to Jones and McCarthy (2005), it is difficult to achieve the design density of

LFC because it has a tendency to lose between 50 and 200 kg/m3 of the total mix water because

it depends on the concrete fresh density, early curing regime and exposure conditions.
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of LFC

{ Determination of the effective thermal conductivity

v

/

: : Determine thermal properties of
kA sxilFallecale.he:nsnng e LFC (thermal conductivity, specific
e heat. void size, porosity, density)
% " v
Use the thermal properties as input
Measure temperature development :
in LEC specimens dataina 1-D heat transfer program  |€

fo predict temperature developments

!

Compare experimental and numerical prediction
results for the length of the temperature plateau

satisfactory

unsatisfactory

v

L4

Effective void size of LEC to be
used to obtatn thermal conductivity
model

Calibrate the effective void size of
LFC

\

Figure 1.5 Methodology to determine the effective thermal conductivity of LEC
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Catry out high temperature mechanical tests including compressive
and bending tests

\4

3 Obtain mechanical properties of LFC inchuding compressive strength, 3
compressive modulus, strain at maxinmm compressive strength,
compressive stress-strain refationship, faifure modes, flexural tensile
strength and flexural tensile modulus

\4

Propose predictive models based on comparison of the experimental
results with existing models for normal strength

v

v !

Strength-porosity relationship of Prediction of mechanical properties
LFC at ambient temperature of LFC at elevated temperatures

V
Comparative study - combination of the strength-porosity model at
ambent temperature and strength-temperature model at elevated
femperatures.

Figure 1.6 Methodology to examune and characterize the mechanical properties of LFC
at elevated temperatures
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s A
Thermal insulation performance for Axial compression behaviour at

fire reststance ambient temperature
\ J
R \
Minimum thickness of wall Maxinum number of floors that can
thickness be built
A J

Figure 2.18 Methodology to assess the feasibility using LFC based wall panels in
realistic construction.

Carry out ambient temperature axial compression test on composite
walling system

v
{ Observe and characterize the load deformation response and failure b

modes of the specimens under axial compression

v

Development of analytical method to predict the load carrying
capacities of the test specimens using the effective width method for

the steel sheets and then compared with the experimental results )

Figure 2.17 Methodology to examine the structural behavior of composite walling

system under axial compression
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