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a b s t r a c t

The brittleness and low fracture toughness of autoclaved aerated concrete (AAC) could be improved by
fibres, but the deterioration of its thermal insulation performance are commonly observed. In this study,
different combinations of recycled wood fibre and rubber powder were added in AAC to improve its
performance and reduce the negative environmental impacts of solid waste. In addition to the fluidity of
slurry, the physical, mechanical and thermal properties of AAC were systematically investigated, together
with the phase components and microstructure images. AAC with relative high mechanical strengths and
excellent thermal insulation performances could be obtained because of the reinforcement of wood fibre
and the gas introduced by rubber powder. The scanning electron microscopy (SEM) and X-ray diffraction
(XRD) analyses revealed that the positive effects of wood fibre and rubber powder were the results of
physical interactions.

© 2019 Published by Elsevier Ltd.
1. Introduction

Recently, energy conservation with respect to buildings has
become a growing concern (Ko�cí et al., 2013). In China, 20.6% of the
total energy and 19.0% of the total carbon emission have been
consumed by building in 2016 (China Building Energy Saving
Technic Association, 2019). A series of energy codes for buildings
has implemented to effectively reduce building energy consump-
tion. To achieve the goal of 65% building energy conservation, the
internal-external insulation measure and wall materials with good
thermal insulation performance are adopted (Wang et al., 2019).
Autoclaved aerated concrete (AAC) has been reported to be the only
wall material meets the Chinese national standard requirement of
the energy conservation for buildings (He et al., 2018).

AAC is usually themixture of quartz powder (or fly ash), cement,
lime, gypsum, water and small quantities of aluminum powder,
which is hardened and strengthened under pressurized steam
(Israngkura Na Ayudhya, 2016; Schreiner et al., 2018). Compared
with ordinary concrete, AAC has the more excellent thermal
insulation properties and the lower density (Asadi et al., 2018; Ma
et al., 2016; Yuan et al., 2017). However, AAC products also have
some drawbacks, such as high brittleness and low mechanical
strength, which limits their commercial applications (Cong et al.,
2016; Ferretti et al., 2015; Koudelka et al., 2015). Moreover, recent
trends have focused on utilizing industrial wastes to produce high-
performance AAC, that is, AAC with high volume stability, high
mechanical strength, and excellent thermal insulation properties
(El-Didamony et al., 2019).

Studies have shown that adding fibre was a simple and effective
way to obtain AAC with relatively high volume stability and me-
chanical strength (Bonakdar et al., 2013; Laukaitis et al., 2012;
Pehlivanlı et al., 2016). However, not all fibres are suitable for
addition to AAC owing to the special preparation process used for
AAC, such as polymer fibre may melt under the high temperature,
carbon fibre cannot easy to disperse in AAC slurry. (Noumowe and
Research, 2005; Yang et al., 2017). Several research projects have
been carried out to use the natural fibre in cement-based materials.
About 20% increase in strength and an obvious improvement in
load-carrying capacity of concrete cylinder are obtained with the
additions of the coir fibre and sisal fibre (Krishna et al., 2018).

Wood is a natural material and used worldwide as a construc-
tion material for both long-term and temporary use (Faraca et al.,
2019). A significant amount of wood waste is generated because
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Table 1
Chemical compositions of the main raw materials used (in mass%).

Raw material SiO2 Al2O3 Fe2O3 CaO MgO LOI a

Quartz powder 86.41 5.4 0.36 1.95 0.47 4.51
Cement 20.78 6.05 4.62 63.03 1.15 4.79
Lime 3.74 1.81 0.69 90.46 2.26 1.04

a LOI: Loss on ignition at 950 �C.
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of rapid urbanisation and industrialisation (Souza et al., 2018). For
instance, thousands of tons of wood waste are produced from
construction, furniture manufacture, and other activities in China.
Historically, this wood waste is not classified and is usually used as
fuel or directly discarded, causing serious environmental concerns
and health issues (Wang et al., 2017). However, wood waste is
considered a recyclable and renewable resource, so transforming
woodwaste into an innovative upcycling option is necessary. As the
most widely used natural organic fibre, it has been used success-
fully in cement-based material because of its low density and cost,
high mechanical properties, excellent dispersion and thermal
properties (Blankenhorn et al., 2001; Nasser et al., 2016; Quiroga
et al., 2016; Usman et al., 2018). In addition, with respect to the
sustainability strategy, the use of wood fibre produced from wood
waste has a positive environmental impact (Hossain and Poon,
2018; Wang et al., 2018).

Unfortunately, the thermal conductivity of AAC reduces bymore
than 15% while fibres are added (Pehlivanlı et al., 2016). Because of
its unique pore structure, AAC cannot have relatively high me-
chanical strength and relatively low thermal conductivity at same
time. The pore structure of AAC changes significantly when fibres
are added. As the porosity of AAC decreases, its mechanical prop-
erties increase but its thermal conductivity also increases. More-
over, the relatively high thermal conductivity of fibres and the
negative effect of the thermal bridge caused by the fibre additives
could directly affect the thermal insulation property of AAC (Xargay
et al., 2018). To achieve a high insulation level, several studies have
been carried out to improve the thermal insulation property of AAC
using various phase-change materials, such as kalium carbonate,
octadecanoic acid, and phase-change paraffin (Cao et al., 2017;
Kahwaji et al., 2018; Li et al., 2017). However, these phase-change
materials substantially increase the cost of AAC, which restricts
its popularisation.

In recent decades, the production of rubber has increased
significantly to satisfy the global demands for rubber products
(Rahimi R et al., 2016). The production of rubber increased by nearly
10 million metric tons from 2000 to 2016 (Zhang et al., 2019). More
than 1.5 billion tyres are manufactured worldwide and millions of
tyres are discarded per annum (Ashish, 2018). Disposal of waste
tyres has become a non-negligible environmental issue. Despite the
massive effort to recycle waste tyres, the majority are still dumped
in a landfill or burnt, which presents a serious threat to the
ecological environment (Dobrot�a and Dobrot�a, 2018; Hijazi et al.,
2018). Nevertheless, waste tyres could be seen as a valuable
resource and spur researchers to develop new ways to eliminate
this threat. The recycling of waste tyre rubber into construction
materials for civil engineering has been investigated extensively
the past few years. (Ramdani et al., 2019). Rubber powder has been
used as filler in road construction (Sheng et al., 2017) and as a
coarse or fine aggregate in cementitious materials like mortar and
concrete (Cheng et al., 2017; Ismail et al., 2018; Long et al., 2018).
However, rubber powder does decrease the mechanical strength of
concrete because of the low stiffness of rubber and the poor bond
between rubber powder and the cement matrix. Nonetheless,
when recycled rubber is added to concrete, desirable improve-
ments such as a decrease in the unit weight, improved ductility and
toughness, and an increase in the cracking resistance are obtained.
(Sienkiewicz et al., 2017; Thomas et al., 2016). In addition, the air
content of rubber-reinforced concrete is slightly higher than that of
reference mixtures without rubber (Aslani et al., 2018). Rubber
powder introduces a small amount of gas into the mixture during
themixing process (Zhu et al., 2011), which has a favourable impact
on the thermal insulation property of mixture.

The aim of this study was to utilise recycled rubber powder and
wood fibre to produce AAC with excellent mechanical properties
and thermal insulation performance. On the basis of the mixture
ratios of commercial AAC, different contents of wood fibre and
rubber powder were added to the mixtures to prepare AAC for
testing. The effects of the rubber powder and wood fibre on the
fluidity of the slurry, pore structure, and bulk density were evalu-
ated. In addition, the mechanical properties of compressive
strength and flexural strength were tested, and the optimal wood
fibre content was determined. Then, the effects of rubber powder
on thermal conductivity and energy-saving aspect were tested.
Finally, the microstructure and phase components of the tested
specimens were investigated using scanning electron microscopy
(SEM) and X-ray diffraction (XRD), respectively.

2. Material and methods

2.1. Materials

The main raw materials used were cement, lime, gypsum and
glass tailing sand (quartz sand powder). All raw materials used in
the experiment were from the same batch to ensure the stability of
the chemical composition of the specimens. Table 1 presents the
chemical compositions of themain rawmaterials. The cementitious
material used in this study was commercial Ordinary Portland
Cement (OPC) 42.5R provided by Shanxi Jidong Cement Co. Ltd
(Baoji, Shanxi province, China). To improve the pozzolanic activity,
a laboratory mill was used to grind the glass tailing sand (provided
by China Material Energy Saving New Materials Co, Ltd, Yichang,
Hubei province, China) to quartz powder with a specific surface
area of 5000 cm2/g. Commercially available aluminium powder
with the specific surface area of 7500 cm2/g was provided by
Shanxi NITYA New Materials Technology Co. Ltd (Xian, Shanxi
Province, China).

Research has revealed that fibres with an average length of
2e6mm could significantly enhance the mechanical properties of
AAC (Laukaitis et al., 2009). Accordingly, wood fibre produced from
pine waste, with an average length of 3.5mm was used (Xian
Chaomai Engineering Fiber Co. Ltd, Xian, Shanxi Province, China).
The diameter and tensile strength of wood fibre were 38 ± 5 mm
and 450e700MPa, respectively. Rubber powder produced from
tyre waste was provided by Hengshui Zehao Rubber Chemical Co.
Ltd (Hengshui City, Hebei Province, China). To give full play of the
air entraining function of rubber powder, the fineness of rubber
powder was less than 180 mesh (0.088mm).

2.2. Specimens preparation

In this study, B05 bulk density class AAC was used (the product
number indicated a nominal apparent density of 500 kg/m3). The
initial mixture ratios of B05 bulk density class AAC were provided
by Shanxi NITYA New Materials Technology Co. Ltd (Xian, Shanxi
province, China). The content of sand, cement, lime, gypsum and
aluminium powder were 59.0 wt%, 20.0wt%, 2.0wt% and 0.085wt
%, respectively. And thewater/solid ratio was 0.60. All combinations
of wood fibre and rubber powder were based on first improving the
brittleness and fracture toughness of AAC, and then enhancing its
thermal insulation performance. It has been reported that a high
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amount of fibre additive can lead to the deterioration of the me-
chanical strength of AAC (Pehlivanlı et al., 2015). Therefore, the
wood fibre contents used in our study were 0.1%, 0.2%, 0.3%, 0.4%,
and 0.5% of the total weight of the dry mixes. Moreover, even
though the rubber powder content was as low as 5.0% in some
studies, a negative impact of rubber powder on the mechanical
properties of cement-basedmaterials was still observed (Sofi, 2018;
Thomas and Gupta, 2016). To ensure the mechanical performance
of the AAC, the rubber powder contents adopted for this studywere
0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of the total weight of the dry mixes.

The procedures used in previous studies for preparing fibre-
reinforced AAC (Laukaitis et al., 2009; Pehlivanlı et al., 2016),
were the basis of the following procedure for preparing AAC
specimens in this study.

(1) Wood fibre and rubber powder were mixed with quartz sand
powder for 300 s.

(2) The other raw solid materials were added and the mixture
was mixed for 150 s with water preheated to 50 �C.

(3) Aluminium powder was added and mixed with the slurry for
another 40 s.

(4) The forming mixture was poured into warm
500� 500� 800mm3 serving moulds and then allowed to
expand and harden at 50 �C for 3 h.

(5) Specimens were put into an autoclave at 190 �C and steamed
under pressure for 12 h.
Fig. 1. Schematic diagram of the thermal insulation performance testing system.
2.3. Testing procedure

The properties of the specimens were determined in the labo-
ratory with temperature and relative humidity of 20± 2 �C and
60± 5%, respectively.

2.3.1. Fluidity of the slurry
A cylindrical mould (40� 100mm2) was placed at the centre of

a clean glass plate and filled with slurry at a constant speed. The
expansion diameters in two vertical directions weremeasuredwith
a ruler and their average value was adopted.

2.3.2. Bulk density and pore structure
For the bulk density test, three AAC specimens, exactly

100� 100� 100mm3, were oven-dried at 60± 5 �C for 24 h, then at
80± 5 �C for 24 h, and finally at 105± 5 �C until a constant weight
was achieved. The volume and mass of the specimens were
determined and used to calculate the volume density as follows:

r ¼ m=v (1)

where ris the volume density,m is the mass, and v is the volume of
a specimen.

The matrix density r1 was measured using pycnometry in the
dry state. Thus, the porosity 4 was determined as follows:

4 ¼ 1� r=r1 (2)

The surface macropores of a specimen were investigated using
the following procedure: i) A colour photograph was taken on the
specimen’s surface with 100� 100mm2 area with a SONY DSC-
WX350 camera (18.2 million pixels). ii) A screenshot of a
25� 25mm2 area on the image was obtained. iii) The screenshot
was binarised using the binarisation function of MATLAB 2016a
with a threshold of 150. iv) The macropores and AAC matrix were
displayed in white and black, respectively. v) At last, the average
pore diameter value was calculated with the software.
2.3.3. Mechanical properties
The compressive strength and flexural strength of the reinforced

AAC specimens were tested according to the Chinese Standard GB
11968e2008 “Test methods of autoclaved aerated concrete”. The
compressive strength specimens were 100� 100� 100mm3 and
the flexural strength specimens were 100� 100� 400mm3. The
mechanical properties were tested on three samples with a mois-
ture content of 8e12% using a powerful electromechanical testing
machine (TYE-300D, Wuxi Jianyi Instrument & Machinery Co. Ltd).
2.3.4. Thermal property
A 300� 300� 30-mm3 specimen was dried in a stove at

65± 5 �C before undergoing thermal conductivity testing following
the Chinese Standard GB/T 10294e2008 “Thermal insulation e

Determination of steady-state thermal resistance and related
properties e Guarded hot plated apparatus”, using a thermal con-
ductivity measurement instrument (PDR-3030B, Shenyang Weite
General Technology Development Co. Ltd, Shenyang, Liaoning,
China).

To investigate the stored-heat release property of AAC, we used
the thermal system presented in Fig. 1. Before testing, a
400� 400� 40-mm3 specimen was dried at 65± 5 �C until a con-
stant mass was achieved. The testing procedure was as follows:
First, the specimen was installed and the testing system was
debugged. Then, the iodide-tungsten lamp heat source was turned
on. Finally, the heat source was turned off for natural cooling when
the outer surface temperature was stable. The temperature data
were collected every 20min.
2.3.5. XRD and SEM
The microstructure of the test samples was observed by SEM

using a Nova Nano SEM200 high-resolution scanning electron mi-
croscope (FEI, Thermo Fisher Scientific, Waltham, MA, USA). The
mineral phases of the samples were observed by X-ray diffraction
(XRD) analysis using a X’Pert Pro diffractometer (Malvern Pan-
alytical, Malvern, UK).
3. Results and discussion

For convenience, the specimens were encoded as Wx-y for this
paper. x and y stand for the wood fibre content and the rubber
powder content, respectively. For example, the AAC specimenswith
0.4% wood fibre content and 1.0% rubber powder content is enco-
ded as W0.4e1.0, and the specimen with no rubber powder and
wood fibre is encoded as W0-0 (control specimen).



Fig. 3. Relationship between bulk density and rubber powder content.

Table 2
Porosity of samples.

Rubber powder content (%) Porosity (%)

W0 W0.1 W0.2 W0.3 W0.4 W0.5

0.0 77.65 77.48 77.17 77.22 77.02 76.75
0.5 77.87 77.69 77.61 77.35 77.28 76.94
1.0 78.22 77.91 77.69 77.58 77.44 77.33
1.5 78.13 77.94 77.58 77.19 77.35 77.26
2.0 77.93 77.76 77.45 77.31 77.31 77.02
2.5 77.71 77.55 77.22 76.97 77.08 76.69
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3.1. Fluidity of slurry

Low fluidity can cause the AAC to perform poorly. According to
the empirical data for this technological parameter obtained during
AAC production, the target fluidity of 330± 35mm should be ach-
ieved to ensure that the AAC has the properties of the B05 bulk
density class (Straub et al., 2015). As presented in Fig. 2, the fluidity
of slurry (the standard deviation� 15mm, less than 5% of the
average fluidity) increased when the rubber powder content varied
from 0 to 2.5%. Compared with W0-0 and W0.4e0, the fluidity
values increased by 4.6% for W0-2.5 and 4.8% for W0.4e2.5,
respectively. Rubber powders may act as glass microballoons in the
slurry, which could reduce its viscosity and improve its fluidity.

On the other hand, the fluidity of the slurry decreased as the
wood fibre content increased from 0% to 0.5%. Compared with W0-
0 (control slurry without fiber and rubber powder), the fluidity
value of W0.5-0 decreased by 21mm. Because of the combined
effects of the rough surface, flatness and bendability of wood fibre,
the friction between the wood fibre and the slurry was relatively
large, impairing the flow of the slurry. However, the fluidity of the
W0.5-0 slurry still satisfied the technological parameter.

3.2. Bulk density and porosity

Bulk density is qualified by the mixing ratios and properties of
the raw materials in AAC. The physical, thermal, and mechanical
properties of AAC are closely related to the bulk density. Fig. 3
presents the relationship between bulk density (the standard de-
viation� 8 kg/m3, less than 2% of the average bulk density) and
rubber powder content. It was found that the minimum bulk
density was obtained while the rubber powder content was 0.1%. In
addition, the bulk density increased along with the increase of
wood fibre content. Thus, the minimum bulk density of 490 kg/m3

was observed in specimen W0-1.0.
The properties of AAC depend significantly on its porosity and

pore structure (distribution, size, and shape). Table 2 shows that the
change in porosity with the change in rubber powder content had
the same tendency as that with volume density. The porosity
increased with the increase in rubber powder content owing to gas
Fig. 2. Relationship between the fluidity of the slurry and rubber powder content.
introduced by the rubber powder. Moreover, the porosity
decreased as the wood fibre content changed from 0% to 0.5%.
Hence, the highest and lowest porosities were found inW0-1.5 and
W0.5e0, respectively.

The surface macropores of W0-0, W0.4e0, W0-1.0, and
W0.4e1.0 are shown in Fig. 4. Only surface macropores (in white)
are shown in the figures. Owing to the effect of the rubber powder,
the pores ofW0-1.0 andW0.4e1.0 (Fig. 4c and d) seem to be slightly
larger than those of W0-0 andW0.4e0 (Fig. 4a and b). According to
calculation, the average macropore diameters were 1.274mm for
W0-0, 0.961mm for W0.4e0, 0.133mm for W0-1.0 and 1.297mm
for W0.4e1.0, respectively. Moreover, W0-1.0 and W0.4e1.0 have a
more even gas pore distribution and smaller pores than do W0-
0 and W0.4e0. The friction force between the wood fibre and the
slurry affected the rheology of the slurry during the gas-generating
process, which causes this change of pore structure.
3.3. Compressive and flexural strength

A three-dimensional (3D) colour surface map was created to
better observe the variation in the compressive strength of AAC
(Fig. 5). As the wood fibre content increased, the compressive
strength increased and then decreased. Overall, adding wood fibre
improved the compressive strength of AAC. When the rubber
powder content remained the same, the compressive strength of all
wood fibre-reinforced specimens was greater than that of



Fig. 4. Computer-processed images of the surface macropores of (a) W0-0, (b)
W0.4e0, (c) W0-1.0, and (d) W0.4e1.0.

Fig. 5. 3D colour surface map showing the variation in compressive strength.

Fig. 6. 3D colour surface map showing the variation in flexural strength.
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specimens without wood fibre. Moreover, the maximum
compressive strength, obtained by W0.4e1.0, was about 1.09 times
greater than that of W0-0. A similar increase in compressive
strength of AAC was reported while basalt fibre was added in
(Laukaitis et al., 2009).

The compressive strength increased slightly when the rubber
powder content changed from 0% to 1.0%, indicating that a small
amount of rubber powder had a positive effect on compressive
strength. For example, the compressive strength of W0.4e1.0 was
0.02MPa higher than that of W0.4e0. Because it is an elastic ma-
terial, rubber powder under compression can absorb some energy.
This may have caused the increase in compressive strength. How-
ever, a significant decrease in compressive strength was observed
when the rubber powder content exceeded 1.0%. The compressive
strengths of W0-2.5 and W0.4e2.5 were 13.4% and 14.8% less than
those of W0-0 and W0.4e0, respectively. The large rubber powder
content may have resulted in additional weak rubber powder-AAC
matrix surfaces, which would have had a negative effect on
compressive strength.

Fig. 6 is the 3D colour surface map that shows the variation of
the flexural strength of AAC with different wood fibre and rubber
powder contents. The effect of wood fibre on flexural strength was
much more pronounced than the slight enhancement it made to
compressive strength, and the same phenomenon was observed in
previous studies (Laukaitis et al., 2012; Pehlivanlı et al., 2016). This
significant increase may be attributed to the arrest of crack growth
and energy transfer by the fibres, depending on their bond strength
and properties (Abbass et al., 2018). For specimens without rubber
powder, the flexural strength increased by 49% as the wood fibre
content increased from 0% to 0.4%, that is, the toughness of AACwas
significantly improved with the addition of wood fibre. However,
the flexural strength decreased significantly when the wood fibre
content changed from 0.4% to 0.5%, as did the compressive strength.
A possible explanation for this decrease could be that the dis-
persivity of thewood fibrewas important to its reinforcing effect on
mechanical strength (Chuang et al., 2017; Lavagna et al., 2018).
Excess wood fibre could not disperse evenly in the slurry because of
the interference among the fibres, which led to an undesirable
wood fibre distribution. Consequently, the additional weak fibre-
fibre and fibre-AAC matrix interfaces were introduced. When a
load was applied to these specimens, the stress in the specimens
was redistributed, concentrating at the weak interfaces. Therefore,
the mechanical strength of AAC decreased when the wood fibre
was excessive.

Unlike the compressive strength, there was a slight decrease in
the flexural strength as the rubber powder content increased from
0% to 1.0%. The flexural strength of W0-1.0 and W0.4e1.0 was 0.2
and 0.1MPa lower than that of W0-0 and W0.4e0. In addition, the
flexural strength sharply decreased as the rubber powder content
increased from 1.0% to 2.5%. Compared with W0-1.0 and W0.4e1.0,
the flexural strengths of W0-2.5 and W0.4e2.5 decreased by 26.3%
and 31%, respectively. Because the weak rubber powder-AAC ma-
trix surface was more vulnerable and sensitive under the stress
from bending, leading to the significant decrease in flexural
strength.

From the mechanical performances, it was concluded that the
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optimal wood fibre content was 0.4%. In addition, the low rubber
powder content had almost no impact on the mechanical perfor-
mance of AAC; therefore, the AAC could have 0.5% and 1.0% rubber
powder content without any obvious decrease in its mechanical
properties.
3.4. Thermal conductivity

Excellent thermal insulation is the most important property of
AAC. Generally, the thermal conductivity of AAC is as much as 10
times lower than that of ordinary concrete (Asadi et al., 2018). The
thermal conductivity of AAC is mainly a function of its density,
porosity, pore size distribution, moisture content, and phase
composition (R�o _zycka and Pich�or, 2016b). In addition, previous
research reported thatmacropores were themain factor that affects
thermal conductivity (Yuan et al., 2017). Under the same testing
conditions, the effect of moisture content may not be prominent.

Base on the mechanical strengths analysis, it was sense to
investigate the effect of rubber powder on the thermal insulation
performance of specimens with 0.4 wood fibre content. Fig. 7
shows the relationship between thermal conductivity and rubber
powder content. It was found that the thermal conductivity (the
Fig. 7. Relationship between thermal conductivity and rubber powder content.

Fig. 8. Simulated outer and inner surface temperatures for the effect of rubber powder on
steady state of inner surface temperature.
standard deviation� 0.01W/(m�K)) of AAC increased because of
the addition of wood fibre, which was consistent with the experi-
mental results in literature (Pehlivanlı et al., 2016). The thermal
conductivity of W0.4e0 was 13.7% greater than that of W0-0. This
increase could be explained by the smaller macropores and slightly
lower porosity of W0.4e0.

As presented in Fig. 7, all the thermal conductivities of the W0
and W0.4 specimens with rubber powder were smaller than those
of the specimens without rubber powder (W0-0 and W0.4e0). It
may conclude that rubber powder additive had a positive effect on
the thermal conductivity of AAC. Moreover, the thermal conduc-
tivity decreased while rubber powder content increased from 0 to
1.0%. Compared with W0.4e0, the thermal conductivity of
W0.4e1.0 decreased by 13.8%. The decrease mainly caused by the
following two reasons. The air entrained by rubber powder
increased the porosity of AAC, and rubber powder has a relatively
low thermal conductivity, which would directly cause a decrease in
the thermal conductivity of AAC. However, instead of entraining
more air, excess rubber powder filled the pores and caused a
decrease in porosity. Therefore, the thermal conductivity increased
when the rubber powder content was large.
3.5. Energy-saving aspect

To investigate the effect of rubber powder on the energy-
conserving property of AAC during heating and cooling cycles,
the outer and inner surface temperatures were recorded and are
displayed in Fig. 8.

The curves for the outdoor surface temperature are nearly
superimposed. In the heating stage, the outer surface temperature
increased rapidly and then reached a steady state. The rate of in-
crease and the steady-state temperatures of the samples were
almost the same. In addition, the outer surface temperature quickly
decreased to room temperature in the cooling stage. The similar
outer surface temperature results for the three samples demon-
strated that the heat source device was stable.

Compared with the outer surface temperature, the inner surface
temperature did not vary much. In the heating stage, the inner
surface temperature reached the steady state about 80min later
than that of the outer surface temperature. The differences be-
tween the inner and outer surface temperatures were considerable,
together with a very low cooled rate of the inner surface temper-
ature, indicating the good thermal insulation resistance of AAC.
the thermal insulation property, (b) steady state of outer surface temperature and (c)



Fig. 9. XRD patterns of W0-0, W0.4e0, W0-1.0, and W0.4e1.0 specimens.
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Compared with W0-0 and W0.1e1.0, a more obvious change in
the inner surface temperature of W0.4e0 was observed. It indi-
cated that wood fibre additive had a negative impact on the ther-
mal insulation stability of AAC. As presented in Fig. 8c, W0.4e1.0
had the lowest steady-state inner surface temperature in the
heating stage, followed by W0-0 and W0.4e0. The steady-state
inner surface temperature of W0.4e1.0 was about 2.2 �C lower
than that of W0.4e0, meaning that less energy would be consumed
to maintain room temperature (Cer�on et al., 2011). According to the
endothermic and exothermic formula, it took more than 2800 J of
energy to reduce the temperature of one cubic meter of air by
2.2 �C. This satisfactory results were attributed to the improvement
on the thermal insulation performance caused by rubber powder.
Moreover, the inner surface temperature curves of W0-0 and
W0.4e1.0 were nearly overlapped, which meant the equivalent
Fig. 10. SEM micrographs of (a, b) the W0-0 sp
thermal insulation properties of W0-0 and W0.4e1.0.
Thus, rubber powder, especially 1.0% content, can be used to

reduce or eliminate the negative effect of wood fibre on the thermal
insulation property of AAC.

3.6. Phase components and microstructure

XRD analyses were performed to investigate the mineral phase
components in the AAC samples. The diffraction patterns of W0-0,
W0.4e0,W0-1.0, andW0.4e1.0 specimens presented in Fig. 9 show
that the major mineral phases in all the specimens were nearly the
same. Peaks for tobermorite, quartz, and gypsum were clearly
observed in all samples. From this, one can conclude that the
toughening and strengthening of AAC caused by wood fibre was a
physical interaction, not a chemical one, and that the slight increase
in the compressive strength ofW0-1.0 andW0.4e1.0 was due to the
physical property of rubber powder, as mentioned before.

An important index in XRD analyses is the specific intensity,
which is strongly influenced by product content. There was little
difference between the peak specific intensities of W0-0 and
W0.4e0 and of W0-1.0 and W0.4e1.0. The diffraction peaks of
tobermorite were slightly weaker in W0-1.0 and W0.4e1.0 than in
W0-0 and W0.4e0. Fig. 9 clearly shows that the intensity of quartz
was enhanced in W0-1.0 andW0.4e1.0. These variations in specific
peak intensity may be the result of rubber powder impeding the
chemical reactions during AAC preparation. Furthermore, the
relatively high thermal conductivity coefficient of residual quartz
may cause the deterioration of the thermal property of AAC. On the
other hand, the thermal conductivity coefficient decreased when
rubber powder was added to AAC. The change in pore structure
caused by the rubber powder additive may explain this contra-
dictory phenomenon.

SEM micrographs of the microstructure of W0-0 and W0.4e1.0
specimens are presented in Fig. 10. It was reported that the
microstructure of AAC depended on the type, amount, and phase
composition of the constituent materials (R�o _zycka and Pich�or,
2016a). The plates of tobermorite, the main mineral phase in both
ecimen and (c, d) the W0.4e1.0 specimen.
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samples, connected and overlapped with each other to form a firm
skeleton. W0-0 and W0.4e1.0 have similar microstructures,
meaning that wood fibre and rubber powder did not cause extra
chemical reactions.

Some hydration products were adsorbed onto the rough surface
of the wood fibre. Bent soft wood fibre can be seen in the AAC
matrix shown in Fig. 10c. This bending could increase the me-
chanical interaction between the wood fibre and the AACmatrix. In
addition, some residual quartz crystals are observed in Fig. 10d,
consistent with the XRD analyses.

4. Conclusions

Different contents of rubber powder and wood fibre, produced
from solid waste, were used to prepare high-performance AAC. The
fluidity of the slurry, bulk density, pore structure, mechanical
properties, thermal properties, phase composition, and micro-
structure of the AAC specimens were systematically investigated.
On the basis of results presented in this paper, following conclu-
sions were drawn:

The mechanical properties of AAC were significantly enhanced
with the addition of wood fibre, especially its flexural strength.
With respect to the mechanical strengths of AAC, The wood fibre
content of 0.4% was found to be the optimal content.

Rubber powder had a positive impact on the pore structure of
AAC because of the characteristic of air entrainment, resulting in
the satisfactory improvement in the thermal insulation property of
AAC including thermal conductivity and energy saving aspect.
Moreover, rubber powder contents of 0.5% and 1.0% had almost no
effect on the mechanical performance of AAC.

High-performance AAC could be obtained with the simulta-
neous addition of 1.0% rubber powder and 0.4% wood fibre. And the
analyses of XRD and SEM revealed that the modifying effects of
wood fibre and rubber powder on AAC were physical functions.
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