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Abstract — Due to the environmental protection requirement, fired clay bricks are
facing new development tendency. Fired clay bricks are not only satisfied with mechanical
strength but also rising energy utilization. Thermal conductivity is a very important pa-
rameter to measure the energy utilization. On the premise of guaranteeing the basically
mechanical properties, reducing thermal conductivity has been one of important develop-
ment goals in building industry.

Based on the analysis of micro-structure, microscopic pores have an effect on macro-
scopic elastic constants and thermal conductivity. Parallel micropores resulting from pro-
ducing methods cause the transverse isotropy of fired clay bricks. However, it is not clear
that the influence of micropores on the macroscopic properties. Though some models
studied the effect of porosity on mechanical properties of fired clay bricks, these models
are empirical and ignored many microscopic information. One of the goals of the thesis
is to analyze the influence of shape, orientation and spatial distribution of microscopic
factors on mechanical properties and thermal conductivity in order to provide a reference
to optimize the micro-structure of fired clay bricks.

Firstly, the relationships between elastic properties and porosity are derived by different
homogenization methods. We compare the results from Mori-Tanaka ignoring spatial dis-
tribution of micropores and Ponte Castaneda-Willis considering the spatial distribution.
We find that the prediction for anisotropy by Ponte Castaiieda-Willis estimate is much
stronger. Next, the prediction for thermal conductivity is also studied by homogenization
technology. Similar conclusions are obtained.

Meanwhile, microcracks widely exist in fired clay bricks and cause the degradation of
fired clay bricks. In this thesis, it is assumed that the orientations of microcracks are
aligned and the spatial distribution is spherical. We build a micro-mechanical damage
model by transforming open microcrack density into a parameter d to predict the mechan-
ical behavior of fired clay bricks. Experimental validations demonstrate that homogeniza-
tion technology is reliable to build a link between microscopic structure and macroscopic
properties.

Keywords: Fired clay bricks, transverse isotropy, homogenization, micropores, mi-
crocracks, elastic properties, thermal conductivity, damage
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Research Context

As an artificial composite material, transversely isotropic fired clay bricks have kept the
top position in building materials for thousands of years. In ancient, green clay bricks were
dried in the sun and used to build the wall for a long time. Subsequently, fired clay bricks
burnt in a kiln became more and more popular because of better performance. Some fired
clay buildings are very time-honored in the world, such as Albi Cathedral in France, the
Great Wall in China and the Moscow Kremlin. In the historical course, the components
of fired clay bricks are always changing to adapt to the need of construction. In the past,
the traditional function of fired clay bricks was just satisfied with mechanical capacity.
In France, fired clay bricks have to meet the mechanical standard NF EN 771 concerning
masonry elements. Nowadays, under the requirements of sustainable development, it is
obvious that the development trend of fired clay bricks is lightweight, low thermal con-
duction, and so on. In summary, on the premise of guaranteeing the basically mechanical
property, reducing energy consumption has been one of important development goals in
building industry.

As one of the countries complying with the Kyoto Protocol, France has made a com-
mitment that involves reducing the carbon dioxide emissions of 75% by 2050 (from French
national commitments). Fired clay industry, which has cost lots of energy consumption
and resources, is confronted with serious challenges in France. As for the manufacture
process and application of fired clay products, the fired clay industry still has a great po-
tential to develop. In Europe, more than 700 companies work on the fired clay industry
and invest a lot of funds in product development and manufacturing process every year.
These measures improve the function of fired clay products and promote the development
of fired clay industry. More importantly, the technological progress can reduce emissions
of pollutants and energy consumption, and enhance the energy efficiency. According to
French thermal regulation RT2012, the product will have to contribute to the reduction
of the energy demand fixed at 50 kWhEP/m?/year. As one of modes of heat transfer,
thermal conductivity is a very important index to measure the energy utilization. There
have been a lot of studies to reduce the thermal conductivity of fired clay bricks. As is
known to us, fired clay bricks is a porous material containing lots of voids at the micro-
scale. Due to the low thermal conduction of voids, researchers are devoted to mixing
pore-forming agents with clay together in order to develop new types of fired clay bricks
[3, 7, 13]. For example, the project 'Bioclay’ from the cooperation of TERREAL (a man-
ufacturer of fired clay), ARTERRIS (an agricultural cooperative) and other laboratories
(ARMINES, LCA and LMDC) focuses on developing new types of fired clay bricks mixed
with agricultural products and by-products [11, 14]. On one hand, these plants can be
burnt during the firing process and increase porosity of fired clay. On the other hand,
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these additives can be decomposed and release space occupied by particles to provide the
micro-structure and properties we want. In a word, the research goal is to reach a compro-
mise between mechanical and thermal performance. These experimental studies make it
possible to validate the relationship between macroscopic behavior and their microscopic
characteristics. Now that the macroscopic properties of fired clay bricks can be regulated
by changing their micro-structure, the optimization of micro-structure is an issue to reach
the best compromise between mechanical and thermal properties. As mentioned above,
lots of researchers are interested in this topic, but most work on experiments and few on
macroscopic empirical modeling [11, 14] which didn’t build a link between macroscopic be-
havior and micro-structure together. Studying a micro-macro link to predict the properties
of fired clay bricks is the research goal in this thesis.

According to the analysis of micro-structure and experimental results from other re-
searchers [4, 7, 11, 13, 14, 15], it is seen that the effective stiffness and thermal conductivity
depend on the volume fraction, geometric shape and spatial distribution of each compo-
nents. So it is feasible to control the effective stiffness and thermal conductivity by select-
ing proper additives or improving producing technology. To help engineers find a optimum
solution between mechanical property and thermal conductivity, building the theoretical
modeling to predict the mechanical property and thermal conductivity with the variation
of porosity is quite essential.

In the Chapter 1, we focus on the analysis of fired clay material. At first, the crystal
structures of clay minerals determining the layer characteristic are introduced based on
others’ research. Next, the producing processes for extruded and molded bricks are ex-
pounded. The transversely isotropy of clay bricks is brought in the shaping step. Then,
for new types of bricks, a variety of additives are briefly summarized from others’ research.
Subsequently, the constituents and micro-structure of fired clay bricks are detailed ana-
lyzed on the basis of others’ experiments [3, 4]. Lastly, experimental results containing
porosity and anisotropy are summarized in tables.

In Chapter 2, the prediction for elastic properties of fired clay bricks is studied. Ac-
cording to micro-structure, a simplified representative volume element is presented. Two
homogenization methods are applied to predict the 5 independent elastic constants. The
difference of the two methods are compared. Parameter calibrations and experimental
validations are implemented to highlight the advantage of homogenization.

The prediction for thermal conductivity will be demonstrated in the Chapter 3 of the
thesis. The Eshelby problem of linear conduction is briefly explained at first. Secondly,
three homogenization methods are introduced and applied to the prediction of thermal
conductivity. Parameter calibrations and experimental validations are studied.

In the production process of fired clay bricks, lots of micro-cracks can generate and
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will grow in the process of serving. The existence and evolution of micro-cracks could
cause the degradation of mechanical properties. So the influence of micro-cracks on elastic
properties and mechanical behavior of fired clay bricks is studied in the Chapter 4. A
micro-mechanical damage modeling of transversely isotropic fired clay bricks considering
micro-cracks is built by homogenization scheme under the framework of energy dissipative
mechanism in the thesis.

The prediction of the multi-physics phenomena which determine the behavior of porous
materials is a crucial technological problem for building materials. The aim of the research
project is to build tools to predict the multi-physics phenomena which determine the behav-
ior of porous materials such as fired clay bricks and to help designers to reach performances
referring to physical or mechanical characteristics.
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CHAPTER 1

The material analysis of fired clay
bricks

Contents

1.1 Rawmaterials . .. ... .. ... it 16
1.1.1  Crystal structure . . . . . . .. ... 16
1.1.2 Types of clay minerals . . . . . . .. .. .. ... ... ... 17
1.2 Manufacturing process . . . . . . . . .o i i i e 19
1.3 Additives . . . . . .. e e e e e e e e e 22
1.3.1 Inert materials . . . . . ... ... ... L o 22
1.3.2 Pore-forming agents . . . . . . ... ... oo 23
1.4 Firedclay bricks . . . . . . . o 0 v v i i i it e e e e e e e 24
1.4.1 The constituents of fired clay bricks . . . . ... ... ... ... .. 24
1.4.2  The micro-structure of fired clay bricks . . . . ... ... ... ... 26
1.5 The characteristics and properties of fired clay bricks . ... .. 28
1.5.1 The mechanical properties of fired clay bricks . . . . . . ... .. .. 28
1.5.2  The thermal conductivity of fired clay bricks . . . . ... .. .. .. 31
1.5.3 The transverse isotropy of fired clay bricks . . . .. ... ... ... 32

1.5.4 The effect of porosity on mechanical properties and thermal conduc-
tivity of fired clay bricks . . . . . . . ..o 33
1.6 Conclusions . . . . . . . . . 0 i i i ittt e e e e e e e 35

As mentioned in research context, improving macroscopic properties by changing micro-
structural information has been the development trend of new types of fired clay bricks.
Because the micro-structural information is affected by the whole production process and
constituents, it is necessary to analyze and understand this material of fired clay bricks
before studying the effect of micro-information on their macroscopic properties. In this
chapter, the crystal structure of clay minerals are introduced firstly. Secondly, the ancient
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and modern manufacturing processes are depicted in detail. During the firing process, clay
minerals can occur physical and chemical reactions and can be transformed into a ‘glassy’
ceramic material. In shaping step, both extrusion and pressing will cause the transversely
isotropy of fired clay bricks. Next, many kinds of additives are summarized by literature. In
modern, many new types of additives are mixed with clay minerals in order to produce new
types of fired clay bricks. Then, the micro-information and macro-properties of fired clay
bricks are analyzed, including components, micro-structure, macroscopic mechanical and
thermal properties, as well as influence factors. From mechanical experiments, fired clay
bricks are the elastic-brittle material. Lastly, some points in our research are concluded.

1.1 Raw materials

As one of the most abundant natural resources on the earth, clay minerals are formed
by the weathering of rocks under the physical and chemical erosion over a long period of
time. Clay minerals are hydrous aluminium phyllosilicates containing different ions, such
as silicon, aluminium, oxygen and hydroxyl ions. The ‘phyllo-” means that the minerals
exist in the form of sheets.

1.1.1 Crystal structure

The feature of crystal structure of theses minerals is a two-layered structure [16]. The
tetrahedral layer is composed of 1 silicon atom and 4 oxygen atoms around the silicon
atom Figure 1.1. The octahedral layer is based on the gibbsite. The octahedral has 6
hydroxyl ions and a central aluminium ion. Clay minerals are constituted of tetrahedral
layer or octahedral layer connected each other (Figure 1.2).

Figure 1.1: The tetrahedral layer [1]
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Figure 1.2: The octahedral layer [1]

For clay minerals generated from fragment rocks, the shapes of crystals may be plateplet,
discoideus, plate-like or sheet. In the Figure 1.3, the micro-structure of layer of clay min-
erals is observed by SEM.

Figure 1.3: The image of clay minerals from CTTB (Centre Technique des Tuiles et
Briques)

1.1.2 Types of clay minerals

Due to the variability of crystal structures, it is demonstrated that more than 80 kinds
of clay minerals exist in the world [8]. In this chapter, we only introduce several widely
distributed clay minerals.
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Kaolinite

The equivalent chemical formula is 2570, - AlyO3 - 2H>0O. Kaolinite is the mineral
composed of two layers of T-O. The thickness of the sheet is at 7.2A. The configuration
of kaolinite is very stable, so the kind of clay mineral can’t expand after absorbing water.
Kaolinite has a good plasticity, and low shrinkage during drying and firing steps. So
kaolinite needs high fired temperature during the firing process, and has the excellent
refractory performance after fired.

Smectite

Smectite is the mineral composed of three layers of T-O-T. The thickness of the sheet
is between 10A and 21A. Because of the strong ability of ion exchanging, smectite has the
high plasticity, the water absorption, the heavy shrinkage and expansion.

Illite

[lite is the clay mineral that consists of T-O-T layer. The thickness of the structure is
a constant at 10A. Tllite is the most widely distributed clay mineral on the earth, and also
the most popular material in the fired clay industry. Because of rich potassium K in illite,
the initial melt temperature is not high, approximately 1050°C.

Chlorite

Like illite, chlorite is the compound of the layer structure T-O-T. Chlorite is also widely
used in the clay industry. The exchange capacity of ion is limited, and the thickness of the
structure is static at 14.1A.

The following Table 1.1 shows the comparison of basic information from different clay
minerals.

) Layer | Thickness | The cation exchange | Expansion | Specific surface
Mineral . . 9
(A) capacity, mol(+)/kg | capacity (m*/g)
Kaolinite | TO 7 3~15 Never 5~20
Smectite | TOT 10~21 80~150 Strong 700~800
Ilite TOT 10 10~40 Weak 50~200
Chlorite | TOT 14.1 10~40 Never 5~20

Table 1.1: The comparison between several kinds of clay minerals 8]
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1.2 Manufacturing process

Because the advantage of wide distribution and easy extraction of clay minerals, clay
bricks are the most oldest and popular construction materials. Long before, clay bricks
were shaped by a mold and hardened by drying in the sunshine. Then these dried bricks
(unfired bricks) were directly used to build constructions. Later, fired clay bricks appeared
with the advent of kilns. At that time, the manufacture of fired clay bricks mainly depended
on the labor. After the invention of machines, the process of the production of fired clay
bricks come into the mechanization age. Generally speaking, the production process of
fired clay bricks contains 5 steps: (1) Extraction (2) Preparation (3) Shaping (4) Drying
(5) Firing.

In ancient, fired clay bricks were produced manually, as shown Figure 1.4. In autumn,
man extracted clay minerals in the open air. Then the clay minerals were kept in storage
in winter. In spring, the clay would be crushed and mixed with water. Because these clay
minerals have the good plasticity, they would be put into mold to shape. After the shaping
step, it is necessary to drive off water for these shaped bricks in the sunshine. In fact, clay
bricks will have shrinkage about 5% during drying, so man will put some leaning agent
to diminish the shrinkage. At last, dried bricks would be put into the kiln to make green
bodies into ceramic materials.

autumn —=> winter —>  spring/summer —=> spring/summer

~4 o 18

extraction wintering grinding transport mixture molding drying firing

Figure 1.4: The ancient manufacturing process of fired clay bricks [2]

In modern, the production process of fired clay bricks are operated by a series of
auto-machines. A simplified flow diagram of production process from FFTB (Fédération
Frangaise Tuiles et Briques) is depicted in Figure 1.5. Compared with the old manufactur-
ing method, the modern technology of producing bricks is automatic, which contributes to
saving more personal labor and making the process more effective and ecologic. The mod-
ern manufacturing process of fired clay bricks will be explained in the following paragraphs.
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Figure 1.5: The modern manufacturing process of fired clay bricks (from FFTB)

1. Extraction

Unlike ancient producing methods, clay minerals are exploited and collected by ma-
chines in the open air. Subsequently, these minerals will be put in trucks and transported
to factories.

2. Preparation

The preparation of raw materials is very important. In order to produce qualified clay
bricks, the requirement of characteristics of clay minerals must comply with the national
standard, such as the particle size, water content, and so on.

- To eliminate impurities, such as grass, tree roots, and so on.

- To smash clay minerals to get appropriate sizes of clay particles.
- To analyze physical and chemical compositions of clay minerals.
- To mix water and additives with clay homogeneously.

Firstly, clay minerals are screened and impurities are eliminated. Then clay materials
are transported to a separator in order to remove out oversize particles. The crusher can
smash clay particles to make their size smaller. Lastly, clay particles having the qualified
size are transported into a storage to mix with water and additives.

3. Shaping
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Most clay bricks are shaped by an extruder, however, some kinds of bricks are shaped
by a pressing mold.

In the extrusion step, raw materials are sent into shaping workshop and grind. Then
they are mixed appropriate amount of water before transporting into a vacuum extrusion
machine. if we obtain the qualified plasticity, these mixtures will be sent into the extrusion
machine. In the extrusion machine, wet green bodies are formed and extruded according to
our demand. Due to the pressure direction in a vacuum machine, extruded bricks possess
the oriented properties. For the directionality, it will be explained in the later part of this
chapter.

For molding, a green body is shaped in a mold which is usually made from woods
or metal. In general, this method demands that raw materials keep low water content.
These mixtures are put into a mold and compressed with a metal tool at an appropriate

compressive load. Similarly, the molding method can also lead to the transverse isotropy
of bricks.

4. Drying

Drying is a quite important step for producing fired bricks. If we want to get the high
quality of fired clay products, we must finish this step cautiously. There is about 15% ~
30% water (the data is based on the mass percentage of dry matter, called dry weight) in
the green body before firing, so it must be dried to drain most moisture off. If moisture
can’t be removed, the water will steam so quickly that lots of microcracks will generate in
the firing step. After dried, the content of water in the green body should be smaller than

1% ~ 2%.
5. Firing and cooling

A green body from drying chamber doesn’t possess the ceramic performance. The green
body must be fired around 1000°C for 10 ~ 40 hours to obtain satisfactory characteristics.
The fired temperature and fired time are also dependent on the types of kilns. The most
common type of kiln is the tunnel kiln, followed by the periodic kiln. For fuels, the most
popular fuels are mainly natural gas, then LPG (liquefied petroleum gas) and heavy fuel
oil. Generally speaking, Light-colour fired clay products require higher firing temperature
than dark-colour ones. So we have to rigidly control some parameters about firing process,
such as the firing temperature, firing time, and so on.

During the firing process, complex physical and chemical reactions will occur between
different compositions [17]. Most solid components will turn into glassy matrix. The
‘glassy’ phase, which may account for more than half of the total mass of the fired brick,
provides the bond for the coarse and fine aggregates. All the solid phases, together with mi-
cropores constitute the complex microstructure of a fired clay brick with specific mechanical
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and physical properties. [18] studied the effect of fired temperature on the microstructure
of clay minerals. They found that higher fired temperature can generate stronger glassy
phase, and micropores in glassy matrix start to sphere. For the microstructure of fired clay
bricks, we will analyze in detail later.

After the firing temperature arrives at the maximum and is kept for a prescribed time,
fired clay products go into the cooling stage. Cooling time of products depend on the type
of kilns. Like firing temperature, the rate of cooling also has an evident effect on the color
of products. During cooling process, the transform of quartz can cause fissures. So in order
to avoid fissures, the reduction of the cooling speed is quite essential.

6. Storage

After getting fired products, the storage of fired clay bricks is necessary to keep high
quality of fired products. The fired bricks should be far away from moist environment,
the large difference in temperature and strongly corrosive conditions. The bricks should
be placed on a solid, hard-to-water surface on the ground. To prevent collapse, the height
of stacked bricks should not be too high. In addition, fired clay bricks should be put into
engineering sites as soon as possible.

7. Transportation
Fired bricks should be avoided colliding and dumping in the transportation.
8. Construction

In the last step, fired clay bricks are applied to constructions as showed in Figure 1.5.

1.3 Additives

1.3.1 Inert materials

Clay minerals usually have high plasticity, which brings out many difficulties (the slow
drying speed, the strong shrinkage in the drying step) in the manufacturing process. It is
necessary to put some inert and non-plastic materials in the clay mixtures in order to give
off the gas and reduce the shrinkage in the drying step and firing step. Importantly, these
inert materials still keep inert in high temperature, and reduce the phenomena of ‘black
heart’ in the inner of fired clay bricks. The inert materials mostly used in fired clay bricks
are:

1. Sands.
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In modern technology, sands are the necessary additive to improve the production
process of fired products. Generally speaking, the sizes of sands are 0.2 ~ 1.0 mm.

2. Chamotte.

Chamotte usually refers to smashed fired clay wastes. This kind of additives enhance
the ability to resist thermal effect, and reduce thermal expansion.

Other inert materials are pulverized ash, smashed rocks, and so on.

1.3.2 Pore-forming agents

Engineers or researchers always take many measures to reduce the thermal conductivity
so as to raise the energy utilization in clay industry. Meanwhile, they also try to reduce
the weight and cut the cost of products. The use of pore-forming agents is one of the
most popular methods to increase porosity and improve performance of new fired clay
bricks now [19, 20]. During firing process, pore-forming agents are burnt, some of which
become micropores, some are burnt into residues mixing with glassy phase. Considering the
environmental problems and sustainable development, recycling industrial and agricultural
waste is energetically advocated to save sources and reduce emission. There are two types
of pore-forming agents: renewable resources and mineral resources. The details for the two
resources will be explained in the following paragraphs.

1. Renewable resources

Because lots of residues from the industry and agriculture are not properly disposed,
applying residues for the fired clay industry is a quite practicable method. The advan-
tage of these residues are low cost, large quantities and environmentally friendly. Most
importantly, the experimental results for fired bricks mixed with renewable resources are
optimistic. This type of additives can burn, give off COy and create micropores during
the firing step. Especially, more and more organic wastes are incorporated with clay to
produce new bricks. [21] and [22] have published their reviews for pore-forming agents
applied for fired clay industry, in which the author thoroughly summarizes a variety of
types of renewable or mineral wastes.

(1) Agricultural wastes. Lots of agricultural wastes have been used for clay industry,
such as wheat straw [7], rice husk [23, 24], rice husk ash [24], sunflower seed shell [25], and
SO on.

(2) Industrial wastes. This type of wastes have also been incorporated into clay prod-
ucts, such as waste marble powder [15], coffee grounds [26], resinous wood fibers [27],
sludge [28], spent grains [29], tobacco waste [30], and so on.
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2. Mineral resources

The mineral resources are also used to improve the performance of fired products and
create micropores, but sometimes give off polluted gas. In addition, more mineral residues
are needed to achieve the same performance of fired products compared with those from
renewable resources. These different additives can be: Ashes and dust [31, 32], Marble
residues [33, 34], Phosphogypsum [35], Waste glass [36, 37]. Other additives are perlite,
vermiculite, diatomite [38, 39, 40|, which will occur thermal expansion during firing process.

Using pore-forming agents can generate some problems: (1) additives can reduce the
plasticity of green bodies. (2) Agents containing water can increase the water content of
green bodies. (3) The using of agents can reduce the mechanical property of fired products.
So how to produce better products requires that researchers keep exploring.

Besides those materials mentioned above, there are still other additives used to improve
the performance of fired clay bricks. MnOy; and T70O are used to adjust the color of
products. C'aO is used to reduce the water content of green bodies. NasC'O3 and Nas PO,
are used to improve the plasticity. BaCOj3 is used for improving the phenomenon of
efforescence.

1.4 Fired clay bricks

At high fired temperature, a series of chemical and physical reactions occur in clay bricks,
which causes the change of density, porosity, micro-structure, size of pores, etc. As a porous
composite material, the study on inner constituents and micro-structure is quite necessary
to understand the link between microscopic information and macroscopic properties. The
constituents and micro-structure of fired clay bricks will be presented in the following
subsections.

1.4.1 The constituents of fired clay bricks

By scanning electron microscope (SEM), we can find that the constituents of fired clay
bricks are made up of fired clay (also named ‘glassy’ matrix), unfired silts and sands, other
residues. Figure 1.6 is the SEM image of fired clay brick at the scale of 10um. It is
clear that there are many micro-voids exist in the solid phases. Figure 1.7 is the image
of the solid phase of fired clay bricks at 2um scale, which obviously displays the glassy
characteristic of fired clay.
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Figure 1.7: SEM image of fired clay bricks at 2um scale [3]

[4] studied the phase identification of fired clay bricks without additives under different
fired temperatures in Figure 1.8. The XRD spectra was collected in the 260 intervals from
10° ~ 70°, in which the fired temperature of B1 sample is higher than that of B2 sample.
Besides studying on those without additives, [5, 13, 15] also analyzed the constituents of
fired bricks with additives (paper residues, expanded vermiculite, waste marble powder).
The XRD spectra of fired clay bricks with different content of paper residues were obtained
in the 20 intervals from 5° ~ 55°, shown in Figure 1.9. From the two diagrams, it can be
concluded that fired clay bricks without additives are mainly composed of quartz, feldspar
and K-feldspar after firing, even if their raw materials may be from different kinds of clay
minerals. These amorphous glassy phases form the backbone of fired bricks. The content
of noncrystalline solid phases can increase at higher temperature. From Figure 1.9, the
constituents of fired clay bricks with additives are still mainly quartz and hematite, but a
small part of anorthite and gehlenite which are dependent on additives.
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Figure 1.9: The XRD spectra of fired clay bricks with additives [5]

1.4.2 The micro-structure of fired clay bricks

As explained above, fired clay bricks are mainly composed of solid glassy phase and micro-
pores. We focus on the analysis of the micro-structure now. In general, the properties of
fired bricks are not isotropic, because each product can memorize the mode of production
(extruding or molding) which can cause different shapes, orientations or distributions of
micropores. Micropores are generated in the production process and possess the oriented
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feature. In the states of drying and baking, the transverse isotropy of fired clay bricks will
be retained [8].

To some extent, the constituents of fired bricks can be regarded as homogeneous at a
relatively large observed scale. However, the material can also be seen as heterogeneous at
a smaller observed scale. This is the multi-scale phenomenon of fired clay bricks, which has
been showed in [4]. [4] studied the micro-structure of extruded clay bricks by SEM, EDX
and MIP. In Figure 1.10, the author found that extruded clay bricks possessed a hierarchical
micro-structure due to different neo-crystals. The solid system of crystallization phases
forms the backbone for macroscopic performance of the bricks. It is apparent that the
micropores (black area) has an obvious orientation (from left to right), which is the same
as extruded direction. These micropores are approximately prolate ellipsoidal and the
orientation of the major axes of micropores are parallel to the extruded direction at the
50pum scale. Then we can see Figure 1.11, the microscopic SEM image of fired bricks whose
extruded direction is normal to the paper surface. In this figure, micropores is randomly
orientated. Summarizing the two figures, that is the reason why the properties of extruded
clay bricks are transversely isotropic.

Figure 1.10: The microstructure of fired bricks produced by extruding [4] (the extruded
direction from left to right)
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Figure 1.11: The microstructure of fired bricks produced by extruding [4] (the extruded
direction normal to the image plane)

1.5 The characteristics and properties of fired clay
bricks

After the discussion on the micro-structure of fired clay bricks, their physical characteris-
tics, mechanical and thermal properties will be sketched in this part. Firstly, mechanical
properties and thermal conduction of fired clay bricks are introduced based on experi-
mental results. Subsequently, as observed in SEM images, the porous structure and the
orientation of micropores are very important characteristics of fired clay bricks. The effects
of anisotropy and porosity on properties are summarized.

1.5.1 The mechanical properties of fired clay bricks

1. The mechanical behavior of fired clay bricks

The uniaxial compressive property of fired clay bricks is the basically mechanical prop-
erty, which is the foundation of studying the capacity and deformation of masonry struc-
tures. The stress-strain relationship of fired clay bricks is the reflection of macroscopic
mechanical properties, such as the peak strength or the ultimate deformation.

[6] studied the uniaxial compressive experiments of fired extruded bricks and got the
load-unload curves shown in Figure 1.12. It is obvious that fired clay bricks are brittle
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materials, and the cyclic behavior allows to highlight the degradation of elastic modulus.
The peak strength and the fracture strength are the same. Before getting to the peak
point, the stage between the initial point and the peak point is almost linear except for
so-called compression process. After the peak point, the strength sharply decreases.
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Figure 1.12: The stress-strain curve of fired extruded bricks from [6]

[2] studied the mechanical behavior of fired molded bricks under the uniaxial compres-
sive loading. The curves in the right part result from the direction of the uniaxial loading.
The curves show the linear behavior up to 50% of peak stress. After the linear stage, the
modulus decreases as the increase of strain.
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Figure 1.13: The stress-strain curve of fired molded bricks from [2]
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2. Elastic modulus and Poisson’s ratio

Elastic modulus is used to evaluate elastic deformation of fired clay bricks under the
load. In principle, Young’s modulus under pressure is similar to that under tension in
isotropic material. For anisotropic material, there are 9 different elastic moduli: 3 Young’s
moduli, 3 Poisson’s ratios and 3 shear moduli. Due to the extruded or pressed direction,
extruded and molded bricks are transversely isotropic materials and possess 5 independent
elastic constants [8]. In engineering notation, the stress-stain relationship can be shown
by the transversely isotropic stiffness matrix:

En E% _I;Tlf _% 0 0 0 Y1

B _%12 E% _% 0 0 0 Yoo

Ess | _ -3 % E% 0O 0 0 Y33 (1)
2Fo3 0 0 0 & 0 0 Y3 '
2E13 0 0 0 0 &z 0/]]|%s

2E1, 0 0 0 0 0 &5) \Pn

where E;; (i,7 = 1,2, 3) represents the macroscopic strain and 3;; the macroscopic stress.

[2] studied on Young’s moduli and Poisson’s ratios of fired molded bricks, showed in
Table 1.2. The difference of tests on three samples is the position of strain gauges. All of
them are applied by a load on the 2-axis. The strains €1; and €55 are measured in Sample
1 and 2 both of which are parallel experiments. For Sample 3, the strains 99 and £33 are
measured in order to obtain Poisson’s ratio vss.

Sample (N°) 1 2 3 Mean value
Peak strength (M Pa) 20.73 20.45 27.06 22.58
Ey(= Ey) (M Pa) 21773 13220 15025 16673
Poisson’s ratio Vo1 = 0.255 | v91 = 0.303 | 193 = 0.155

Table 1.2: Young’s modulus and Poisson’s ratio of fired molded bricks [2]

3. Compressive strength

Compressive strength is an important property of bricks, presenting the ability of resist-
ing to the load. [2] studied on the mechanical properties of molded bricks. The mechanical
properties are carried out on two types of samples. The results showed an mechanical be-
havior shown as in Table 1.6. The bricks failure stress reached 22.58 MPa in the transverse
direction, and 13.76 MPa in the pressed direction. Young’s modulus F3 along the pressed
direction is equal to 5524 MPa. It is about three times lower than the E; modulus by
hypothesis equal to £y modulus measured at 16673 MPa.
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1.5.2 The thermal conductivity of fired clay bricks

Thermal conductivity represents the level of difficulty of heat transfer, and plays a crucial
role in energy transfer of fired clay bricks. As above mentioned, fired clay bricks are the
matrix-inclusions materials. The macroscopic thermal conductivity is also determined by
microscopic factors. In the thesis, we will study the effective thermal conductivity of fired
clay bricks by homogenization approach. In the Law of Fourier, the thermal conductivity
can be described by a second-order tensor.

Q=-)\S— (1.2)

where () indicates the macroscopic heat flux (W) vector. S denotes the cross sectional area
(m?). dT/dz represents the thermal gradient (K /m) vector. A is the thermal conductivity
tensor of material (WW/m- K'), depending on microstructure of material, density or porosity
of material. The minus means the heat transfers from the position of high temperature to
the position of low temperature.

For transversely isotropic fired clay bricks, the second-order thermal conductivity ten-
sor can be written as:

é = Ay - (Ql ®er + e ®§2) + A3z - (§3 ® §3) <1'3)

where e3 = (0,0, 1) is the symmetric axis.

The thermal conductivity is sensitive to many faults (porosity, inclusion, crystal inter-
face) [8]. In addition to that, anisotropy has an effect on thermal conductivity as mentioned
above. [9] studied the thermal conductivities of clay green bodies in different directions
(Table 1.3). These data in different directions exhibits an obvious transverse isotropy.

No. of samples Perpendicular to extrusion | Parallel to extrusion | Anisotropic ratio
(W/m - K) (W/m - K)
B1 0.66 + 0.05 1.10 +0.02 1.67
B2 0.66 + 0.06 0.93 £0.05 1.41
B3 0.69 £ 0.04 1.24 +0.02 1.80
B4 0.57 = 0.08 0.86 = 0.08 1.51
B5 0.62 £ 0.04 0.72 £0.04 1.16

Table 1.3: The effect of transverse isotropy on thermal conductivity [9]
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1.5.3 The transverse isotropy of fired clay bricks

Based on experimental results [2, 8, 7], the mechanical properties of fired bricks are trans-
versely isotropic due to the orientation of micropores caused by their producing technology.
Anisotropy has an important effect on mechanical properties and conduction. Even though
under the conditions of drying and baking, the oriented characteristic can’t be changed or
vanished, and just be diminished because of vitrification and recrystallization.

Young’s modulus and compressive strength of fired bricks on three axial directions have
been studied by [8] and the anisotropic ratio is given in Table 1.4. The anisotropic ratio of
Young’s modulus is approximately 1.30. The ratio of compressive strength which generally
depends on the geometry of samples is about 1.39.

Orientation Parallel | Perpendicularl | Perpendicular2
Young’s modulus (G Pa) 43+1 33.9+3.5 33.7£24
Anisotropic ratio (%) 1.30 1 1
Compressive strength (M Pa) 169 120 119
Anisotropic ratio (%) 1.39 1 1

Table 1.4: The anisotropic ratio of Young’s modulus and compressive strength [8]

[10] studied Young’s modulus and compressive strength of different shape of samples
in the extruded direction and another orthogonal direction. For prismatic samples (PS)
and cylindrical samples (CS), the measured experimental results are shown in the following
Table 1.5.

Orientation Horizontal PS | Vertical PS | Vertical CS
Young’s modulus (M Pa) 10450 12750 12830
Anisotropic ratio 1 1.22 1.23
Compressive strength (M Pa) 51 56.8 60.6
Anisotropic ratio 1 1.11 1.19

Table 1.5: The anisotropic ratio of Young’s modulus and compressive strength [10]

For prismatic samples, Young’s modulus in vertical direction is 1.22 times as the value
in horizontal direction. The compressive strength in the vertical direction is about 1.11
times as the value in the horizontal direction. For vertical samples, Young’s modulus of
cylindrical samples is similar to (1.006 times) the value of prismatic samples. It has been
verified that the material constant isn’t affected by the geometry of bricks. The peaks tress
of cylindrical samples is nearly equal to (1.067 times) the value of prismatic samples. In
fact, the strength of sample is dependent on its geometry. But the effect of geometry can
be ignored for the two shape of samples within a certain size.
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The transverse isotropy of fired molded bricks have also been studied by experiments
[2]. The results are exhibited in the following Table 1.6. Young’s modulus in the transverse
direction is 3.02 times as values in pressed direction. Compressive strength in transverse
direction is about 1.64 times as values in the pressed direction.

Direction Pressed direction | Transverse direction
Young’s modulus (M Pa) 5520 16670
Anisotropic ratio 1 3.02
Compressive strength (M Pa) 13.8 22.6
Anisotropic ratio 1 1.64

Table 1.6: The anisotropic ratio of Young’s modulus and compressive strength [2]

1.5.4 The effect of porosity on mechanical properties and ther-
mal conductivity of fired clay bricks

The physical properties of fired clay bricks include shape, porosity, water absorption, and
so on. Porosity is one of the most important parameters, affecting properties of fired
clay bricks. Micropores may be open or closed, and the shape of micropores may be
spherical or flat oblate. The shapes, the volumes and the sizes of micropores can determine
the mechanical properties, thermal property and durability of fired bricks [5, 41, 42, 43].
Generally speaking, the porosity of fired clay bricks means open porosity, because closed
micropores are formed in high fired temperature [8]. The total porosity and the diameter
of micropore can be measured by mercury porosimetry [44]. MIP (mercury intrusion
porosimetry) could provide a good estimation for the open porosity and of the distribution
of micropores with » < 1um [17]. The porosity of fired clay bricks is affected by many
factors, such as content of additives. Engineers always take interesting measures to change
the porosity of fired bricks in order to improve their properties.

The effects of porosity of fired molding bricks on their mechanical strength and thermal
conductivity have been studied (see [5]). In the research, recycled paper processing residues
are used to be pore-forming agents to create micropores during the firing stage. The effect
of porosity on peak strength is given in the Table 1.7.

In this research, it is found that the additives could contribute the 50% reduction of
energy consumption by application of paper residues. The reason is that the additives
are not only used to create micropores, but also to mix with clay to reduce the thermal
conductivity of solid matrix. Table 1.8 indicates the thermal conductivity under different
porosities.

[11] studied the effect of porosity on mechanical property and thermal conductivity of
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Weight content | Porosity | Pressed direction | Transverse direction
(%) (%) (M Pa) (M Pa)
0 30.8 40 45
10 38.9 16 23.5
20 46.2 7.6 15
30 52 5.1 7.4

Table 1.7: The effect of porosity on peak strength [5]

Weight content | Porosity | Thermal conductivity
(%) (%) (W/m - K)
0 30.8 0.83 +0.03
10 38.9 0.59 +0.03
20 46.2 0.48 £0.01
30 52 0.42 +£0.02

Table 1.8: The effect of porosity on thermal conductivity [5]

fired extruded bricks by adding two different agricultural solid wastes. The experimental
results are shown in the Table 1.9. Wheat straw residue is abbreviated to WSR and olive
stone flour is to OSF. The function of additives has two facets. On the one hand, they are
fired to create micropores. On the other hand, they are mixed with clay to improve the
performance of matrix.

Additives Porosity | Compressive strength | Flexural strength | Young’s modulus
(%) (M Pa) (M Pa) (M Pa)
WSR 27.9 36.2 13.37 23000
32.6 26.6 12.42 17339
39.5 21.4 8.4 14741
43.5 18.1 7.1 13472
OSF 29.6 34 14.22 18572
31.2 31.5 12.81 17830
34.5 30.5 11.02 17460
40.6 24.8 8.13 13765

Table 1.9: The effect of porosity on mechanical properties [11]

Table 1.10 shows that the effect of porosity on thermal conductivity from [11] in ex-
truded direction. From these results, we can find that the mechanical properties and
thermal conductivity decrease with the increase of porosity. The decrease tendency will be
studied in the following chapters.
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. Porosity | Thermal conductivity | Thermal conductivity
Additives (%) (W/m - K) (W/m - K)
WSR 27.9 0.49 +£0.02 0.45
32.6 0.44 £ 0.05 0.41
39.5 0.36 £ 0.03 0.38
43.5 0.3+0.1 0.34
OSF 29.6 0.49 £0.04 0.43
31.2 0.45 £+ 0.06 0.42
34.5 0.44 £ 0.09 0.41
40.6 0.39£0.11 0.35

Table 1.10: The effect of porosity on thermal conductivity [11, 12]

1.6 Conclusions

As multiphased and porous materials, fired clay bricks having excellent mechanical and
heat insulating performances. The micro-structure plays an important role in macroscopic
properties. Based on the microscopic and macroscopic analysis, several conclusions about
fired clay products can be obtained:

Firstly, micropores widely exit in fired clay bricks, and have a strong influence on
mechanical properties and thermal conductivity.

Secondly, comparing experimental results, the mechanical properties and thermal con-
ductivity of fired clay bricks display the transverse isotropy, including extruded and molded
bricks. As shown in SEM images, the transverse isotropy is induced by the parallel orien-
tation of micropores related with production technology.

The following research deals with the effect of microscopic information on the mechan-
ical properties and thermal conductivity of fired clay bricks by homogenization theory,
including porosity, the shapes and orientations of micropores and microcracks, as well as
their spatial distributions. The objectives are also to propose a framework of behavior law
to take into account for the anisotropy induced by micropores and microcracks.
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CHAPTER 2

The effective elastic properties of
fired clay bricks
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2.1 Introduction

The limitation of the traditional phenomenology methods and the invention of advanced
experimental techniques promote the development of micromechanics of porous media. The
main idea of micromechanics characterizes macroscopic properties and behaviors based
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on microscopic structures of porous materials, namely, homogenization [45, 46]. In this
chapter, we will introduce the homogenization theory to deal with the problem of linear
elasticity.

The mechanical properties of fired clay bricks, containing elastic property and mechan-
ical behavior, play an important role in engineering design of masonry structures. As the
analysis of micro-structure in chapter 1, fired clay bricks are the transversely isotropic
porous material whose stiffness tensor has 5 independent elastic constants. For fired clay
bricks, micro-void is a quite important characteristic affecting the mechanical properties.
So far, there have been some models used to predict mechanical properties with the con-
sideration of porosity of fired clay bricks [47, 48, 49, 50, 51, 52, 53]. Figure 2.1 shows
the comparison between models and experimental results. Most of them exhibit a good
prediction under moderate porosity. But these models are empirical and don’t build a
micro-macro relationship. Based on these reasons, the prediction for elastic constants
of fired clay bricks is studied by making use of homogenization theory in this chapter.
Referring to mechanical behavior of fired clay bricks, it will be studied in Chapter 4.
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Figure 2.1: The relationship between peak strength and porosity

Firstly, the basic principle and concepts of micromechanics are introduced in detail.
Next, two different shaping technologies of extruded and molded bricks are described to
explain the transverse isotropy. And the simplified representative volume elements (RVE)
are proposed for extruded and molded bricks. Then, the local problem for linear elasticity
and the homogenization method are presented. Subsequently, we present the Mori-Tanaka
(MT) scheme, which is classically used for the case of taking account of interactions between
inclusions. We also introduce the Ponte Castaneda-Willis (PCW) scheme bound, in which

38



a distinguish between geometry and spatial distribution of inclusions. For each model,
the transversely isotropic stiffness tensor is calculated and numerical predictions of elastic
constants are achieved in order to quantify the influence of porosity. Finally, parameter
calibrations and experimental validations are carried out.

2.2 Basic concepts of micromechanics of materials

2.2.1 The scale separation of characteristic Scale

The characteristic lengths of RVE and the lengths of macro-structure are defined as [ and
L, respectively. On the one hand, | << L is to make the scale of RVE small enough to
satisfy the basic assumption of continuum mechanics. On the other hand, the length of
RVE should be large enough to contain adequate micro-information and allow the statisti-
cal average behavior of local continuum medium. If d is defined as the characteristic length
of local heterogeneities, there will be d << [. In a word, the scale conditions on the RVE
are [b4]:

d<<l<< L

2.2.2 The methodology of micromechanics

The method of micromechanics aims to replace heterogeneous medium by homogenized
equivalent medium or effective medium. There are three steps for homogenization proce-
dure:

1. The mathematical representation of medium at the microscale, including the defini-
tion of phases, the description of geometry and spatial distribution, the description
of local property.

2. The localization, building the quantitative relationship between microscopic phases
and the macroscopic boundary condition applied on the RVE.

3. The homogenization, to obtain the effective property of material based on the micro-
information of heterogeneous material.
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2.3 The representative volume element (RVE) for fired
clay bricks

The produce process and the microstructure of fired clay bricks have been described in the
preceding chapter. In other words, the produce technology affects the microscopic infor-
mation and macroscopic properties of clay products. The influence of produce technology
on products will be expounded in this section.

Based on the information of microstructure studied by [4], fired clay bricks mainly
contain glassy phase, sands and silts, micropores. To simplify the research problem, all
solid phases are considered as a unique solid matrix. The solid matrix and the micropores
are regarded as the two main factors determining the performance of products.

For extruded bricks, in the shaping step, raw materials are pushed by a pushing spiral
in a vacuum environment from one side, and go through from the other side (the machine
head). Between the two sides, all materials are enclosed in the vacuum environment,
and evenly suffered loading all around. This condition can lead to analogously parallel
and spheroidal area showed in Figure 1.10. That is the reason why extruded bricks are
transversely isotropic. A schematic diagram of extruded process has been given in Figure
2.2, including 2-dimensional extruded technology, 3-dimensional brick and 3-dimensional
geometry of micropore. It is assumed that the geometries of all micropores are prolate
spheroids. The extruded direction is parallel to the long 3-axis of prolate spheroid. m;
and ms represent the semi-axis of ellipsoid on 1-axis and 3-axis, and m; = mo.

For molded bricks, a brick is shaped and applied a pressure in a mold showed in 3-
dimensional Figure 2.3. The shape of micropore is oblate spheroidal. The short 3-axis
of oblate spheroid is parallel to the pressure direction. The difference between extruded
bricks and moulded bricks is the shape and the orientation of micropores. Likewise, the
3-axis (pressure direction) is also the symmetric axis, and m; = ma.

Machine head

Pressure
 — Pusher
—_—

Extruded direction Extruded brick

—_—

Prolate spheroid

Figure 2.2: The prolate micropore in extruded bricks
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Pressure

Molded brick Oblate spheroid

Figure 2.3: The oblate micropore in moulded bricks

In order to characterize the heterogeneous characteristics of fired clay bricks, a simplified
3-dimensional RVE for fired clay bricks at one microscale is showed as the following Figure
2.4 and Figure 2.5. The section of the RVE is taken from the plane that parallels to
our paper in the 3-dimensional brick. The RVE in Figure 2.4 represents extruded bricks,
and another RVE in Figure 2.5 describes moulded bricks. It should be obvious that the
difference of geometry of micropores between two types of bricks result from different
produce technology. Both the physical properties of solid matrix are considered as isotropic.

Solid matrix Micropore

Figure 2.4: The representative volume element for extruded bricks

2.4 Homogenization of the elastic properites

We consider the RVE of a material as the domain €2, and 02 denotes the boundary of
the domain. The microscopic strain and stress fields in RVE are equal to zero if there is
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Solid matrix Micropore

Figure 2.5: The representative volume element for moulded bricks

no external disturbance on the boundary. In the case of ignoring the volume force, the
infinite boundary is subjected to the macroscopic uniform strain tensor £. The link be-
tween the microscopic displacement field and the macro-scale strain field on the boundary
is u(z) = £ - z. According to Gauss’ Divergence theorem, it can be proved that:

1
<g> (2.1)

=:@Q£

We adopt g(z) and £(2) to represent the local stress tensor and local strain tensor at the
microscale, respectively. The solutions of the homogenization problem can be obtained
from the following equations:

(2)dQ =

5

V.g(z) =0

a(z) =C(z) : g(2)

elz) = 3 [gradg + (gmdq_L)T] (2.2)
u(z)=E-z, Vz € 00

where C(z) represents the fourth-order stiffness tensor at point z.

The microscale strain £(z) can be linearly expressed by the macroscale strain E using
a fourth-order strain concentration tensor A:

e(z) =A(2): E (2.3)
It follows that:

<g>=<A:E>=<A>L (2.4)



which, by comparison with (2.1) yields:
<A>=1 (2.5)
where I is the fourth-order unit tensor.

Combining the local constitutive equation and (2.3), one gets:
o(2) = C(z) 1 g() = C() : A(2) : E 2.6)
By average, it is readily obtained:

L=<g(z)>=C"": E (2.7)

which represents the macroscopic stress-strain relationship, with

Chm =< C(z) : A(2) > (2.8)

where C"™ is the macroscopic fourth-order effective stiffness tensor. For a RVE composed
of matrix and inclusions, it is assumed that all properties are same in the r-th phase. We
define |€2,| as the volume of the r-th phase in the material. C, is the stiffness tensor in the
r-th phase. f, is the volume fraction of the r-th phase. The concentration tensors A(z) is
replaced by A,.. The effective stiffness tensor can be recast as:

N
Cm =3 f,C, A, (2.9)
=0

where r = 0 represents the solid matrix, which will be signified by the subscript s in what
follows. Recalling relation (2.5), the concentration tensor A, of solid matrix can be ex-
pressed by the concentration tensors of inclusions:

N
[y =1-=>" f.A, (2.10)
r=1
It follows that the effective stiffness tensor (2.9) could be recast as another formation:
N
Chom:Cs+Zfr(CT—Cs) :Ar (211)
r=1

It is obvious that the calculation for localization tensor A, is crucial to obtain the
effective stiffness tensor. The concentration tensor can be determined by means of three
classical schemes (dilute, Mori-Tanaka, Ponte Castaneda-Willis). Dilute scheme is assumed
that there is no interaction between inclusions and fit for the case of small concentration
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of inclusions. The solution of the localization problem for a single ellipsoidal inclusion
embedded in an infinite matrix is provided by solving the so-called Eshelby’s inclusion
problem [55]. The solution of this problem is:

A, =[I+P:(C, —Cy)]" (2.12)
with

PE=S¢:C;! (2.13)

where the subscript € indicates the shape and orientation of inclusion. P is the fourth-
order Hill tensor [56]. S¢ is the Eshelby tensor which is dependent on the shape of inclusion
and the stiffness of matrix. C, is the stiffness tensor of solid matrix.

In the following parts, the above mentioned homogenization schemes based on different
tensors A, will be introduced briefly.

2.5 Estimates of the effective stiffness tensor

In this section, we will briefly describe two homogenization schemes, including Mori-Tanaka
approach [57] and Ponte Castaneda-Willis approach [58] for multi-phase media by virtue of
the solution of single-inclusion derived by [55]. Both the two approximations consider the
interaction of inclusions, but the difference between them is the consideration of spatial
distributions of inclusions.

2.5.1 The Mori-Tanaka (MT) scheme

Mori-Tanaka scheme takes into account the interactions between inclusions, and it is fit
for the case of inclusions with moderate concentration [57]. In the new framework, the
macroscopic strain boundary condition is no longer £. We assume that the inclusion of
the r-th phase suffers the uniform strain field QO at infinity. The microscopic strain of the
r-th phase cab be written as:

g, =AY E (2.14)

where A? is the local localization tensor:

AV =[I+P:: (C, —C,) " (2.15)
Hill tensor P¢ was given in (2.13).
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According to the law of volume average < ¢ >= E, the tensor g, can be expressed by E:

-1

£ = léfrf%?] ¥ (2.16)

Accordingly, the overall localization tensor AMT of the r-th phase is:

-1

AT Z 40 [ﬁ fTAE] (2.17)
r=0

2.5.2 The Ponte Castaneda-Willis (PCW) scheme

The scheme, which is based on the extension of the Hashin-Shtrikman bound, separates
the shape of inclusion and the spatial distribution of inclusion by two independent tensor
functions [58]. Based on the microstructure of fired clay bricks, it is assumed that the
spatial distribution of parallel micropores is spherical. As shown in Figure 2.6, red inclu-
sions aligned with a symmetric direction are micropores and these circles represents the
spherical distribution.

Figure 2.6: The spherical distribution with spheroidal inclusions

The fourth-order strain concentration tensor is in the form of [58, 59]:

APOW = [T+ P : (C, — Cy)] ™"
N 1 (218)
Are e @ -py i€ - colem € -
r=1
where the subscript € and P\ has been pointed that represents the shape. Another subscript
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d denotes the spatial distribution, and P¢ represents the spatial distribution tensor of the
r-th phase.

2.6 The prediction for the effective elastic properties
of fired clay bricks

In this section, the effective elastic properties of fired clay bricks will be deduced by MT
and PCW approaches. It is noted that, for the case of aligned inclusions, the stiffness
tensor by MT scheme can be derived from PCW formula if the distribution function P%
is identical to their shape function P¢ [60, 61]. However, for randomly oriented ellipsoidal
inclusions, the Mori-Tanaka result cannot be derived from the PCW estimation [62].

2.6.1 The MT estimate of elastic properties

The prediction for elastic properties by MT scheme will be analyzed in the part. As is shown
in Figure 2.4 and Figure 2.5, heterogeneous fired bricks can be regarded as a two-phase
material composed of solid phase (subscript s) and pore phase (subscript p). Expanding
formula (2.17), the fourth-order strain concentration tensor of micropores yields:

1

- —1
AYT = [14P5: (C,—C))] : {fl+ ol + Py 2 (T, — C) 7'} (2.19)
The fourth-order effective stiffness tensor of MT estimation can be expressed as:
—1

CMT = (1= £,)Co: [ = £)I+ £, (T-S,) 7] (2.20)

As described in our RVE, micropores are parallel and symmetric about the 3—axis
and the solid matrix is considered to be isotropic, which induce the transversely isotropic
properties of fired clay bricks. Walpole’s notation, which has been described in Appendix
A, is used to represent transversely isotropic tensor by the decomposition of unit tensor in
micromechanics [63]. Based on that, the effective stiffness tensor (2.20) of fired bricks can
be expressed by the following form:

CMT = [Cy, Gy, C3,Cy, Cs, C5) (2.21)
where the calculated results of Cy, Cy, C5, Cy, C5 have been given in C.15.

The corresponding fourth-order effective compliance tensor can be expressed by stiff-
ness tensor components:
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SMT = [51752753754755785] (222)

with
02 Cl 1 1 C'5
_ 2 1 - - = __ 2.2
Sl Alst A17S3 03’5’4 04755 Al ( 3)
and
A =0C-Cy—2-C2 (2.24)

It is known that the macroscopic stress-strain relationship:

—SMT'

[&
I

(2.25)

Based on the Voigt notation in Appendix A, the transversely isotropic compliance ten-

sor SPYW can be represented by the following matrix:
s(S14+583) 2(S1—S55) S5 0 0 0
%(Sl — 53) %(Sl + Sg) S5 0 0 0
SMT = %’ %5 502 ;34 8 8 (2.26)
0 0 0 0 S; O
0 0 0 0 0 53

The five elements in the matrix (2.26) are given in (2.23). Combining matrixes (2.26)
and (1.1), it is readily to obtain 5 elastic constants of fired clay bricks showed in following
expressions.

The longitudinal Young’s modulus is:

1
EMT — — 2.27
3 S2 ( )

The transverse Young’s modulus is:

2
EMT — pMT _ 2.28
1 2 Sl + SS ( )

The shear modulus are:
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GUT = L
254 (2.29)
GMT — L
12 25«3
Possoin’s rato is:
vt = —F, Sy (2.30)

Subsequently, the relationships between elastic constants and porosity are illustrated
in following figures. The aspect ratio X = mg/m; > 1 of micropores stands for ex-
truded bricks, and X = mg3/m; < 1 represents molded bricks. At first, the relationship
between stiffness tensor components and porosity is drawn under the fixed parameters
Es = 20000(M Pa), vy = 0.1, X = 2, showed in Figure 2.7 (a). The stiffness tensor com-
ponents are represented by Walpole’s notation (shown as C.1). It can be seen that the
stiffness decreases obviously as porosity increases, in which C}/2 represents the compres-
sion modulus, C'3/2 denotes the transverse shear modulus, Cy/2 represents the axial shear
modulus. Cy and C5 are constants related with Young’s modulus and Poisson’s ratio.

Figure 2.7 (b) and Figure 2.7 (c) display the relationships between normalized Young’s
moduli (EMT/E,) and porosity under different aspect ratios of micropores. Figure 2.7 (b)
depicts the variation of normalized Fj, and Figure 2.7 (c) is for normalized E;. From
the two figures, Young’s modulus Fs3 corresponding to X = 2 is the largest on the 3-axis.
Conversely, Young’s modulus FEj5 is the smallest on the 1-axis when X = 2. It means that
Young’s modulus on the major axis is larger than those on other orientations. Young’s
modulus on the minor axis is the smallest.

Figure 2.7 (d) and Figure 2.7 (e) show the relationships between normalized shear
moduli (GMT/G,) on two coordinate planes and porosity under different aspect ratios of
micropores. It is also obvious that shear moduli decrease with the increasing of porosity.
From two figures, it can be concluded that the shear modulus on the plane paralleling to
the major axis of micropore is greater than those on other planes. The effect of aspect
ratio on shear modulus G5 appears more clearly.

Figure 2.7 (f) plots the variation of normalized Poisson’s ratio v3 as porosity increases.
The aspect ratio obviously affects the 143 of molded bricks.
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2.6.2 The PCW estimate of elastic properties

As mentioned above, the PCW estimation considers the spatial distribution of micropores
compared with MT method. For micropores, the strain concentration tensor (2.18) can be
recast as:

APOW = [T+ P5: (C,—C,)]

. (2.31)
LI+ £+ (P —Pg) : (T, — C)] s [T+ P : (C, — Co) 7'}

It is assumed that the spatial distribution of micropores is spherical. So the tensorial
function of the spatial distribution can be expressed as [64]:

pi — & Yk 92.32
d 3k3J+2us (2.32)
with

Y 3k,

3k + 4ps

2.

5= 6(ks + 2us) (2.33)

 5(3k, + 4us)

where kg is the bulk modulus of solid matrix and pg is the shear modulus of solid matrix.

The stiffness tensor of micropores C,, is equal to 0, so equation (2.31) can be simplified
as:

AJW = (I=85)7" - [T+ fo(ad + BK) : (T—S;) 71! (2.34)

As in the previous section, the effective stiffness tensor of fired clay bricks by PCW
estimation can be derived and expressed by Walpole’s notation [63]:

CPCW - [01702703704705;05] (235)
where the calculated results of Cy, Cy, Cs, Cy, Cs have been given in C.2.

In order to exhibit the relationship between stiffness tensor components and porosity,
the following hypothetical parameters are still taken: E; = 20000(M Pa), vs = 0.1 and
X = 2. Figure 2.8 (a) gives the variation of stiffness tensor components. Compared with
results from MT method, the predictions for C and C3 by PCW scheme decline much
steeper. In other words, the spatial distribution has a stronger influence on the two elastic
constants.
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Figure 2.8 (b) and Figure 2.8 (c) illustrate that the relations between normalized
Young’s moduli and porosity under different aspect ratios. From two figures, we can
find that Young’s modulus on the 3-axis is greater than that on the 1-axis. Combining two
figures, it is seen that the aspect ratio has a more sensible effect on Young’s modulus Ej.

Figure 2.8 (d) and Figure 2.8 (e) exhibit the variation between normalized shear moduli
and porosity under different aspect ratios. It is clear that shear moduli decline with the
increase of porosity. From the two figures, it can be concluded that the shear modulus on
the plane paralleling to the long axis of micropore is greater than those on other planes.
From extruded bricks, the aspect ratio has little influence on Gas.

Figure 2.8 (f) depicts the variation of normalized Poisson’s ratio. We can find that
porosity has a stronger influence on 3 of molded bricks than that of extruded bricks. In
all word, the five independent constants can entirely represent elastic properties of fired
clay bricks.

2.6.3 The comparison of the prediction between MT and PCW
schemes

The difference of the prediction for normalized Young’s modulus between MT and PCW
schemes is illustrated in following figures.

Figure 2.9 plots the prediction for normalized Young’s modulus of fired extruded bricks
by two schemes. It is assumed that the aspect ratio of micropores is equal to 2 and
Poisson’s ratio of solid matrix is 0.1. In this figure, Young’s modulus along the orienta-
tion of the major 3-axis of prolate ellipsoid is greater than that on the l-axis. In fact,
Young’s modulus along the major axis is the maximum and the value along the minor
axis is the minimum. Young’s modulus on other orientations can be calculated by rota-
tion matrix. Moreover, compared with the prediction of MT scheme, the prediction by
PCW scheme considering spatial distribution exhibits the greater ratio of modulus, that
is EFCW /pPCW > pMT | pMT - Figure 2.10 draws the prediction for normalized Young’s
modulus of fired molded bricks by two schemes. The assumed parameters are the aspect
ratio of micropores X = 0.5 and Poisson’s ratio of solid matrix v, = 0.1. It can be
summarized similar conclusions.

Figure 2.11 and 2.12 are the comparison of normalized shear modulus between MT
scheme and PCW scheme. Like Young’s modulus, the prediction of shear modulus by
PCW estimate also exhibits a greater ratio of shear modulus than that by MT approach.
For extruded and molded bricks, the shear modulus Gs3 perpendicular to the isotropic
plane is always greater than shear moduli on other planes.
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Figure 2.8: The relationships between elastic constants and porosity by PCW estimate
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1.2
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Figure 2.9: The prediction for Young’s modulus of extruded bricks

1.2

Normalized Young's modulus
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Figure 2.10: The prediction for Young’s modulus of molded bricks

2.7 Calibrations and experimental validations

The effective elastic properties derived by homogenization approaches have been analyzed
above. In this part, calibrations and experimental validations are implemented by an
optimization software named mode F RONTIE R, which is especially applied for the multi-
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Figure 2.11: The prediction for shear modulus of extruded bricks
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Figure 2.12: The prediction for shear modulus of molded bricks

objective optimization.

Due to lacking of enough material parameters of fired clay bricks, design factors are:
Es, vs, X. In DOE Properties, Sobol algorithm [65] based on a pseudo random sequence
is chosen to generate 4 discrete initial values and to fill the design space. For our non-
linear problem, we use the more efficient SIMPLEX algorithm [66], which differs from a
traditional simplex method for linear programming. A Matlab subscript constructing the
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process from input variables to an output variable is imported into the workflow, in which
the sum of squares of the difference between experimental data and predicted values is
defined as the output variable Ferr. In the last of the workflow, the minimized demand of
Ferr is set to achieve the least square. The workflow in mode FRONTIER is developed
and shown in Figure 2.13:

Es vs X
O
DOE SIMPLEX Matlab11l Exit
v
Omc 7 =0
O——>LEEO— o> V
et e A
(@]
Ferr

Ferrmin

%
“u

Figure 2.13: The workflow of calibration in mode FRONTIER

Figure 2.14 and Figure 2.15 show that the comparison for Young’s modulus between
our prediction and experimental data of extruded bricks [7]. Unknown parameters are
calibrated by means of two points on two different axes under the condition of f, = 27.9%.
Other experimental results in this figure are used to validate our prediction. For the 1st
group of data containing 10% sands in Figure 2.14, we choose the common calibrated values
of MT and PCW schemes and keep Ferr the least. The values of calibrated parameters
are: X = 1.4, B, = 32000 MPa, v, = 0.09, Ferr = 1.54 x 10*. Likewise, in Figure 2.15, we
calibrate two points corresponding to f, = 29.6% and compare our prediction with other
points. The values of calibrated parameters are: X = 1.4, F, = 30400 MPa, v, = 0.06,
Ferr = 6.17 x 103. Tt should be noted that the additives (wheat straw residues and olive
stone flour) are not only used to create micro-voids, but also used to mix with clay in
order to reduce the thermal conductivity of solid matrix, which also leads to the reduction
of mechanical properties. Consequently, it is reasonable that the prediction for Young’s
modulus is greater than most experimental results in the two figures. Moreover, the PCW
estimate shows the anisotropic ratio more closer to experimental results.
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Figure 2.15: 5% sands

2.8 Conclusions

In this chapter, we not only build the relations between elastic properties and porosity, but
also analyze the effect of shape and spatial distribution of micropores on elastic properties.
From the validations, there is a good agreement between our prediction and experimental
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results. We can give some conclusions, as follows:

Firstly, porosity is the most important influence factor weakening the elastic properties
of fired clay bricks. With the rising of porosity, the variations of elastic moduli have been
given in our results.

Secondly, besides porosity, the shape of micropore also has a notable impact on elastic
properties according to our results. The aspect ratio of micropores is the fundamental
reason causing the transverse isotropy of fired clay bricks. From the predictions, Young’s
modulus on the major axis is always larger than those on other orientations. Young's
modulus on the minor axis is the smallest. The aspect ratio of micropores has a much
stronger influence on Young’s modulus parallel to the symmetric axis than that in other
directions. For extruded bricks, the shear modulus in the plane perpendicular to the
isotropic plane is greater than those in other planes. For molded bricks, the conclusion is
on the contrary. The aspect ratio affects the shear modulus in the isotropic plane more
clearly. With the increase of aspect ratio, F5 rises but G5 decreases.

Thirdly, by the comparison of results from MT and PCW schemes, PCW scheme con-
sidering the spatial distribution of micropores exhibits the more conspicuous anisotropy
than the prediction by MT estimate. It means that the spatial distribution of micropores
is an important factor for elastic properties.

In terms of numerical results, it is feasible to optimize the elastic properties of fired clay
bricks by changing the volume fraction, the shape or the spatial distribution of micropores.
To achieve a compromise between mechanical and thermal properties, the influence of
micropores on thermal conductivity will be studied in Chapter 3.
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CHAPTER 3

The effective thermal conductivity of
fired clay bricks
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3.1 Introduction

In the preceding chapter, the effective elastic properties of fired clay bricks have been
analyzed by homogenization method. In order to find the balance between heat preserving
and mechanical capacity, the effective thermal conductivity will be studied in this chapter,
which is a very important index to measure the ability of heat transfer. Similar to the
elastic properties, the problem of linearly static heat conduction can be also solved by
homogenization theory. Eshelby’s problem is originally applied in linear microelasticity.
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However, the thermal conduction phenomena is adapted to the higher order microelasticity
problem [67, 68].

In the theoretical part, the problem of the linearly static heat conduction is introduced
firstly. Secondly, the inhomogeneity problem and Eshelby’s solution are explained to solve
the linear thermal conduction problem. Then, two homogenization schemes (MT and
PCW) for effective thermal conductivity are will be given in detail.

Based on the research objective, the same representative volume element with Chapter
2 is taken to analyzed the influence of micropores on the macroscopic thermal conductivity.
Next, the numerical implementation for theoretical estimates is carried out to show the
effect of micropores on effective thermal conductivity, including porosity, shape and spatial
distribution of micropores. The predicted differences between different schemes are also
compared. Then, parameter calibrations and experimental validations are achieved. Lastly,
we conclude the effect of micropores on thermal conductivity of fired clay bricks.

3.2 Homogenization for stationary linear thermal con-
ductivity

In this part, the micro-macro scale transformation of homogenization of thermal conduc-
tivity for porous fired clay bricks will be interpreted in detail.

We consider RVE of fired clay bricks as the domain 2. The boundary of RVE is 0f2
which undergoes the macroscopic homogeneous thermal gradient gradT’. We adopt ¢(z)
and gradT'(z) to represent the microscopic heat flux vector and the microscopic thermal
gradient field vector, respectively. A(z) denotes the microscopic second-order thermal con-

ductivity tensor. The problem for thermal conduction is analogous to that for elasticity.
For the same RVE as shown in Chapter 2, the equations of localization can be expressed
compared with (2.2):

divg(z) = 0
q(z) = —Alz) - gradT (z) (3.1)
T(z) = gradT -z, Va € 0f)

Using T'(z) = gradT - x and integrating by parts, it is readily to yield:

oT
—dQ:/ Tn.dS = gradT|Q 3.2
[ G4 = [ TS = groazo (32)

in which T'(z) = gradT - x has been used. It is sufficient to derive the relationship between
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macroscopic and microscopic thermal gradient vectors by averaging and (3.2):

1 1 oT
AT(z) >= — / AT (2)dQ = — [ C2d0 = gradT .
< gradT(x) > o gradT (z) Q Jo 01, gra (3.3)

The macroscopic thermal flux as the microscopic volume averaging:

Homogenization aims to acquire the equivalent macroscopic thermal conductivity based
on micro-structure information of heterogeneous material. The microscopic temperature
gradient gradT(z) and the macroscopic temperature gradient gradl’ can be related to-

gether by a second-order tensor (also named, concentration tensor or localization tensor)
Az).
gradl (z) = A(z) - gradT (3.5)

By the volume averaging operations for (3.5), it follows that:

<Az)>=10 (3.6)
Here, the tensor A is symmetric:
Aij = Aji (3.7)
Combining (3.1) and (3.4), we obtain:
Q=<g(z) >=— < Az) - gradl'(z) > (3:8)

Substituting (3.5) into (3.8) yields:

Q=—<Aaz) Az) gradl >=— < \z) - Alz) > -gradl = —\""" - grad]  (3.9)

where the second-order effective thermal conductivity tensor is:

A =< \(z) - A(z) > (3.10)

In the same way, under the boundary condition of homogeneous heat flux on the 0€2,
we have:

gradl = —5"" - Q (3.11)
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with

8hm =< S(z) - Blz) > (3.12)

S"™ is the second-order effective thermal resistance tensor. S(z) is the microscopic ther-

mal resistance tensor. The relationship between the thermal conductivity tensor and the
thermal resistance tensor is:

1>~
[

) (3.13)

B(z) is the second-order concentration tensor for heat flux. It also has:

(3.14)

and
Bi; = Bji (3.15)

It should be pointed out that it is impossible to calculate exact solutions for concen-
tration tensors A(z) and B(z) at all points of material. For a RVE composed of matrix
and inclusions, it is assumed that all properties are same in the r-th phase. We define [, |
as the volume of the r-th phase in the material. A is the thermal conductivity tensor in
the r-th phase. The concentration tensors A(x) and B(z) can be replaced by A and B .
Based on these above, we can have the following set of expressions:

divg, =0
q = —A, - gradl, (3.16)
T, = gradTl - x, Va € 0f2
The localization equation:
gradTl, = A - gradT (3.17)

According to the volume averaging, it has:

N
Yo fr-A =4 (3.18)
r=0

where f, is the volume fraction of the r-th phase.

The second-order effective thermal conductivity tensor is:
N
éhom — Z froA A (3.19)
r=0
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where the localization tensor in the problem of single inclusion can be written as (see Ap-
pendix D):
A =0+ (A, =) (3.20)

where the second-order tensor P can be expressed by the following relation:

Pe=S-(A)7" (3.21)

Like stiffness tensor, the second-order thermal conductivity tensor is dependent on the
second-order concentration tensor A . Next, we will introduce three classical concentration
tensors by homogenization approaches.

3.3 Schemes of the effective thermal conductivity ten-
sor

Similarly, the problem of multi-inclusions in thermal conductivity can be also regarded
as the problem of single inclusion when constructing the local relations. The solution of
Eshelby inhomogeneity problem has been thoroughly derived in the previous part. In this
part, two different homogenization schemes for thermal conductivity will be interpreted.

3.3.1 The Mori-Tanaka estimate of the thermal conductivity

Unlike the dilute scheme, the Mori-Tanaka scheme considers the interactions between in-
clusions, and fits for the case of moderate concentration of inclusions [57]. It means that
the thermal gradient boundary condition of the rth-phase inclusion is no longer gradT'.
We assume that the inclusion suffers a thermal gradient gradT® at infinity.

The thermal gradient vector of the rth-phase inclusion is:
gradTl, = A° - gradT® (3.22)
where the second-order localization tensor of the polarization was given by (3.20).

According to the law of average, we have:

N N
gradl =< gradl >=_ f.gradl, = (fsé +> frAff) - gradT® (3.23)

r=0 r=1
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The thermal gradient boundary condition of the rth-phase inclusion is:

-1

N
gradT® = [fsé +> f,«AB] - gradT (3.24)
-1

Substituting (3.24) into (3.22) yields the following relationship between the thermal
gradient of the rth-phase inclusion and the thermal gradient boundary of RVE:

gradT, = éyT - gradT (3.25)

The second-order concentration tensor of thermal gradient in the equation (3.25) is

-1
AMT {(5 + P (A — és)]_l . [fﬁ—l— gj fwA?U] (3.26)
w=1

3.3.2 The Ponte Castaneda-Willis estimate of the thermal con-
ductivity

The model, which is based on the extension of the Hashin-Shtrikman bound, separates
the shape of inclusion and the spatial distribution of inclusion by two independent tensor
functions [58]. The second-order concentration tensor of thermal gradient of the r-th phase
is:

APV 54 Py~ A)]
-1 (3.27)
{fs5+2fr5+ — PY. (/\T—As)]'[5+Pi'(/\,«—As)]1}

where the subscript € indicates the shape and d denotes the spatial distribution. P is the
shape tensor of the r-th phase. P¢ = S¢- (A )~", and S¢ is second-order Eshelby’s ' tensor
of the r-th phase. Ei represents the spatial dlstrlbutlon tensor of the r-th phase.

3.4 The prediction for effective thermal conductivity
of fired clay bricks

In this part, the effective thermal conductivity tensors of porous fired bricks are derived by
different estimates. The approach of homogenization allows us to determine the influence
of geometry of micropores on thermal conductivity. As the micro-structure showed, the
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micropores of extruded bricks and moulded bricks are represented by prolate spheroid and
oblate spheroid, respectively. The spatial distribution of the micropores is regarded as
spherical distribution. The orientation of micropores in the isotropic glassy matrix induces
the transversely isotropic thermal conductivity. The solution of second-order tensor P for
spheroidal micropores in the isotropic matrix can be found in [67] and [54].

1—-2V
As

v
P=—(e®e+e®e)+ €3 ® es (3.28)

As

According to [46], we take e; = n as the unit vector normal to isotropic plane for trans-
versely isotropic materials. The second-order tensor g can be also written as:

nen (3.29)

Pe—)‘i(d—n®n)+1;\fv

where V' is dependent on the aspect ratio X = mg/m;.

e v -] @
V = %’ if X=1 (3.30)
. [1 + (1 - éaratan (Xz))} , if X <1
with
XEZ:—X%:4;2—1 (3.31)

3.4.1 The effective thermal conductivity tensor by Mori-Tanaka
estimate

Based on the equation (3.22) mentioned in 3.3.1, the tensors A? for our case are calculated
at first:

AO =9
S _ 3.32
(é I P6 )\ _ é8)) 1 ( )
Combining (3.29) and (?7), we can obtain the same expression for ég as (77):
A A
A° = > J— > ,
A %+W“%_AQL n®n)+ nen (3.33)

Nt L= 2V)(h = A)
The expression of the volume averaging, it is written as:
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Z fid) = [0+ prO (3.34)

Substituting (3.33) into (3.34), it derives:

NS,
Zf’ [ Nt VO —A)](‘S_”@’”)

(3.35)
+ | fs Afy n®n
As + (1 - 2V)(>‘p o >‘S) -
Calculating the inverse for equation (3.35) in terms of equation (?7), it is:
1 -1 -1
Asf,
<ZfiA(~)> = [fer P ] (0 —n®n)
= As V(A — Ag =
1=0 + ( y4 ) B (336)
+ | s+ Ay nen
TN+ =2V)(N, =) T

Inserting equations (3.33) and (3.36) into (3.26), the concentration tensor for microp-
ores is obtained:

A Ao f -
AMT — S ; 4 sJp 5_ ®
=T NV, =) [f >\8+V(>\p—)\s)] @-n®n) 3.37)
-1 :
- As fs + Asly nen
NI o Wl L W e oW W
The effective thermal conductivity tensor for two phases can be expressed as:
1
T=3fA AT =M+ £, (), = A,) - AVT (3.38)
=0

Replacing (3.37) into (3.38), the second-order effective thermal conductivity tensor can
be derived, as follows:

MT fp)‘SO‘p_)‘S) —nRn
A _[AS+AS+<1_fp) (AP—AS)] g-non) (3.39)
ALy~ \) |
- [Aﬁ (1—f,,)(1 2V) (A —As)]n@)n

The effective thermal conductivities on the two axial directions are, respectively:
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o - fp)\s<>‘p - )‘s)
M= = T T U F L= (340)

and

fp)‘S()‘p — )‘8)
1= = f)A=2V)]A+ (1= f,) (1 =2V)A,
where V' has been given (3.30).

AT =\ + (3.41)

3.4.2 The effective thermal conductivity tensor by Ponte Castaneda-
Willis estimate

The spatial distribution of micropores have to be considered in the PCW scheme. It is
assumed that the spatial distribution of micropores is spherical, so the tensorial function
representing the spatial distribution is identical with the shaping function of spheroidal
voids. That is:

Pr=2(A)"" (3.42)

Substituting (3.29) and (3.42) into (3.27), it yields the second-order concentration ten-
sor of micropores:

3\
APCW — S S—n®
N G S W o s yWUE L
2\ (3.43)
_"_ S
B0V — F)hpt OV + fon o8
The effective thermal conductivity tensor derived from PCW model is:
3fp (Ao = As) As
/\PCW:[ANL Lo ](5—n®n)
= 3V — f)A 3—-3V As| & T

3fp (Ao = As) As
(3—=6V — fo) A\, + (6V + f) s

+[As+ ]n@m

The effective thermal conductivities by PCW estimate on the two axial directions are,
respectively:

355 (A — As) As
(BV — f)A + (3=3V + f,) ),

APOW — \PCW — ), + (3.45)
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and

3fp (Ap — Ag) Ag
(3—=6V — fo)\p + (6V + f)As

MW = Ay + (3.46)

where V' was given by (3.30).

3.5 The prediction for thermal conductivity and cal-
ibrations

3.5.1 The relationship between thermal conductivity and poros-
ity

In this part, we will study the relationship between thermal conductivity and porosity for
fired clay bricks.

For extruded bricks, the direction 3 represents the extrusion direction, and the direction
1 is on the transversely isotropic plane. We know the thermal conductivity of air A, = 0.026
W /m-K. Under fixed parameters: X = mg3/m; = 2, the tendency of thermal conductivity is
analyzed. Figure 3.1 shows the relationship between thermal conductivity and porosity for
extruded fired clay bricks from the three above homogenization schemes. From the figure,
we can see that A3z > Aj;. It means that the thermal conductivity on the major axis is
the largest, that on minor axis is the smallest. Comparing the curves, it can be found that
the prediction by PCW scheme considering the spatial distribution of micropores shows a
much stronger anisotropy than the prediction by MT scheme. It means that the spatial
distribution of micropores has an important effect on the thermal conductivity of fired clay
bricks.

For moulded bricks, the minor axis of the oblate micropore is on the axis 3. For an
aspect ratio X = mg/m; = 0.5, the prediction of thermal conductivity is shown in Figure
3.2. Similar to extruded bricks, some similar results about molded bricks can be also
obtained. The thermal conductivity on the major axis is the largest than those on other
orientations, that is APCW > A\ECW . The prediction by PCW estimate gives a greater ratio
A11/As3.

Figure 3.3 and Figure 3.4 show that the comparison for thermal conductivity for ex-
truded and molded bricks by PCW estimate for different aspect ratios. Figure 3.3 predicts
the effective thermal conductivity on direction 3. As the decreasing of aspect ratio, A3z
decreases more clearly. Figure 3.4 predicts that on direction 1. Comparing the two figures,
it can be seen that the aspect ratio has a greater impact on the thermal conductivity on

68



0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Normalized thermal conductivity

0.1

Figure 3.1: The normalized thermal conductivity

Normalized thermal conductivity
© o o o o o o o
N w N (6} (2] ~ [ee] (=] [

©
-

o

10

15

20

25 30
Porosity (%)

35

40

45 50 55

of extruded bricks

Porosity (%)

@@ !
¢
$®®®® o HMT
8 9200, 33 |+
oy %04 . APCW
e Yop 33
L Q by MT 4
QQQ 00 o A
L QQQO 05, . aPew| |
20, 5 11
%, 6665
*3%, 666*
L . i
***Ooo Ooééxx
* OO QR X
* o O X x
*y Pog O X%y
r *, Cog RIS §
*y %0, Oooxxx
**** Ooq ¢ Og
L OOOOO 4
%o
L *** OOOK
****
L ***%
Il Il Il Il Il Il Il Il Il Il
5 10 15 20 25 30 35 40 45 50 55

Figure 3.2: The normalized thermal conductivity of molded bricks

the symmetric axis than that on direction 1.
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Figure 3.3: The prediction for A33 by Ponte Castaneda-Willis scheme

®%
X X=2
09t %é%@ O x=15 | |
%&@ X=1
SOk - —X=0.75
~ 08 o * X=05 | 7
< R
: oy
S Qo
= QQ N Fx
=S o07p SO T
< Q N %%
— OO *y
— ><OO N
~< L “XO, ~ *9% B
0.6 <Oy *.
Lo XQO ~ **
QO N Ty
8 0 ~
N QO "
= }OQ) £
S 05Ff 0N By ]
e XXOOO > \%**
5 ><><OO ~ ié*7é
z 04 XXXX S
><><
><><><
X
03r B
0.2 Il Il Il Il Il Il Il Il Il Il

0 5 10 15 20 25 30 35 40 45 50 55
Porosity (%)

Figure 3.4: The prediction for A;; by Ponte Castaneda-Willis scheme

3.5.2 Calibrations and validations for thermal conductivity

For two groups of data from [7], one group corresponds to the content of sands 5% and an-
other corresponds to the content of sands 10%. Here, a two-step homogenization procedure
for the evaluation of the effective thermal conductivity of fired clay bricks is performed.
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In step 1, we only consider solid phase as the homogeneous and isotropic material. The
solid phase is composed of fired clay and sands.

3fsa)\cl(>\sa - )\cl)

As = Ao +
: 3fsa)‘cl + fd()\sa + 2)\cl)

(3.47)

In step 2, the fired clay brick is made up of two phases, which are solid phases and
micropores.

3fp (Ap — As) As
BV — fo)A\p + (3 =3V + f,) A

NPEW = NP — X, + (3.48)

and

3fp (Ap — Ag) Ag

>\PCW — )\s
33 T BV = S+ 6V f)h

(3.49)

The following Figure 3.5 and Figure 3.6 illustrate the relationship between thermal
conductivity and porosity under different content of sands [7]. The two group of data
is measured by hot plate apparatus. We know that the thermal conductivity of voids
Ay = 0.026 W/m-K. Because these tested samples for thermal conductivity are same as
those for Young’s modulus, we take the same aspect ratio of micropores X = 1.4, which
was calibrated in Chapter 2. Figure 3.5 corresponds to the experimental results of 10%
sands. We use this group of data to calibrate parameters and obtain: Ay = 0.559 W/m-K
and A\, = 2.2 W/m-K. The least square is Ferr = 5.95 x 1073. Making use of calibrated
parameters, we predict the thermal conductivity on the 1-axis. We use these obtained
parameters to predict the thermal conductivity with 5% sands and compare with another
group of data, which is shown in Figure 3.6.

Figure 3.7 and Figure 3.8 show the calibrated and predicted curves by using two groups
of data containing 10% and 5% sands [7], respectively. The two groups of data are measured
according to NF EN 1745 [7, 12]. We calibrate the parameters according to the data of
samples with 10% sands along the 3-axis direction. Similarly, the calibrated parameters
are: Ay = 0.568 W/m-K, \,, = 1.4 W/m-K. The error Ferr = 5.88 x 107>. Based on the
calibrated parameters, we make the prediction for thermal conductivity of samples with 5%
sands and compare with experimental data in Figure 3.8. It can seen that our estimation
can give a reasonable prediction.

Figure 3.9 and Figure 3.10 calibrate the model by PCW estimation according to exper-
imental data on the direction 3 [3]. By using calibrated parameters, the predictions by MT
estimation were given to compare with the results from PCW estimation. In Figure 3.9,
the fired temperature of experimental samples is at 1000°C. The calibrated parameters are:
X =0.63, \; = 1.279 W/m-K, Ferr = 0.00128. In Figure 3.10, the experimental samples
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Figure 3.5: The data containing 10% sands (by hot plate apparatus) [7]
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Figure 3.6: The data containing 5% sands (by hot plate apparatus) [7]

were fired at 1300°C, and the group of data corresponds to high porosity. The calibrated
parameters are: X = 0.69, \; = 0.964 W/m-K, Ferr = 0.000822. We give the prediction
on direction 1, and need the experimental data on the direction 1 to validate.
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Figure 3.7: The data containing 10% sands (by NF EN 1745) [7]
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Figure 3.8: The data containing 5% sands (by NF EN 1745) [7]

3.6 Conclusions
In this chapter, we analyze the effect of micropores on thermal conductivity of fired clay

bricks by three homogenization approaches and obtain the following conclusions:

At first, the effect of porosity on thermal conductivity of fired clay bricks is studied by
different homogenization estimates. The results by dilute estimation ignoring the interac-
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Figure 3.9: The samples fired at 1000°C [3]
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Figure 3.10: The samples fired at 1300°C [3]

tion among micropores exhibit the linear and lower prediction. Compared with the results
by MT scheme, the results from PCW scheme show the greater ratio of modulus. It means

that the spatial distribution of micropores also plays an important role in anisotropic ratio
and cannot be ignored.

Next, the influence of the aspect ratio of micropores on thermal conductivity has been
studied. For extruded and molded bricks, the thermal conductivity along the major axis
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of micropore is larger than those along other directions. The thermal conductivity on the
minor axis of micropores is the smallest. In the two axial directions, the aspect ratio of
micropores affects the thermal conductivity along the symmetric axis more obviously.

Combining the analysis in Chapter 2, it is obvious that reducing the thermal conductiv-
ity can also cause the decreasing of elastic properties. The optimal determination between
mechanical properties and thermal conduction is dependent on the geometry of fired clay
bricks and the situation in constructions. Following the analysis of elastic properties and
thermal conductivity, the effect of micropores on mechanical strength of fired clay bricks
will be studied in Chapter 4.
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CHAPTER 4

The micromechanical damage
modeling for fired clay bricks
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4.1 Introduction

A micro-mechanical damage modeling is proposed for fired clay bricks produced by ex-

truding or molding under the uniaxial compressive load. Taking advantage of homogeniza-

tion schemes implemented in chapter 2, we first extended our previous results to porous
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materials with distributed microcracks. We then deduce damage models based on MT
and PCW schemes combined with classical thermodynamics approach. The microcracks-
induced damage is represented by a microcracks density parameter. Unilateral effects
(closure or opening) will be also considered. It is assumed that the orientations of all mi-
crocracks are aligned and the spatial distribution of microcracks is spherical. The obtained
models are finally calibrated and then validated by comparison with experimental data.

4.2 The representative volume element (RVE) con-
sidering microcracks

Besides micropores exiting in fired clay bricks, microcracks can be generated during the
manufacturing process or the service stage and play a crucial role in the mechanical behav-
ior. As the analysis of micro-structure of fired clay bricks [4], this material mainly contains
then glassy matrix, silts, micropores and microcracks. For simplicity, all solid phases in
fired clay bricks are summarized into the a unique solid matrix. In order to illustrate
the heterogeneity and the multi-scale characteristics of fired clay bricks, a representative
volume element for microcracked porous fired clay bricks is established and shown in the
following Figure 4.1. The RVE of fired clay bricks is constituted of solid matrix, micropores
and microcracks at this microscopic scale. The RVE is suitable for both extruded bricks
and molded bricks. As mentioned in Chapter 2, for extruded bricks, their shapes are pro-
late and the long axes of micropores are identical with the extruded direction. The shapes
of micropores of molded bricks are oblate and the short axes of micropores are parallel to
pressed direction. The shapes of all microcracks are considered penny-shaped, however,
their orientations are assumed to be parallel.

4.3 The effective stiffness of cracked fired clay bricks

As mentioned before, microcracks have an important influence on the mechanical behavior
of cracked porous bricks. Now, we introduce a parameter microcrack density, which is a
very important state variable to make predictions in continuum damage mechanics. The
J-th family of microcracks is F} relying on the orientation. The aspect ratios of microcracks
of all families are assumed to be X, = ¢/a << 1 (see Figure 4.2). The aspect ratio X, will
be eliminated in the derivation of homogenized stiffness [69], so that the effective stiffness
is not affected by the aspect ratio of microcracks when the later tends to 0. Then, we in-
troduce the microcracks density parameter d = Na®, with N is the number of microcracks
by unit volume. The volume fraction of microcracks is denoted f,. while that of micropores
is f,. Moreover, the volume fraction of microcracks is written as:
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Solid matrix

Microcrack  Micropore

Figure 4.1: The RVE for extruded bricks at one microscale

4 4
fe= §7TCL20N = ngXc (4.1)

Figure 4.2: The penny-shaped microcrack

Like other brittle materials (see [70, 71]), the mechanical behavior of transversely
isotropic fired clay bricks is dependent on the open or closed state of microcracks. Aa
microcracks families are composed of open microcracks and closed microcracks, the vol-
ume fractions of open and closed microcracks are indicated by f and f<, respectively.

We have the following expression for the volume fraction of microcracks:

S Y =, (4.2)

j,op j,cl
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Based on the definition of homogenization theory, the effective stiffness tensor for the
material composed of 3 phases (solid matrix, micropores and microcracks) can be written
as:

2
com =Y £,C, A, (4.3)
r=0

fr is the volume fraction of r-th phase. C, holds for the stiffness tensor of the r-th phase.
A, represents the the strain concentration tensor of r-th phase. We use subscripts s, p
and c¢ to indicate solid matrix, micropores, and microcracks, respectively. The expansion
of equation (4.3) is recast as:

T = £,C, A+ £,Cp: Ay + 3 FPCP AP + Y 9T - AY (4.4)
j,op ! ! j,cl ! !
with:
2
S A =1 (4.5)
r=0
and

r=0

Note that we only consider unilateral effects of microcracks that all microcracks are open
or closed in this chapter. The following parts focus on the estimates of two homogenization
schemes considering unilateral effect of microcracks of fired clay bricks.

4.3.1 The MT estimate for open microcracks

As showed in Figure 4.1, the simplified RVE contains one family of micropores and one
family of microcracks. It is known that C, = 0 and C,, = 0. All microcracks of fired clay
bricks are assumed to be open, the localization tensors of micropores and microcracks can
be calculated by MT estimation, respectively:

1

AN = (1-8) s [ AL S-Sy éﬂdﬂ B (4.7)
and

1

ANT = (]1 — S;p)_ [fs]l + LI =S + ;mer] B (4.8)
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where the subscript 'p’ represents pores and ’op’ represents open cracks. Tensor T was
given in (B.10). Subsequently, it is not difficult to calculate the effective stiffness tensor
with open microcracks.

C%T(d) =C, - f,Cs: (I— S;)*l : |:sz + fp(I— S;)*l + ;lwd']I‘} -

—1
_ 47;%3 T [fsl[ +h -89+ ;lwdT]

(4.9)

The fourth-order effective stiffness tensor considering open microcracks can be indicated
by Walpole’s notation [63]. The relationships between mechanical constants and open
microcrack density d (damage parameter) can be obtained. Because the orientations of
microcracks are aligned with the symmetric 3-axis (extruded or pressed direction), Young’s
modulus F; (d) and shear modulus G15(d) are always invariants. Poisson’s ratios v3(d) and
v12(d) are not affected by parameter d.

Figure 4.3 depicts the relationship between normalized Young’s modulus Ej5(d) and
microcrack density d. The relations are drawn under the given parameters: f, = 20% and
vs = 0.1. It is seen that Fs3(d) decreases with the rising of microcrack density d. During
the damage process, the aspect ratio X affects F3(d) of molded bricks more clearly, not
that of extruded bricks.

Figure 4.4 exhibits the effect of damage parameter d on the normalized Ga3(d). When
X > 1, the aspect ratio X doesn’t have an obvious effect on Gas(d). When X < 1, the
smaller the aspect ratio X is, the value Gy3(d) is lower.

4.3.2 The MT estimate for closed microcracks

In this case, it is assumed that all microcracks are closed and the microcracks faces are
frictionless. That is to say, these faces only transmit the normal stress and the shear stress
between lips is equal to zero. The bulk modulus of microcracks is k,; = ks and the shear
modulus of microcracks is py = 0. It has been known that the stiffness tensor of closed
microcracks [72]:

Cy = 3k,J (4.10)

The concentration tensor for micropores is recast by the following expression:

1

-1 4 -
AMT = (T-55) {fsll + (1= 8)7" + ST (4.11)
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The concentration tensor for microcracks is simplified by the expression:

MT
Acl

_ 4
=[-8 | LI+ f(I-S) 7+ gwd’ﬂ"

-1

(4.12)

The effective stiffness tensor considering closed microcracks can be written as:

82



4 -1
Ci\l/[T(d) = (Cs - fpcs : (H - S;)_l : |:sz + fp(]I — S;)_l + 37TdT/:|
8md

(4.13)

4 —1
uK T [fs]l +hI—S9)! + 3ndﬂ

We still take Walpole’s notation to describe the fourth-order effective stiffness tensor
with closed microcracks. For the case of aligned closed microcracks, the microcrack density
d doesn’t affect Es(d), F1(d) and Gi2(d). Moreover, Poisson’s ratios v13(d) and v15(d) are
not affected by parameter d. There is only one stiffness tensor component Cy(d), where
C4(d)/2 represents the longitudinal shear modulus, decreases about with the increasing of
d. Figure 4.5 exhibits the effect of damage parameter d on the normalized Gaz(d). When
X < 1, the aspect ratio X has a more clear effect on the shear modulus Gas(d).
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Figure 4.5: The relation between normalized Gs3 and d for closed microcracks by MT

4.3.3 The PCW estimate for open microcracks of isotropic dis-
tribution

In this part, we assume that all the microcracks are open. Our damage model is based
on the scheme proposed by Ponte Castanieda-Willis [58]. Let us recall that this scheme is
the extension of the Hashin-Shtrikman bound, and separates the shape of inclusion and
the spatial distribution of inclusion by two independent functions. It is assumed that the
spatial distributions of micropores and open microcracks are spherical. The damage is
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characterized by a scalar microcrack density parameter d. We know C, = 0 and C,, = 0.

The fourth-order strain concentration tensors of micropores and microcracks by the
PCW estimate are, respectively:

-1

=[I+P;: (C,—C,)|

2 -1 (4.14)
{sz z_: ]P);l) : ((Cj - CS)] : [H+P§ : (C] - Cs)]l}

and

Mg = [T+P,: (Cop — @8)}—1

2 -1 (4.15)
{fs]I+Zf][]I+ (]P); _P;i) : (C] _CS)} : []I+P; : (C] _Cs)]_l}

where the subscript € indicates the shape and d denotes the spatial distribution as explained
in Chapter 2. ¢ is the shape tensor of the r-th phase. P¢ = S¢ : C; !, and S¢ is fourth-order
Eshelby’s tensor of the r-th phase, which has been given in B. P¢ represents the spatial
distribution tensor of the r-th phase. For the tensorial functions of spatial distribution of
micropores and microcracks, we consider that both of them are the spherical distribution.
The tensorial function of the spatial distribution is [64]:

B
2/

d_md _ @
Py =P, = K (4.16)
where v and 3 were shown in equation (2.33).

For simplification, (4.14) and (4.15) can be written as follows:

1

Ay =[I+P5: (C,—C,)| M (4.17)
and
Ap=[I+P5,: (Cpy—C))] M (4.18)
with
— {fs]I + I+ (P —PY) : (C, — Cy)] : T+ P : (C, —Cy)] !

1 4.19
* fOp[H t GP)ZP o ng) : ((COP - Cs)] : [H + ng : ((Cop - Cs)}_l}_ ( )

The strain concentration tensors for micropores and open microcracks can be repre-
sented as the following expressions, respectively:
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A,=(I-5,) M (4.20)
Ap=(I1-55) M (4.21)
where tensor M can be simplified as:
e\—1 47T -1
M = {11 + (0l + BK) : (1= S;)~" + S d(ad + PK) ; ’IF} (4.22)

with tensor T was given in B.10.

The effective stiffness tensor of fired clay bricks with open microcracks can be recast
as:

C(I;CW(d) =C, — f,Cs: (I— S;)_l M — 47T3dCS T : M (4.23)

The fourth-order effective stiffness tensor with open microcracks can be expressed by
Walpole’s notation [63]. Due to the parallel orientations of microcracks, only two material
damage functions F3(d) and Ga3(d) are analyzed. Under given parameters v, = 0.1 and
fp = 20%, the relationships between material constants and microcrack density d can be
analyzed below for different aspect ratios of micropores X.

Figure 4.6 shows the relationship between normalized Young’s modulus Fs3(d)/Es and
damage parameter d for different aspect ratios. The microcrack density d can strongly
weaken Young’s modulus. Besides parameter d, the aspect ratio X of micropores also
affects F3(d). the aspect ratio X is smaller, E5(d) is lower, especially in the case of X < 1.
When X > 1, the aspect ratio doesn’t have a clear influence on Ej5(d).

Figure 4.7 shows the relationship between normalized shear modulus Gaz(d)/us and
damage parameter d for different aspect ratios. There is no obvious difference between
X =4 and X = 2. It means that rising the aspect ratio of micropore barely affects Gos(d)
of extruded bricks. But for Ga3(d) of molded bricks, with the decreasing of aspect ratio,
Gos(d) will decline.

4.3.4 The PCW estimate for closed microcracks of isotropic dis-
tribution

In this case, it is assumed that the spatial distributions of closed micropores and microc-
racks are spherical. The lips between closed microcracks are assumed to be frictionless.
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Figure 4.6: The relation
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The strain concentration tensors for micropores and closed microcracks can be repre-
sented as the following expressions, respectively:

and

A= (1-8) M

36
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Ag=I-S:K) ™" :M (4.25)

The fourth-order tensor M is simplified as:

M = {I+ f,(ad + BK) : (I- )" + ‘ZrdﬁK ! (4.26)

where the Walpole notations of tensors J and K can be found in A. The tensor T’ has been
given in B.11.

The fourth-order effective stiffness tensor for frictionless closed microcracks can be de-
duced as:

8rd
CHOW = Cy— f,Cy s (I—S5) 7 : M — %MSK T - M (4.27)

According to [63], the fourth-order effective stiffness tensor for closed microcracks can be
expressed by Walpole’s notation. The detailed expressions of stiffness tensor components
can be found in C.3.

Under the fixed parameters vs = 0.1 and f, = 20%, For aligned closed microcracks,
C§(d)/2 representing shear modulus Ga3(d) decreases as the rising of microcrack density
d, whereas other stiffness components keep invariant. In other words, longitudinal and
transverse Young’s moduli and Poisson’s ratio are constants. Figure 4.8 is the tendency of
shear modulus Ga3(d) under different aspect ratios.

4.4 Thermodynamic potential and state laws

Damage of materials is the irreversible generation and propagation of micro-defects (mi-
crocracks and micropores) in material subjected to loading. The framework of continuum
damage mechanics was firstly established by [73]. For an elastic-brittle material, we can
introduce a damage internal parameter d to present the degradation of stiffness. The
independent state variables are the strain tensor £ and the damage parameter d.

The thermodynamic potential considering state variables is:

W(E,d) = ;E :Ch™(d) - E (4.28)
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d is a positive damage internal variable related with crack density. d = 0 corresponds to
the intact material. C"™(d) is the fourth-order effective stiffness tensor related with d.

The first state laws is:

o a (g’ d) _ mvhom .
S(E.d) = o =C@):E (4.29)
The second state law is:
oW (E,d) 1 '
d _ = - _ . hom .
FUEd) = -2 = — B (C"(@)) (4.30)

F? is the damage driving force (also called energy release rate), and F¢ > 0. (C"™(d))" is
the derivative of the effective stiffness tensor considering crack density.

The evolution of damage doesn’t take place for closed microcracks, but the damage
evolution of open microcracks can be represented by the damage driving force F'%.

The classical damage criterion is expressed as:

f(F4 d)=F*— R(d) <0 (4.31)

R(d) is a positive scalar as a function of d, which represents the ability to resist the dam-
age propagation. Generally, the following linear resistance function introduced by [74] is
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considered:

R(d) = Ro(1 + nd) (4.32)

where Ry > 0and n > 0. Ry is the initial threshold surface, and 7 is the material parameter.

The rate form of the constitutive law is:

¥ =Lhm(d): E (4.33)

where the tangent tensor operator is:

[C(d):¢] ® [C'(d) : ¢]
OF‘
~od

Liom(d) = |C(d) —

(4.34)
+ Ro-n

The numerical implementation of the micromechanical damage modeling
The proposed damage model is implemented in the standard ABAQUS by means of UMAT
subroutine. For the local integration of micromechanical modeling at each integration point
(or Gauss point), a numerical algorithm is presented as follows:

(1) It is assumed that the strain E at the step (n) is given and the strain increment
AE , is known. At the (n + 1) step, the macroscopic strain &, = E +AE ..

n+
(2) At the linearly elastic stage, dn41 = d,, and f(F,,,d,) < 0.
(3) At the non-linear stage, if f(F%.,,d,) > 0, Ad,;1 will be determined. Then it has
dnJrl = dn + Adn+1~

(4) The macroscopic stress can be obtained: X(dpy1) = C"(dnya) : E e

4.5 The study on parameters of the damage model

Based on our damage modeling, the following parameters need to be determined: Young’s
modulus of solid matrix F,, Poisson’s ratio of solid matrix v,, the volume fraction of
micropores f,, the aspect ratio of micropores X, the initial threshold surface Ry and the
hardening parameter 7).
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Solid matrix | Micropore
Material parameters Es I
Vg X
Ry
Damaged parameters 0

Table 4.1: Parameters of the damage modeling

4.5.1 The study on parameter 7

The effect of n on mechanical behavior is studied under the fixed parameters in this part:
E, = 20000M Pa, vs = 0.1, f, =20%, X =2, Ry = 0.2M Pa.

Figure 4.9 exhibits the macroscopic full stress-strain curves under different values of
7. The blue line is the linearly elastic stage. Other color curves represent the damage
stages of fired clay bricks. From this figure, we can see that the greater the value 7 is, the
stronger the strain hardening is. In other words, parameter n determines the peak strength
of material. Figure 4.10 shows the variation tendency of the microcracks density with the
increase of macroscopic strain on the 3—axis. Under given the strain of the damage stage,
the greater the value of n is, the microcracks density is smaller. Though the values of n
are different, the linear elastic stages are the same under the identical Ry. The value of n
determines whether there is the strain-hardening stage in the damage process.
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Figure 4.9: The stress-strain curves by PCW estimation under different values of n
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Figure 4.10: The relationships between damage parameter d and the axial strain Fjs3

4.5.2 The study on parameter R

As above mentioned, the parameter Ry determines the initial damage threshold. The
influence of Ry on mechanical behavior is studied under the hypothetical parameters: F, =
20000M Pa, v, = 0.1, f, = 20%, X =2, n = 30.

Figure 4.11 shows the macroscopic stress-strain curves under the values of Ry = 0.1M Pa
and Ry = 0.2M Pa. The greater the value of Ry is, the higher the elastic critical point is.
In other words, the parameter Ry determines the elastic limitation of fired clay bricks. So
the greater Ry also gives the higher strength.

Figure 4.12 shows the variation tendency of the microcracks density with the increase
of macroscopic strain on the 3—axis. From the two figures, we can find that the smaller
the value of Ry is, the damage initial strain is smaller.

4.5.3 The study on parameter f,

The influence of damage parameters  and Ry on mechanical behavior has been analyzed
in the above two parts. The effect of porosity on mechanical behavior of fired clay bricks
will be studied here. Given parameters F, = 20000M Pa, vs = 0.1, Ry = 0.1M Pa, n = 30,
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Figure 4.11: The stress-strain curves by PCW estimation under different values of R,
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Figure 4.12: The relationships between d and the axial strain Fs3 under different R

X = 2, the stress-strain curves corresponding to 20% and 40% are obtained. It is obvious
that porosity affects the elastic modulus and peak stress. When 7 is the same, the damage
stages for different porosities are parallel.
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Figure 4.14: The stress-strain curve for different porosity when n = 30

4.5.4 The study on parameter X

In Chapter 2, the empirical models referring to peak strength was given. Figure 4.15 shows
the relationship between normalized peak strength Y33 /0, and porosity for different aspect
ratios. For given parameters E; = 20000M Pa, vs = 0.1, f, = 20%, n = 30, it can be seen
that both the porosity and the aspect ratio of micropores affect the peak strength of fired
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clay bricks. Combining the predictions for the condition of X > 1 and X < 1, the aspect
ratios of micropores of molded bricks have a more impact on the peak strength.

1.2

Normalized peak strength

Porosity (%)

Figure 4.15: The relationship between peak strength and porosity by PCW

4.5.5 The comparison between PCW scheme and MT scheme

The difference between PCW and MT schemes is that the former considers the spatial
distribution of micropores. So the mechanical behavior of fired clay bricks by the two
estimates are shown in the following figures.

Figure 4.16 exhibits the comparison of full stress-strain curves between Mori-Tanaka
and PCW estimate under the hypothetical parameters of n = 30 and f, = 20%. Other
hypothetical material constants are: E, = 20000M Pa, v, = 0.1, X = 2, Ry = 0.2M Pa.
Figure 4.17 shows the comparison of results by MT and PCW estimations under n = 0.1
and f, = 20%. Compared with the two figures, the elastic moduli and strength by MT
and PCW estimations are different, and there is no declined tendency for the results by
MT estimation in the damage process even if 1 is very small. The difference between two
estimations is that the MT approach ignores the spatial distribution of micropores and
microcracks.

Compared with the results in Figure 4.17, the curves in Figure 4.18 are attained under
n = 0.1 and f, = 0. In this case, the material is only composed of solid matrix when
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Figure 4.16: The stress-strain curves under 7 = 30 and f, = 20%
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Figure 4.17: The stress-strain curves under n = 0.1 and f, = 20%

damage parameter d is equal to 0. The elastic parts from the two estimations are absolutely
coincident. When the damage appears, the evolution of stress-strain is different due to the
Mori-Tanaka approach ignores the spatial distribution of microcracks.
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Figure 4.18: The stress-strain curves under n = 0.1 and f, =0

4.6 Calibrations and experimental validations of the
micromechanical model

Calibrations and validations are performed in order to evaluate the predictive ability of
our proposed modeling. Concerning our case, multi-variable calibration (n and Ry) are
realized by a software, named modeFRONTIER. A ’simplex’ operation is selected for
the minimization of a function of variables [75].

Table 4.2 gives the peak strength and Young’s moduli in different directions. We
calibrate the modeling parameters according to average values from experiments [6] on
the 3-axis, and give our predicted results on the l-axis. The calibrated parameters are:
fp = 24.0%,X = 1.6, B, = 15200M Pa,v, = 0.1, Ry = 0.12M Pa,n = 0.1. Figure 4.19
displays the full stress-strain curves from our modeling and experimental data. In this
figure, the experimental curve is only from one test, so the peak result is different from the
data showed in Table 4.2.

Table 4.3 exhibits the peak strength and Young’s moduli on different orientations. The
experimental results were obtained from molded bricks [2], which caused oblate microp-
ores. We calibrate the modeling parameters according to data on the 3-axis, and give
our predicted results on the 1-axis. The relative error is also calculated in the Table 4.3.
The calibrated parameters are: f, = 27.0%, X = 0.35, £, = 21000M Pa,vs = 0.07, Ry =
0.039M Pa,n = 150. Figure 4.20 exhibits the comparison between the experimental curve
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Y3(MPa) | 3,1 (MPa) | £,3/%, | Es(MPa) | Ey(MPa) | Es/E,;
Experiment 56.8 51.0 1.11 12750 10450 1.22
Modeling 57.0 50.9 1.12 10457 8702 1.20

2,30 Peak stress on the 3-axis, ,,: Peak stress on the 1-axis
FEs5: Young’s modulus on the 3-axis, F: Young’s modulus on the 1-axis

Table 4.2: Predictions for peak stress and Young’s modulus on different directions
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Figure 4.19: The comparison between our modeling and experimental results of extruded
bricks [6]

and the prediction of modeling. It is clear that our modeling is in agreement with experi-
mental results.

Zpg (MP&) Epl (MP&) 2p3/2p1 E3 (MPa) E1 (MP&) Eg/El
Experiment 13.76 22.58 0.61 5524 16673 0.33
Modeling 13.74 400.27 0.034 5537 14065 0.39

Table 4.3: Predictions for peak stress and Young’s modulus on different directions

Table 4.4 gives the comparison between experimental data [3] and modeling results
under different porosities. Because paper residues are used to create micropores and to
be part solid matrix in order to improve the thermal conductivity in this experiment,
the physical properties of solid matrix are not same under different porosities. In our
prediction, the effect of fired paper residues on the solid matrix is ignored. That is to
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Figure 4.20: The comparison between our modeling and experimental results of molded

bricks [2]

say, all solid matrix under contents of residues are regarded as the same. Under given
values v, = 0.1, f, = 30.8%, X = 0.51 and the experimental result ¥,3 = 40M Pa, we
calibrate the following parameters: Es; = 25200M Pa, Ry = 0.18M Pa,n = 98. Other peak
stresses are predicted and listed in the table. From the results of modeling, our prediction
is always greater than experimental results. Recalling that the solid matrix isn’t same
under different porosities, so our prediction for strength is reasonable.

Porosity 30.8% | 38.9% | 46.2% | 52.0 %
Experiment | ¥,3(MPa) | 40.0 | 16.0 7.6 5.1
Modeling | ¥,3(MPa) | 40.0 | 24.11 | 14.45 | 8.05

Table 4.4: The comparison between experimental data and modeling results

4.7 Conclusions

In view of the context of application of fired clay bricks, we have built a micromechani-
cal damage modeling by homogenization. It is assumed that the shape of microcracks is
penny-shaped and the orientations of all microcracks are parallel. The unilateral effect of
microcracks is taken to analyze the influence of damage parameter d on mechanical prop-
erties. Then we build a micro-mechanical damage modeling considering open microcracks.
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After the analysis of mechanical behavior of our modeling, we can come to the following
conclusions:

Firstly, the microcracks have strong influence on the degradation of fired clay bricks.
With the increase of microcracks density (also the damage parameter d), the elastic moduli
of fired clay bricks decrease obviously. Similar to elastic moduli, porosity and the aspect
ratio of micropores weaken the peak strength. The lower the aspect ratio, the smaller the
peak strength.

Secondly, compared with Mori-Tanaka estimation, Ponte Castaneda-Willis estimation
can predict the strain softening stage during the damage process by virtue of considering
the spatial distribution of inclusions. The material parameter 1 determines the soften
variation.

The numerical results of our proposed micromechanical damage modeling are approx-
imately in agreement with the experimental data, which can predict accurately the me-
chanical behavior of fired clay bricks under the uniaxial compressive loading, including the
damage stage.
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Conclusions and perspectives

Conclusions

On the premise of satisfying mechanical capacity, fired clay bricks possessing the func-
tion of energy-saving have been the developing target with the demand of sustainable
development. It is obvious that the macroscopic properties of fired clay bricks are de-
pendent on their microscopic information. In order to provide a reference to change the
information of micropores by using pore-forming agents, the effects of micropores and mi-
crocracks on macroscopic mechanical properties and thermal conductivity are studied by
homogenization theory, which helps to understand the relationship between composition,
micro-structure, material processing and mechanical or thermal properties. The study re-
lies on the description of fired clay bricks at the micro-scale. It appears that the relation
between micro-structure and macroscopic properties is important to predict engineering
properties. The conclusions of this thesis are summarized as follows.

The Chapter 2 begins with the description of representative volume element as a micro-
structural morphology composed of continuous solid matrix with micropores. It has been
seen that the micro-structure is linked with the manufacturing technology of fired clay
bricks. We proposed two different representative volume elements depending on extruding
and molding technology, which generate the prolate or oblate micropores. Based on the
analysis micro-structure, the effective elastic properties of fired clay bricks are studied by
homogenization. We can obviously find that the volume fraction of pores is the most
important factor which can weaken the elastic moduli. Besides porosity, we evaluate the
effect of aspect ratio of micropores on elastic moduli. It can be found that the aspect ratio
has a much stronger influence on Young’s modulus parallel to the symmetric axis than that
in other directions. It affects the shear modulus in the isotropic plane more clearly. With
the increase of aspect ratios, Ej3 rises but G15 decreases. By using different approaches, the
spatial distribution of micropores also affects the elastic moduli. The results considering
the spherical distribution of pores exhibit more conspicuous anisotropic ratio than those
of parallel distribution.

Based on the same microstructure, Chapter 3 is devoted to the study on effective
thermal conductivity of fired clay bricks. Like the effective elastic properties, we study
the influence of micropores on thermal conductivity. The effect of porosity on thermal
conductivity is also the most apparent. In this chapter, we also predict the tendency of
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thermal conductivity under the condition of high porosity. The prediction in this case still
needs experimental data to validate. The aspect ratio of micropores affects the thermal
conductivity A3z on the symmetric axis more obviously. With the increasing of aspect ratio,
A3z significantly rises but A\y; decreases. The spherical spatial distribution of micropores
shows much stronger anisotropy than those of aligned distribution. We can conclude that
a method to improve the optimization between mechanical and thermal properties is not
only changing the volume fraction of pores, but also adding different kind of pore-forming
agents in the production process. An opening research direction is to study the effect of
vegetable fibers on mechanical strength and thermal conduction.

As a kind of structural materials, fired clay bricks are mainly used to support the load.
But it appears to be empirical to evaluate the mechanical strength. In Chapter 4, we build
a micro-mechanical damage modeling to link peak strength and micropores, including the
volume fraction and aspect ratio of pores. The impact of porosity on peak strength is
studied under different aspect ratios. It can be seen that the effect of porosity on peak
strength is very strong. Moreover, the aspect ratio of micropores also obviously affects
the peak strength. The aspect ratio is greater, the strength on the major axis is higher.
By comparison of results by MT and PCW approaches, the PCW estimation consider-
ing the spatial distribution of micropores and microcracks can predict the strain-softening
behavior of fired clay bricks, but MT estimate can’t achieve. The material parameter n
determines the tendency of strain-softening. The parameter Ry is the initial elastic thresh-
old of material. The validations between our proposed damage modeling and experimental
data approximately exhibit an agreement.

Perspectives

Some work of this thesis can be improved and a lot of research perspectives can be found
in the future work.

The optimization between mechanical properties and thermal conductivity can be
achieved by combining engineering situations. For example, due to the transverse isotropy
of fired clay bricks, the orientation of bricks laying in the wall can cause different mechani-
cal strength and thermal conductivity of walls. Due to hollow fired clay bricks are also used
in masonry structures, the influence of different geometries of hollow bricks on mechanical
properties of masonries can be the following research work.

We take the same microscopic scales for micropores and microcracks in the RVE. To
study the micro-mechanical modeling more precisely, it is necessary to analyze the distri-
bution of size of micropores and microcracks, which is helpful to build a multi-scale RVE.
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In the Chapter 4, our proposed damage modeling is based on the assumption of aligned
opening microcracks of spherical distribution. The following work can focus on the condi-
tion of random orientation of microcracks, including opening or closed ones. In this thesis,
we only consider the porous and cracked solid matrix without liquid as the research objec-
tive in the thesis. The influence of transfer of substances in opening microcracks on the
properties of fired clay bricks will be a new direction in the following work. The multi-scale
micromechanical modeling considering multi-phenomena couplings can help us understand
mechanical behavior under complex environmental conditions.

The study on fired clay tiles with additives is an interesting research subject. The
difference with bricks is that the orientations and the spatial distributions of micropores in
tiles due to the molding technology. Considering that tiles are always suffered the changing
of the seasons, the impact of numbers and temperatures of freeze-thaw cycles on durability
of fired clay bricks is also attractive.
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APPENDIX A

Walpole’s notation

The transverse isotropy is that the elastic properties of arbitrary directions which are
normal to a symmetric axis are the same. The fourth-order stiffness tensor only has 5 in-
dependent constants. In order to study the transversely isotropic problems, it is necessary
to introduce the notation from [63] which is helpful to obtain the elements of transversely
isotropic tensors. Given a unit normal vector n, other directions perpendicular to n are
equivalent because of transversely isotropic symmetry. Also given the second-order unit
tensor 1 (Kronecker tensor d;;), the unit tensor is decomposed of two elementary tensors
a and b:

l1=a+b (A.1)

with

a=1-n®n, b=n®n (A.2)

The set of fourth order elementary tensors contain 4 unit tensors with diagonal sym-
metry and 2 tensors without diagonal symmetry. The diagonally symmetric tensors are:

1 _ 1 _ _
E1:§a®a, E; =b® b, E3:a@a—§a®a, E, = a®b + b®a (A.3)

It is easily seen that:

Ei+E,+E;+E, =1 (A.4)

Especially, when p and ¢ are integers from 1 to 4, we can also obtain the following
expressions:

E4IJ:JZE4:O, E4ZK:KZE4:E4 (A5)
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and

E,:E,=E;, if p=¢q E,:E; =0, if p#q (A.6)

The non-diagonally symmetric tensors are:

E5:b®a, E(;:a@b (A?)

The tensor products of elements can be presented as the table:

Table A.1: The products of Walpole tensor elements

Based on Walpole notation, any transversely isotropic fourth-order tensor, which is not
necessarily symmetric, can be expressed by six elementary tensors.

U = CEl —|— d]EQ + B]Eg —I— f]E4 + gEg, —|— hE6 (A8)

which can be recast as another form:

U= [e,d,e, f,g,h] (A.9)

If the tensor U is symmetric, it has g = h.
The inverse of U is:

Uflz[gfl
e

g h
-z Al
o ] (A.10)

with | = c¢d — 2gh.
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The fourth-order unit tensor I of equation (A.4) can be represented as:

I=[1,1,1,1,0,0] (A.11)

The spherical tensor J and deviatoric tensor K of equation (A.5) can be represented as:

21 11 1 2 1 1
—[2.200 = = K=[-.211-=- = A.12
‘JI [3737 ) 7373]7 [3737 b ) 37 3] ( )

Walpole defined the unit tensor as I = J+ K. These fourth-order tensors can be written
as:

1 1
Lijr = 5(5ik5jz +0ubjr), Jijm = géij(skl

1 9 (A.13)
Kijm = 5(5%5;‘1 + 00, — §5ij5kl)
The decomposed tensors are idempotent and orthogonal:
J:J=J], K:K=K, J:K=0 (A.14)

For isotropic solid matrix, the stiffness tensor can be expressed by decomposed tensors
J and K.

C, = 3kJ + 2u.K (A.15)

where kg is the bulk modulus of solid matrix and pg is the shear modulus of solid matrix.

In Voigt notation, these fourth-order tensors can be recast as:

1 1 1 2 1 1
010000 111000 5% doo0

3 3 3 3 3 3
00000 ;555000 L |-5 -3 3 000
000100 0O 0 0 0 00 O O 0 1 00
000 O0OT1PO0 0O 0 0 0 00 O O 0 010
00 0 O0O01 0O 0 00 00 O O 0 0 0 1

The base tensor of Walpole can be expressed by Voigt notation when n=(0,0,1), as
follows:
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APPENDIX B

Eshelby tensor in linear elasticity

S¢ is called as Eshelby tensor of the r-th phase. The fourth-order Eshelby tensor of can be
represented by six elemental tensors as the following form [63, 46]:

S; = CL1]E1 -+ CLQEQ -+ CL3E3 + G4E4 -+ CL5E5 -+ a6E6 (Bl)

or

S; = [a17a27a3aa’47a5aa6] (BQ)

where, a;(i =1 6) are the following six scalars:

a; = 51111 + 811227 g = 533337 asz = 51111 - 311227

B.3
as = 253131, as = Ss311, Qg = S1133 (B-3)

For the inclusion in isotropic matrix, the Eshelby tensor depends on the shape of inclu-
sion and the stiffness of matrix. When the symmetric axis of inclusion is n = (0,0, 1), the
shape of ellipsoidal inclusion can be expressed by three-dimensional Cartesian coordinate
system.

22 22 22 ,
%4—%—1——3‘2:1, with m; = my (B.4)

[55] has given the components of Eshelby tensor of ellipsoidal inclusion.

1—-2v
Siiii = =————mi Ly + ————1,
8m(1 — y)ml * 87(1 —v)
1 1—-2v

Siiji = w———mjlij — ————1; :

P 8w(1 - u)m] 7 8n(l—v) (B.5)

1-2v

Siiii = ————(m? DL+ ———— (I, + 1

o 167T(1—1/)(m1+mj> j+167‘(’(1—l/)( +14)
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where v is Poisson’s ratio of matrix. I;; and I; can be expressed as the following integrals
by [76] and [55].

I —9 /OO du
i = 2Tmymam —
PR o (m2 u)A
=2 /OO du B.6
i = ZTTM1Ma M o T .
PR o (m2 +u)2A (B.6)
I 5 /00 du
i = 2Tmymem
7 P Lo (m2 ru)(m? +u)A
with
A = (m%+u)%(m§+u)%(m§+uﬁ (B.7)
For the prolate spheroidal inclusion (m; = mgy < mg), the integral result is:
1
2 2 2 2
[ = [, = —2mms . s (mg — ) — cosh™' 2
(m3 —m3)> | ma \my my
I3 =4m =26, Iy = Ipn =1y
T 1 T (I — Is)
Iy = 1 = g = & ML)
Poomt 4T m A3 —md)
(B.8)
I L — I3
N g = m?
4
By = — — 25
3
4 Il — 13
3l = — — T2 —
BT T

For the oblate spheroidal inclusion (m; = msy > mg),the integral result is:
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Is =47 =26, I11 = I =1y

I, — l[ _ T u
Pomt 4T mE A(mi—md)
(B.9)
I = I — I3
31 — mg — m%
4
333 = — — 213
m3
4 Il - [3
3 = & [y —
11 m% 12 mg _ m%
The tensor T of penny-shaped (X. << 1) open microcracks is [77]:
_ A (=v)? 1 —v, v(1l— )
T= lim X.(I-S%"'=— 0 B.10
A, Xe(T=80)" = 10— = 0o T 5, (B.10)
The tensor T” of penny-shaped closed microcracks is [77]:
4 1—v,
T — lim X,(I—S¢:K)™ = = [0,0,0, ”,o,o} (B.11)
X.—0 T 2 — v,
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APPENDIX C

The calculations of transversely
isotropic stiffness tensor

Contents

C.1 The calculation of elastic stiffness tensor of Mori-Tanaka estimatel13

C.2 The calculation of elastic stiffness tensor of Ponte Castaneda-
Willis estimate . . . . . . . . o i i i i i i e e e e e e e e e e e 116

C.3 The calculation of stiffness tensor of Ponte Castaneda-Willis es-
timate considering damage . . . . . . ... ... . 000000 118

C.1 The calculation of elastic stiffness tensor of Mori-
Tanaka estimate

In this section, the elastic stiffness tensor by Mori-Tanaka estimate is derived and the
calculated result is expressed by Walpole notation.
According to equations (A.11), (B.2) and (A.10), it is readily to have:

(H_S;)_l = [b17b27b37b47b57b6] (C]-)
with
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1—(12

by =

! (1 - CL1) (1 - CLQ) - 2@5&6

b — 1-— aq

2 (]_ - al) (]_ — ag) — 2&5@6
1

b —

? 1-— as
1

by —

4 1-— ay

by = =

b (]_ — al) (]_ — ag) — 2&5@6

ag
bg =

(1 —ay) (1 —as) — 2asae

where ay, as, ..., ag were given in (B.3).

Replacing P¢ by S¢ : C;1, it is easy to calculate the following equation:
placing P, by S : C;

with

fS]I + fp[H +P; : (CP - (CS)]il = [n17n27n37n47n57n6]

n =1 + fp(by — )
ng = Iz + fp(ba — 1)
ng = I3 + f,(bs — I3)
ng = Iy + fp(by — 1y)
ns = Is + fp(bs — I5)
ne = Is + f(bs — Is)

The inverse of equation (C.3) is:

with

{fS]I + fp[]l + IED;) : ((Cp - CS)]_l}_l = [glag27937g4795agﬁ]

g1 =n2/(n1 - N2 — 2n5 - ng)

g2 = n1/(m ‘Mg — 2n5 - n6)

g3 = 1/n3
ga=1/ny
gs = —ns/(n1 - ng — 2n5 - ng)
g6 = —ne/(n1 - N2 — 2n5 - Ng)

(C.2)

(C.3)

(C.5)

(C.6)

From the expression (2.17), the strain localization tensor of micropores could be written as:

114



AT = (T-85) < {£I+ f,[I+ P (T, —C) 1} (C.7)

By calculation, Aé‘/f T is described by Walpole’s notation:

AT = [Aps, Aya, Ay, Ayt Ay, Are] 8
with

Api = big1 + 2bsgs
Apa = bags + 20596
Aps = b3gs

Ap4 = b4gs

Aps = bsgr + bags
Aps = bsga + b1gs

The fourth-order stiffness tensor of isotropic solid matrix can be written as:

(Cs = [0517 0327 ng, 0847 0557 056] (ClO)
with

2 4
Csl = 2ks + S HMs, 052 = ks + 5 Ms, 053 = 21u5

3 3 (C.11)

2 2
Coy = 2#3) Cys = ks — glusa Cse = ks — g,us

where kg is the bulk modulus of solid matrix and ug is the shear modulus of solid matrix.

Having known that (C.10) and (C.8), the following expression can be calculated:

fP(CP_CS) : A;]‘fT = [Sla82783784785786] (012)
with

51 = —[Cs1 - (b1g1 + 2b6g5) + 2Cs6 - (bsg1 + b2gs)] - f

sg = —[Csz - (baga + 2bsgs) + 2Cs5 - (begz + bigs)] - [
(053 : b393) : fp

84 = —(054 : 5494) : fp

Css - (b1gr + 2b6gs) + Csz - (bsgr + bags)] - fp

Cs - (b2ga + 20596) + Ca1 - (beg2 + brge)] - fo

According to the homogenization expression (2.11), the effective stiffness tensor by MT
scheme can be obtained and expressed by:

(C.13)

Sy = —

Sg — —
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CMT = [017027C3ac4705706] (Cl4)

with
Ci=Ca+ s
02 = CSQ + S
C3=Cy +
3T s (C.15)

C4 = Cs4 —+ Sq
05 = 055 -+ Sy
Cs = Cs6 + 56

C.2 The calculation of elastic stiffness tensor of Ponte
Castaneda-Willis estimate

Like the part C.1, the concentration tensor need to be calculated at first in this section.
We calculate the expression (C.1) :

-1
(T —S5") " = [by, by, b, bu, bs, bg] (C.16)

where by, ..., bg were given in (C.2).

Then it is also easy to calculate the following equation:

I+ fp(ad + BK) : (]I — SESh>71 = [e1, ¢2, €3, ¢4, C5, Cg) (C.17)
with
G=1+f, {(gw ;5)-191 —1—2(;04— ;5).195]
=1+ F, {(;w 25) byt 2(;04 - ;5) . b6]

63:1+fp’5'b3
ca=1+f, by

6= [(Ga—30) b+ (Ga+ 3 b

(C.18)

3 3 3
=1 [(Ga—30) b+ Gat 35) -t

where v and 8 have been given in equation (2.33).
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The inverse of equation (C.17) is:
_17-1
I+ fo(ad + FK) : (]I — SESh) ] = (91, 92, 93, 94, 95, e (C.19)
with

g1 = 02/(01 “Cy — 2c5 - C6>

ga = C1/(C1 “Cy — 2¢5 - CG)

9s = 1/es (C.20)
ga=1/cq
gs = —cs/(c1 - g —2¢5 - cg)
gs = —cg/(c1 - ca — 2¢5 - cg)
The strain localization tensor for micropores could be obtained:
AT = [Ap1, Apa, Aps, Apas Ays, Ay (C.21)
with
Ap1 = bigr + 2b6gs
Apo = bags + 2596
A = baga (C.22)
Aps = bygy
Aps = bsg1 + bags
Ay = bsgs + b1gs
Then the following expression can be calculated:
f»(C, —Cy) - A;:CW = [81, S2, 83, S4, S5, S¢) (C.23)
with
51 = —[Cs1 - (b1g1 + 206g5) + 2Cs6 - (bsg1 + b2gs)] - f
sg = —[Csz - (baga + 2b5gs) + 2Cs5 - (begz + bigs)] - [
83 = —(053 : 5393) : fp (0.24)
84 = —(054 : 5494) : fp

s5 = —|Css - (blgl + 2b695) +Cy - (b591 + 5295)] : fp
Cs6 - (baga + 2b596) + Cs1 - (bsga + b1Gs)] - fo

And the fourth-order stiffness tensor of solid matrix can be written as the following form:

S — —
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Cs - [0517 0527 Csi’n Cs47 0357 056] (C25)

The effective stiffness tensor can be recast as:

CPrew — [CY, Cy, C3,Cy, Cs, C| (C.26)
with

CfCW =Ca + 51
CPOW _ iyt s
Cfcw =Csxa+ 83
Cr = Cos + 54
POV = O+ 55

C(I;CW = CS()' +$6

(C.27)

C.3 The calculation of stiffness tensor of Ponte Castaneda-
Willis estimate considering damage

The calculated process of stiffness tensor components is shown as follows.

According to the expression of Eshelby tensor (B.2) and Walpole notation, we still need
to obtain:

(I—S2) " = [by, by, b, by, bs, b (C.28)

where by, ..., bg were given in (C.2).

Then it is also easy to calculate the following equation:

-1
I[+fp(aq]]+/8K) : (]I—SPESh> = [01,02703,C4,C5,C6] (029)
with
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2 1 1 1
a=1+/ {(304‘1‘ gﬁ) - b +2(§04— 55) ‘b5]
1 2 1 1
ca=1+/p {(304‘1‘ 55) ‘b2+2(§04— 55) ‘b6]
=14+f,-8-0b
“ Jo s (C.30)
ca=1+f, by
1 1 1 2
e = fp [(304 - 55) “by + (504 + 55) : 55]
1 1 2 1
¢ = fp [(304 - gﬁ) by + (g@ + 55) : bG]
where o and 8 have been given in equation (2.33).
The tensor < T” > can be expressed by Walpole’s notation, as follows:
< T >= [Tp1, Tp2, Tps, Tpa, Tps, Tps] (C.31)
with
8(1 — vy 16(1 — vy 8(1 — vy
Tp = Q; P2 = ¥, Tps = Q
15m(2 — vg) 5r(2 — vs) 5m(2 — vs) (C.32)
T 8(1—wy) T 81 —wy) T 81 —wy) '
b= 5m(2 — vg) b5 = 15m(2 — vs)’ Po = 15m(2 — vy)
The tensor M in equation (4.19) can be calculated and expressed by the following expres-
sions:
M = [g1, 92, 93 94, g5 g (C.33)
with
g1 = (02 + 62)/((01 + 61) . (CQ + 62) -2 (65 + 65) . (Cﬁ + 66))
g9 = (Cl + 61)/((01 + 61) . (CQ + 62) —2- (05 + 65) . (06 + 66))
=1/(cs+e
9 = 1/(cs +ea) (C.34)
g1 =1/(cs + €4)
gs = —(05 + 65)/((61 + 61) . (02 + 62) —2- (65 + 65) . (CG + 66))
g6 = —(c6 +e6)/((c1+e1) - (c2+e2) —2-(c5+e5) - (c6+ e6))
and
47 47 A
el_E'dBTpla 62—? d- - Tpa, 63—? d-p-Tps
4 (C.35)
as 47 47
€4=§'d5Tp4, €5=?'d'5'TP5, 66:?'(1'5'71]76



and [ has been given in equation (2.33).
Then we can obtain the following results:

fp((cp - CS) : AP = [817 S92, 83, S4, S5, 86] (036)
with

s1 = —[Cs1 - (b1g1 + 2b6gs) + 2C6 - (bsg1 + b2gs)] - f
sg = —[(Cs2 - (baga + 2bs5gs) + 2Cs5 - (bsg2 + brgs)] - fp
§3 = —(033 : 5393) ) fp (0.37)
S4 = —(054 : 5494) ) fp
s5 = —|
s¢ = —|

Css - (big1 + 2begs) + Csz - (bsg1 + bags)] - [
Cs6 - (D292 + 2b596) + Ca1 - (bsga + b1gs)] - fp
And Walpole’s notation of the fourth-order stiffness tensor of solid matrix was given in

(C.10). We can have the expression for microcracks:

fACe—Cy) : Ap = [r1,72,73,74,75, 7] (C.38)

with
8

r=—gmis d- (Tpy-gi+2-Tps - gb)

ry= oty d- (Tpa g2 +2-Tps - g6)

T3——§7T#s'd'Tp3'93

Ty = —iﬂus-d-Tp4-g4

5 = —iws ~d - (Tps - g5 +Tpz - gs)

Te = —87T/~Ls -d- (Tpe - g6 + T'p1 - ge)

From equation (4.3), the effective stiffness tensor can be written as:

Chom . (Cs + fp(Cp - (Cs) . Ap + fC(CC - CS) : AC (C39)

Replacing equation (C.36) and (C.38) into (C.39), the fourth-order effective stiffness tensor
of fired clay bricks can be represented as:

Chom = [CF, CB™, G, O™, B, O] (C.40)

with
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CY" =Cs +s1+1m
Cgcw:CS2—|—32—|—r2
Oy =Cg+s3+r3
Ci" =Csy+ 84+ 714
Cgcwzcs5+85+7"5
Cgcw = 056 + S¢ + 76
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APPENDIX D

Eshelby’s problem in linear thermal

conduction
Contents
D.1 The thermal conductivity inclusion problem .. ... ... .. .. 124
D.2 The second-order hill tensor . . . . ... ... ... ......... 126
D.3 The inhomogeneity problem . . . ... ... ............. 127

In the above part, the effective thermal conductivity, which is dependent on the ther-
mal conductivities of inclusions and matching localization tensors, has been derived. Now
we study Eshelby’s problem that contributes to the solutions of the localization problem.
We consider a RVE ) composed of a solid phase 2, and another phase €2;. The thermal
conductivity tensor are denoted by A and A,, respectively. The boundary of RVE 9% is
submitted to the macroscopic homogeneous thermal gradient grad’.

divg(xz) =0
A, for z€Qy

q(z) = —Alz) - gradT(z) with A(z) = {AI for 2eQ (D.1)

T(x)=gradl -z Yz € 0N

The set of equations (D.1) are proposed for a problem in a bounded domain. We can
consider an auxiliary problem (so-callled Eshelby’s Problem) in which a bounded inclu-
sion [ is embedded in an infinite homogeneous medium (2, respectively, corresponding to
thermal conductivity tensors A, and A . The boundary condition of this problem for the
infinite medium will be changed. The controlling equations for the inhomogeneity problem
are:
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divg(z) =0

A, for zel

z) = —\z) - gradT(z) with Xz)={7! - D.2
4f2) = ~A2) gradT(a) with A { Y o rcqln | ©2

T(x) =gradl -z  when |z|] — o0

Introducing A = A, — A, we can have:
q(z) = =4, - gradT (z) + q,(z) (D.3)
with

q,(z) = =0A - xi(z)gradl (z) (D.4)

where x7(z) is denoted as the characteristic function of the domain 1.

Supposing that ¢ f(g) = ¢“xz(x), where ¢° is a constant vector. The problem of inho-
mogeneity could be written as:

divg(z) =0
q(z) = =A, - gradT'(z) + ¢°x:(z) (D.5)
T(x)=gradl -z  when |z|— o0

The set of equations (D.5) is named as Eshelby’s inclusion problem [55].

D.1 The thermal conductivity inclusion problem

In this problem, we consider the case of gradT = 0. From (D.5), the following equation is
obtained:

— A, AT+ ¢ - gradx; =0 (D.6)

gradx involves derivations of a discontinuous function (see [46]). In terms of the definition
of the derivative of a distribution, we can have:

< gradyy, v >= — < x1, grady >= —/Igmdwdv =— /8[ YndS (D.7)
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where v is a function of D(R3) and n is the outward normal unit vector of I. The Dirac
distribution dg; connected with the boundary of [ is introduced by:

< Sop, b >= /8] bdS (D.8)

From (D.7) and (D.8), we can obtain:

grady; = —ndyr (D.9)

Then equation (D.6) can be written as:

A, AT +¢° - ndpr =0 (D.10)

The solution of (D.10) can be acquired by the Green function G(z), which is defined
as the solution of the following equation:

A A G+, =0 (D.11)

where ¢,/ is the Dirac function at 2 that is defined by any function ¢ € D(R?). The
solution of (D.11) is [78, 79]:

/ 1
G = D.12
(z,2) 47 Rk ( )
with
R=[a—2)T A (o — 2" (D.13)
and
K= detéi/z (D.14)
By superposition, we can obtain the solution of (D.10):
T = g Gz —z')q° - ndS,, (D.15)
; s z
Using the Gauss’s theorem:
=2 [Ga-o)gav, D.16
=~ J 6= agav, (D.16)
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It is readily to have another derivation:

2:173:( )= ox; 890] (/G x—x)dv ) (D.17)

The thermal gradient vector can be expressed as:
gradl’ = P - ¢° (D.18)

with

Pijz) = - 8358:10
0Ly

/G :U—$)dV/ (D.19)

The above mentioned derivations are performed under gradl = 0. For the case of
gradl # 0, we have:

gradl = P - ¢° + gradl’ (D.20)

Supposing that ¢° was constant, the solution of Eshelby’s problem could be reduced to
the calculation of the second-order Hill tensor P.

D.2 The second-order hill tensor

In view of the Green function, it is necessary to introduce the potential function ®(z)
relying on the geometry of I:

1
= | ———dV., D.21
) /Iu_x/‘ g (D.21)

Combining (D.12) and (D.19), it yields:

Pij(x) = —

1 0*°®
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D.3 The inhomogeneity problem

Now we turn to the inhomogeneity problem. Recalling equation (D.3) and (D.4):

q(z) = =4, - gradl'(z) + q,(z) (D.23)

with

q,(z) = =X xi(z)gradl (z) (D.24)

The necessary and sufficient condition is that the thermal gradient is uniform in the
domain [ so that the inhomogeneity problem is consistent with the inclusion problem. In
this instance, The solution of the inhomogeneity problem can be obtained by that of the
inclusion problem:

gradl'(z) = P* - q,(z) + gradT (D.25)
with

q,(x) = =0A - gradT(z) (D.26)

From above two equations, we can obtain:

g (x) = ~0A- (§+ 06X P) - gradT (D.27)

The local thermal gradient vector in the ellipsoidal domain [ is:

gradl = A, - gradT (D.28)

where the localization tensor is:

A =0+, -2 27 (D.29)

1 =
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