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Preface 

 
 
We are pleased to welcome you to the conference book of the 6th International Conference on 

Contemporary Problems of Architecture and Construction held on 24th – 27th June 2014 at Faculty of 
Civil Engineering, VŠB - Technical University of Ostrava, Czech Republic. 

 
It is my pleasure to announce the participation of expert speakers from various countries in 

this four-day event. We have received scientific papers from distinguished universities and 
organizations from various countries. This is really a unique platform for all researchers to discuss and 
exchange experiences. 

 
I would like to thank all authors of submitted papers for their participation. They contributed a 

great deal of effort and creativity to produce this work. I am happy they chose the 6th International 
Conference on Contemporary Problems of Architecture and Construction, as the place to present it. 
Thanks also go to the editors and reviewers, who donated substantial time from their busy schedules to 
carefully read and evaluate the submitted scientific papers. 

 
In addition, the Organizing Committee would like to take this opportunity to extend our 

sincere gratitude to all supporting organizations and universities for their support and encouragement 
and got making the event a success. 

 
 
 

Prof. Darja Kubečková, MSc., Ph.D. 
Guarantor of the Conference 

VŠB - Technical University of Ostrava, Czech Republic 
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Abstract: A development of fiber-cement composites is often focused on cost-effective and 
environmentally friendly materials (so-called green materials). Production of this material should 
produce less waste and it also should use less energy and less natural sources. There are numerous 
approaches to the development of green composites. One of the possible ways is a utilization of fly 
ashes instead of the cement part of composite. 

The paper discusses a development of green cementitious composite which incorporated fly ash 
materials produced in the Moravian-Silesian region as a partial replacement of the cement part of 
the composite. 

Introduction 

In recent years, we are able to find many different types of concrete or rather composites, which 
are relativity different from normal concrete. Engineered cementitious composite (ECC) is very 
ductile fine concrete (mortar) with a matrix on the basic of portland cement reinforced with short 
fibers. ECC represents new generation of high performance concrete and also called as flexible 
concrete. This composite material does not contain rough gravel as filling, but only fine gravel of 
the µm size or mm maximum.  

Strictly speaking, the material is not a concrete as it doesn’t incorporate rough gravel but it called 
concrete in most of papers. 

 
There are different ECC varieties which have different purposes [1]: 
- Self-Consolidating ECC, 
- High-Early-Strength ECC (HES-ECC), 
- Lightweight ECC (LW-ECC), 
- Green ECC (G-ECC) – is used to a large extend by product industrial waste (fly ash, blast 

furnace slag), 
- Self-healing ECC (SH-ECC) – used especially transport engineering for proper of roads, 

for example. 
 
The ECC material mixture which is discussed in this paper was based on the M45 mixture 

proposed by Li [2, 3, 4]. The M45 mix design was modified and the actual composition is shown in 
the Table 1. The original ratios of the M45 mixture components are: cement (1.0), fly ash (1.2), fine 
silica sand (0.8), water  (0.58), high performance concrete superplasticizer admixture (0.013) and 
fiber components (2 %). 

Table 1. ECC mix design proportions by weight 

Ingredient Cement Cement 
Fine silica 

sand 
Water 

Superplasticizer 
admixture 

Fiber 

Ratio 1.0 1.2 0.8 0.52 0.033 2 % 

Weight (kg) 583 700 467 298 19 18,2 
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Ingredients 

The portland cement (with the strength of 42.5 MPa) with high initial strength was used as a 
binding material according to the EN 197-1 as a CEM I 42,5 R material. The fine gravel component 
consists of very fine silica sand of the finest grain (0.1 – 0.3 mm). The chemical composition of the 
silica sand is: SiO2 99.57 %, Al2O2 0.116 %, Fe2O3 0.053 %, TiO2 0.113 %, CaO 0.002 % a K2O 
0.003 %. 

The additive component consists of a fly ash from the local coal power plant Dětmarovice (it was 
used as a fly ash according to the ČSN EN 450-1 – an additive of second kind – pozzolana or latent 
hydraulic additives). The fly ash is produced during interaction generating of electricity and heat as 
by-product.  

The polypropylene multifilament fiber KrampeFibrin PM 12/32 (fibres are 12 mm long, with a 
diameter 32 µm and a density 900 kg/m3) is used as a reinforcing element. The PP fiber was 
selected because of the lack of PVA fiber in the Czech Republic.  

The fluidity of the mix ensured with a fluid high performance concrete superplasticizer Glenium 
110, which does not contain chlorides and which follows the ASTM C494 for the A and the F types. 
The superplasticizer Glenium is an additive based on modified polycarboxylic ether acid.  

Costs of ingredients 

The price of the Green ECC (G-ECC) ingredients was analysed. The price in Czech crowns (Kč) 
is given in the Table 2. The prices are calculated for production of 1 m3 of fresh mixture. The given 
price includes local taxes (21 % of basic price). 

 
Table 2. Prices of ingredients per 1 m3of the G-ECC fresh mix 

Ingredients Cement 
Fly 
ash 

Fine silica 
sand 

Water 
Admixture 

superplasticizer 
PP fiber 

Weight (kg) 583 700 467 298 19 18.2 

Price per weight (Kč/kg) 3.6 0.15  3.0  0.035  45  151.25 

Ingredient price (Kč) 2098.8 105 1401 11 855 2752.75 

Total price 7224 Kč per 1 m3 of G-ECC fresh mix 

Production of fresh mix of G-ECC material 

The production of G-ECC composite requires a strict control of the technological procedure. The 
stir procedure must be properly controlled in order to prevent creation of larger pieces of poorly 
homogenized material [5]. For this reason a mixing machine with internal volume of 100 liters has 
been used. 
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Fig. 1: Preparation of ingredients 

 
The production procedure followed the Li’s recommendations [1]: The first step is a preparation 

of components in the proper volumes according to Table 1. The sand is the first component which 
has to be added to the stirring machine. Then a 95 % of water and a full volume of superplasticizer 
should be added. Then the stirring machine should run on high speed for two minutes. The next step 
is an insertion of fly ash and cement and the rest of water. Then the stirring machine should run on a 
high speed for five minutes. The last additions should be the PP fibers. Then the machine runs on a 
high speed for further five minutes. 

 

 
Fig. 2: Addition of the reinforcing PP fibers 

 
The slump flow test of the fresh mixture resulted in the diameter of 640 mm (see Fig. 3). It 

means that the mixture can be classified as a mixture of the F4 class (that is a mixture with resulting 
diameter 550 ± 100 mm and with density of 2000 ± 50 kg/m3). 
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Fig. 3: The slump flow test the consistency of the G-ECC 

 
The ECC material should have a strain-hardening behaviour during crack propagation. It means 

that after a creation of first cracks does not mean a decrease of bearing capacity, it should show a 
hardening behaviour, instead. During continuing increase of load size the material should reach the 
peak stress and the decreasing of bearing capacity should occur. 

 

 
Fig. 4: ECC specimen after repeated compressive strength test 

 
It can be observed from Fig. 4 that the developer ECC composite has the proposed behaviour. 

The strain-hardening can be identified (the initial jump in the bearing capacity around 2.0 mm is not 
the strain-hardening effect [6], it is rather an effect of testing device behaviour) but an initiation of 

6 Contemporary Problems in Architecture and Construction



 

cracks is hard to identify from the load-displacement curve. The peak load is reached for the 
deformation of about 5 mm and then decreasing of bearing capacity (the softening of material) can 
be identified. It is obvious that initial behaviour of the material is very similar to the normal strength 
concrete (NSC). In the later phases of loading it behaves more as a metal. The first crack were 
observed for the strain of a size ε ≈ 0.01 %. For the strain of size ε ≈ 1 % it was found that the crack 
size is about 60 µm. Further cracks are development during further increase of the deformations but 
the widths of microcracks remain to be near constant with size about 60 µm [1]. A failure should 
occur after a crack plane is developer by merging of individual cracks. 

 

 
Fig. 5: Load-displacement relation of the G-ECC material 

 
The fibers in the ECC material should interact with the matrix of this composite material. It 

limits reaction of the microcracks and it also has an important influence on a residual strength of the 
material. The total failure can occur only when bearing capacity of the fibers is fully exhausted. 

The main mechanical properties of the developed G-ECC material are given in Table 3. 
 

Table 3. Main mechanical properties of the G-ECC 
 

Compressive 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Ultimate 
Tensile Strain 

(%) 

Young’s 
Modulus 

(GPa) 

Density 
(kg.m-3) 

72 8.9 3.0 27.2 1990 

Conclusions  

It can be concluded than the selected mixture was correctly selected and the material was 
flawlessly prepared (see Fig. 4 and Table 3 for obtained material behaviour and main properties). 
The compressive strength is in relation with upper limit of the interval 20-95 MPa which is given by 
Li [1]. The obtained ultimate tensile strain is in the middle of the interval given by Li (1-8 %).  
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The further works will be focused on a development on a more environmentally friendly 
composite. The portion of the cement will be partially replaced by the fly ashes and the optimal ratio 
will be searched. There will be also works on addition of other components to the mixture in order 
to save the most expensive ingredients. 

 An another aim of the development team is a development of a material with a better ration 
between the ultimate strain and the tensile strength. 
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Abstract. Titanium is most likely to play more important role in future civil applications. Its 

excellent properties such as: low density, high mechanical strength and good corrosion resistance 

give it some advantages and open the way for new applications both in modern technology and civil 

engineering. In many ways (e.g. specific strength, corrosion resistance) titanium, especially its 

alloys outstrip structural materials such as steel and aluminium alloys. The article discusses titanium 

properties, which are important in civil engineering such as: low density, resistance to sea water and 

salty atmospheres, low coefficient of thermal expansion and excellent aesthetic qualities. Although 

its use in civil application is still limited it is expected that a demand for titanium building materials 

will steadily grow in future. The characteristic titanium applications in the worldwide civil 

engineering are presented. It is highlighted that over a long span of 20 or more years titanium tends 

to be cheaper than other materials in terms of life-cycle costs. Furthermore, the article investigates 

the difficulties and opportunities associated with titanium forming. Some technological problems 

(e.g. low formability, high susceptibility to galling and high spring-back) occurring in the sheet-

titanium forming processes are discussed. 

Introduction 

In the world there is a tendency to replace traditional metals, mainly steel, with light materials 

having good corrosion resistance. Titanium satisfy these requirements. Until recently, it was 

considered as a strategic material used for military purposes, especially in aerospace, aviation and 

maritime industries [1-5], as well as in the industries where it was absolutely necessary e.g. in the 

chemical industry. Currently, titanium materials are increasingly used in civil applications, such as 

automotive industry and medicine [6-8]. An interest in the use of titanium in the civil engineering 

grows due to excellent corrosion resistance, low specific gravity, high strength and low thermal 

conductivity. Although the use of titanium is limited owing to high production costs and difficulties 

in its processing [9-11], it is likely that along with the development of new technologies [12-17] 

titanium use will increase. 

Titanium and its alloys  

Both titanium and its alloys are used in modern technologies. According to ASTM B265 five 

grades of commercially pure titanium: Gr 1÷4 and Gr 7 are produced. Depending on production 

technology each grade has a different degree of impurities. The higher impurities content 

corresponds to higher mechanical strength and lower material plasticity. Gr 1 has the lowest 

impurities content. Yield strength changes from 170 MPa for Gr 1 to 480 MPa for Gr 4, and tensile 

strength changes from 240 to 740 MPa, respectively. Alloying additives increase the tensile strength 

over 1200 MPa [7, 18-20]. Titanium alloys are classified into three categories: α,  α+β and β or 

near-beta alloys. α titanium alloys, due to high heat strength, are used for parts working at elevated 

temperature and because they do not exhibit a ductile-to-brittle transition they are also suitable for 

cryogenic applications. Ti5Al2,5Sn and Ti5Al2 alloys are the most often applied alpha titanium 

alloys. At ambient temperature α and α+β titanium alloys can be plastically deformed to a small 

extent since they have high yield-to-tensile strength ratio (above 90%). Just above 500°C the ratio 
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improves, so these alloys are usually semi-hot or hot formed. However, this entails the need to solve 

the problem of high susceptibility to gas absorption (oxygen, nitrogen, hydrogen), which causes 

structural changes and reduces titanium strength. Ti6Al4V alloy is the most commonly used alloy. 

After heat treatment its tensile strength reaches 1170 MPa. β titanium alloys have good formability, 

even using cold working. They can be hardened by heat treatment. Annealed Ti13V11Cr3Al alloy 

has the tensile strength of 930 MPa but after heat treatment its tensile strength can reach the value of 

1750 MPa that makes it the highest strength metal among all known structural materials [1,21,22].  

Advantages and disadvantages of titanium  

Titanium is a metal with low density being about 60% that of steel. It can be alloyed with Fe, Al, 

V, Mo and other elements, to produce strong lightweight alloys that have the most favourable 

specific strength (material strength-to-weight ratio) of any structural metals in the temperature range 

up to 600°C. Additionally, low Young's modulus - from 80 to 110 GPa [23], which is approximately 

one half that of steels, makes it an attractive material for springs. That in conjunction with the high 

strength and low density could perfectly result in a weight savings of about 70% of that of a steel 

spring. 

Titanium is an active metal but because of a passive film of titanium oxide, it exhibits extremely 

high corrosion resistance to many environments, including sea water. An increase in corrosion 

resistance is obtained thanks to anodic oxidation. Another advantage of this process is the ability to 

achieve visually attractive colour tones of high saturation. The oxidized film is colourless and 

transparent and has a very strong refraction ratio. So the colour effect results from interference of 

refracted and reflected back light hitting this transparent film. A wide range of colours can be 

achieved by using a suitable film thickness [24].  

Additionally, titanium is environmentally friendly, i.e. it is 100% recyclable. 

Despite so many advantages titanium production and processing pose considerable difficulties 

due to high susceptibility to gas absorption, low plasticity and poor tribological properties.  

Titanium advantageous with respect to civil engineering. Good corrosion resistance and low 

specific gravity are the most important for civil engineering. Due to growing environmental 

pollution the traditional structural materials cannot meet requirements of corrosion resistance. Until 

recently, during long-term exposure to weather conditions copper underwent passivation - green 

patina was covering external layers of copper parts. Currently, as a result of increasing air pollution 

by SO2, the patina includes basic copper sulphate (CuOH)2SO4. This prevents patina from providing 

further protection against corrosion. Durability of copper roofs dropped from around 80 to 20 years, 

so alternative materials having better corrosion resistance are sought. Titanium seems to be such a 

material. Manufacturers guarantee its corrosion resistance in the period of 50÷100 years. Thus the 

interest in the use of titanium for roofing, building interior and exterior, facades grows. Titanium 

structures are light and aesthetics. Titanium is extremely practical due to structure durability and 

maintenance costs. It is resistant to the increasing pollution in urban areas, acid rains, marine 

environment, volcanic ash and does not degrade in response to ultraviolet radiation. Titanium does 

not require additional corrosion protection, while other metals erode and corrode releasing metal 

ions that contaminate groundwater. Although initially material costs are several times higher than 

conventional metals, in the long-term maintenance costs are much lower. This is especially true in 

the case of structures exposed to highly corrosive environments, i.e. in coastal and industrial areas. 

A low coefficient of linear thermal expansion allows titanium components to work together with 

ceramics, glass and concrete without danger of distortion or fatigue due to changing heat loads. The 

combination of high tensile strength and low Young's modulus with low density makes titanium 

alloys resistant to sudden and variable loads. This means that titanium alloys used in architectural 

structures, especially in areas prone to earthquakes and violent tectonic movements will be more 

flexible than other structural metals. Fig. 1 shows the density and linear coefficient of thermal 

expansion of the selected materials. 

10 Contemporary Problems in Architecture and Construction



a) 
 

1.74

2.70

4.50

7.14

7.87

8.90 8.96

0.75

2.20 2.40 2.50

0

1

2

3

4

5

6

7

8

9

10
M

g

A
l

T
i

Z
n

F
e

N
i

C
u

P
T

F
E

material w
o

o
d

g
la

ss

c
o

n
c
re

te

[g
/ c

m
3

]
d

en
si

ty

b) 

0

0.000005

0.000010

0.000015

0.000020

0.000025

material

C
o
e

ff
ic

ie
n

t 
o

f 
li

n
e

a
r 

th
e

rm
a
l 

ex
p

a
n

si
o

n
 [

K
]

-1

F
e

C
u

A
l

st
e

el

st
ai

n
le

ss
 

st
e

el

al
u

m
in

iu
m

 
al

lo
y

w
o

o
d

P
o

rt
la

n
d
 

c
o

n
cr

et
e

P
o

ly
m

er
 

c
o

n
cr

et
e

w
in

d
o

w
 

g
la

ss

q
u

a
rt

z 
 

g
la

ss

p
o
rc

el
a

inT
i

 

Fig. 1. Titanium versus other structural materials: a) density, b) coefficient of heat expansion 

[21,22, advertising materials of JFE Steel Corporation] 

Large roofs made of typical thin sheets require a seam system to compensate for thermal 

expansion and contraction. Titanium roofs can be made from single panels, since the thermal stress 

is lower than that of stainless steels, copper or aluminium. The amount of thermal expansion is a 

function of panel’s length, magnitude of temperature change, and coefficient of thermal expansion. 

Greater lengths of titanium roofing sheets reduce installation cost. Low thermal conductivity, 

21.6 Wm
-1

K
-1

, which is ten times lower than aluminium one, also means that titanium can be used 

in construction. Titanium, having a melting point of 1668°C, is classified as a non-combustible 

material, suitable for roofs and facades of buildings.  

Titanium applications in civil engineering 

Generally, titanium applications divide into three groups, which requires: light metals with high 

mechanical strength, corrosion-resistant materials or specific properties (e.g. biocompability). 

Although in the West titanium appears as a relatively new architectural material in the East, 

especially in Japan - in a highly industrialized environment with a strong influence of sea, there are 

hundreds of buildings made of titanium. The first titanium applications in Japanese architecture date 

from the early seventies of 20
th

 century. These were mainly roofs. Some examples are shown in 

Fig. 2. The Fukuoka Dome from 1993 is a noteworthy architecture example (Fig. 2a). It is a modern 

sport centre with a retractable roof having a diameter of 222 m and field area of 13,500 m
2
. The roof 

is made from three fan-shaped panels, which are covered with 3-millimeter thick titanium sheets. 

Fig. 2b shows the glossy blue roof of the Kyushu National Museum, made of anodised titanium 

sheets. During renovation of ancient roofs it is necessary to solve the problem of maintaining the 

original appearance of objects, such as temples or shrines. For this purpose, titanium sheet surface is 

treated (e.g. by using different kinds of alumina blasting deliberately varied to obtain the diverse 

degree of luster of titanium) to give it a texture similar to smoked tiles (Fig. 2c).  

a) 

 

b) 

 

c) 

 

Fig. 2. Examples of titanium applications in Japaneese architecture: a) Fukuoka Dome, b) Kyushu 

National Museum, c) Koetsu-Ji shrine in Kyoto 

In European titanium constructions, the Spanish museum of modern and contemporary art - 

Guggenheim Museum Bilbao is particularly noteworthy, (Fig. 3a). It was designed by Canadian-
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American architect Frank Gehry. 32,000 m
2
 of commercially pure titanium sheets – Gr 1 with 

different textures, from matte to smooth, and with thickness of 0.3-0.4 mm were used for 

construction of this building. Titanium sheets were also used for renovation of the Van Gogh 

museum (Fig. 3b) and for protection of the Scheepvaart Museum in Amsterdam against the 

damaging effects of light, temperature and moisture (Fig. 3c). A large part of modern titanium 

architectural structures are monuments (e.g. the Monument to the Conquerors of Space erected in 

Moscow in 1964, a 107-meter height obelisk depicts a contrail of the starting rocket. It is covered 

with titanium sheets). 

a) 

 

b) 

 

c) 

 

Fig. 3. Examples of titanium applications in European architecture: a) Guggenheim Museum in 

Bilbao, b) Van Gogh Museum in Amsterdam, c) Scheepvaart Museum in Amsterdam 

Metal structures have been an alternative to wooden structures for a long time. The use of 

titanium for the frames of various types of buildings additionally increases the strength of the 

buildings, especially resistance to earthquakes. Architects increasingly prefer to apply titanium 

because it allows for implementation of challenging solutions that are impossible using traditional 

materials. They apply both commercially pure titanium and titanium alloys. Potentially titanium 

honeycomb panels will also find application in civil engineering [25], which would allow for 

a substantial reduction in structure weight. For example, sandwich panels weighing 4.5 kg have the 

same stiffness as five times thicker single titanium sheet that is five times more heavier. Such panels 

consist of two titanium sheets with a special honeycomb texture. These structures are produced 

using the hydraulic forming process, which allows for avoiding creation of titanium protrusions on 

the tool surfaces, that make conventional forming  impossible [26]. 

In recent years, titanium application to bridges and coastal structures also grows. Titanium-clad 

steel sheets, that are used to protect floating steel structures at their splash zone, are one of the most 

interesting applications. For this purpose, steel sheets are clad with thin titanium sheets during 

rolling through the intermediary of copper [27]. For example, 4-mm thick steel sheets clad with 

1-mm thick titanium sheets were used for Tokyo Bay Highway Bridge. 

Comparison between Gr 2 and Gr 5 formability 

Two grades of titanium sheets: commercially pure titanium  - Gr 2 and titanium alloy Gr 5 were 

tested. The microstructure of Gr 2 is composed of recrystallized α grains containing lenticular twins 

while Gr 5 microstructure contains a fine-grained globular α phase separated by the β phase 

precipitated along the grain boundaries (Fig. 5a,b). The Erichsen cupping test was employed to 

evaluate formability of titanium sheets. The test consists in forming an indentation by pressing a 

spherical punch against a test piece clamped between a blank-holder and a die, until a through crack 

appears. The test showed a significant difference in ductility of the analysed sheets (Fig. 5c,d). 

Depth of the bulge for Gr 2 sheet was 12 mm, while for Gr 5 sheet was only 3 mm. It means that 

only Gr 2 sheet can be easily formed using classical forming tools (die, punch and blank-holder) at 

ambient temperature. Additionally, two indicators of material formability were defined for Gr 2 

sheet: limiting drawing ratio LDR=0.43 and normal anisotropy coefficient R=4.5. One of the 

conditions required for sheet-metal forming is that R-value is greater than 1.0. Such tests were not 

performed for Gr 5 sheet due to the very low formability at ambient temperature, as it can be clearly 

seen in Fig. 5c and d. 
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a) 

 

b) 

 

c) 

 

d) 

 

Fig. 5. Microstructure and Erichsen cupping test results: a, c) Gr 2; b, d) Gr 5 [10] 

The basic mechanical properties were determined in an uniaxial tensile test. The test results are 

presented in Table 1. 

Table 1. Mechanical and technological parameters of the tested sheets 

Material Yield point 

Re [MPa] 

Tensile strength 

Rm [MPa] 

Elongation 

A10 [%] 

Strain hardening 

exponent n [-] 

Material constant  

K [MPa] 

Gr 2 397 501 29 0.15 753 

Gr 5 1009 1032 10 0.04 1256 

Summary 

Analysis of the technical literature and experimental research indicate that sheets of 

commercially pure titanium, especially Gr 1 and Gr 2 have a relatively good formability, and such 

sheets are mainly used for construction of roofs and facades. 

Titanium and its alloys have been appreciated for years in aerospace, aviation and military 

applications. Currently they are increasingly used in civil applications, including civil engineering. 

They allow for reduction in the structure weight, while maintaining its previous strength. At the 

same time titanium ensures the long-term corrosion resistance. High expenditures at construction 

stage become justifiable taking into account low cost of maintenance.  

Although the price of titanium production and its processing is several times higher compared to 

the price of stainless steel or aluminium, titanium products do not require expensive anti-corrosion 

protection. This makes titanium an attractive and competitive material in the field of civil 

engineering. 
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Abstract. Civil engineering uses steel as one of the basic structural materials. Sheets play an 
important role among the steel products. Although steel sheets are relatively cheap and have good 
mechanical and technological properties, low resistance against corrosion poses a fundamental 
weakness. A solution to this problem is the use of galvanised or organic-coated steel sheets. 
Galvanising can be carried out by hot dipping (single structural parts) or continuous galvanising: 
electrolytic and hot-dip galvanising (sheets and strips or long products, such as: wires or pipes).  

In the paper steel sheets used in the civil engineering as structural parts or wall and roof cladding 
are discussed. A special attention is paid to corrosion resistance of the steel sheets. Some results of 
corrosion tests is presented. The influence of the galvanising technology and the relationship 
between the degree of material deformation and susceptibility to corrosion are given. Coating 
thickness and kind of the applied galvanising technology is pointed as the key factors affecting the 
corrosion resistance of galvanised sheets. It is highlighted that during the forming process of 
galvanised sheets (bending, sheet-metal forming) the zinc coating deforms more than the steel base, 
so its thickness decreases, and therefore the corrosion resistance of the final product decreases, too. 

Introduction 

Civil engineering uses steel as one of the basic structural materials. It results from the fact that 
steel has good mechanical and technological properties, is cheap and suitable for recycling. The 
modern structural steel surpasses its main rivals, such as aluminium, plastics or composites in the 
common use. Unfortunately, steel has a fundamental disadvantage – a poor corrosion resistance. 
A solution to this problem is the use both galvanised and organic-coated steel sheets [1 5]. 
Galvanising successfully protects steel products against corrosion. There are two basic galvanising 
methods [2]: hot dipping, used for single structural parts, and continuous galvanising (electrolytic 
and hot-dip galvanising, used for flat products, such as: sheets and strips, or long products, such as: 
wires and pipes).  

In [6,7] an analyse of conventional hot-dip galvanised pure Zn, galvannealed and Zn-Al alloy 
coatings on steel to explain mechanism of corrosion resistance is given. A discussion on corrosion 
behaviour of rare earth ion-implanted hot-dip galvanised steel is presented in [8,9]. Hadi and Li [10] 
investigates a number of high strength concrete columns that are externally reinforced with 
galvanised steel straps subjected to concentric and eccentric loading. The experimental results show 
that external reinforcement can enhance the properties of high strength concrete columns. 

 Steel sheets in civil engineering 

Sheets are the basic steel products. Hot-dip galvanised sheets [4] and organic-coated steel sheets 
[5] are mainly used in the civil engineering. The sheet production develops gradually [2] from hot-
dip galvanising of single sheets to continuous hot-dip galvanising (the Sendzimir galvanising 
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process). In order to improve paintability and weldability of galvanised sheets galvannealing was 
introduced in the 50s of the 20th century. It combines process of galvanizing and annealing to 
produce specialized steel sheets characterising by a greyish matte finish. Galvannealed coat does not 
flake off the base when formed, stamped and bent. Nowadays, this method is extensively used in the 
automotive industry (car body sheets). Moreover, galvanised sheets with addition of aluminium: 
Galfan (5% Al-Zn coated steel) and Galvalume (55% Al-Zn coated steel), and galvanised sheets for 
coil coating (minimized spangle, spangle-free sheets) are produced. In the civil industry hot-dip 
galvanised sheets, Galfan and Galvalume, as also organic coated sheets are mainly used. Thanks to 
strong anti-corrosion properties Galfan and Galvalume are suitable for roofing and siding.  

The sheets are cold-formed in roll forming machines (corrugated, trapezoidal and roofing sheets) 
or they are used as cladding panels (with a thick insulation layer). The sheets are also used as 
starting material for manufacturing large welded sections, specially designed for industrial 
buildings. At present the following steel sheets are produced in Poland: 

- corrugated sheets (slowly dying production), 
- trapezoidal sheets, mainly organic-coated sheets (6 roll forming lines in the steel industry and 

several roll forming lines in other industrial plants – mainly in the private sector). The height 
of produced trapezoidal sheets: T12÷T160 mm, 

- tile-type roofing sheets (one line in the steel industry and several profiling lines in other 
industrial plants – mainly in the private sector), 

- welded large sections with a straight or wavy web, 
- Z-type sections for industrial buildings, 
- cladding panels. 
At the moment Galfan and Galvalume galvanised sheets are not produced in Poland.  

Recently the building industry was dominated by administrative- and service-buildings of a light 
metal frame construction, with metal walls and roofs. Both plain steel sheets and roll-formed 
(corrugated or trapezoidal) sheets are used for roofing and cladding panels. In the case where 
insulation properties of the structural material are irrelevant, only blank sheets are used, while for 
the case where good thermal insulation is required - panels, consisting of an insulating core coated 
on both sides with profiled sheets, are used. In the housing industry, steel tile-type roofing sheets are 
the latest generation of roofing materials, combining the traditional appearance with a modern 
technology. When using this type of sheets, a strong supporting structure is not required. 
Additionally, the colour variety of anti-corrosion coatings provides a wide range of architectural 
options. In Fig. 1 some examples of galvanised steel sheets used in the civil industry are shown. 

sheet steel
zinc coating

zinc coating

conversion coating

conversion coating
base lacquer

base lacquer

decorative enamel

decorative enemal
protective foil

a) b)

 

Fig. 1: Steel sheets used in civil industry [11]: a) roll-formed sheets, b) organic-coated steel sheet 

Galvanised steel sheets – resistance to corrosion 

Zinc is more electronegative than steel so it provides effective cathodic (sacrificial) protection 
against corrosion. Zinc cathodic protection means that the steel core does not undergo corrosion, 
even if the zinc coat is locally damaged. In the surrounding areas the zinc coat is dissolving. 
Corrosion of the steel will occur when the zinc coat dissolves completely. It is very important in the 
case of galvanised sheets with sheared edges (shearing to the required size).  

In 2010 the total world production of zinc, was 11 million tons, of which 47% were used for 
protection of steel products against corrosion [12]. 
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Thickness of zinc coat, terms and conditions of sheet storage, and method of sheet-metal forming 
are the main factors affecting corrosion resistance of galvanised sheets. There is a linear relationship 
between the zinc coat thickness and the corrosion resistance: the thicker the zinc coat, the higher the 
corrosion resistance of galvanised sheets. The thickness of zinc coats ranges from 5.0 to 45 µm/side 
(i.e. 70÷600 g/m2/two-sided) for hot-dip galvanised sheets, and from 0.3 to 3.0 µm/side for 
electrolytic galvanised sheets [2]. The zinc coat is a durable and relatively inexpensive protective 
coat, but it also has a disadvantage, which is unknown to many users. Due to improper storage of 
galvanised sheets, as a result of moisture and absence of air, "white corrosion" appears on the sheet 
surface. Such corrosion rapidly destroys the zinc coat, accelerates corrosion of the steel core and 
finally results in an inability to further sheet-metal processing. In order to avoid this problem, 
gathering of sheets into piles takes place at a specified temperature and humidity in the finishing 
department of the galvanising plant. Sometimes manufacturers of galvanised sheets give to 
customers a special instruction for correct handling with the sheets during storage and use. 

Galvanised sheets are often cold-formed in the roll forming machines or bending and stamping 
presses. During these operations, both the steel core and the zinc coat are deformed. As the yield 
stress of zinc (Re=30 MPa) and steel (Re=180 MPa) differs fundamentally, the soft zinc coat 
deforms more than the hard steel core [13, 14]. As a result of the forming a significant reduction in 
thickness of the zinc coat occurs. It reduces the corrosion resistance of the galvanised products. 

Goal and scope of experiments 

The study aims at determination of the galvanising technology influence on corrosion resistance 
and the relationship between the deformation value and susceptibility to corrosion [15,16]. 

Uncoated low-carbon steel sheets, electrolytic galvanised low-carbon steel sheets, hot-dip 
galvanised sheets, hot-dip galvanised and skin-passed sheets, and galvannealed sheets were tested. 
The first batch of the samples was taken from the strips 20x250mm in size, which had undergone 
the tensile test with the following degrees of deformation: ε1 = 0%, 10%, 20%. The samples with 
dimensions of 65x65mm, which had undergone the Erichsen cupping test to the height of 6.0 and 
8.5 mm comprised the second batch. The third batch of samples was subjected to bending, while the 
cylindrically drawn-parts with the diameter and height of 35 mm comprised the fourth batch. 

The following corrosion tests were applied: 
- in a salt mist chamber at an ambient  temperature (20oC), according to the valid standard, 
- in a climatic chamber with salt mist at a temperature of 35oC, according to the valid standard, 
- an immersion method in a 10% solution of NH4Cl at an ambient temperature, according to the 

valid standard. 
The tests in the mist chamber were carried out for a period of 14 days. Due to the fact that the 

zinc coat on steel is an anodic coat, the degree of corrosion was determined in accordance with the 
valid standard, resulting in observations of the coat surface and the degree of its corrosion, 
expressed in [%]. In the immersion method, the KB index, expressing the ratio of weight loss of the 
sample to the surface, which was subjected to corrosion, has been assumed as the criterion for the 
degree of metal corrosion. 





∆

= 2/mmg
A

G

B
K ,                                                                                                                   (1) 

where: ∆G - mass loss of the sample,  A -  surface, subjected to corrosion.  
The study was carried out for 30 days. The samples were weighed every 3 days, after the removal of 
corrosion products. 
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Test results 

Microstructures of the analysed galvanised coats are shown in Fig. 2, while the results of the 
corrosion test in the mist salt chamber at ambient temperature are presented in Fig, 3a. 

a)

 

b) 

 

c) 

 

Fig. 2.  Zinc coats (magnification 50x): a) electrolytic, b) hot-dip galvanised and skin-passed, 
c) galvannealed sheets 

The carried out tests show that uncoated steel sheets corrode the earliest. The first signs of 
corrosion appeared on the first day of exposure. The electrolytic galvanised samples also showed 
a high susceptibility to corrosion. In this case, the first corrosion signs appeared on the steel base 
already on the 5th day of the test. Initially, it was a very slight corrosion, which then gradually grew-
up. On the 8 – 9th day the corroded surface took more than 50% so the tests were interrupted on the 
9th day. The hot-dip galvanised, skin-passed steel sheets showed the greatest corrosion resistance. It 
results from the fact that during the skin passing rolling process the zinc coat is sealed and 
smoothed (Fig.2b). It delays the corrosion process itself. Hot-dip galvanised steel sheet shows 
a little bit worse corrosion resistance. In all cases, the corrosion intensity depended on the degree of 
deformation. The deformed (stretched) sheets with ε=10÷20% corroded faster than the non 
deformed ones, which can be explained in two ways: 

- a decrease in  thickness of the zinc coat due to its deformation, 
- the additional stresses as a result of strain hardening. 
Results of the corrosion tests carried out in the climatic chamber at 35°C are shown in Fig. 3b.  
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Fig. 3. Test results of corrosion resistance of steel sheets: a) in salt mist chamber at 20°C, b) in 
climatic chamber at 35°C, [16] 

The tests were carried out for 100 hours. In the case of uncoated steel sheets the first signs of a 
"red" corrosion occurred after the first hour of exposure in the chamber. The galvanised steel sheet, 
at first covered with "white" corrosion, which increased over the time. In the case of the electrolytic 
galvanised sheet, the first signs of "red" corrosion appeared after 48 hours, while for the 
galvannealed steel sheet - after 66 hours of exposure. Hot-dip galvanised steel sheets showed the 
highest corrosion resistance (the first signs of a "red" rust occurred after 96 hours). For the hot-dip 
galvanised, skin-passed steel sheets the "red" rust appeared in the 98 hour of exposure. These test 
results are convergent with the results of the tests carried out in the mist salt chamber at ambient 
temperature. Due to the fact that the two first testing methods were based on a subjective 
assessment of the corrosion degree of the surface (estimated as a percentage), further tests were 
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carried out using an immersion method, allowing a quantitative assessment of the corrosion 
intensity. Results of the corrosion tests carried out by immersion in a 10% NH4Cl – solution at 20°C 
are illustrated in Fig. 4-5. Fig. 4a shows the results of corrosion tests for uncoated steel sheets. The 
study showed that the greatest intensity of corrosion occurred in the case of cylindrical drawn-parts 
and samples deformed in the Erichsen cupping test. The lowest intensity of corrosion occurred for 
the samples made of non deformed sheets and then stretched to the degree of elongation ε=10÷20%. 
The corrosion intensity for the bent samples was similar to the samples stretched with ε=10%. 
A similar regularity was also observed in the case of other tested sheets. Fig. 4b, 5a and 5b show the 
corrosion intensity for electrolytic galvanised sheets, hot-dip galvanised sheets and hot-dip 
galvanised and skin-passed sheets, respectively. 
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Fig. 4. Test results of corrosion resistance of: a) uncoated, b) electrolytic galvanised steel sheets [16]   
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Fig 5. Test results of corrosion resistance of: a) hot-dip galvanised b) hot-dip galvanised, skin-
passed steel sheets [16]   

The galvannealed sheet steel showed the greatest susceptibility to corrosion. It results from the 
low coating density and the fact that the local galvanic microcells had been formed in the Fe-Zn 
alloy layer. In the immersion method the electrolytic galvanised sheet showed a quite good 
corrosion resistance.   

Summary 

Concluding it can be stated that hot-dip galvanised sheets used in the civil engineering show 
quite good corrosion resistance. However, galvanised sheets are a very “sensitive” product, which 
need to be stored under special conditions (creation of the “white” corrosion).  

During the forming process of galvanised sheets (bending, sheet-metal forming) it is necessary to 
remember that the zinc coating deforms more than the steel base, its thickness decreases, and 
therefore the corrosion resistance of the final product decreases, too. 
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Abstract. Optical parameters become to the features that are currently taken into account more 
frequently. There are various reasons of dealing with those parameters. Some of them are due to 
thermal calculation purposes while the other one are trying to consider low-emissivity functions of 
various innovative building materials. The paper is focused on spectral emissivity analysis of roof 
membranes and vapor barriers especially that are applied in sloped roofs and walls with air 
ventilated cavity. The spectral emissivity in the longwave radiation region was assessed by 
laboratory method of an infrared spectroscopy. The results present courses of spectral nature as well 
as its transformation into weighted values. As a result the final comparison demonstrates facts of 
aiming to point out the possibility of receiving any benefit for thermal aspects purpose. 

Introduction 

Currently, the major emphasis in building energy efficiency is focused on improving the thermal 
properties of building envelope with various innovative implementations. In research and 
development of various reflective materials is concentrated on potential for reducing thermal loads 
in buildings [1] [2]. The radiating heat flow represents in general a negligible proportion of the 
resulting energy flow within basic requirements to standards for the thermal protection of buildings. 
Primarily, the main focus is based on typical thermal insulation systems of buildings, but at the 
same time research trends has led to the progressive development [3] and building envelope 
innovation. Radiative properties influence of building elements [4] are often neglected in the design 
of the building envelopes, but these are also significantly involved in the heat transfer and can have 
an influence for further building physics phenomena, as for instance in their thermal resistance [5]. 
The basic development requirements for thermal protection of buildings lead to a more stringent 
standards of improving the thermal performance of the building envelope. Boundary requirements 
are gradually getting to a level that traditional thermal insulation materials moves to the application 
of disproportionate thickness or pushes many manufacturers for innovation their proposal elements 
of the building envelope. It results from the adaptation of these requirements and market needs. The 
assumptions for the future talk about a significant increase in its thermal characteristics. That is why 
some innovation tries to employ reflective properties into their nature. Thus currently, the building 
market and its development are increasingly emerging materials and building elements, which 
basically seek to involve the mechanisms of thermal radiation. One of the ways in this area is 
implemented into the reflective application [6] [7] of vapor barriers and roof membrane foils. 

Methodical approach and main focus 

The main intention of this paper resides in investigating the spectral emissivity properties of roof 
membranes and vapor barriers that are currently based upon reflective functions, as predominantly 
compared with its standard version used especially for roof constructions as well as some wall 
envelopes with air cavity. On the other hand, standard building temperature correlation is evaluated 
due to its exploratory purpose.  
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Measurement techniques belonging to emissivity measurements can be divided into calorimetric 
emission measurements, radiometric emission measurements and reflection measurements [8].  
Available principles of determining the spectral emissivity (reflectance) is based on the spectral 
analysis using infrared spectroscopy in the longwave radiation region. The simplest measurement is 
based on the integral measurement of the reflected diffusive radiation from the surface implemented 
by the Fourier transform infrared (FT-IR) spectroscopy also known as Diffuse Reflectance Infrared 
Fourier Transform (DRIFTS) spectroscopy. Therefore, it is necessary to use an infrared 
spectrometer in order to experimentally determinate the spectral emissivity ελ. There are reflective 
measurement techniques used [8], which operate on the principle Michaelson wave interferometer 
and FT-IR. An integrating sphere reflectometer was used for this purpose which was applied into 
infrared spectrometer Nicolet 380 (Fig. 1a) from the manufacturer Thermo Electron Corporation 
equipped with an integrating sphere Mid-IR TM IntegratIR from PIKE Technologies (Fig. 1b) was 
used. Applied equipment and method predisposes the fact that the results are provided with the best 
accuracy and spectral sensitivity. This aspect plays an important role for measuring diffuse 
reflective surfaces. It essentially represents a method by which the detector is able to pick up the 
whole measurement surface area component of the reflected radiation by gold coated integrating 
sphere. A diffuse gold reference was used for laboratory testing. 

 
Figure 1. a) FT-IR infrared spectrometer Nicolet 380, b) The integrated sphere Mid-IR TM 

IntegratIR cooled with LN2, c) All tested samples 

The samples were collected form the most extension building market producer and differentiated 
into vapor barriers and roof membrane foils (Fig. 1c). The table below (Tab. 1) shows all the tested 
samples, their description, color and material base. An equivalent diffusion thickness Sd has an 
important aspect with correlation to the reflective properties in that sense. Both declared values of 
Sd and emissivity ε are presented in Tab. 1; however the emissivity is given only for reflective ones. 

Tab. 1 Table of measured samples 
type description ε 

(decl.) 
Sd  
(decl.) 

color sign 

va
po

r 
ba

rr
ie

rs
 reflective vapor barrier, 170 g/m2, matt surface 0.02 300 silver S1 

reflective vapor barrier, 150 g/m2, glossy surface 0.43 180 silver S2 

micro perforated foil, 110 g/m2 - 2 translucent S3 

anti-condensation foil, 110 g/m2 - 50 translucent S4 

standard vapor barrier, 110 g/m2 - 40 translucent S5 

ro
of

 m
em

br
an

es
 

foil for ventilated wooden casing, 150 g/m2 - 5 black S6 

contact diffuse membrane with insulation function, 200 g/m2 - 0.15 black S7 

contact diffuse membrane with insulation function for 
ventilated façade layers of opened gaps, 200 g/m2 

- 0.20 black S8 

contact diffuse membrane, for ventilated facades, 270 g/m2  - 0.02 black S9 

contact reflective diffuse membrane, 160 g/m2 0.17 0.07 silver S10 

contact diffuse membrane, 160 g/m2 - 0.02 grey S11 

contact diffuse membrane, 210 g/m2 - 0.03 grey S12 

contact diffuse membrane, 150 g/m2 - 0.10 grey S13 

contact diffuse coated membrane, 270 g/m2 - 0.02 grey S14 

contact diffuse membrane, 120 g/m2 - 0.02 grey S15 

S1 S2 S3 S4 S5 

S6 S7 S8 S9 S10 

S11 S12 S13 S14 S15 
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The results were obtained by the DRIFT method and were authenticated by repetitive measurements 
of each sample. Spectral curves of the reflectance as a function of the wavelength are presented for 
spectral range from 2.5 to 20.0 µm. As a result from the law of the conservation of energy and 
Kirchhoff’s laws (1), emissivity can be derived and consequently used for determination of the 
measurement results in terms of emissivity values. 

ραε −== 1 , or λλλ ραε −== 1 ,  [-]  (1) 

As a consequence, Plank´s formula (2) of spectral radiance intensity of typical built environment 
temperatures of 258 K, 273 K, 288 K and 303 K black body M0,λ is used as the weighted function 
for determination of emissivity values for each temperature. 

15
10, )1-(××=),(

2

kT

C

eCTM λλλ   [W/(m2.µm)]   (2) 

As it is well known, the significant region lies somewhere between 8.0 and 15.0 µm in building 
applications, where all the standard bodies radiate the maximum of its energy. It also represents an 
area of atmospheric windows where the outdoor conditions are transmissive to thermal radiation. 

Results and discussion 

The evaluated final results were obtained by DRIFT method. The measured results were 
authenticated by repeated measurements of each sample. This allowed the precision of various 
methods and measuring devices to be evaluated. The comparison of multiple measurements of each 
specimen enabled us to achieve results with negligible deviation and, among others, to simplify the 
diagrams in showing only one single spectral curve representing one sample. Spectral curves of the 
reflectance as a function of the wavelength (in spectral range from 2.5 to 20.0 µm) are shown on 
figures (Fig. 2a and 2b). 

 

Figure 2.   a) Spectral reflectance of the S1 – S8 samples, b) Spectral reflectance of the S9 – S15 
samples 

The total spectral emissivity values for the whole measured spectrum with respect to spectral 
irradiance of absolute black body with typical temperature dependence for the practical building 
application purposes is completely presented in Tab. 2. A percentage expression is presented due to 
interpret the difference in obtained values; however the range from 0 to 1 is used more frequently. 

Table 2 Total spectral emissivity ελ as weighted function of temperature in measured infrared 
spectrum 

ελ: 
2.5 – 18.0 µm 

S1 
[%] 

S2 
[%] 

S3 
[%] 

S4 
[%] 

S5 
[%] 

S6 
[%] 

S7 
[%] 

S8 
[%] 

S9 
[%] 

S10 
[%] 

S11 
[%] 

S12 
[%] 

S13 
[%] 

S14 
[%] 

S15 
[%] 

- 15 °C 1.6 57.6 91.6 87.6 87.2 94.9 94.1 94.2 94.6 40.7 77.6 80.2 94.3 78.9 80.7 
0 °C 1.7 57.7 91.3 87.2 87.1 95.0 94.2 94.3 94.7 41.1 77.8 80.2 94.3 79.0 80.7 

+ 15 °C 1.8 57.6 90.9 86.9 86.9 95.1 94.3 94.4 94.8 41.1 77.9 80.3 94.3 79.0 80.7 

+ 30 °C 1.9 57.0 90.5 86.5 86.8 95.2 94.5 94.4 94.8 40.9 78.0 80.3 94.2 78.9 80.6 

a) b) 
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First and foremost, the results indicate that there are no differences in emissivity values due to 
temperature impact as a weighted function in final interpretation. The difference occurs only on the 
third decimal place with consideration of the emissivity range from 0 to 1, what have finally 
negligible aspect in order to take this impact into account. On the contrary, the differences between 
the standard foils and those with reflective properties were monitored at certain level. The standard 
vapor barriers foils (S3, S4, S5) have emissivity values around 0.87, whilst the reflective ones (S1, 
S2) are with low-emissivity nature (Tab. 2). Reflective foil S1 with relatively matt appearance 
reaches emissivity around 0.02 and significantly constant progress of spectral curve, which 
practically corresponds with high equivalent diffusion thickness. It also corresponds with declared 
value (Tab. 1). On the other hand, reflective foil S2 with glossier surface has emissivity higher than 
their declared values (0.43) at the level of around 0.57, but significantly filtered in atmospheric 
window (Fig. 2a). A thin transparent protective layer which reduces the reflective properties of 
those materials is applied on them. Concerning to the roof membranes foils, the reflective 
membrane S10 has emissivity around 0.41 whilst its declared value varies around 0.17. 
Subsequently, samples S6 – S9 and S13 have the same emissivity level at around 0.95, however 
S11, S12, S14, S15 varies around 0.80.  

Conclusion 

The paper presents a spectral analysis of the roof membranes and vapor barriers as predominantly 
an investigation of their emissivity properties due to perform its determination especially for 
thermal calculation purposes. In addition to that, laboratory methods were used to analyze the 
spectral emissivity properties of samples in the infrared region, in order to verify their declared 
values and complete the emissivity parameters absence in non-reflective ones. Finally, a 
comparison namely of reflective foils with declared values was performed. The results obtained 
from the infrared spectroscopy, the DRIFT method, demonstrate that there are differences in the 
spectral emissivity values concerning on their declared values. One of the important connections is 
strongly specified with air cavity occurrence. Therefore the findings also indicate an appropriate 
option between non-reflective membranes of receiving some benefit in correlation to thermal aspect 
of building envelopes; however diffuse parameters seems to be basically more prefered in this area.  
This research was supported by the project CZ.1.07/2.3.00/30.0039 of Brno University of 
Technology and VEGA No. 1/0281/12 research project of Slovak University of Technology. 
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Abstract. The paper evaluated thermo-technical characteristics of the experimental walls, 

consisting of five different tracks in three different color surfaces at different base material. The 

hydrothermal behaviour of the structures and layers is monitored year-round. The computational 

model of the laboratory room and tested samples is compiled and debugged on the basis of 

experimental measurements. The dynamic simulations of temperature and humidity parameters 

were realized.  

Introduction 

Temperatures measurements was made at the lightweight-construction of external wall, which is 

made in three different material solutions and three different colored exterior side surfaces, is 

elaborated on the basis temperature measurements made on a sample of the wall built in a climate 

chamber in the laboratory pavilion type KPSU FCE ŽUŽ (KPSU – Department of Building 

Constructions and Urban Planning, FCE - Faculty of Civil Engineering, ŽUŽ - University of Žilina). 

Dimensions of monitored experimental wall are 3670x2670 mm and it comprises five fields. (Table 

1). They differ in material composition and colorful surface. First, second, fourth and fifth fields are 

diffusion sealed construction third field is a diffusion open construction. The composition of wall 

from the interior to the exterior is as follows: OSB (orientated strand board), PE (poly ethylene) film 

(except the third field), filling insulation, exterior insulation Hofatex, and thin coating plaster.  

The programme ESP-R (an integrated energy modelling tool for the simulation of the thermal, 

visual and acoustic performance of buildings and the energy use and gaseous emissions associated 

with associated environmental control systems) was used for thermal simulation. Model in the 

simulation reproduces reality in a research lab. Its facade is oriented to the south with a rotation of 

17 ° to the west. The internal temperature was set according to the values measured temperature of 

the interior. Was used to simulate the test reference year from IWEC (International Weather for 

Energy Calculations) database Ostrava and it was selected week that climate data are comparable 

with recorded climate data. 

Course of measured temperatures in construction  

Temperatures are recorded at intervals of 30 minutes in a fragment of external wall on the outer 

surface of the structure, under the plaster under an additional thermal insulation and under the filling 

thermal insulation. Indoor air temperature was kept 20 ° C and relative humidity was kept at 50% of 

the chamber, the sample was exposed to actual conditions of external climate from outside. Indoor 

climate parameters, relative humidity and indoor air temperature was kept by air handling unit. The 

highest temperatures were measured, as expected, on the surface finish of a grey colour with the 

lowest reflectance of solar radiation (34%) that absorbs most light radiation, while watching over 
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the temperature on the surface the structure. The third field diffusion open structure has the lowest 

surface temperature at the time of exposure to the sun from the fields with white finish. The surface 

temperature of the wall fell below the ambient temperature in all the fields at night during period. 

Scattering of the measured temperatures during one of the selected day is shown in Fig.1, 6,7 

 
Fig.1 Scattering of the measured temperatures during January 30

th
 2012, from left to right - 1

st
 field, 

3
rd

 field, 4
th

 field. 

Thermal simulations  

A typical winter day was chosen because of the possibility of comparison measurements of 

temperatures in the winter with the simulations. Scattering of the measured temperatures in the 

structure during the day on selected fields 3, 4 and 5 shown in Fig.2 Outdoor conditions during the 

day were about the same as the date used in the test reference year. The results document the 

temperature inside each wall structures. On the basis of the results of a simulation of the heat flux, 

the course of heat transfer coefficients were determined for the different parts of the outer wall 

(Fig.2, 6, 7). Courses of U-values of the temperature cross-sectional structures (Fig.3) show a 

significant effect of absorption of solar radiation to heat flow and temperature in the reporting 

structure. 

 
Fig.2 Scattering of the temperatures in construction based on simulation, 3

rd
 field, 4

th
 field and 5

th
 

field. 
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Fig.3 Ambient temperature and U-value courses from simulation. 

Thermal balance 

The temperature of the outer surface is significantly affected by the incoming solar radiation 

more than the ambient temperature during the day. Short-wave solar radiation is partly reflected and 

partly converted into long-wave thermal radiation on impact on non-transparent surface. It is then 

absorbed by the structure which starts getting heat up. There is a change in the direction of heat flow 

from the exterior surface towards the interior. As seen in Fig 1, 2, scattering of the temperatures in 

the construction is also affected by the heat capacity of the materials (Table 1).  

Conversely there is a decrease surface temperature below the ambient temperature at night. It is 

caused by the so-called negative radiation of the night sky. The sky can reach -50 ° C during clear 

winter nights [5] the emissivity of the night sky is about 74% [6] 

  
Fig.4 Thermal stability of  surface point. 

Equations of thermal stability surface point: 

)()()()()(.. tHtKtRtct qqqqc   (1) 

Where ρ.c.Δθ(t) - heat accumulated in the construction, qc(t) - convection on the surface (inside / 

outside), qR(t) - longwave radiation surrounding surfaces, qK(t) - spread one-dimensional heat flow, 

qH(t) - heat flux from the internal heat source.  

Equation of thermal stability of the room during the day: 

)()()()(,,)(.. tHtKtRtLWtsolt qqqqc   (2) 

Equation of thermal stability of the room during the night: 

)()()()()(.. tHtKtRtrt qqqqc   (3) 

Ambient air temperature (°C) 

U – value simulated wall 5 (W/(m2.K)) 

U – value simulated wall 3 (W/(m2.K)) 

U – value simulated wall 4 (W/(m2.K)) 

U – value wall 3 ISO 69 46 (W/(m2.K)) 

U – value wall 4,5 ISO 69 46 (W/(m2.K)) 

Advanced Materials Research Vol. 1020 27



 

Table 1 The material characteristic of each field in stationary conditions. 
1st. 2nd field 

d λ ρ c μ χ R mx.cx

m W/(m.K) kg/m3 J/(kg.K)  - J/(m2.K) m2.K/W

external plaster StoSilco 0.004 0.7 1900 720 40 5472 0.01 10725.12

woodfiber board HofaTex SysTherm 0.1 0.045 210 2100 5 44100 2.22 86436.00

Stone wool insulation Rockwool MW W 0.22 0.037 40 840 1 7392 5.95 14488.32

vapor layer Isover Vario KM Duplex 0.00004 1 2000 - 90000 0.00

Σ 111649.4

0.005233 K/s

3rd field
0.00525 K/s

d λ ρ c μ χ R mx.cx

m W/(m.K) kg/m3 J/(kg.K)  - J/(m2.K) m2.K/W

external plaster StoSilco 0.004 0.7 1900 720 40 5472 0.01 10725.12

woodfiber board HofaTex SysTherm 0.1 0.045 210 2100 5 44100 2.22 86436.00

Hemp insulation Cannabest Plus 0,22 0,04 36 1200 1,9 9504 5.50 18627.84

Σ 115789.0

0.005052 K/s

4th, 5th field

d λ ρ c μ χ R mx.cx

m W/(m.K) kg/m3 J/(kg.K)  - J/(m2.K) m2.K/W

external plaster StoSilco 0.004 0.7 1900 720 40 5472 0.01 10725.12

woodfiber board HofaTex SysTherm 0.1 0.045 210 2100 5 44100 2.22 86436.00

Mineral wool insulatio Isover ENV 0.22 0.035 24 840 1 4435.2 6.29 8692.99

vapor layer Isover Vario KM Duplex 0.00004 1 2000 - 90000 0.00

Σ 105854.1

0.005513 K/s

0.00555 K/s

material description

material description

material description

  

 
 

  

 
 

  

 
 

  

 
 

  

 
 

 
The intensity of heat exchange by radiation qr: 
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Where σ - Stefan-Boltzmann constant, σ = 5,67.10
-8

W/(m
2
.K

4
), T1, T2 - surface temperature [K], ε1, 

ε2 -  surface emissivity in the range 0-1 (0 ≈ 0%, 1 ≈ 100%). Sunrise was at 7:38 am and the sunset 

was at 4:41 pm on the selected day [7]. According to Eq. 4 the average intensity of heat exchange by 

radiation at night was at 1
st
 field 584,26 W/m

2
, 2

nd
 field 586,16 W/m

2
, 3

rd
 field 585,02 W/m

2
, 4

th
 

field 583,61 W/m
2
 and 5

th
 field 587,52 W/m

2
. This corresponds to average decrease surface 

temperature (Table 1, Eq. 5) at 1st field 0,0052°C/s, 2nd field 0,0053°C/s, 3rd field 0,0133°C/s, 4th 

field 0,0055°C/s and 5th field 0,0056°C/s. Leading to additional heat loss, which are not taken into 

account in the simulation. 

Average decrease surface temperature: 

 sK
cm

q

t

T r /
.



 (5) 
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Summary 

All fields lightweight perimeter wall are exposed to the same conditions of the interior and the 

exterior side. Different scattering of the temperatures in the structure is influenced not only by 

distinct layers of construction, but also natural external influences and different reflectance of solar 

radiation caused color scheme finishes. The temperature of the outer surface of the structure during 

the day is particularly influenced by the incoming solar radiation and night is appreciably influenced 

 
Fig.5 Thermal stability of the room 

qr (t) - heat transferred from the structure to the environment through the so-called negative radiation, 

qsol (t) - total incident shortwave solar radiation, qsol,r,SW(t) - reflected part of the incident shortwave 

solar radiation, qsol,t,LW(t) - part of the incident shortwave solar radiation transformed into thermal 

longwave radiation. 

 
Fig.6 Measured (on the left) and simulated (on the right) temperatures at construction at 30th 

Advanced Materials Research Vol. 1020 29



 

 

 
Fig.7 Measured (on the left) and simulated (on the right) temperatures at construction at 30th 

January 2012. 

(on the left) and simulated (on the right) temperatures at construction at 30th January 2012. 

by the so called negative radiation of the night sky. In contrast to the effect of solar radiation, effect 

of negative radiation is not taken into account in the simulation. Negative radiation significantly 

contributes to total losses at night. Temperature on the inner surface of the structure is more stable, 

as measured as envisaged simulation. Differences between the temperature at the external surface 

and temperature under plaster as measured are greater than under simulation (Fig.6, 7). Calculation 

of heat transfer coefficients showed highly variable non-stationary progressions, significantly 

different from the fixed standard values. Surprisingly, based on the apparent opposite courses in the 

midday hours, but the findings in [3], [4]. 
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Abstract 
 

This paper presents results of exploration related to C2 and C6 crushed-stone-and-sand ready 

mixtures strengthened with limestone powder used in road pavement layers.  

Limestone powder is an industrial waste, which in Ararat region is in big volumes. 

The samples were taken composed of different fractions of crushed-stone and two types of 

sand produced from crushed basalt and crushed gravel, and were tested. The composition of ready 

mixtures meets the requirements of corresponding standard on grain size. To these mixtures 

limestone powder was added of the percentage range 0-30% of the mixture mass. 

The main purposes of experimental exploration were to determine the influence of different 

percentages of limestone powder on compression strength of crushed-stone-and-sand ready 

mixtures and optimal content of powder. The change of the influence grade was studied by applying 

different types of sands. 

Three cylindrical samples were made for each percentage of limestone powder according to a 

standard method. Compressive strengths of samples have been determined. 

It was concluded, that the applying limestone powder in C2 and C6 ready mixtures 

contributes to the cohesion of stone grains as well as to obtaining high indicators of compaction in 

road pavement layers.  

The received results allow to arrive to a conclusion that applying limestone powder according 

to the optimal range distinctly increases the strength characteristics of crushed-stone-sand ready 

mixtures which in tur contributes the effective implementation of the compacting process. 

Especially the influence grade is considerable in C6 ready mixtures containing a large amount of 

crushed stone, as well as in mixtures using sands with smaller fineness modulus. 

 

1. Introduction 
 

Nowedays in road construction technology stone materials are widely used for road pavement 

layers as far as a good experience for applying such materials has been lately accumulated. The 

crushed stone-sand-gravel mixtures (hereinafter called ready mixtures) have been developed and 

defined, which are widely used in RA recent years. It is possible to reach to higher compacting 

indices in layers from this mixtures. Specifications of ready mixtures are defined by standard GOST 

25607-2009 [1]. They are classified to C1-C11 types. The regularities of processing ready mixtures 

with inorganic binders are defined by standard GOST 23558-94 [2]. There are known  technologies 

of applying different types of materials from industrial wastes and slag in road pavement layers 

[3,4,5]. 
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