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Foreword

With the UEA having announced its vision 2030 to become an environmentally,
socially and economically sustainable community and with Dubai’s Sustainable
City aiming to be the star tourist attraction for Expo 2020, it was an exciting time to
be involved with the 3rd International Sustainable Buildings Symposium—ISBS
2017 held on 15–17th March 2017. This conference with its broad range of research
topics and many excellent papers will be a sound basis for establishing sustainable
cites, especially those in hot climates. I learned a lot at this conference, and others
will find the papers a useful reference.

Geoff Levermore
Emeritus Professor

MACE
University of Manchester, UK
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Preface

The first “International Sustainable Buildings Symposium” conferences (ISBS 2010)
took place on 26–28th May 2010 at Gazi University, Ankara, Turkey. The plan was
to hold the ISBS conference series at different cities every two years. The sequel to
ISBS 2010 (ISBS 2015) however also took place at Gazi University on 28–30th May
2015 but at a much improved scale. The decision to hold it here was partly contributed
by the development of an efficient conference organizing team within the Department
of Civil Engineering in the Technology Faculty of Gazi University. The other reason
is that Ankara has plenty to offer, and this also contributed to hosting the ISBS
conference two years in a row. Ankara is the capital of Turkey since the establishment
of the Republic of Turkey in 1923 and the country’s second largest city, İstanbul
being the largest. The city of Ankara city a population of 5.150.072 as of 2014.
Centrally located in Anatolia, the city is an important commercial and industrial
centre of attraction.

Against the background explained, the “3rd International Sustainable Buildings
Symposium—ISBS 2017” was held on 15–17th March 2017 far away from Ankara,
in Dubai, in the United Arab Emirates (UAE). Dubai is the most populous city in
the UAE. It is located on the southeast coast of the Arabian Gulf and is one of the
seven emirates that make up the country. Dubai has emerged as a global city and
business hub of the Middle East. It is also a major transport hub for passengers and
cargo. Dubai is a beautiful city and a major tourist destination. It is famous for
sightseeing attractions such as the Burj Khalifa (the world’s tallest building) and
shopping malls that come complete with mammoth aquariums and indoor ski
slopes. Moreover, the city has many cultural highlights as well as all the glamorous
modern add-ons. It is in this city that ISBS 2017 was successfully held.

Organizing ISBS 2017 aimed at bringing together researchers and experts from
both UAE, Turkey and the rest of the world in dialogue with researchers and
authorities of implementing and consulting firms and institutions. Researchers with
significant reputation on an international scale were invited to the symposium as
keynote speakers. In this context, the symposium facilitated researchers, academic
institutions, municipalities, government bodies, non-governmental organizations,
other official and private establishments that are active in construction sector and
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environmental technologies, to discuss the current issues in construction and
environmental technology areas. In addition, both national and international
companies found the opportunity to introduce their products and services. The
effective interaction between local and foreign experts, authorities from private and
government agencies, as well as between key players in academic, research and
administrative circles in higher education institutions, is a pre-requisite to the
holistic achievement of the aspirations of the ISBS series of conference on
sustainable buildings.

The conference proceedings are split into two separate volumes: Volume 1
(ISBN 978-3-319-63708-2) contains the sections “Sustainable Buildings and Smart
Cities” and “Sustainable Planning—Infrastructure and Resilience”, and Volume 2
(the current book) contains the sections “Energy and Environment—Emerging
Climate Change and Impact on the Built Environment”, “Environmental Policies
and Practices” and “Strengthening and Rehabilitation of Structures”.

Ankara, Turkey Prof. Seyhan Fırat
Pontypridd, UK Prof. John Kinuthia
Dubai, United Arab Emirates Prof. Abid Abu-Tair
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Abstract. Annual average temperature and precipitation can be considered as
two important indicators to judge the possibility of future climate change. The
main objective of this study is to analyze the possibility of trend in annual
average temperature and precipitation for Abu Dhabi and Al Ain cities in the
United Arab Emirates (UAE). Mann–Kendall non-parametric tests were run at
5% significance level on annual time series data obtained from two stations
located in Abu Dhabi and Al Ain cities for the period of 1972–2014. Significant
increasing trend in temperature and no significant trend in precipitation of both
cities were detected. Thus, there is a possibility to have higher temperature, but
not significant change in precipitation of Abu Dhabi and Al Ain cities in the
long run.

Keywords: Trend analysis � Temperature � Precipitation � Climate change
Mann–Kendall non-parametric test

1 Introduction

Climate change has been detected globally in different forms such as downpours,
storms, rising temperature and sea level, retreating glaciers etc. [1]. The impacts of
climate change can be assessed by analyzing trends in temperature and precipitation
[2].

The United Arab Emirates (UAE) is located in the Middle East part of Asia and
covers an area of 82,880 km2. The country has borders with Saudi Arabia and Oman
(Fig. 1) and is member of the Gulf Co-operation Council (GCC). There are seven
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emirates in the UAE, Abu Dhabi is the largest of them and covers an area of
67,340 km2, which is 87% of the total area of the UAE [3].

The UAE has arid climate with the average annual summer temperature ranges
between 35 and 40 °C with the highest value of 47 °C. The winter is relatively shorter
and runs from December to February with temperature drop, especially in the inland
areas. The UAE has low rainfall, and it is usually accompanied by thunderstorms in
every December and January. During summer, humidity in the UAE ranges between 60
and 100% particularly on the inhabited coasts and gets lower in the inland areas. As for
the wind, the monsoon winds blowing across the UAE is stronger in the spring and late
summer months, and are of two types: Northern dry wind which helps mitigate
the temperature as far as it is not laden with dust, and mostly very humid eastern wind
[4–6].

Climate change is expected to occur and effect the UAE via large spatial and
temporal variations. The changes in temperature and precipitation are the most
important indicators of climate variability impacts. Therefore, this study examined the
historical variations of such indicators in Abu Dhabi and Al Ain cities located in Abu
Dhabi Emirate.

Fig. 1. Location Map (blue borders indicate the study area)
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The main objective of this study is to analyze the possible trends for climate
indicators such as annual average temperature and precipitation in Abu Dhabi and Al
Ain cities of Abu Dhabi Emirate for the period of 1972–2014.

2 Literature Review

Climate change is considered to be directly linked to temperature and precipitation.
Numerous studies have been conducted on global and regional levels to assess tem-
perature and precipitation trends and to quantify the impacts of temperature and pre-
cipitation. Most of these studies have found positive trends in different temperature and
precipitation indices. Chinchorkar et al. [7], Karmeshu [1], Partal and Kahya [8],
Murumkar [2] focused on detecting trend in either temperature or precipitation by using
long run annual data. They mostly detected significant trends in the both indicators of
the study area they analyzed. The detections can be taken as simple indicator of climate
change for the research areas.

In addition to analysis of the annual data some researchers such as Nalley et al. [9],
Mapurisa and Chikodzi [10], Hirsch et al. [11], Lanzante et al. [12], Rebetez and
Reinhard [13] have studied on monthly or seasonal indicators to detect a possible trend
in temperature and precipitation. The significant trends were detected generally in the
longer run.

3 Methodology

The annual average temperature and precipitation data for the period of 1972–2014 was
obtained from UAE National Center of Meteorology and Seismology (NCMS) [14] for
Abu Dhabi and Al Ain cities airports.

Mann–Kendall (M–K) nonparametric method is one of the mostly utilized tech-
nique by researchers [1, 2, 7, 8, 10] in analysis of climatic time series data. The test is
based on Mann [15] and Kendall [16]. “It is a rank correlation test for two sets of
observations between the rank order of the recorded values and their ordered values in
time” [9]. The main advantage of the test is that it is a non-parametric test and the
normal distribution of data is not required. In case of inhomogeneous time series data
analysis, having low sensitivity to sudden breaks is the second most important
advantage of the test [17]. According to the null hypothesis (Ho) of the test, there is no
trend and the data are randomly and independently ordered. The judgement of null
hypothesis is tested by alternative hypothesis (H1), which assumes the existence of
trend [18].

The M–K trend test statistic can be calculated as shown in Eq. (1) [10].

S ¼
Xn�1

k¼1

X
j¼kþ 1

sign xj � xk
� � ð1Þ
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xj denotes the ordered data values; n is the length of observations and S is the M–K
statistics. The sign of the test statistic is [19].

sign xj � xk
� � ¼

1 if xj � xk [ 0
0 if xj � xk ¼ 0
�1 if xj � xk\0

8<
: ð2Þ

For n � 10 then the S statistic is approximately normally distributed with mean
zero (E(S) = 0) and variance as in Eq. 3.

V Sð Þ ¼ n n� 1ð Þ 2nþ 5ð Þ �Pnk
k¼1 tk kð Þ k � 1ð Þ 2kþ 5ð Þ
18

ð3Þ

tk denotes the number of ties or duplicates to extent k. Equation 3 is used in case of tied
values in time series. nk is the total number of ties in dataset. In case of having n � 10
the standardized test statistic for M–K can be calculated using Eq. 4.

ZS ¼
S�1ffiffiffiffiffiffiffi
V Sð Þ

p ; ðif S[ 0Þ
0; ðif S[ 0Þ
Sþ 1ffiffiffiffiffiffiffi
V Sð Þ

p ; ðif S[ 0Þ

8>><
>>:

ð4Þ

The test statistics ZS is used to measure the significance of trend. Upward and/or
downward trend direction depends on positive and negative values of the test,
respectively. The calculated test value is compared to standard normal variate at some
statistical significance level (a) to check the validity of the null hypothesis. If calculated
Zsj j value is greater than Za=2 then the null hypothesis is invalid and trend is significant
[20, 21].

When running M–K test in XLSTAT 2016 program another statistic called Ken-
dall’s tau is obtained. Kendall’s tau is a measure of correlation and calculates the
strength of the relationship between two variables. The requirement is that the two
variables (X and Y) need to be paired and at least ordinal observations structure; then
the calculation of the correlation between them will be possible. Just like Spearman’s
rank correlation, the test is calculated on the ranks of the data [22]. The values are put
in order and numbered, 1 for the lowest value, 2 for the next lowest and so on for each
variable separately. The statistic takes values between −1 and +1, with a positive
correlation indicating that the ranks of both variables increase together whilst a neg-
ative correlation indicates that as the rank of one variable increases, the other decreases
[23].

The Spearman rank correlation test is easier than Kendall’s tau and more widely
used to measure rank correlation. However, the main advantages of using Kendall’s tau
are that the distribution of this statistic has slightly better statistical properties and there
is a direct interpretation of Kendall’s tau in terms of probabilities of observing con-
cordant and discordant pairs [24]. In almost all situations the values of Spearman’s rank
correlation and Kendall’s tau are very close and would invariably lead to the same
conclusions [22].
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Autocorrelation is defined as the correlation of a variable with itself over successive
time intervals. It is essential to consider autocorrelation prior to testing for trends in
time series analysis. In the presence of autocorrelation, the chances of detecting sig-
nificant trends increases even if they are absent and vice versa [1]. Hamed and Rao [21]
suggested a modified M-K test In order to eliminate the effect of autocorrelation. The
autocorrelation between the ranks of the data is calculated by the test after removing the
apparent trend. Following Karmeshu [1] the adjusted variance is given by:

Var S½ � ¼ 1
18

N N � 1ð Þ 2Nþ 5ð Þ½ � N
NS�

ð5Þ

where,

N
NS�

¼ 1þ 2
N N � 1ð Þ N � 2ð Þ

Xp
I¼1

N � Ið Þ N � i� 1ð Þ N � i� 2ð Þps ið Þ ð6Þ

N is the number of observations in the sample, NS* is the effective number of
observations to account for autocorrelation in the data, ps(i) is the autocorrelation
between ranks of the observations for lag i, and p is the maximum time lag under
consideration [8].

In order to analyze the relations between variables the correlation coefficient test
can be used. As explained by Hill et al. [25] “the correlation coefficient between two
variables measures the degree of linear association between them.” The coefficient
values lies between −1 and +1. Following Hill et al. [25], the coefficient can be
calculated as follows:

q ¼ cov X; Yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var Xð Þvar Yð Þp ð7Þ

where q is correlation coefficient, X and Y are two random variables.
Addinsoft’s XLSTAT 2016 software was used to perform the statistical M–K test.

The confidence level for null hypothesis was 95% for both temperature and precipi-
tation data of Abu Dhabi and Al Ain cities. In addition to the results obtained from the
M–K test, linear trend lines are plotted for each city using Microsoft Excel 2016.
Deterministic statistics and correlation coefficient test between the variables were
calculated as well. The results of analysis are presented in tables and graphs of the
following section.

4 Results and Discussions

The deterministic statistics of time series data for temperature and precipitation obtained
from Abu Dhabi and Al Ain stations are given in Table 1. The temperature for Abu
Dhabi (TEMPAD) ranged between 26.5 and 28.75 °C with average value of 27.75 °C.
Unlike to Abu Dhabi, Al Ain city seems to have lower minimum and higher maximum
temperature (TEMPAIN) values. Even though the mean temperature values for both
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cities are close to each other, standard deviation value for Al Ain seems to be higher than
the value for Abu Dhabi. This indicates more changes in temperature of Al Ain.

The range between minimum and maximum values of precipitation for both Abu
Dhabi (PERCAD) and Al Ain (PERCAIN) cities seems to be huge. There is no stability
in precipitation for both cities. Thus, the standard deviations of the precipitation for
both cities are extremely high. More changes seem to be occur in Al Ain.

M–K test was run on temperature of Abu Dhabi and Al Ain cities and the results are
given in Table 2. The significance value for a was taken as 0.05. The p-values for both
cities are less than the critical 0.05 value. Null hypothesis of no trend can be easily
rejected and alternative hypothesis of trend in the temperature can easily be accepted.

Figures 2 and 3 are graphs for annual average temperature observations and related
trend line for Abu Dhabi and Al Ain cities for the period of 1972–2014. The figures
show a clear increasing trend in the temperature of both Abu Dhabi and Al Ain cities.

The M–K test was also run on precipitation data of Abu Dhabi and Al Ain cities.
The results are shown in Table 3. The p-values for both cities are larger than the critical
significance 0.05 value. Thus, null hypothesis of no trend in time series data of both
cities can be accepted.

The annual average precipitation data and related linear trend lines are shown on
Figs. 4 and 5 for Abu Dhabi and Al Ain, respectively. Even though linear trends seem
to be in declining shape, the M–K test statistics are not significant enough to reject the
null hypothesis of no trend (Table 3).

Table 1. Deterministic statistics of temperature and precipitation (1972–2014)

Variables Min Max Mean SD

TEMPAD (°C) 26.5 28.75 27.75 0.52
TEMPAIN (°C) 24.7 29.41 27.77 1.16
PERCAD (mm) 1.6 183.10 56.11 47.24
PERCAIN (mm) 0.89 302.50 90.73 75.12

Table 2. M–K test for temperature

City M–K Statistics (S) Kendall’s Tau Var (S) p-value

Abu Dhabi 375 0.419 9113 0.0001
Al Ain 535 0.596 9117 0.0001
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Fig. 2. Linear trend line for temperature data of Abu Dhabi

Fig. 3. Linear trend line for temperature data of Al Ain

Table 3. M–K test for precipitation

City M–K statistics (S) Kendall’s Tau Var (S) p-value

Abu Dhabi −59 −0.065 9118 0.55
Al Ain −139 −0.154 9118 0.15
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The Pearson correlation coefficient test was conducted to determine the relation-
ships between temperature and precipitation trends in Abu Dhabi and Al Ain cities. As
shown in the Table 4, statistically significant coefficients indicate strong relationships
between the climate indicators.

Fig. 4. Linear trend line for precipitation data of Abu Dhabi

Fig. 5. Linear trend line for precipitation data of Al Ain

Table 4. Correlation coefficient between variables

Variables TEMPAD TEMPAIN PERCAD

TEMPAIN 0.673
(<0.0001)*

PERCAD −0.296
(0.054)*

−0.241
(0.120)*

PERCAIN −0.393
(0.009)*

−0.367
(0.016)*

0.648
(<0.0001)*

*p-values
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5 Conclusions

The annual average values of both temperature and precipitation obtained from two
stations located in Abu Dhabi and Al Ain cities were analyzed using the M–K trend
test. The analysis included for the period of 1972–2014. It seems that there is a
conformity in the results obtained from the M–K test and linear trend lines for Abu
Dhabi and Al Ain cities. The M–K test indicate an increasing trend in the temperature
of both cities and the trend lines on the Figures support such argument. On the other
hand, according to M–K test, there is no existence of trend for time series of precip-
itation for both Abu Dhabi and Al Ain cities.

The results of this study reveal that both Abu Dhabi and Al Ain are experiencing
warming trends in temperature. The precipitation for both regions seems to be stable
and not experiencing significant trends.

The relationships between the temperature and precipitation trends and large-scale
climate circulations are important for the UAE climate. The relationships were ana-
lyzed in this study by using Pearson correlation coefficient test. The relationship
between temperature and/or precipitation with the other climate change indicators such
as humidity and wind speed can also be analyzed in future studies by using the same
test.

The findings of this study can be considered as a baseline information to be
incorporated in the future when analyzing linkages between temperature and precipi-
tation trends in the UAE and different climatic phenomena.

Acknowledgements. This study was funded by United Arab Emirates University (UAEU)
Center Based Research Grant (UCBR) program, National Water Center.
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Abstract. Annual primary energy consumption for sustainable construction
operation and maintenance costs is estimated to be approximately 30–40%. The
issue of increasing energy efficiency in buildings has become increasingly
important. In addition, residential buildings are being surveyed in terms of
energy efficiency compared to other buildings (offices, factories, shopping malls,
etc.,). In this study, in order to determine the energy performance of buildings,
the values of energy performance of 480 dwellings with different typology and
area constructed in different districts of Antalya/Korkuteli district were analyzed
by Building Energy Performance Program (BEP-TR) program prepared by
Ministry of Environment and Urban Planning. The BEP-TR program has been
evaluated in terms of energy performance evaluation of heating, cooling, hot
water, lighting and greenhouse gas emissions. Each letter code of the energy
performance of housing has been investigated statistically average assessed. As
a result, while the heating values varied from A to G from energy performance,
only class C appeared in the greenhouse gas distribution. In addition, when the
averages are examined, the energy class of all houses is “Class C”.

Keywords: Energy identity certificate � Energy efficiency
Energy performance of buildings program (BEP-TR)
Energy performance of buildings

1 Introduction

Environmental quality has become increasingly affected by the built environment—as
ultimately, buildings are responsible for the bulk of energy consumption and resultant
atmospheric emissions in many countries [13]. Operation and maintenance of structures
in the world consumption of 30–40% of the primary energy [4, 16]. These structures
are globally 40% in the greenhouse gas emission [2]. Looking at the emissions of
greenhouse gasses in Turkey, for the year 2012, the energy sector ranks first with 308.6
Mton CO2 equivalents (70.2%). The CO2 emission was 357.5 Mtons, which is 81.26%
of total greenhouse gas emissions, compared to the total greenhouse gas emissions this
year. The CO2 emission value from electricity generation in the energy sector in Turkey
is 116,76 Mton [23]. It is known that the values of CO2 emissions from fossil fuels
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(natural gas, coal and petroleum sources) over the last 30 years in Turkey have
increased rapidly over the years. It is known that greenhouse gas emission value at the
beginning of the harmful effects arising as a result of increasing use of energy increases
the atmospheric value. In addition, different investigations have been made for the
amounts of energy that structures have consumed in the context of the life cycle.

Gültekin A.B, Çelebi G., in their studies, The open-end model for assessment of the
environmental impacts of construction products during their life cycles within the
context of life cycle assessment (LCA) methodology was proposed in this study. The
model was concretized by a case study of an assessment of the environmental impacts
of wallpapers related to maintenance in the usage stage [11].

T. Ramesh, etc., in their studies; a critical review of the life cycle energy analyses
of buildings resulting from 73 cases across 13 countries is presented. Results show that
operating (80–90%) and embodied (10–20%) phases of energy use are significant
contributors to building’s life cycle energy demand. Life cycle energy (primary)
requirement of conventional residential buildings falls in the range of 150–
400 kWh/m2 per year and that of Office buildings in the range of 250–550 k Wh/m2

per year. Building’s life cycle energy demand can be reduced by reducing its operating
energy significantly through the use of passive and active technologies even if it leads
to a slight increase in embodied energy [22]. Shukla etc., in their studies; A mudbrick
structure in India has been assessed for energy performance [25]. Debnath etc., in their
Works; energy analyzes were carried out on single and multi-storey reinforced concrete
buildings [7].

Huberman, N., and Pearlmutter D., in their studies; to identify building materials
which may optimize a building’s energy requirements over its entire life cycle, by
analyzing both embodied and operational energy consumption in a climatically
responsive building in the Negev desert region of southern Israel—comparing its actual
material composition with a number of possible alternatives. It was found that the
embodied energy of the building accounts for some 60% of the overall life-cycle
energy consumption, which could be reduced significantly by using ‘‘alternative’’ wall
infill materials [13].

The use of building’s energy consumption in construction and operation stages,
assessing energy separately. However, this distinction does not mean that there is a
distinction between them in determining the energy performance of the building. For
example, building materials (brick, cement, aggregate, glass, insulation materials, etc.,)
used in building construction are effective in the amount of energy consumed by the
building during use. All of these materials are produced using natural resources with
different production processes [22, 25]. Approximately 10–20% of the energy con-
sumption for the buildings is spent in line with the parameters such as building
materials used in the construction phase, electricity energy demand, building typology.
In recent years energy analysis values have been estimated in terms of different
building typologies [22, 25].

The safe and sustainable use of energy, the efficient use of greenhouse gasses, the
protection of the environment, the increasing tendency and indecisiveness of oil prices,
the shift from fossil sources to new and renewable energy sources, and so on [5, 17].
Depending on the building’s function, energy quantities measured in new buildings and
measured in existing buildings to meet the standard requirements such as heating,
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cooling, ventilation, lighting are examined under energy certification [26, 38]. The
Energy Performance Regulations of Building, which was published in Turkey in the
Official Gazette no. 27078 in 2008, entered into force. According to this regulation; To
assess all kinds of energy use; Categorize according to the types of energy efficiency
and primary energy use; The buildings to be determined for CO2 emission; And to
evaluate the use of renewable energy sources in new and existing buildings [20]. The
regulation envisages the construction of a new building with a capacity of more than
1.000 sqm for the heating, cooling, ventilation, sanitary hot water, electricity and
illumination energy needs of the buildings in whole or in part to meet the needs of
hydraulics, the wind, the sun, geothermal, biomass, biogas and non-fossil energy-based
system solutions such as the tide have become mandatory by regulation by designers.

Turkey, is a big country, having a population of about Urban population (% of
total) in Turkey was 73.40 as of 2015. Its highest value over the past 55 years was
73.40 in 2015, while its lowest value was 31.52 in 1960. In Turkey, although the urban
population has increased with respect to the city, the situation with the cities is very
different. The largest city population is in Marmara with 79% and Central Anatolia with
70%. The least urban population is 49% in the Black Sea region and 53% in the Eastern
Anatolia. This situation reveals that the population growth in the cities, the migration
from the rural settlements to the cities in our country, continues to grow in the rural
population, and even the rural population begins to decline [14]. This indicates that
energy consumption differs according to the typologies of the buildings [3].

Citherlet and Defaux have reduced insulation by about 50% in energy consumption
by changing the insulation material thickness in residential buildings [10]. The
Mitrarate and Vale studies have compared the insulated double wall constructed in
New Zealand and the single-walled structures without insulation. They found that
energy saving was 40% for the insulated double-walled structure [18]. In the study of
Utama and Gheewala, the building constructed with clay and the clay used as the
binder material in Indonesia was compared and the result was that the structure con-
structed with clay was less energy consumption than the cement. In Eskin N. study, the
effect of different environmental conditions and building characteristics on the annual
energy amount of the buildings was investigated. As a result, the effects of the building
features, the building location, the climate zone in which the building is located, and
the annual heating and cooling loads energy expenditure are presented [10].

The purpose of this study was to compare the energy performances of buildings
with different locations and projects to determine energy performance changes. In
addition, the energy identities of these buildings were assessed. It has been seen that the
location and building typology of the buildings are being influenced by their energy
performance. It has been found that the energy performance of houses built in different
locations of a region with the same climatic data shows close affinity.

2 Methodology

The energy performances of the houses designed for 80-storey three-storey 80-story
(total 1920 independent sections) duplex living units, each of which was built in a
different neighborhood of Antalya province Korkuteli district, were investigated. The
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mean values of these constructions are given in Table 1 and the statistical values of the
buildings are given in Table 2.

Korkuteli district has a great development in the field of construction and settlement
especially in recent years because it is located on the plateau of Antalya. Three-storey
residential typologies examined in the study Three-storey residential areas consisting of
four independent sections of approximately 235 m2 are the most commonly used
building typologies in the district.

2.1 Technical Specifications of Measuring Energy Efficiency Structures

The building construction characteristics examined in the study are as follows:

• Depending on the terrain of the terrain, terrain safety tension is determined as
15 t/m2.

• Building design and planning operations were carried out as an III-A group within
the scope of the Architectural and Engineering Services Specification which entered
into force with the decision of the Council of Ministers dated 06.07.1985 and
numbered 85/9707.

• The constructed buildings consist of the basement, floor, and normal floor. The
average height of the building was 3 m.

• The bricks constituting the exterior walls of the buildings examined in the study
were designated as W class vertical holes with dimensions of 29 � 19 � 25 cm3

(7 N/mm2 pressure strength) according to TS EN 771-1 [33].
• Vertical hole bricks of 29 � 19 � 13.5 cm3 (10 N/mm2 pressure resistance)

according to TS EN 771-1 have been used for the interior spaces of the buildings.
• C25 was used from the concrete classes specified in TS 500 [27] and TS EN 206-1

[35] used in building construction. STIII steel grade is specified as concrete steel.
Structures are made of reinforced concrete carcass.

Table 1. The average energy performances

Energy performance conditions Mean (kWh/year)

Primary heating 22.8
Primary cooling 165.2
Primary hot water 31.7
Primary lighting 28.5
Greenhouse gas emulsion 0.5953

Table 2. Housing typology that is widely constructed in Antalya–Korkuteli district

Building construction
area (m2)

Number of
floors

Number of
housing

Number of independent
sections

435–707 3 80 4
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• The energy performance is given in Figs. 2, 3, 4, 5, 6 and 7 along with the thickness
of the floor and wall materials used in the measured buildings.

2.2 Geographical Structure of the Antalya–Korkuteli District

The geographical structure of Korkuteli/Antalya Mediterranean, in Antalya Korkuteli town
in Muğla province, east Gölhisar and Çavdır towns in Burdur province, in the South
Kumluca and Elmalı towns and in the North Bucak and Tefenni towns in Burdur province
surrounded by these cities. The map and space image of Korkuteli is shown in Fig. 1.

The area is 2471 km2. The height above sea level is 1020 m. It’s climate is ¼
mediterranean climate ¾ of Lokes region. The cold weather comes from lakes of the
region; the hot weather comes from Mediterranean region. The average temperature in
winter is −5 °C and in summer 25 °C. A land where plains and hills admired in the
beginning of Bey Mountains. There are 53 neighborhoods in Korkuteli and its popu-
lation is 52,000.

2.3 Building Energy Simulation Program

Prepared December 5, 2008, by the Ministry of Public Works and Settlement
(BEP-TR) is a web-based program. The building enables that annual energy con-
sumption per square meter, CO2 emissions, the datum of the reference values and
comparison with a reference building A–G placed an inter-energy class operations.
This program is also using the method of calculation of the energy performance of
buildings (BEP-HY), all the parameters that affect energy consumption, the impact of
energy efficiency and energy performance of buildings is used to determine the class
[12, 39].

BEP-TR program enable that residences, office buildings, educational buildings,
health buildings, hotels, shopping and commercial centers as well as assessment of the
energy performance of new buildings and existing building typologies.

Fig. 1. The maps of the Korkuteli district
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2.4 Energy Inputs

To calculate net energy requirements of buildings ventilation, lightening, heating. and
cooling is mainly ın addition to these data; climate data, building geometry the ven-
tilation and thermal properties of the building, building materials and definition of
building components are important inputs.

This information, which is necessary for the energy analysis of the building to be
revealed, is prepared by analyzing all the information about the building project and the
regional location by the user who enters the data system [9]. This information is the
result of the project engineer’s architectural, static, mechanical and electrical files
examined by the relevant engineer [15].

2.5 Building Energy Performance Calculation Methods

Standards for methods used in Europe for building energy performance calculation
methods are given in Table 3 [6, 19, 21, 24].

Table 3. The standards for methods used in Europe for building energy performance

Standard no Standard name

TSE EN ISO
13790 [31]

Energy performance of buildings—calculation of energy use for space
heating and cooling

TS EN ISO 13789
[32]

Thermal performance of buildings—transmission heat loss coefficient
—calculation method

TS EN 15251 [37] Indoor environmental input parameters for design and assessment of
energy performance of buildings addressing indoor air quality, thermal
environment, lighting and acoustics

TS 825 [34] Thermal insulation requirements for buildings
TS EN ISO 14683
[28]

Thermal bridges in building construction—Linear thermal
transmittance—simplified Methods and default values

TS EN ISO 10456
[29]

Building materials and products—Hygrothermal properties—Tabulated
design values and procedures for determining declared and design
thermal values

TS EN 12524 [36] Building materials and products. Hygrothermal properties. Tabulated
design values

BR 443 [1] Conventions for U-value calculations
DIN V18599-2 [8] Energy efficiency of buildings—calculation of the energy needs,

delivered energy and primary energy for heating, cooling, ventilation,
domestic hot water, and lighting—Part 2: energy needs for heating and
cooling of building zones

TS EN ISO 13370
[30]

Thermal performance of buildings—Heat transfer via the ground—
calculation methods
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3 Findings and Discussion

80 buildings which built in different areas of Korkuteli total 480 flats; have been
researched for building energy performance. The program includes; external climate
conditions for energy. indoor requirements evaluating all energy use of a building by
taking into account bath local conditions and cost effectiveness, classifying in terms of
primary energy and carbon dioxide emission, evaluating the feasibility of renewable
energy (CO2) saves, the control of heating and cooling systems and the restriction of
greenhouse gas emissions Greenhouse gas emission valves have been calculated after
the necessary data is entered to BEP-TR programmed in addition to heating, cooling,
ventilation, and lighting.

Fig. 2. Building energy performance heating results

Fig. 3. Building energy performance cooling results
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Fig. 4. Building energy performance hot water results

Fig. 5. Building energy performance lighting results

Fig. 6. Building energy performance greenhouse gas emission results
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3.1 Findings

The heating, cooling, hot water, lighting and greenhouse gas emission valves of
buildings which built in six neighborhood of province are evaluated in terms of the
location where they move built. Annual heating data of investigated buildings in Fig. 2,
cooling data in Fig. 3, hot water in Fig. 4, lighting in Fig. 5 and greenhouse gas
emission in Fig. 6 are given in kWh.

According to Fig. 2, primary heating values of 480 dwellings are distributed
according to usage area in m2 basis. This distribution varies between 0.23 and 179.15
kWh/year. When examined in terms of the primary heating value used in all buildings,
it is seen that 10% A, 42.5% B, 22.5% C, 13.8% D, 5% E, 3.8% found out.

According to Fig. 3, primary cooling values of 480 dwellings are distributed
according to the usage area in m2 basis. This distribution varied between 24.2 and
443.6 kWh/year. When examined from the perspective of the primary cooling value
used in all buildings, it was found to be 2.5% A, 6.3% B, 75% C and 16.3% D.

According to Fig. 4, primary hot water values of 480 dwellings are distributed
according to the usage area in m2 basis. This distribution ranged from 6.2 to
71 kWh/year. When examined in terms of the primary hot water value used in all the
buildings, 2.5% A and 97.5% B was found.

According to Fig. 5, primary heating values of 480 dwellings are distributed
according to the usage area in m2 basis. This distribution ranged from 0.6 to
217 kWh/year. When examined in terms of the primary lighting value used in all the
buildings, 37.5% A and 62.5% B were found.

According to Fig. 6, greenhouse gas emulsion values of 480 dwellings are dis-
tributed according to the usage area in m2 basis. This varies from 0.627 to
1.3841 kWh/ year, depending on the distribution. When the greenhouse gas used in all
the buildings is analyzed in terms of emulsion value were found to be C class.

It has been determined that the buildings that have been evaluated have appeared
for buildings having a construction area ranging from 70 to 700 m2. Figures 6 and 7
shows that the difference between the values of the building appears to depend on the
location of the building for the others, depending on the building m2 for some build-
ings. In the multivariate analysis of variance over the values, it is found that the
variables are independent of the usage field and the regression coefficient value is very
low. The highest cooling value was found to be effective when comparing greenhouse
gas emulsion, heating, cooling, hot water and lighting values. This is shown in Fig. 7.

Greenhouse gas emission values generally show close results. In some cases, it has
been observed that differences arise from the calculation.

The energy performance values obtained are those calculated and officially used by
energy ID certification experts. It is mandatory to obtain an Energy Identity Certificate
to obtain a Building Permission Certificate.
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3.2 Discussion

The proposals that have been made in the context of the data obtained for the BEP-TR
program in the province of Korkuteli in the province of Antalya and the greenhouse gas
emulsion due to building energy performance;

• It has been observed that the energy performance values of a building with the same
building form appear in the working direction. As a result of these differences, it is
evaluated that the building characteristics are caused by introducing the values of
energy identity experts to the BEP-TR program according to the climate conditions
of Antalya. Especially in heating and cooling results, it is seen that when the
terrestrial climate is evaluated as 3/4 of the terrain of the terrestrial terrain and the
results of building energy performance used in practice are not considered to be
suitable results. However, in order to calculate buildings energy performance values
more appropriately, it is necessary to enter the buildings as data into the BEP-TR
program in accordance with the climatic conditions. Especially in the heating and

Fig. 7. The effect of greenhouse gas in all buildings
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cooling values, it is more appropriate to enter the data and power of the system
including near.

The BEP-Tr program accepts averages of energy performance scores in primary
heating, cooling, hot water, lighting and greenhouse gas distribution. If at least three
c-grades of these performance scores were found to be more effective, they would be
more effective.

4 Results

In the study, 480 houses built in Antalya/Korkuteli province were found to have
different energy certification results. Particularly in the energy performance evalua-
tions, the calculations made by the experts of different energy identity documents have
been interpreted that the heating, cooling and hot water systems of Antalya province
are used for Korkuteli district.

• In the province of Korkuteli in Antalya province, building energy performance
evaluations were made for a total of 480 apartments in the form of 80 apartments in
total, and it was determined that the energy class of the buildings was “C Class” in
total. This conclusion proves that buildings are an acceptable building in class C,
energy classification, in the evaluation of Energy Identity Certificate.

• However, it has been observed that there are differences in the energy performance
data of buildings that are close to building typology. It is envisaged that these result
changes originated, in particular, in building m2, the building location, and the
methods that users follow during the calculation.

• It has been observed that climate and building location are important when energy
identity certificate is determined. However, for the BEP-Tr program, it has been
concluded that the location of the building cannot be introduced to the system as a
whole in the project and that the result obtained by comparing it with the geometric
shapes registered in the system may have a positive or negative contribution to the
resulting values. Moreover, during the analysis evaluation, it is seen that the system
can be registered to the system by comparing it with geometric shapes like rect-
angular, square, U or H rather geometrically according to the exact structure of the
building. This situation is both time consuming for the user and the change in the
geometry of the building because the results of the issue of reliability come to mind.

• Some building materials used in the construction of the BEP program are not
included as an individual, so it is seen that nearby materials are used to get results. It
is also assessed that this may have been the result.
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Abstract. The aim of this study is to get the most optimal energy efficient
heating and cooling material combinations that would result to an energy saving
buildings. The regulatory requirement limits of thermal characteristics of resi-
dential building’s envelope were stated by the TRCM. It is mandatory to respect
the thermal transmittance, also known as U-value of external walls that should
not exceed 1.20 W/m2 K and the annual savings in heating and cooling range is
40 kWh/m2/year in the climate area represented by Casablanca. The simulation
results were analyzed to find the combination of parameters yielding the lowest
energy consumption and to define potential energy savings for this residential
building located in this climate zone.

Keywords: Building simulation � Heating and cooling � Comfort
Thermal regulation

1 Introduction

The residential energy consumption remains high and it’s increasing overtime inMorocco
due to the growth of population and the urbanization [1]. The Moroccan government
establishes an ambitious program to reduce residential energy consumption and carbon
emissions by building new smart houses. The program aims to achieve 1.2 Mt/year of
energy consumption reduction in the building sector by 2020 and decreasing greenhouse
gas (GHG) emissions by about 4.5 Mt/year. Therefore, the Moroccan government has
introduced a thermal regulation for building envelopes. The implementation of the
thermal regulation of construction in Morocco (TRCM) focuses on improving thermal
performance and reducing the requirement of buildings in heating and cooling [2].

The need for reducing the energy consumption used for heating or cooling build-
ings has motivated many studies with the aim at improving the thermal performance of
construction. The field of construction and building materials and their application in
new works provides an international dissemination of research and development. The
description and resulting graphics for a Moroccan public administration building and
the complete description of all buildings and simulation results can be found in [3].
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The effect of the insulation of the roof and the facades on the cooling energy of a
typical house villa situated in hot and arid climate zone like Marrakech was studied in
[4]. The results showed that the insulation of the roof is essential for the Marrakech
climate as it resulted in reducing the needs for cooling of almost 40%.

Sick et al. [5] used dynamic building simulations performing sensitivity analysis for
the influence of various parameters on the heating and cooling demands of different
building types in Morocco. In [6], the effect of using three different external wall
constructions on the energy consumption, energy cost and the comfort in Egypt. The
simulations results showed different performance for each specification across the
climatic zones. Gueddouch et al. [7, 8] have developed a dynamic model of the
building based on equivalent circuit model with the aim of evaluating the energy
consumption of a typical building in Morocco.

Benhamou and Bennouna [9] carried out an experimental study of the thermal
performance of an underground heat exchanger for the air conditioning of a
well-insulated house located outside of the city of Marrakech. The coupling of a direct
thermal calculation with an optimization algorithm to achieve the identification of the
thermal characteristics of a building structure was presented in [10], the proposed
optimization model was verified and validated against experimental results obtained
from a wooden structure with a heated wall.

The renovation of social housing which provides an interesting opportunity for
reducing energy consumption and increasing the comfort of residents has been studied
by Gagliano et al. [11]. The improvement of thermal insulation of the building
envelope and the use of renewable energy sources have been proposed and have led to
energy savings and increased interior comfort. For various cities in Morocco,
Guechchati et al. [12] studied the impact of passive design parameters on energy
consumption for annual cooling and heating in villas according to regions.

Thus, the energy consumption in Morocco’s residential sector is growing. The most
efficient way to satisfy this demand on energy is to introduce energy-efficiency mea-
sures in new buildings.

In this work, a series of energy simulations were performed for the residential
housing located in new city (Lakhiayta) in the suburbs of Casablanca. The residential
building was simulated as a case study, by using DesignBuilder [13] by applying
different insulations and wall compositions in comparison with the ordinary walls using
conventional materials in this climatic zone.

2 Methodology and Parameterization

The studied building is being investigated and modelled using the simulation software
DesignBuilder [13], which is the transient simulation of systems, including multi-zone
buildings to develop comfortable and energy-efficient building designs from concept to
completion. The simulations concern the building and its equipment, including control
strategies, occupant behavior and energy systems, thus allowing the correct calculation
of heat transfer coupled with thermal storage within the building structure like walls
and ceilings.
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The building type is a simple standard multi-storey residential building and as
shown in Fig. 1. The model of apartments is schematized in the Fig. 2.

Fig. 1. The view of residential housing (R + 6)

N

Fig. 2. The typical plan for a flat in the building
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The simulation model is made up of 14 thermal zones, two zones for each one of
the upper floors representing the four apartments with 60 m2 of surface, one zone
modelling the ground floor is reserved for commercial stores and parking lots and one
zone for the staircase.

We estimated that about 5 people live in an apartment. The construction design is
documented in Table 1 according to building practice in Morocco. Table 2 gives the
U-value corresponding to variation of thickness of polystyrene. The characteristic areas
and the volume of building are summarized in Table 3.

The Table 4 describes the simulated interior conditions of the building. The
dwellings are used by five persons from 17:00 to 07:30 and by 3 persons otherwise as
shown in Table 4. Ventilation rate including infiltration is 36 m3/h per person, corre-
sponding to an air change rate between 1 and 0.4 h−1. All internal gains sum up to
4533 kWh per dwelling per year, evenly distributed. External shading (50%) is used
during summer.

Table 1. The design characteristics of construction

Building element Without insulation U
(W/m2K)

With insulation U
(W/m2K)

UTRCM

(W/m2K)

External wall 1.96 1.33–0.97 (Table 2) U � 1.20
Roof 2.04 0.54 U � 0.75
Floor plate 1.60 1.60 No

requirement
First floor intermediate 2.13 0.4 No

requirement
Window-to-wall ratio
(WWR)

15%

Windows Simple glazing,
g = 0.86
U = 5.89 (W/m2K)

Double glazing,
g = 0.7
U = 3.09 (W/m2K)

U � 5.8

Orientation of building Sud-Ouest

Table 2. The U-value corresponding to variation of thickness of polystyrene

Insulation thickness (cm) 2 3 4 5 6

External wall U (W/m2K) 1.33 1.23 1.12 1.05 0.97

Table 3. The characteristic sizes of construction

Orientation South West North East Sum

Gross area (m2) 300 362.1 259.5 362.1 1283.7
Window area (m2) 48.7 43.5 48.7 47.7 188.7
WWR facade (%) 16.23 12 18.76 13.17 �15
Floor area (m2) without staircase 1426.4 Volume (m3)

without staircase
3993.92
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3 Results

The parameter variations of the building simulations are the insulation and the type of
windows. The construction method used in the simulations was modified by adding
layers from 2 to 6 cm of insulation external walls, without changing the construction
technique. The increasing of the thickness of the insulating layer of polystyrene
decreases the U-value of external walls in the building as shown in Table 2.

3.1 Prescriptive Approach

The minimum technical specifications for thermal performance of buildings in Mor-
occo were set by the TRCM according to the climatic conditions [2]. Then, the pre-
scriptive approach of TRCM was setting technical specifications to be respected by
climate zone (roofs, exterior walls, floors and windows).

The recommended setting for zone 1 with a 15% WWR is given in Table 1 and the
maximum values to be respected are presented. When introducing the thermal
parameters of the envelope referred in Table 1, it shows non-compliance for the not
insulated building in the reference case and for the insulated external walls with 2 and
3 cm of thickness (Table 2).

3.2 Performance Approach

The performance approach was setting maximum limits for heating and cooling
(kWh/m2/year) in relation to internal reference temperature (20 °C for heating and 24–
26 °C for cooling) [2].

The climate data for the studied Moroccan location were used in this project. The
data are available in the software DesignBuilder. The results are displayed as the annual
delivered energy for heating, cooling, lighting, cooking and specific electricity (re-
frigerator, TV, computer).

The following results are generated for the studied building:

– The specific heating and cooling energy demands for heating to 20 °C and cooling
to 24 °C room temperatures, respectively.

Table 4. The interior conditions as simulated for the building

Interior conditions Week Week-end
7:30–17:00 17:00–7:30 7:30–17:00 17:00–7:30

Occupancy (persons) 3 5 5 5
Ventilation rate including infiltration Distributed according occupancy
External shading during summer 50% 50%
Interior gains sum up Distributed according occupancy
Set point temperature heating (°C) 20
Set point temperature cooling (°C) 24
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– The solar heat gains for building in kWh/m2 for year.
– The number of hours with room temperature exceeding 24 °C during summer

without cooling and lower than 18 °C during winter without heating.

In order to evaluate the heating and cooling loads of the building the set points are
fixed to 20 and 24 °C, respectively.

The total energy consumption obtained for the reference case is 53.94 kWh/m2/
year, exceeding the requirement of the TRCM which is 40 kWh/m2/year (for Zone 1).
This consumption includes heating and cooling energy.

The most dominating consumption is cooling energy, about 45.06 kWh/m2/year.
However, the heating energy is very low (8.08 kWh/m2/year). It’s clear that the cooling
load is a significant part of total consumption as shown in Table 5.

There is significant difference in cooling energy demand between the reference
case and the case using insulation in building. Although, the observed difference was
between 55 and 72% for heating energy consumption and not exceeding 22% for
cooling energy demand.

The results in Fig. 3 show that the use of the double glazing reduced the solar heat
gains by 25%.

The monthly indoor air temperature in the conditioned building is ranging between
19 and 24 °C with the external temperature disorders reaching the peak on July and the
lowest level on January as shown in Fig. 4.

The unconditioned building is ventilated during summer when the ambient air
temperature is lower than the room air temperature. The difference between the indoor
temperature and the external dry bulb temperature is varying and is at the maximum
difference on July.

Applying the thermal insulation for building envelope, the results in Fig. 5 show
that a significant decrease in heating and cooling demand has been achieved compared
to the reference case. The insulation is of major importance in heating energy demands
exceeding 55%. The effect on cooling energy demands is small and is reduced by
approximately 22% when adding an insulation layer of 6 cm thickness.

Table 5. The specific heating and cooling energy of the building

Insulation
thickness
(cm)

Annual solar
heat gain
(kWh/m2)

Annual cooling
energy demand
(kWh/m2)

Annual heating
energy demand
(kWh/m2)

Total annual
consumption
energy (kWh/m2)

Without
insulation
(reference
case)

Simple
glazing
33.68
(46.22)

45.06 8.88 53.94

2 Double
glazing
33.68 (27%)

38.05 (16%) 4.03 (55%) 42.08 (22%)
3 37.06 (18%) 3.55% (60%) 40.61 (25%)
4 36.50 (19%) 3.09 (65%) 39.59 (27%)
5 36.10 (20%) 2.81 (68%) 38.28 (29%)
6 35.21 (22%) 2.49 (72%) 37.70 (30%)
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By turning off heating and cooling in the simulation, we can count the hours
beyond certain room temperatures considered to limit the comfort region.

Fig. 3. Comparison of solar heat gains in the building for used of simple and double glazing

Fig. 4. Mean monthly air temperatures for interior and exterior of the building
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The results are shown in Fig. 6. It is observed that Casablanca regions may show
high cooling and little heating demands. The observation of the unconditioned building
in Fig. 6, reveals the numbers of hours with uncomfortably low or high temperature,
respectively in good accordance with heating and cooling demands in the conditioned
building (Fig. 5).

Fig. 5. Annual sum of the cooling and heating energy consumption in building for different
thickness of insulation of the external walls

Fig. 6. Monthly number of uncomfortable hours without heating and cooling
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4 Conclusion

In this paper, dynamic simulations were carried out with DesignBuilder software on a
typical building located in the Casablanca region. The simulations resulted in a sig-
nificant reduction which reaches 30% of the final total energy consumption for heating
and cooling energy compared to the reference case. Results indicate that thermal
regulation of buildings in Morocco has a considerable effect on heating and cooling
load.

The insulation parameters have the greatest influence in the heating energy demand
which is reduced until 72% for 6 cm of insulation of the external walls.

Due to Moroccan regulation, the energy consumption of buildings has to be
reduced of the current and this objective could be reached if we build based on these
principles and adapting existing buildings.

The regulation aims at allowing improvement to the thermal performance of the
building envelope with only little extra costs.
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Abstract. Providing the needed and indispensable steady, quality and safe
energy is one of the most important issues today. Wind energy is one of the most
important renewable energy source. Wind energy has found uses much more in
water pumping and obtaining electricity in rural areas until last years. Today,
wind energy has taken its place in the energy sector as an alternative source of
energy production. High-density building arrays within a city, the combination
of indoor and outdoor spaces with different purposes effect wind flow and
acceptable wind comfort. In urban areas, wind energy and wind comfort are
important requirements. Not only in new urbanisation areas but also for existing
urban areas and city centers acceptable wind comfort plays an important role
among and around buildings. When viewed from this angle, the aim of this
study is enlightening the building aerodynamics, wind effect and wind energy in
urban environment, and also giving information about how to analyze the wind
comfort and design criteria in dense urban areas.

Keywords: Wind energy � Wind comfort � Building’s formal structure

1 Introduction

Displacement of air mass due to differences in temperature and pressure in the atmo-
sphere is defined as the wind. Wind energy that is transformation of solar energy is the
conversion of kinetic energy of air mass to mechanical energy [1].

With the urbanization process, the more number of long and narrow streets sur-
rounded by buildings is being to be seen in the construction area of largest cities. The
development of these street canyons has brought out the problems related to pollution
in recent years. These areas at the pedestrian level called space generally acts as
external living space. Therefore, in the plan and design process, to ensure the
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acceptable wind environment at the pedestrian level areas, it is very important to
evaluate the ventilation potential and performance [2].

Traditionally, analysis and assessment of wind environment firstly based on wind
tunnel tests. Today, numerical modelling (Computational Fluid Dynamics-CFD) that
offers the advantages of computer capability is widely accepted. If optimization design
will be carried out and if the effect of environmental impact on urban development will
be assessed, owing to the fact that these test are very expensive and they require long
time, numerical modeling is preferred to wind tunnel testing [3].

Over the past few decades, wind tunnels has emerged as an empirical tool to
simulate the natural wind and to identify the wind power acting on the structure in the
simulated air flow using models of small scale. The boundary layer wind tunnel model
test has become the most reliable method to identify the wind-induced loads and
structural response to these loads of high-rise buildings. With the development of
advanced data collection, correct aerodynamic model test is possible with widely
accepted high frequency force balance technique and instantaneous wind pressure
integration. Both of these aerodynamic testing techniques has the advantage of the
usage of lightweight but relatively rigid building model [4].

In recent years, the use of fluid dynamics (CFD) in the wind engineering has
progressed rapidly. Currently this approach, that is known as the computational wind
engineering is recognized as one of the most important research areas. The rapid
growth of computational wind engineering applications is expanding the scope of wind
engineering as shown in Fig. 1 and covering a variety of phenomenon from micro-
climate around the human body to medium-scale climate in urban areas [5].

In computational wind engineering, a wide range of issues has studied with dif-
ferent perspectives. In the study of Murakami et al. [5], applications that are related to
human space around buildings and environmental problems including the following
conditions is mentioned.

• Wind environment in the building complex.
• Thermal and dynamic effects of the wind on the human body.
• Pollutant distribution around a building.
• Thermal comfort in outdoor [5].

In many studies, wind load analysis are made for combination of high-rise, low-rise
or high-rise and low-rise buildings and different results obtained by using experiment
and computational fluid dynamics (CFD) environment. Roberson and Crowe [6]
studied the pressure distribution in a building for turbulent flow conditions experi-
mentally. Ahmad and Kumar [7] studied the wind load on the low-rise buildings. And
they examined the effect of geometry on pressure for low-rise buildings. Aygün and
Başkaya [8] examined the surface pressure formed by wind flow around a high-rise
building. Mendis et al. [9] studied the wind load on high-rise building experimentally
and numerical according to the Australian conditions. Holmes et al. [10] searched the
wind loads of high, medium and low-rise buildings for 15 different region in
Asia-Pacific region.

Şafak [11] mentioned the main approaches and assumptions of static and dynamic
load calculations for wind load. Huang et al. [12] made the numerical analyses of wind
loads on high-rise buildings with steel construction by Computational Fluid Dynamics
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(CFD). Liang et al. [13] studied the wind loads which effect the dynamic torsional
loads on high and rectangular buildings experimentally. Huang and Chen [14] studied
the wind and static loads on high-rise buildings on the basis of co-frequency pressure
measurements. Tominaga et al. [15] studied the wind effects around buildings in a
particular region by CFD method. Huang et al. [16] examined the RANS method
analyses and kinematic simulation of wind load for high-rise buildings. Cheung and
Liu [17] made the CFD analyses of ventilation process of high-rise buildings in their
studies. Blocken et al. [18] examined the buildings of Eindhoven University of
Technology by modelling them in CFD environment, and studied the wind loads by
CFD analyses [19].

Recently, the prediction of wind environment around a high-rise building, using CFD
technique, was carried out at the practical design stage. In view of this point, a working
group for CFD prediction of wind environment around buildings, which consisted of

Fig. 1. Various scales related to wind climate [5]
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researchers from several universities and private companies, was organized by the
Architectural Institute of Japan (AIJ). During initial stage of that project, the working group
carried out cross comparisons of CFD results for flow around a single high-rise building,
building block placed within the surface boundary layer and flow within a building
complex in urban area. Fig. 2 illustrates the six (a–f) test cases for these cross comparisons.
They were carried out to clarify the major factors which affect the prediction accuracy [20].

Because of the reasons like, reduction of surface evaporation and green spaces in
cities, increasing the concrete, asphalt surfaces and structural field, meteorological
parameters are changed and this cause climate change at local and regional scale.
Therefore, big cities are becoming venues for their unique climate.

Increase of high-rise buildings, reduction of green space in urban areas affects the
city’s aerodynamics in our country, it is an important requirement that establishing a set
of design criteria and standards for building wind safety and comfort and living comfort
of people in urban environment.

Fig. 2. Six test cases for cross-comparison. a The test case A (2:1:1 square prism); b the test
case B (4:4:1 square prism); c the test case C (Simple city block); d the test case D (A high-rise
building in the city); e the test case E (building complexes in actual urban areas (Niigata)); f the
test case F (building complexes in actual urban areas (Shinjuku)) [20]
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2 Methodology

The aim of this study is to reveal the literature studies about the wind, wind energy and
effects of the different form and settlement of building and external environment ele-
ments on the building aerodynamics, and also it is believed that this study will
enlighten the procedures how to analyze the wind effect on the buildings in urban scale.
Accordingly; first of all, introduction about the study will be given, wind energy and
integration of wind energy and building aerodynamics will be explained. After that,
results of the study will be explained.

3 Literature of Wind and Wind Energy

Starting from worldwide, when it is considered the causes of the formation of air
movement or wind, it is seen that, they are their thermal or dynamic based pressure
system, coriolis force formed by the earth’s rotation, friction force formed by the
roughness of earth and viscosity connected to the air flow [21]. As it is seen from Fig. 3
the records of anemograph, wind’s direction and intensity is always variant. This
variation feature seen in the wind’s direction and intensity is called as turbulence.

The buildings that create the urban open space make the same influence of the
topography in open rural areas. There occurs a difference between flow types in open
rural areas and flow types in urban areas, also wind or turbulent air movements ceased
to properly pass the turbulent situation. Thus, type of air movement in urban open
space scale is formed again in connection with geometric features as seen at Fig. 4 [22].

Fig. 3. An example of a anemograph record that measures the wind speed [22]

Fig. 4. Earth in the boundary layer wind speed gradients change depending on the configuration
of built environment characteristics [22]
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Depending on developments in the economic and social fields, based on the fact
that supplying the growing energy needs of approximately 4–5% per year worldwide
from fossil and nuclear sources that have harmful effects to the environment, it is need
to benefit from wind energy that is clean, environmentally friendly and a local source
[23].

As a result of the research it is said that the first use of wind energy in the historical
process is conducted in the civilizations of China, Tibet, India and Afghanistan. The
first written information about the use of wind turbines belong to the simple made
horizontal-axis wind turbines in B.C. 200–300 years by Great Alexander. There are
information about the use of vertical-axis wind turbines in B.C. 700s in the Persian.
From Asia to Europe in the 10th century, the use of wind power developed by western
countries. The first wind power, is produced by the Danish Professor Paul La Cour in
1891 [24].

Concerns about the effects of wind on the building dates back to the early human
settlements. Design principles that is laid down in the design of many ancient cities as it
can be understood from the coming to the fore again like principles of Feng-Shui, used
for the development of ancient Chinese dynasties (wind and water), it appears to
remain valid today [22].

From the summarize of the book of Aynsley, Melbourne and Vickery named
Architectural Aerodynamics that constitutes an important resource about building
aerodynamics; Aristotle BC 4th century in “Meteorologik” first time to discuss the
mysterious winds, his student Theophratus’ weather forecast methods, the ancient
Greek who give the names of wind gods to the wind direction in the wind rose transfer
us the importance of this issue. The principles that laid out in the book of “Ten Books
on Architecture” by The Roman architect and engineer Vitruvius, in the B.C. 1st
century spread to other European countries in 15th century. As well as the one who
went to Europe in 1573 developed the city planning laws for Spanish cities in the South
and Central America, also in world’s various climatic zones, Japan, Canada, India, and
other similar buildings and culture of the city is seen as designed according to local
wind [22].

After the Industrial Revolution, in the city planning, in 1890 Europe, Nuremburg,
taking into account the natural lighting in every room, in 1874 Sweden laws say that
light and air protect is necessary to protect the health, in order to move the fumes from
factories out of the city of Vienna in the 1900s, the prevailing wind is taken into
account in city and regional planning. In contemporary practice of urban planning
principles similar experimental, parallel to the development of digital design tech-
niques, there are many examples [25].

4 Integration of Wind Energy and Building Form
(Building Aerodynamics)

One of the main topics of building aerodynamics is revealing the characteristics of air
flow that occurs in or around the building within the urban texture. As it is seen from
Fig. 5, the air molecules hitting the wind above surface of the building stop when they
hit the surface, change the direction by licking the surface and finally form the trace
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region behind the building following side surfaces by being separated from the surface
of the breaking point [22].

Air molecules pushed by a unit and having different speeds form vortices. So,
around the building, uncomfortable areas formed whose speed and direction is variable.
This changing formation depending on the building geometry and dimensions can be
solved by the work done in the design phase [22]. In this context, to reveal the
relationship between building form (geometry) and wind energy, analysis is performed
seen in Fig. 6.

While the airflow formed by the wind passing around the side faces of building,
vortices occur as seen in Fig. 7 schematically.

Since vortex occur as variable (first one side, then other side), dynamic loads
created by vortex also variable and influence on the direction perpendicular to the flow
direction of the wind. Since they affect very specific and narrow frequency, vortex can
be defined as sinusoidal load [26]. Wind pressure seen on the building shown in
Table 1, varies depending on the topography, height, internal pressure, aerodynamic
pressure and the building form [27].

High structures, are affected by vibrations caused by wind action. Therefore, wind
has an important role in the structural and architectural design. There are different
design strategies that enhance the functional performance of the buildings and reduce
the negative effects of wind. Between these strategies, the important and effective
design approach is the aerodynamic modifications in architecture [28].

Fig. 5. The air current schemes formed around building [22]

42 S. Paltun et al.



Fig. 6. Air flow around the rectangular building [22]

Fig. 7. The formation of vortex load [26]

Table 1. Factors affecting the building and wind interaction [27]

Factors Impacts

Topography Sudden changes in topography such as hills, ridges cause an increase in
wind speed. Therefore, a building located near the top of a hill, will
receive more wind loads than relatively the one in a flat area

Building height If the height increase from the ground, wind speed also increase.
Therefore, if building height increase, wind load effecting on the building
increase

Internal pressure The wind hitting the building causes the pressure increase (positive
pressure) or decrease (negative pressure). Internal pressure change occurs
by the size and frequency of the openings in the building faces

Aerodynamic
pressure

Due to the aerodynamic effects (structure and interaction of wind) the
highest loads occur at the roof edge. Winds affecting the structure of the
front is usually lower than the wind load acting on the roof

Building form The building form affect the wind pressure coefficient and thus wind load
acting on the building
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High-rise buildings, due to the increase in wind power with building height and
building form, they show a more sensitive behavior against wind effect. Various forms
of high-rise buildings and aerodynamic properties of these forms has been studied by
many researchers. The dynamic behavior of a structure in which the face of high winds
must be contained within the acceptable limits for structural design and user comfort.
The building form aerodynamic is a design criteria that must be decided from the
beginning of the design phase of a high-rise building [29].

According to Ilgın and Günel, the effects of wind on the structures can be controlled
in two ways:

1. Significant architectural changes: Modifications that affect the architectural concept
like buildings became slender with height, to gain a sculptural appearance of the
structure of the top, changing the building form, creating opening in the building

2. Small architectural changes: Modifications that do not affect the architectural
concept like corner modifications and settlement of the building according to the
strong wind direction [28].

These two substances were examined on the following examples. Gaining sculp-
tural view of the top of the structure as shown in the examples reduces the negative
impacts of wind on buildings [30].

As it is seen in the example, Petronas Towers in Malaysia shown in Fig. 8 [31],
reducing the plan section of the building by ‘changing the form’ at the high level of the
building reduces the effect of wind force by varying the effect of the wind energy.

It is a known fact that, building form has a significant impact on protection of
lateral resistance of the building form. If the building form is only limited by the
rectangular prism, this form is exposed to effects of lateral wind. To cylinder, ellipsoid,
triangular or other structure forms act less lateral force than rectangular prism-shaped
structure [31].

Wind pressure acting on the building in the form of cylinder (circular) or the
ellipse-shaped is reducing by 20–40% compared to the rectangular prism-shaped
building [32]. Because of this, in many famous building, building forms that have
favorable effects are preferred.

The Marina City Towers’ (Chicago 1964) cylinder form seen in Fig. 9a, Millen-
nium Towers’ (Tokyo 2009) conical circular plan seen in Fig. 9b, Toronto City Halls’
(Toronto 1965) crescent-shaped form seen in Fig. 9c and U.S. Steel Building’s
(Pittsburgh 1970) triangular plan seen in Fig. 9d are among the buildings that aero-
dynamic building forms are prepared [29].

Also, the openings created especially close to the roof section of the building facade
are the aerodynamic answers of the building that reduce the negative effects of the wind
affecting on the building. The Shanghai World Financial Center (Shanghai 2008) seen
in Fig. 10 is one of the best examples about this subject [33].

In this section, it has been mentioned that wind has influence on the building, in
order to reveal these effects, various wind tunnel experiments have been carried out. In
these studies, it has been demonstrated that wind power increases with building height
and form, because of this, wind energy acting on the buildings can be controlled with
same aerodynamic modifications during the design stage.
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Fig. 8. Petronas Towers in Malaysia [31]

Fig. 9. a The Marina City Towers (Chicago 1964), b Millennium Tower (Tokyo 2009),
c Toronto City Hall (Toronto 1965), d The U.S. Steel Building (Pittsburgh 1970) [29]
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5 Results

In a wide range, building shape, height and distance between buildings affects the
direction and intensity of the wind flow. Airflow between buildings has been investi-
gated by many researchers using different statistical analyzes. Usually, street canyons
with typical architectural forms, semi-enclosed areas, the relationship between form
and courtyard complex of low-rise buildings in a relatively open field wind environ-
ment were examined. Collected and stored measured data comprises information on
wind direction and wind speed at different locations. Then statistical methods are used
to determine the key factors defining the effects of building form on the air flow. In
urban environment, information about how it is the wind flows around buildings, to
decide on the best positioning and wind turbines, air pollution dispersion and pedes-
trian comfort has a great importance in terms of design [34].

Fig. 10. The Shanghai World Financial Center Building [33]
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In Fig. 11, from the schematic representation of the obstacles to the turbulence, in
Fig. 12, it is included in the schematic representation of complex the flow path of the
air around the building form.

System integration level and forms of architecture are discussed in different ways
by different researchers. In this context, according to Çakmak [35], five relationships
can be mentioned about structure-facade integration. These relationships are as seen in
Table 2; remote, touching, connected, meshed and unified.

According to another aspect, integration level and shape of the building systems
and ecosystems can be taken into account like ecological design and physical inte-
gration, system integration and continuous integration.

Fig. 11. Turbulence from obstacles results with high turbulent area near these obstacles [34]

Fig. 12. Wind flow around building form creates mixed air flow path sand waves [34]

A Literature Survey on Integration of Wind Energy and Formal … 47



Ecological design is the design approach that design system is integrated with our
natural environment. They deal with the building not only as a single structure but also
with urban and land. The characteristics of the area where the building is discussed in
the context of ecology and these properties are integrated physically, systematic and
continuous.

In Bachman’s study, the integration potential between architectural systems can be
classified as physical integration, visual integration, performance integration and
integrated integration. According to this view, architectural systems must share the
same space, the coming together should be resolved aesthetically and must collaborate
or complete each other in a point.

Table 2. Table showing the level of integration of building systems [35]

Integration levels

Remote
Systems are physically separated from each other
and still been coordinated form

Touching
One of the system remains above the other and in
the position it is touched with this system. It is only
influenced by its own weight where it is

Connected
The systems are connected in various ways to each
other permanently

Meshed
Systems occupy the same space

Unified
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Physical integration Building components must be in harmony with each other.
These components share a common volume in a building and they are interacting in
different ways in this volume. Physical integration includes the basic components of
the system volume and shape interactions in common. In standard application, for
example, many buildings on the ground and roof sections are usually divided into
separate regions: recessed lighting in the bottom section, later space for groove, in
the top section, depth section supporting the above ground at the top [36].
Visual integration All components of the building are coming together to complete
the visuality. This expression is available for as well as structure to the overall
visual idea also, each room features and even individual components. Color, size,
shape and placement properties can be used to create the desired effect [36].
Performance integration Where the physical integration is called as shared space
and visual integration is shared image, performance integration is related with
common functions. For example, a bearing wall serves as a shell as well as being a
bearing wall [36].
Integrated integration All these integration levels seen between systems are
emerging often integrated. The level in which physical, visual and performance
integration are seen together is called integrated integration [36].

6 Conclusions and Suggestions

Many research studies have been conducted about wind energy and building rela-
tionships (building aerodynamics). Owing to the increase of wind speed with height
and the increase of wind energy proportional to the height, it is found that wind
turbines has been used in more high-rise buildings. As a result of these studies, it is put
forward that wind energy has serious effects on high-rise buildings and solutions that
convert negative aerodynamic effects to positive is very important in design stages.

As a result, selection of appropriate building form results in reduction of aerody-
namic forces around the buildings. This method can lighten the wind response com-
pared with the original building form. Surface roughness at the urban scale, position
and height of buildings, vegetation and open space fiction, and thus the effect of the
wind affects the city’s pedestrian wind comfort with pedestrian comfort conditions.

The world’s energy problem extending since the 1970s, development, diversifi-
cation of architectural systems in recent years and existing energy resources come to
the level that they cannot meet the needs of building stock make it necessary to take
measures to reduce the environmental damage.

In later years with questioning the relationship between architecture and environ-
ment, it is seen that energy is a factor that is driving the design in architecture, because
of this architectural systems’ diversification and integration of wind energy and
building is becoming important from the beginning of the design stage. In this context,
buildings must be designed within the framework of a performance-based approach.

To provide environmentally conscious design and thus integration of building and
wind, there are some parameters that should be taken into account from the beginning
of the design process. These are;
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• Climate
• The building location and geographical location.
• The usage of building.
• Intended use of the building.
• Building form.

Today, as a result of the tendency to renewable energy sources, getting the benefit
of these sources has accelerated and it has been started to be used effectively by many
countries. Wind energy that is leading source of renewable energy has turned into a
giant energy sector especially in Denmark, Germany and Spain, Europe and the United
States. The wind energy that is first limited with the application in wind farms,
nowadays with technological developments is emerging in the building examples that
display integration of energy generation and building. Especially in European countries
and the USA, in planned high-rise buildings, the designs that building systems and
wind energy examples are increasing.

References

1. Akkaya AV, Akkaya EK, Dağdaş A (2002) Environmental assessment of renewable energy
sources. IV. National clean energy symposium, İstanbul, pp 37–43

2. Bu Z, Kato S, Ishida Y, Huang (2009) New criteria for assessing local wind environment at
pedestrian level based on exceedance probability analysis. Build Environ 44:1501–1508.
doi:10.1016/j.buildenv.2008.08.002

3. Zhang A, Gao C, Zhang L (2005) Numerical simulation of the wind field around different
building arrangements. J Wind Eng Ind Aerodyn 93:891–904. doi:10.1016/j.jweia.2005.09.
001

4. Chan CM, Chui JKL, Huang MF (2009) Integrated aerodynamic load determination and
stiffness. Design optimization of tall buildings. Struct Des Tall Spec Build 18:59–80. doi:10.
1002/tal.397

5. Murakami S, Ooka R, Yoshida S, Kim S (1999) CFD analysis of wind climate from human
scale to urban scale. J Wind Eng Ind Aerodyn 81:57–81. doi:10.1016/S0167-6105(99)
00009-4

6. Roberson JA, Crowe CT (1978) Pressure distribution on model buildings at small angles of
attack in turbulent flow. In: proc. 3rd US Natl. Conf. on Wind Engineering Research,
University of Florida, USA

7. Ahmad s, Kumar K (2001) Interference effect of wind loads on low-rise hip roof buildings.
Eng Struct 23(12):1577–1589

8. Aygün C, Başkaya Ş (2003) Experimental investigation of surface pressures caused by wind
flow around a multi-story building. Gazi University Engineering architecture faculty
magazine 18(4):15–31

9. Mendis P, Ngo T, Haritos N, Hira A, Samali B, Cheung J (2007) Wind loads on tall
buildings. EJSE (Special Issues: Loading on Structures):41–54

10. Holmes JD, Tamura Y, Krishna P (2008) Wind loads on low, medium and high rise
buildings by Asia-Pasific codes. The 4th International Conference on Advances in Wind and
Structures, Jeju, Korea

11. Şafak E (2011) Account of wind loads on high rise buildings. The chamber of civil engineers
4th national steel constructions symposium, Istanbul

50 S. Paltun et al.

http://dx.doi.org/10.1016/j.buildenv.2008.08.002
http://dx.doi.org/10.1016/j.jweia.2005.09.001
http://dx.doi.org/10.1016/j.jweia.2005.09.001
http://dx.doi.org/10.1002/tal.397
http://dx.doi.org/10.1002/tal.397
http://dx.doi.org/10.1016/S0167-6105(99)00009-4
http://dx.doi.org/10.1016/S0167-6105(99)00009-4


12. Huang S, Li QS, Xu S (2006) Numerical evolution of wind effects on a tall steel building by
CFD. J Constr Steel Res 63(5): 612–627

13. Liang S, Li QS, Liu S, Zhang L, Gu M (2004) Torsional dynamic wind loads on rectangular
tall buildings. Eng Struct 26(1):129–137

14. Huang G, Chen X (2007) Wind load effects and equivalent static wind loads of tall buildings
based on synchronous pressure measurements. Eng Struct 29(10):2641–2653

15. Tominaga Y, Mochida A, Yoshie R, Kataoka H, Nozu T, Yoshikawa M, Shirasawa T (2008)
AIJ guidelines for practical applications of CFD to pedestrian wind environment around
buildings. J Wind Eng Ind Aerod 96(10–11):1749–1761

16. Huang MF, Lau IWH, Chan CM, Kwok, KCS, Li G (2011) A hybrid RANS and kinematic
simulation of wind load effects on full scale tall buildings. J Wind Eng Ind Aerod 99
(11):1126–1138

17. Cheung JOP, Liu CH (2011) CFD simulations of natural ventilation behaviour in high-rise
buildings in regular and staggered arrangements at various spacings. Energ Buil 43(5):1149–
1158

18. Blocken B, Janssen WD, van Hoof T (2012) CFD simulation for pedestrian wind comfort
and wind safety in urban areas: general decision framework and case study for the
Eindhoven University Campus. Environ Model Softw 30:15–34

19. Kanbur BB, Pınarbaşı A, Koca A (2013) Investigation of the natural ventilation resulting
from the effects of wind loads on high-rise buildings in HAD environment. Eng Mach 54
(637):44–53

20. Mochida A, Lun IYF (2008) Prediction of wind environment and thermal comfort at
pedestrian level in urban area. J Wind Eng Ind Aerodyn 96:1498–1527

21. Lawson TV (1980) Wind effects on buildings design applications. Applied Science
Publishers, London, p 45. doi:10.1016/0141-0296(82)90037-2

22. Istanbul Branch of the Chamber of Mechanical Engineers. http://www.mmoistanbul.org/
yayin/tesisat/103/4/

23. Çağlar M, Canbaz M (2002) Turkey wind energy potential. IV. National clean energy
symposium, İstanbul, pp 347–355

24. Bozdoğan B (2003) Architectural design and ecology. Master thesis, YTÜ Institute of
Science and Technology, İstanbul, pp 2–124

25. Aynsley RM, Melbourne W, Vıckery BJ (1977) Architectural aerodynamics, vol 3(1).
Applied Science Publication, London, p 32

26. Istanbul High Buildings Wind Directive (2009) Metropolitan Mayor of Istanbul, Istanbul
27. Whole Building Design Guide. http://www.wbdg.org/resources/env_wind.php
28. Ilgın HE, Günel MH (2007) The role of aerodynamic modifications in the form of tall

buildings against wind excitation. Metu JFA Ankara 2:17–25
29. You K, Kim Y (2009) The wind-induced response characteristics of a typical tall buildings.

Struct Des Tall Spec Build Korea 18:217–233. doi:10.1002/tal.419
30. Kareem A, Kıjewskı T, Tamura Y (1999) Mitigation of motion of tall buildings with recent

applications. Wind Struct 2(3):201–251
31. Ali M, Armstrong P (1995) Architecture of tall buildings. McGraw-Hill Book Company,

New York, p 52
32. Schueller W (1977) High-rise building structures. Wiley, New York, pp 26–33
33. Dutton R, Isyumov N (1990) Reduction of tall building motion by aerodynamic treatments.

J Wind Eng Ind Aerodyn. doi:10.1016/0167-6105(90)90416-A
34. Ishugah TF, Li Y, Wang RZ, Kiplagat JK (2014) Anvances in wind energy resource

exploitation in urban environment: a review. Renew Sustain Energy Rev 37:613–626.
doi:10.1016/j.rser.2014.05.053

A Literature Survey on Integration of Wind Energy and Formal … 51

http://dx.doi.org/10.1016/0141-0296(82)90037-2
http://www.mmoistanbul.org/yayin/tesisat/103/4/
http://www.mmoistanbul.org/yayin/tesisat/103/4/
http://www.wbdg.org/resources/env_wind.php
http://dx.doi.org/10.1002/tal.419
http://dx.doi.org/10.1016/0167-6105(90)90416-A
http://dx.doi.org/10.1016/j.rser.2014.05.053


35. Çakmak SP (2006) 20th century change in architectural design strategies: reasons and
direction of change. Master thesis, Gazi University Institute of Science and Technology,
Ankara, pp 43–50

36. Bachman LR (2003) Integrated buildings. Wiley, New York, pp 3–48

52 S. Paltun et al.



The Role and Importance of Energy Efficiency
for Sustainable Development of the Countries

Serap Pelin Türkoğlu1(&) and Pınar Sezin Öztürk Kardoğan2

1 Department of Business Administration, Faculty of Economics and
Administrative Sciences, Giresun University, Giresun, Turkey

serappelinozturk@gmail.com
2 Department of Civil Engineering, Faculty of Technology, Gazi University,

Ankara, Turkey
sezinozturk@gazi.edu.tr

Abstract. Energy, which is needed for every aspect of life, plays a key role for
the development of the countries. Countries need to use energy efficiently to be
advantageous in the global competition and ensure the sustainable development.
Countries using the energy efficiently succeed economically and have leading
the field in the competition. The purpose of this study is to put forward to the
role and importance of energy efficiency for the sustainable development of the
countries. In this study, energy efficiency has been examined conceptually
considering the studies in the literature and the role and importance of energy
efficiency has been emphasized for the sustainable development of the countries.

Keywords: Energy � Efficiency � Sustainable development

1 Introduction

Energy has been an important element for human development and economic growth.
Providing sufficient and affordable energy is required to increase human welfare and
living standards. Energy should be considered as an important factor in terms of
economic development; since the energy is used as an input in most of the production
processes. Energy consumption increases in parallel with economic growth and
development. In this way, energy need should be met sufficiently and economically.

In the last 50 years, there have been important developments. Living standards
have increased and people have been living longer and healthier. Science and tech-
nology increased welfare of society considerably. Energy resources of Middle East,
which are abundant and cheap, have especially contributed to these developments.
Sufficient global energy resources have importance both for the world and the countries
individually in terms of sustainable development, running of the economy and welfare
of the society. Thus, consistent use of energy is going to be possible and the energy will
be secured [6].

Industrialised countries have been using the energy more efficiently since 1973.
Following the oil shock of the 1970s, these countries have made policies to increase
energy efficiency in all the sectors of their economies. These policies have contributed
to the decrease in the energy intensity. In addition to that, most of the industrialised
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countries have intensified their energy efficiency works as a part of their own strategies
in order to decrease their greenhouse gas emissions [5].

In the second part of this study, energy efficiency has been discussed conceptually.
In the third part, the role and importance of energy efficiency in the sustainable
development have been explained. In the conclusion part, the study has been
overviewed.

2 Conceptual Framework of Energy Efficiency

Energy is one of the primary elements which are needed for social and economic
development. Energy is a means to achieve the goals such as health, high level of living
standards, sustainable economy and a clean environment [7].

Energy resources of the countries are one of the main factors indicating their
development and leadership position in the rivalry. Therefore, efficient use of energy
becomes more of an issue for the countries. Energy efficiency is identified as the
efficiency scaling the relation between energy inputs and outputs by means of com-
parison [2].

Patterson [15] explained that energy efficiency means obtaining the same product
and service using less energy. Galvin [3] identified energy efficiency with the help of
monetary and physical indicators. According to Galvin [3], the ratio between energy
input and energy output as monetary value is considered as monetary indicators.
Energy input per gross domestic product is an example of this. The ratio between
energy input and physical output states physical indicators. Amount of aluminium that
is produced or how many kilometres you drive your car in the highway is an example
of physical indicators.

Ganda and Ngwakwe [4] states that energy efficiency means the policies, tech-
nologies and strategies to solve the problems of residential, commercial and national
energy use reducing the financial cost and minimizing greenhouse gas emission which
causes global warming.

During the oil shock of 1973, measuring the energy efficiency has been an
important part of the energy strategy, especially for those lacking energy. With sharp
increase in the world oil prices, many countries have been aware of the need for the
understanding of the methods for efficient energy consumption and increasing the
energy efficiency. As from late 1980s, because of the increasing worries about the fact
that fossil fuels cause global warming, improving the energy efficiency in order to
reduce greenhouse gas emission has been an important issue for the countries [1].

Countries need to follow various policies on the basis of sector in order to improve
their energy efficiencies. Policies of some sector are as follow [12]:

• New buildings can be 70% more efficient using insulated windows, modern gas
furnaces and more efficient air conditioners. It is possible to save energy with the
help of localized heating, heat pumps and solar energy. With advanced lighting
system, it is possible to save cost at a rate between 30 and 60%.

• When it comes to residences, there have been improvements in fridges, water
heaters and dish washers. It is possible to make energy savings with the techno-
logical improvements in this field.
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• Energy demand in the industry and CO2 emission can be halted improving the
efficiencies of engines, pumps and boilers and heating systems, energy recovery in
the process of production, recycling the material that is used and using the materials
more efficiently.

• In the transportation sector, efficiency of the gasoline-powered and diesel-powered
vehicles can be improved with turbine turbocharger, fuel injection, improved
electronic methods, more compact engines, hybrid cars and advanced diesel
engines.

3 Ensuring Sustainable Development for the Countries
via Using Energy Efficiently

Sustainable development, according to the definition of United Nations World Com-
mission on Environment and Development in 1987, has been stated as meeting the
needs of today’s society not jeopardizing the needs of the future generations [17].
Sustainable development is a general term which identifies the development of coun-
tries considering economic, social and environmental factors. Efficient energy use has
some economic, social and environmental aspects. Therefore, energy efficiency has an
important role for ensuring sustainable development.

It is a need for the sustainable developments of the countries to obtain the energy
resources easily and at a reasonable cost in the long term. To ensure sustainable
development, countries need to use energy with maximum benefit and minimum
environmental damage [16].

Energy need has been increased worldwide with high population growth rate,
technological developments and increasing living standards. Limited reserves and
increasing prices of the fossil resources have leaded the countries to take measures in
order to protect themselves from a possible energy crisis. Energy sector provides input
for the other sectors of the economy. For this reason, stable and consistent energy
policy is a must for sustainable development [9].

Because of the worries about high energy prices, global warming and sustainable
development, energy efficiency has been an important of the energy strategy in many
countries. Increasing the energy efficiency is the cheapest, fastest and the most
environmental-friendly way of meeting an important part of energy need. Improved
energy efficiency reduces the need for investment in the energy demand [12].

Increasing the energy sufficiency is important from various policy perspectives.
Saving from the energy obtained from the fossil fuels is an important target for the
countries to prevent the running out of fossil fuels in the near future. Improvement of the
energy efficiency is also going to increase energy security of the countries. Especially,
reduction of the energy use is a must to prevent the worsening of the environmental
quality. Minimizing the costs is another aim to ensure energy efficiency. In terms of cost
efficiency, it is important to reduce energy use in the period of high energy prices and
use other inputs instead of energy at the same time [10].

Energy is crucial for the countries to ensure their sustainable development. Some of
the policy measures to support sustainable development are as follows [6, 8, 11]:
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• Increasing the energy efficiency in the industry, construction and transportation
sectors,

• Reducing the use less efficient coal-fired power plants and forbidding their
constructions,

• Increasing the investment to the renewable energy,
• Phasing out the subventions in the consumption of the fossil fuels,
• Reducing the methane emission in the production of oil and gas,
• Distributing sufficient and reasonable priced energy resources to the regions where

there is no energy service,
• Encouraging energy efficiency,
• Providing widely use of advance energy technologies,
• Placing importance on activities of research and development on improving new

and advanced energy technologies,
• Encouraging the use environment friendly energy resources such as renewable

energy resources,
• Empowering the regulations on energy,
• Reflecting the environmental cost of energy use and consumption to the energy,

prices as much as it is possible and necessary,
• Contribution of the free and open trade to the energy market and security,
• Ability of the energy systems to response to the urgent situations in quick and

flexible way,
• Improving international cooperation and connections.

If today’s demographic, economic, social and technological trends aren’t strong and
balanced by new government policies, there are significant difficulties in the long-term
sustainability of the global energy system. Developments in energy saving in OECD
countries accelerated with increases in energy prices in the 1970s [11]. OECD countries
have taken an important step in energy conservation and environmental issues with the
policies they apply in the energy field. Energy policies for OECD countries may differ
[13].

Energy efficiency policies in Turkey increase energy security to benefit from
growing economy and reduce greenhouse gas emissions. Turkey has established a
comprehensive, strategic and legal framework to promote energy efficiency. The
energy efficiency law in Turkey has a wide coverage area, including related regulations.
These areas include: increasing and supporting energy efficiency, setting up energy
efficiency consulting companies, establishing energy management systems, promoting
energy efficiency investments, increasing energy efficiency in transport and buildings,
preventing the sale of inefficient devices and raising awareness.

Luxembourg implemented energy performance regulations in 2008 for residential
buildings and in 2011 for non-residential buildings. These regulations establish a
methodology to calculate energy performance of buildings, to determine minimum
energy requirements for new buildings, extensions and renewed elements of existing
buildings. Luxembourg is promoting the energy efficiency of buildings with the
introduction of energy performance certificates.

New Zealand’s “Smart Warming Program” aims to increase the number of hot, dry
and energy-efficient homes to protect patient health and prevent loss of productivity.
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The first “New Zealand Energy Strategy” and the second 5-year “New Zealand Energy
Efficiency and Conservation Strategy” were published in October 2007. However, after
the National Party government was elected in 2008, both of these documents were
audited. The purpose of doing this is to present a clearer link between energy policies
and economic growth.

The program of energy saving targets for energy suppliers is a central component of
Ireland’s energy efficiency policy. The first “National Energy Efficiency Action Plan”
identified potential energy saving programs targeting energy suppliers in 2009.

The “Green Deal” initiated in the United Kingdom in January 2013 is the program
of the British government to help increase energy efficiency in homes and businesses.
This program saves on energy bills and makes improvements on the cost side possible.
“Electricity Market Reform” is the most important and radical change for the UK
electricity market. This reform includes regulations that make low carbon production
investments attractive and provide safe, affordable electricity supply for the UK.

Norway supports the increase of oil production in order to achieve long-term goals
in energy field. It also uses oil and gas in a profitable way, the management of energy
resources is based on comprehensive knowledge and facts, and the energy management
framework is designed to be sensitive to health, safety and environmental issues.

USA is consistently publishing the “Climate Action Plan” to reduce national and
international greenhouse gas emissions. There are threemain pillars of this plan: to reduce
carbon pollution in USA, to prepare USA for the effects of climate change, and to pioneer
the international struggle to combat global climate change and prepare for the effects of
climate change. The plan is designed to reduce emissions by 17% below the 2005 level by
2020. In addition, USA regularly updates national and international reports.

Sweden is working to build a vehicle fleet that does not use fossil fuels until 2030,
and the energy is taxed at a high rate. The Swedish tax system supports the purchase of
environmentally friendly vehicles through tax exemption during the first 5 years. This
incentive is reinforced by an extra subsidy for “super environmentally friendly” cars
that emit less than 50 g of CO2 per kilometer of hybrid and electric vehicles. To
promote alternative fuels in Sweden, high-mix renewable fuel mixture into gasoline
and motor is subject to full tax exemption.

Canada is defeating procedures to regulate projects for the development of natural
resources. In 1997, Canada created a building law that sets new buildings and sets a
minimum level for energy performance in their design. “The Canadian National Energy
Law for Buildings”, which assessed the minimum energy performance level of
buildings over three floors in 2011, entered into force. This law covers heating,
ventilation, air conditioning, water heating, lighting, electric power motor systems and
equipments for buildings.

Japan is working to improve energy efficiency through its energy efficient econ-
omy. The Japanese government has laid down the law on the rational use of energy in
May 2013. The first step in this regulation is to improve the thermal insulation per-
formance of homes and buildings. In this context, the use of energy-saving isolators
and windows is helping to reduce the energy consumption associated with air condi-
tioning and water heating. In the second step of the scheme, the introduction of
technologies such as smart meters, energy management systems and accumulators are
encouraged to reduce energy demand.
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Italy is eyeing the natural gas market mechanisms and infrastructure to keep rising
gas prices under control. In Italy, research projects based on the system approach of
interest to the national electricity system and applied research are being developed.
These activities aim to improve the performance of the system in terms of economy,
security and environment and to renew.

In South Korea, in 2008, the government enacted the “Basic Energy Law” in the
formulation and implementation of a national energy plan for every 5 years for a period
of 20 years. The goals of each plan are to: to promote the direction of future energy
policies, to identify medium and long-term strategies for safe energy sources, to expand
infrastructure to provide domestic energy, and to rationalize the use of energy for the
development of the national economy.

France intends to bring innovative energy projects to the market with its research
programs. Since 2010, the French Agency for Environment and Energy Management
has been responsible for investment programs for low carbon vehicles, intelligent
network projects, supporting the testing of renewable energies and green chemistry in
real conditions and demonstration premises. These programs are new tools designed to
support innovative green projects.

In agreement with the government in line with a framework established by Den-
mark, energy organizations are helping to provide cost-effective energy savings
throughout the economy. In 2020, 50% of electricity consumption from wind power is
one of Denmark’s energy policy objectives. Renewable energy conversion by 2050 is
the long-term goal of Denmark’s full conversion.

The use of hydropower as a renewable energy source is crucial for Austria’s
electricity generation. The use of hydroelectric power in Austria contributes to the
provision of energy security and to the independence of electricity supply. With about
70% of the electricity generated from renewable energy sources, Austria is the country
with the highest share in the European Union.

Approximately 80% of Australia’s total energy consumption is generated by the
industry. The Government’s “Energy Efficiency Opportunities Program” aims to make
the industry more energy efficient. The participating enterprises in this program receive
financial assistance of approximately 800 million Australian dollars per year.

The Czech Republic is updating its energy strategy, especially considering the
declining production of lignite. The Czech Republic’s energy policy aims to facilitate
the transformation of the Czech energy sector in order to produce sufficient electricity
and cost effectively meet the high supply standards.

In 2008, the government approved an “Energy Efficiency Action Plan” aimed at
reducing the use of fossil fuels by 20% by 2020 and growing electricity demand by 5%
between 2010 and 2020 in Switzerland. In addition, the Swiss government finances
R&D at energy efficiency and promotes professional energy efficiency training as well
as consultancy.

In Portugal, the “Energy Efficiency Program in Public Administration” is intended
to encourage efficiency in the public sector’s energy use, which is mandatory for the
central government and is optional for municipalities. Portugal improves the security of
natural gas supply with major investments (including the construction of a new
interconnection pipeline with Spain, increased underground storage capacity at Carriço,
and expansion of capacity at the Sines LNG Terminal).
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Energy security is one of the main features of the Polish energy policy. An
important aspect of Poland’s energy security policy is the diversification of fuel and
technology. The government supports the development of clean technologies and the
production of coal-based liquid and gaseous fuels. Poland is striving to reduce its
energy dependence on Russia and diversify its energy sources. Poland is focused on
maximizing the use of existing domestic energy resources.

Spain supplies a large amount of electricity from renewable sources. Until 2020,
about 40% of the electricity consumed in Spain will be from renewable sources. In the
first half of 2013, about 48% of the electricity demand was supplied from renewable
sources.

Germany is increasing its knowledge and awareness in this area by issuing annual
reports on energy politics. Germany’s energy targets include reducing greenhouse gas
emissions by 40% by 2020, at least 80% by 2050, and reducing primary energy con-
sumption by 20% by 2020 and 50% by 2050. In Germany, the share of renewable energy
sources in energy consumption will increase by 30% by 2030 and by 60% by 2050.

According to the OECD [12], if governments fail to implement their policy in the
framework between the present and 2030, the following situations will be the case:

• Energy consumption will increase by 53%,
• CO2 emissions related to energy will increase by 55%,
• The poor peoples of the world will continue to lack access to electricity, modern

cooking and heating services.

4 Conclusions

Considering that energy is a limited resource, it is important for countries to use the
minimum level and to obtain maximum economic output from the energy used. When
this process takes place, minimizing the harm to the people and the environment is also
considered as a matter to be paid attention to. Increasing energy efficiency for countries
leads to reduced environmental pollution and increased competition.

Today, the local, regional and global negative effects of the traditional energy
production and consumption technologies on the people, environment and natural
resources have come to a serious state. In order to ensure the sustainable development
and protect natural balance, it is vital to provide energy from consistent, safe, cheap,
clean, good quality and domestic energy resources and use it efficiently [14].

It is important to monitor eco-friendly energy efficiency policies for the economic
development and progress of countries. Sustainable economic development based on
energy efficiency should form the basis of energy policies of countries. If countries
increase their economic activities by improving their environmental performance, they
can reach a good level of energy efficiency. As long as the balance between economic
growth and energy consumption is balanced, the energy efficiency of countries will
increase.

Energy efficiency has become important for the countries to provide sustainable
development. Especially for reducing CO2 emission and effects of the climate change,
energy efficiency has a key role for the energy efficiency.
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Countries should know that they will not be able to succeed in rivalry and sus-
tainable development without being aware of the comprehending the efficient use of
energy. This study casts light upon the future studies in the field of energy efficiency for
the countries to ensure sustainable development explaining the role of energy
efficiency.
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Abstract. Energy, which is needed for every aspect of life, plays a key role for
the development of the countries. Countries need to use energy efficiently to be
advantageous in the global competition and ensure the sustainable development.
Countries using the energy efficiently succeed economically and have leading
the field in the competition. The purpose of this study is to put forward to the
role and importance of energy efficiency for the sustainable development of the
countries. In this study, energy efficiency has been examined conceptually
considering the studies in the literature and the role and importance of energy
efficiency has been emphasized for the sustainable development of the countries.

Keywords: Energy � Efficiency � Sustainable development

1 Introduction

There are many thermal insulation materials used in thermal insulation technology.
Especially in the construction industry, traditional heat insulation applications usually
include expanded polystyrene foam (EPS), extruded polystyrene foam (XPS), poly-
isocyanurate (PIR), rigid polyurethane (PUR), and PUR/PIR. However, recent litera-
ture studies have shown that expanded perlite material can be used as the main material
in thermal insulation materials [1].
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Perlite is one of the natural insulation materials. Perlite is obtained from pumice,
which is a glassy form of rhyolitic or dacitic magma. It contains 2–5% water [2]. When
perlite is suddenly heated (at temperatures of 649–816 °C), the created steam forms
bubbles within the softened rock to produce a frothy-like structure. The formation of
these bubbles allows perlite to expand up to 15–20 times of its original volume [3].
Expanded perlite (EP) has superior properties such a light apparent density, low
thermal conductivity, good chemical stability, wide use temperature scope, non-toxic,
tasteless, fireproofing, sound absorption [4]. EP thermal properties make it possible to
use it as thermal insulation materials [5]. In addition EP can be used as an additive in
various mixtures or as a main component for composite e.g. portland cement/perlite
composites for blocks, perlite/sodium silicate boards, roof insulation panels made of
perlite/fibres/bituminous material, fiber reinforced perlite/cement composites,
gypsum/perlite composites and light weight concrete etc. [6]. However, their appli-
cations as the main constituent of composites have been limited due to relatively poor
mechanical properties low strength [7].

The expanded perlite is used as main material in thermal insulation materials and as
aggregate in the production of Portland cement/perlite composites. There are some
important considerations related using expanded perlite based thermal insulation
materials. These considerations are the type of binder used to bond the expanded perlite
particles, additive materials (fibers, waterproofing agents, fire retardant, etc.) to
improve thermal, mechanical and physical properties of the thermal insulation panel,
pressing pressure and curing conditions. Curing conditions are one of the important
parameters to achieve the desired properties. Conventional and microwave techniques
are available for curing such a thermal insulation panels [8–11].

Researchers focused on different curing methods for EPHIB. Taherishargh et al.
studied mechanical properties of heat-treated expanded perlite–aluminum syntactic
foam. Based on the conditions under which the optimum mechanical properties were
achieved, the specimens were solution treated at 540 °C for 16 h. Then, the specimens
were treated at 160 °C for 10 h to cool down. As a result, when the heat treated
sample’s density increase, the strength of the heat treated sample has significantly
increased [12].

Arifuzzaman and Kim studied expanded perlite/sodium silicate composites.
Sodium silicate was used as a binder. The diluted samples were cured in an electric fan
forced air oven (Lebec Oven BTC-9090) at 65 °C for 10 h [7]. Demirboğa and Gül,
investigated that the thermal conductivity and compressive strength of EP aggregate
concrete with mineral admixtures. They prepared a concrete mixture using laboratory
counter-current mixer for 5 min. For each mixture, all specimens were cured in lime
saturated water at 20 ± 3 °C until 6th, 14th and 27th day. According to their results,
the lowest value of thermal conductivity of sample was 155.3 mW/m K [13].

Shastri and Kim studied that a new consolidation process for expanded perlite
particles. They cured samples after molding for characterization of formability in an
oven at 80 °C for 6 h. It has been found that the compressive strength at a density of
0.3 g/cm3 of perlite foam is similar to that of gypsum foam having densities between of
0.7–0.9 g/cm3 [14]. Tian et al. studied the effect of pressing pressure and curing
temperature on mechanical properties of EPHIB. They indicate that 0.38 MPa of
compression pressure and 105 °C temperature are suitable for EPHIB [4].
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Skubic et al. investigated the effect of microwave method expanded perlite based
heat insulation boards. They indicated that quick drying can be achieved by microwave
method. But, an appropriate temperature control should be applied to avoid hot spot
inside the panel [8]. In another study by Skubic et al. sintering behavior of EPHIB
theoretically and experimentally. They used microwave method to sinter the panels.
Then the panels treated at high temperature. As a result, the high-temperature treatment
caused shrinkage in some parts of the insulation plates. Also, the thermal conductivity
of panel was obtained as 0.045 W/m K [10].

Erdoğan, studied the usage of perlite to produce geopolymers. He produced
geopolymers mixing alkaline activator and expanded perlite material. He stated that the
most suitable condition is dry curing for mechanical properties of geopolymers. When
the curing temperature was around 1000 °C, the highest pressure, and bending strength
was achieved. According to the results, perlite was found to be an effective natural
pozzolan and at the same time, it could be used to produce geopolymeric binders [15].

Milano et al. studied the low-pressure thermophysical properties of expanded perlite
board at the temperature under atmospheric conditions. Samples were filled with dry air
until atmospheric pressure reached to 5 µbar. Temperatures ranged from 17 to 117 °C
for samples. The results showed that expanded perlite based board’s thermal conduc-
tivity was measured between the 0.01 and the 0.02 W/m K for vacuum condition. Also,
thermal conductivity of insulation board was measured 0.04–0.05 W/m K for atmo-
spheric pressure condition. The obtained results showed that thermal conductivity under
the atmospheric conditions is approximately four times higher than thermal conductivity
under vacuum conditions [16].

There are different curing methods in literature studies about expanded perlite
material. When the literature studies were reviewed, it was seen that expanded perlite
was used as the main material or additive material in heat insulation materials. It is
clear that different curing conditions are applied preparing EPHIB. There are some
different researchers about curing condition using CO2 gas in the literature. Shi and Wu
studied on some factors affecting CO2 curing of lightweight concrete products. Samples
were put into a curing chamber for CO2 curing. There was vacuumed to a pressure of
around 600 mmHg and maintained for 2 min before CO2 was injected. The obtained
results showed that the accelerated reactions between CO2 and cement minerals happen
mainly during the first 15 min. CO2 curing degree and strength also increased as the
CO2 pressure and curing time increased [17]. In another study, Baojian et al. investi-
gated CO2 curing to improve the properties of concrete blocks containing recycled
aggregates. Blocks were prepared according to the procedure. Then, blocks were
placed in a pressurized 100% CO2 curing chamber for 6, 12 and 24 h. According to
strength, shrinkage of the CO2 and moist results, The CO2 cured blocks achieved
higher compressive strength and lower drying shrinkage than the corresponding moist
cured blocks [18].

He and Liu researched weathering properties of CO2-cured concrete blocks. They
compared steam curing and the CO2 curing according to energy extensive process and
production cost and they defined that CO2 curing of concrete blocks consumes CO2 and
reduces energy consumption. This situation is so important to prevent of greenhouse
gas. Some freshly molded lightweight concrete blocks were taken from a block
manufacture plant. Then samples were cured in a CO2 curing and steam-curing. For
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CO2 curing, samples were left on a rack between 3 and 6 h. Then they were precon-
ditioned in a relative dry windy environment for about 4 h. After that, they were placed
into a tank for CO2 curing. It was observed that compressive strength of blocks cured
with CO2 was similar to steam-cured blocks. However, the dimensional stability of the
CO2-cured concrete blocks was better than steam-cured blocks [19]. When literature
studies were reviewed, it is clear that curing expanded perlite material with CO2 gas is a
new technology for construction sector. In literature, various methods used to cure
expanded perlite-based heat insulation panels. But, no studies have been found in the
literature on this curing method of expanded perlite with carbon dioxide gas (CO2).
However, there are some different researches about curing condition using CO2 gas in
the literature but these researches are not related to curing of expanded perlite.

In this study, an alternative to the traditional curing methods expanded perlite-based
heat insulation panels cured with carbon dioxide (CO2) gas. Quick curing is the main
aim of this method. Also, the thermal conductivity of manufactured panels measured
for 30 days.

2 Materials

2.1 Expanded Perlite

The expanded perlite was provided in Çankırı, Turkey (Fig. 1). Also, the chemical
and physical properties of expanded perlite, which was in this study, were given in
Tables 1 and 2.

2.2 Sodium Silicate

Sodium silicate is one of several compounds containing sodium oxide (Na2O) and
silica (SiO2). The pure compounds are colorless or white. In generally, sodium silicates
are referred to as orthosilicate, metasilicate, disilicate and tetrasilicate, depending on the
acid from which they are produced. Sodium silicates are used as a raw material to
produce silica gels. Sodium silicate is mainly used in paper, soap, detergent,

(b)(a) 

Fig. 1. a Perlite mine location. b The view of the perlite mine
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construction materials, precision casting, anti-corrosive materials, textiles and minerals
industries. Sodium silicate (Na2O3Si) was used as a binder.

2.3 Mold

The mold made of aluminum. As it can be seen in Fig. 2 the dimensions of mold are
500 � 300 � 100 mm3. Teflon cover was used to prevent sticking the material to the
mold.

Table 1. Chemical properties of expanded perlite

Content wt%

SiO2 74
Al2O3 14.33
K2O 4.95
MgO 0.28
CaO 0.50
Fe2O3 0.97

Table 2. Physical properties of expanded perlite

Properties Values

Density, kg/m3 45–50
Grain size, mm 0–0.5
Thermal conductivity (−40 °C), W/m K 0.035–0.039
Thermal conductivity (−125 °C), W/m K 0.025–0.029
pH 4–9

Fig. 2. Aluminum mold
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3 Methods

3.1 Compression of Expanded Perlite

First of all, expanded perlite and binder were mixed together by the aid of mechanical
mixer throughout 10 min and the mortar was obtained. Then the mortar had been
poured into the mold. The mold size was 500 � 300 � 100 mm. The prepared mortar
were compressed in thickness direction by 50% and were obtained in dimensions of
500 � 300 � 50 mm. it was compressed by hydraulic press (Fig. 3). The sample was
held for 3 min under constant press force (16.67 kPa). Then test sample was obtained
in 300 � 300 � 50 mm3 dimensions by cutting the panel with a cutting machine and
this size is used to measure thermal conductivity coefficient (Fig. 4).

3.2 Curing with CO2 Gas

The molded sample was placed in a vacuum bag. Two nozzles are placed on the bag
used for vacuuming. One of the nozzles was vacuumed (5 mbar) and the other was
given CO2 gas after vacuuming. The gas was injected into the vacuum bag (Fig. 5)
with 10 l/min for 30 s. The CO2 gas has a moisture content of less than 10 ppm in
99.9% purity. The samples were kept for 15 min in a closed vacuum bag. Then the
curing procedure was completed.

There is an important issue related to CO2 curing of thermal insulation panel. This
issue can be explained as follows. When the CO2 gas reacts sodium silicate, sodium

Fig. 3. Press and molding unit a before press. b After press
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silicate (Na2O3Si) hardened by separating sodium carbonate (Na2CO3) and silicon
dioxide (SiO2). This equation is formed as;

Na2O3Si + CO2 ! Na2CO3 + SiO2

Fig. 4. Expanded perlite-based heat insulation panel

Fig. 5. Carbon dioxide curing
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3.3 Measurement of Thermal Conductivity

The thermal conductivity of sample was measured by HFM 300 device. The properties
of the thermal conductivity testing device were given in Table 3.

4 Results

Thermal conductivity of cured panel measured periodically for 30 days. The obtained
results can be seen in Fig. 6. As it can be seen, the thermal conductivity of cured panels
decreased as function of time. In first 15 days, the thermal conductivity of panel has
been decreased. Finally, at the end of 30 days the thermal conductivity coefficient of
the panel was measured as 77.83 W/m K. At the same time, mechanical strength was
also measured according to 40 � 40 � 160 mm size. Thermal insulation panel has
1.27 MPa compressive strength. Quick curing is an important advantage of carbon
dioxide curing method. The expanded perlite-based heat insulation panels can be cured
just in 15 min. Also, the manufactured panels have better mechanical properties. Thus,
a panel has been developed which can be used more practically in heat insulation
applications.

Table 3. The properties of thermal conductivity testing device

Specification Values

Temperature range (Plates), °C 0–40
Temperature control (Plate) Peltier
Thermal resistance measuring range, m2K/W 0.1–8.0
Thermal conductivity measuring range, W/m K 0.001–2.5
Accuracy, % ±1– 3
Variable contact pressure, kPa 0.25

Fig. 6. Thermal conductivity variations of heat insulation panel
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5 Conclusion

Expanded perlite-containing composites have been limited due to relatively poor
mechanical properties low strength. This curing method, a more practical panel was
produced in terms of mechanical properties. Compressive strength of manufactured
expanded perlite-based heat insulation board was measured as 1.27 MPa. Also, the
energy spent in curing and the curing time were decreased. These are important in
terms of energy efficiency and production technique of heat insulation panel. The
developed method is also important in terms of environmental factors for the pro-
duction process. With the work to be done, the properties of the panel can be improved.
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Abstract. One of most crucial problems the world is facing today is the decrease
in available fossil fuels. This decrease is, however, also increasing the value of
renewable energy resources. According to International Renewable Energy
Agency (IRENA) data, power generation from renewable energy sources increased
100% between the years spanning 2000–2013 and 14% between 2013 and 2015. In
the years ahead, this rise is expected to increase exponentially. In light of these
changes Turkey has set a target to increase its renewable energy ratio in the energy
sources to 81% during the years 2015–2019. In this study, Turkey’s renewable
energy sources—wind, solar, hydraulic, biomass, and geothermal—along with its
potentials for wave energy and this potential’s effect on Turkey’s installed power
will be examined in detail. Governmental incentives that are provided for renew-
able energy sources and the results these EPDK study will also present suggestions
related to power generation from renewable energy sources and incentive process.

Keywords: Turkey renewable energy sources � Incentives
Power generation

1 Introduction

Modern renewable energy can put the world back on track to limiting global warming
to 2 °C by the end of this century, the target agreed by all countries at the COP21.
Finally, the RE map analysis shows how we can operationalise the United Nations’
Sustainable Development Goal call on Energy of “ensuring access to affordable, reli-
able, sustainable and modern energy for all” [1].

1.1 Renewable Energy Resources

Renewable energy is energy that is derived from natural processes (e.g. sunlight and
wind) that are replenished at a higher rate than they are consumed. Solar, wind,
geothermal, hydropower, bioenergy and ocean power are sources of renewable energy.
The role of renewables continues to increase in the electricity, heating and cooling and
transport sectors [2].
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This work uses 5-year segments to investigate the share of renewable energy
resources among total resources. It is noted that there has been a world-wide increase in
the use of renewable energy sources [3] (Table 1).

2 Renewable Energy Sources in Turkey

2.1 Renewable Energy Sources

On 31 November 2016, renewable energy sources claimed a 43.2% share in Turkey’s
total installed power capacity of 78,591.8 MW. The utilizations of the sub-categories of
renewable energy sources include: wind (5387 with 6 MW at 6.86%); geothermal (775
with 1 MW at 0.99%); biomass (464, with 8 MW at 0.59%); hydroelectricity (26,515
at 9 MW with 33.74%); and solar (792 at 8 MW with 1.01%) [4] (Table 2).

Table 1. Share of renewable energy in electricity production

Region Share of renewable
energy in electricity
production (%) in 2005

Share of renewable
energy in electricity
production (%) in 2010

Share of renewable
energy in electricity
production (%) in 2015

Africa 16.9 17.4 18.9
Asia 13.9 16.1 20.3
CIS 18 16.7 16.1
Europe 20.1 25.7 34.2
Latin
America

59.3 57.7 52.4

Middle
East

4.3 2.0 2.2

North
America

24 25.8 27.7

Pacific 17.9 18.6 25.0

Source World energy resources (2016, p. 9)

Table 2. Annual changes to renewable energy sources in installed power capacities of
renewable energy resources

Source 2013 2014 2015 2016

Wind 2759.6 3629.7 4503.2 5387.6
Geo 310.8 404.9 623.9 775.1
Biomass 236.9 288.1 344.7 464.8
Hydro 22289.1 23643.2 25867.8 26515.9
Solar 0 40.2 248.8 792.8
Other 38447.6 41513.6 41558.3 44655.6
Summary 64044.0 69519.7 73146.7 78591.8

Sources TEİAŞ installed power capacity
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An investigation of Turkey’s potentials for renewable energy sources demonstrates
that Turkey has a wind energy potential of 48,000 MW. This potential equals 1.30% of
Turkey’s total surface land mass [5].

Turkey ranks fifth in the world and first in Europe with its approximate 31,500 MTt
of geothermal energy potential. A 6 TWh portion of this energy can be used for the
generation of electricity, while a 19 TWh portion can be used as a direct energy
resource [6].

It is predicted that Turkey’s animal waste potential is equivalent to a volume of
biogas that is roughly equal to 1.5–2 million tons of petroleum (MTEP) [7]. This in turn
is equivalent to an energy potential of approximately 17–23 TWh.

Turkey has an annual hydroelectric energy potential of 433 TWh, which that will
provide technological utilization of 216 Twh per year, and an annual economic based
hydroelectric energy potential of 144 TWh [8].

It has been demonstrated that Turkey’s solar energy potential is based on an
average annual total sunlight period of 2640 h (or 7.2 h per day) and an average solar
radiation intensity value of 1311 kWh/m2-per year (daily total of 3.6 kWh/m2) [9].

3 Laws Governing Renewable Energy Sources Renewable
Energy Resources

The legal structure that began in 2001 with the establishment of the Energy Marketing
Regulatory Authority has resulted in a number of modifications to current laws and the
passing and publication of new legislation, guidelines, and by-laws aimed at regulating
Turkey’s electricity markets. This Authority has been significantly instrumental in
meeting the needs of the energy market and in the provision of legislation that has
especially streamlined and updated the electricity markets. These legislative efforts
have also played an important role in increasing the share of renewable energy
resources in Turkey’s overall energy consumption markets.

Listed below are the names and descriptions of these legislations and a brief
summary of the innovations they have brought to the sector.

3.1 2001—Law no. 4628: Law Governing the Electricity Market

Law 4628 Governing the Electricity Market, which was passed in 2001 and aimed at
encouraging the use of renewable energy and domestic energy resources includes the
provision of oversight to the Energy Marketing Regulatory Authority (EPDK). This
law, which references renewable energy resources in Turkey, is comprised of two legal
texts. The law also limits the non-licensed generation of electricity to 500 kW
Renewable Energy Resources [10].

3.2 2002—Guidelines Governing the Licensed Electricity Market

Law Number 4628 Governing the Electricity Market lays out the legal procedures and
principles of licensing those legal entities that are determined to have the qualifications
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of competing in a financially sound, stable, and transparent electricity market. As a
means of predicting or eliminating problems that could arise in the post-licensing
period, amendments made to the law in 2013 established a pre-licensing, probational
period in which those license applicant companies can be monitored prior to approval
or denial of license [11].

3.3 2003—Guidelines Governing the Legal Procedures and Principles
of Water Utilization Agreements for Operations on the Electricity
Market

These guidelines have been prepared exclusively for private sector entities investing in
energy producing facilities using state-owned hydraulic resources [12].

3.4 2005—Law Number 5346 Governing the Utilizations of Renewable
Energy Resources in the Generation of Electric Power Renewable
Energy Resources Renewable Energy Resources

Proposals call for the establishment of a fixed price for purchasing of electricity gen-
erated at YEK facilities. This Turkish Lira price should not be less than the equivalent
of 5 Euro cents/kWh and should not be more than the Turkish Lira equivalence of
5.5 Euro cents/kWh. There is no distinction in prices for parts and equipment that are
either domestically manufactured or imported [13].

An amendment made in 2010 determines a different unit price for each kind of
renewable energy resource utilized and also authorizes additional incentives for the use
of domestic parts and equipment. The amendment also specifies that these incentives
will be valid for a period of 10 years and will include all energy generating facilities,
including the YEKDEM plants, [14].

3.5 2013—Law Number 6446 Governing the Electricity Market

This law modifies the exemption on obtaining a license for the generation of electricity
from renewable energy resources by raising the generated energy derived from
renewable energy resources to 1 MW. The law also proposes the organization of a
competition for the licensing of wind and solar generating stations [15].

3.6 2013—Guidelines for the Certification and Support Regarding
Renewable Energy Resources

These guidelines comprise the principles and methods and monitoring to be utilized in
the determination of source of renewable energy resources in the purchasing of the
electricity generated by the license holder of the YEK Certificate (Renewable Energy
Resource Certificate) issued by the EPDK [16].
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3.7 Guidelines Legislating the Competition Organized for Pre-licensing
Applications for the Establishing of a Wind and/or Solar Energy
Generating Plant

These guidelines establish the competitive method to be employed by Turkish Elec-
tricity Transmission Council (TEIAS) if there are more than one applications from any
one region. The guidelines have also been designed to determine the details of the
Wind and Solar Energy Based Electricity Generation Station Contribution Margins
[17].

3.8 2013—Guidelines Relative to the Non-licensed Electricity Market

These guidelines refer to the principles and methods to be employed in the generation
of electricity by those legal individuals and entities that are exempted from the
requirement to obtain a license [18].

The following guidelines are to be used for the transmission of extra electricity to
the system by those legal individuals and entities that are generating less than <1 MW
of electricity.

An amendment made to the law in October of 2016 eliminates Article 21 of the law
relative to the support of domestically manufactured parts and equipment [19].

3.9 Bulletin Related to the Implementation of the Guidelines Legislating
the Non-licensed Generation of Electricity in the Electricity Market

This bulletin has been prepared for the purpose of explaining and implementing the
regulations outlined in the Guidelines Relative to the Non-Licensed Generation of
Electricity [20].

3.10 2014—Guidelines to the Electricity Marketing Grid

These guidelines delineate the standards to be utilized in ensuring the kind of effective
planning, operating, decision making implementations that will lead to a safe and
low-cost electricity transmission system. The guidelines also outline the conditions to
be established so as to provide consumers with high quality and adequate supplies of
electricity [21].

3.11 2015—Guidelines to the Monitoring of Wind Power Capacities
of Wind Energy Generating Stations and the Connecting of These
Stations to the Forecasting Center

These guidelines explain the legalities involved in attaching wind power generating
stations to the Wind Power Monitoring and Forecasting Center (RITM). By law, all
stations licensed to generate 10 MW or more of wind energy must be connected to this
center [22].
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3.12 2016—Guidelines Relative to Renewable Energy Resources
Fields/Farms

These guidelines have been published to establish extensive renewable energy gener-
ation areas (YEKA). A tender system is used to provide investors with advanced
technology areas to be used in the domestic generation of electricity or for the pro-
curement or transfer of know-how within the country [23].

The guidelines call for the generation of 1.7 billion kWh of energy at the station to
be established following the tender.

4 Incentive Mechanisms

4.1 State Sponsored Investment Support

Turkey’s policies relative to energy investments include the provisions of incentives as
per Law Number 3305 published in 2012: Decision Relative to Governmental
Investment İncentives. This law delineates the implementation of investment provi-
sions by dividing the country into six regions based on the socio-economic develop-
ment levels of the provinces included in these regions.

The incentive system includes the provision of various support mechanisms based
on the categories of: general, regional, large scale, and strategic investments. Those
generating stations benefiting from these support systems are exempted from various
customs taxations, the paying of VAT, other taxation deductions, and the employer’s
share of social security benefit payments. The investor also receives interest payment
supports, VAT redemptions, and support for social security [26].

A later Bulletin has removed the purchasing of imported solar panels from the list
of incentive supports [27]. This amendment serves to benefit the transfer of currency
out of the country and to support domestic manufacture of such panels. The purpose of
the latter is to modify Turkey’s position from technology consumption to technology
production.

From January through August of 2016 a total of 23 foreign investment entities and
1270 domestic capital companies were granted incentive certification for energy sector
investments [28].

For the first time in the history of the Turkish Republic, the Mid-Term Plan for the
years 2017–2019 prepared through the coordination of the Ministry of Development
has included the terms “wind”, “solar”, and “hydroelectric”.

Predictions call for energy imports to total 32 billion dollars in 2017. By the end of
2017 it is expected that energy importation will maintain its nominal increase and will
reach a total of 41.3 billion dollars. In order to achieve security in the field of energy,
efforts will be expended towards domestic and renewable energy resources, while
investments in nuclear technologies will also continue. Efforts directed towards the
acquisition of machinery and equipment used in the establishment and operations of
such alternative energy resources as wind, solar, and hydroelectric power will also
continue [29].
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4.2 Renewable Energy Resources Support Mechanism

An amendment to Law 5346 published in 2010 has determined the provision of 7.3
(US dollar) cents/kWh for the generation of electricity through solar and wind power.
Other incentives are directed towards the use of domestically manufactured parts and
equipment in the establishment of such generating plants. A purchasing price of 11
(USD) cents/kWh has been determined for wind generated energy.

The kWh incentive figures are given in Table 3 [14].

Table 4 (which shows both the Yekdem Feed-in Tariff Price per MWh and the
Market Clearing Price used as a reference), demonstrates that those years with high
Market Clearing Price have low Yekdem tariff prices, while, correspondingly, when the
Market Clearing Price is high, the Yekdem tariffs drop [30].

Table 3. Incentives for support mechanism

Production type based on
renewable energy source

Prices to be applied
(U.S.D. cent/kWh)

Maximum prices can be applied
with the addition of local content
(U.S.D. cent/kWh)

Hydroelectric energy based production
power plant

7.3 7.3 + 2.3 = 9.6

Wind energy based production power
plant

7.3 7.3 + 3.7 = 11.0

Geothermal energy based production
power plant

10.5 10.5 = 2.7 = 13.2

Biomass energy based production
power plant

13.3 13.3 + 5.6 = 18.9

Solar energy based production power
plant (PV)

13.3 13.3 + 6.7 = 20.0

Solar energy based production power
plant (concentrator)

13.3 13.3 + 9.2 = 22.5

Sources Law Number 5346, p. 9, 10

Table 4. YEKDEM feed-in tariff price—Market Clearing Price
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The influence of the Renewable Energy Resources Council has strengthened with
the provision of incentives, resulting in a relative rise in the retail prices of electricity
on the Electricity Market. Commercial electricity is being calculated according to the
unit sales price Market Clearing Price (MCP) + Yekdem Feed-In Tariff Price.

The Guidelines to the Certification and Support of Renewable Energy Resources
was amended on 29 April 2016 [31] so as to assume the responsibility for the state of
unbalance in costs between renewable energy resources and generating plants.

These new guidelines, which provide YEKDEM generating plants with a 2%
disparity right, have catalyzed major debate due to the fact that this rate varies
according to the kind of resource being utilized, especially so the disparity related wind
turbine fields, which is higher than that of other energy resources.

Turkey’s Union of Wind Energy Generators have reported that this new tolerance
rate has resulted in a 15% decrease in income [32].

During the period spanning January to October 2016 total incentives totaling
381.982.841,17 TL have been paid as LÜYTOB (YEKDEM Non-Licensed Production
Feed-In Cost) and 9019, 617,679. 94 of YEKBED (YEKDEM Licensed Production
Feed-In Cost) as compensation for the generation of 39,132,779.35 MWh of energy,
for a total of 9,401,600,521.11 TL YEKTOB (YEKDEM Total Incentives) [33].

In 2017 there are also other renewable energy resource-based electricity generation
plants that are not being supported by incentives and that are producing an annual
17,399.94 MW of electricity. Forecasts call for these plants to generate a total of
47,448.19 GWh of energy [34].

Table 5 shows the installed power of YEKDEM plants by years and by resources
utilized.

5 Conclusions and Proposals

Table 6 provides Turkey’s installed power during the years spanning 2013–2016.
While it shows that the potentials of wind power have not transformed into investments
up to 2016, it also shows that there has been a 95% increase in Licensed Wind
Established Power.

Table 5. Changes by years to the established power of YEKDEM participating energy
generating plants by resources utilized

Sources 2014 2015 2016 2017

Wind 826.4 2732.1 4319.8 5238.7
Solar 0 0 0 12.9
Geo 227.8 389.9 599.2 752.1
Biomass 136.3 185.2 203.7 300.0
Hydro 608.4 2116.3 9960.0 11096.3
Sum 1798.9 5423.5 15082.7 17399.9

Sources EPDK YEKDEM reports
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Turkey’s solar energy installed power has increased by 519%, leading it from an
earlier position of 13th in Europe to current 7th place [35].

As of 31 November 2016, Turkey’s total installed power of 78.591.8 MW has been
made up of: Solar (12.9 MW licensed at 0.02%, and 779.9 MW non-licensed at
0.99%); hydroelectric (19,408.5 MW from dams at 24.7% and 7107.4 MW from
running water at 904%); biomass (464.8 MW with 0.59%); wind (5376.1 MW licensed
6.84%, and 11.5 MW non-licensed at 0.01%); geothermal (775.1 MW with a contri-
bution of 0.99%) [4].

Table 6 shows that in 2016 solar energy had a break-through year with licensed
solar energy generating plants taking the lead. Energy generated from geothermal and
biomass resources also increased during this same time period. Most likely the reason
for the increase in biomass generated energy was due to the addition of this energy
source to the national development plan, which transferred the management of waste to
the municipalities, which in turn have developed their own ways to benefit from this
resource. Thus we can see that Turkey’s utilization of renewable energy resources has
been making positive strides.

However, in November of 2016 the rapid rise in foreign exchange rates opened a
debate on the payment of incentives. Three separate arguments have been placed on the
table: (1) these incentives need to be lowered if the US dollar continues to be used as a
basis; (2) if the dollar continues to be used as the basis for tariffs, its exchange rate should
be stabilized and not allowed to flux; or (3) the incentives should be paid on a Turkish Lira
basis. The competition scheduled to be held as per the Guidelines Governing Renewable
Energy Resources Fields was postponed until 14 February, 2017, thus allowing a period
of time for the continuation of discussions relative to the YEKDEM tariffs.

Table 6. Turkey’s installed power capacity (MW)

Sources 2013 2014 2015 2016

Fuel-oil + naphta + diesel 708.3 659.8 851.0 368.7
Local coal (hard coal + lignite + asphalt) 8515.2 8573.4 9013.4 9842.4
Imported coal 3912.6 6062.6 6064.2 7473.9
Natural gas + LNG 20269.9 21476.1 21222.1 22502.4
Biomass 236.9 288.1 344.7 464.8
Multi fueled solid + liquid 675.8 667.8 667.1 667.1
Multi fueled liquid + natural gas 4365.8 4074.0 3684.0 3719.0
Geothermal 310.8 404.9 623.9 775.1
Hydro (dammed) 16142.5 16606.9 19077.2 19408.5
Hydro (run of the river) 6146.6 7036.3 6790.6 7107.4
Wind 2759.6 3629.7 4498.4 5376.1
Solar 0 0 0 12.9
Thermic (non-licensed) 0 0 56.5 82.1
Wind (non-licensed) 0 0 4.8 11.5
Solar (non-licensed) 0 40.2 248.8 779.9
Summary 64,044 69,519 73,146 78,591

Sources TEİAŞ installed power capacity
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The Guidelines Governing the Certification and Support of Renewable Energy
Resources includes the provision of 10-year guarantees. This implementation poses a
risk for current investments after the expiration of the 10-year period and a risk for
future investments as well. This cloud of uncertainty needs to be cleared so that
long-term plans can be made.

In 2016 Turkey should modify its energy policy paradigms to direct the policy
towards investments in electricity transmission infrastructures. Rather than focusing on
non-licensed generation of less than 1 MW, attention should be turned towards
renewable energy resource-based generation plants with high installed power rates. The
Guidelines Governing Fields of Renewable Energy Resources should be modified to
include those licensed solar energy and other resources generating plants with high
installed power generating operations into competitions that should be held in 2017.

New alternativemodels should be established for YEKDEM and thesemodels should
use investment financing funds to assist investors in turning profits on their efforts.

To this end, those funds that are currently not being used and whose rates of profit
are low, especially the unemployment insurance fund, which in 2015 reached a total of
94,117,471.1 TL [36] and the individual retirement insurance fund with its total of
51,996,814,532 TL [37] should be used to finance those plants that are generating
electricity from renewable energy resources.

Internet-based public funding tools could also be utilized to support such plants.
This is one of the new model proposals raised by this work.

All legal obstacles to the development and installation of rooftop electricity gen-
erating systems should be eliminated and the roofs of public buildings should be used
as models in the advancement of such systems.

The Law on the Regeneration of Areas under Disaster Risk, which is popularly
referred to as the Law on Urban Renewal, should be amended with articles [38] that
provide incentives or other encouragements to the establishment of roof top energy
systems.

The atlases on solar energy and wind energy potentials both need to be updated.
A solar energy forecasting and monitoring center needs to be established.

Turkey’s energy policy paradigms should be modified to encourage both the estab-
lishment of high installed energy capacity generating plants and the transfer of tech-
nologies and know-how. Adding requirements that companies entering licensing
competitions must establish Turkish factories to manufacture the parts and equipment to
be used in the energy generating plants to be set up will bring the future into clearer focus.

Separate incentive mechanisms and relative policies must be devised for systems
based on non-licensed plants and solar rooftop generators that are directed to the use of
immediate consumers.
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Abstract. Sustainability today is creating an important and interesting
approach combining the architecture and the environment. Such an approach is
taking place in different forms and with different degrees of intensity. Within the
challenges of energy crisis and climatic changes, architects started to develop
new approaches to address the energy demands of buildings. One of these
approaches involves green walls. Green walls are self-sufficient walls that are
attached to a structure along a building’s exterior making room for vegetation
growth. During the last decades, several researches were conducted proving that
green walls can contribute to enhance and restore the urban environment and
improve performance of buildings. The aim of this paper is to review all types of
green wall systems in order to identify and systematize their main characteristics
and technologies involved, and the main differences between systems in terms of
their composition and construction methods used. In this context, this paper
focuses on the analysis of the green wall systems, and underlines a number of
criteria that should be considered for successful applications in Turkey.

Keywords: Green wall � Green wall system � Green facade
Vertical garden energy

1 Introduction

One of the biggest problems of the twenty-first century is the rapid increase of concrete
structures in parallel with urbanization. Urbanization, which has gained momentum in
Turkey in recent years, causes environmental problems including even deforestation.
With the increase of the amount of concrete structures, the open and green spaces
decrease and the nature is pushed out of the city. It is almost impossible to see green
lands in settlement areas. Urban life loses its quality day by day, adversely affecting the
inhabitants of the city. We need more greenery in the working and living spaces where
we spent the most of our daily lives. Spaces available outside of the building are mostly
used for roads and parking lots. Landscape design around the buildings is not sufficient
to improve the adverse effects and to provide for the needs of the people. Green walls
both contribute to natural life and turn the facade of concrete structures green.
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Green walls are the applications based on the principle of horticulture on the
exterior of structures. It is a practice aimed at increasing the effect of green spaces in
cities. There are positive environmental impacts of green walls for big cities where
there is not enough space to have large gardens. Therefore, green wall applications are
increasing rapidly all over the world, especially in European countries.

2 Green Walls

Green walls provide biological value as they create a healthful and qualified urban
environment [1]. The green wall applications bring a new understanding into modern
urban culture applying “horticulture” principles to wall surfaces as a concept [2].

2.1 History of Green Walls

Green wall applications, which are fairly common nowadays, were built in Babylon
about 2500 years ago as the first example. Hanging Gardens of Babylon are called as
the father of modern green walls and were built by King Nebuchadnezzar (Fig. 1) [3].

In 1920, climbing plants and fences on houses-model of vertical gardens—were
encouraged in Britain and North America. In the late twentieth century, stainless steel
cable systems were trained on green facades, and modular trellis panel and cable net
systems governed the market in North America. In 1993 and 1994, universal city walk
on California was the primary example of the trellis panel system [3].

In ancient Rome, people living in Pompeii grew grapes on their balconies, and
Romans planted trees around the monuments of emperors. Vikings sodded roofs and
the walls of houses to seek shelter from the rain and wind. During the Renaissance
period, roof gardens and green walls became popular in Genova. In the sixteenth and
seventeenth centuries, vertical gardens consisting of clinging-climbing plants were
trained in Mexico, India and partially in Spain. Grape gardens came into prominence in
Kremlin, Russia, in the early twentieth century; plant components were used on

Fig. 1. Hanging Gardens of Babylon [3]
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building walls and even in St. Petersburg Airport which was aspiring for adornment. In
eighteenth century, snipped green walls were designed for decoration on open spaces.
In 1930s, Le Corbusier developed the idea of attaching green and road roofs to urban
areas, and also Frank Lloyd Wright used green roofs and vertical gardens in Midway
gardens, Hollyhock House, Cheney House and Falling water house; two prominent
names of the modern architecture [4].

Until the mid-twentieth century, green walls were used on traditional construction.
However, green walls became popular as concept designs especially in northern Europe
[5]. Green walls are visually enriched elements reviving the environment, besides they
regulate the air indoors and outdoors. Green walls are decoratively easy on the eye at
the same time improving the variety of diurnal species [3, 6].

2.2 Green Wall Applications

As a type of a green wall system, green facades can be illustrated as creeping plants and
cascading vegetation. Green facades can be reconstructed on fences or columns,
embedded in existing walls. Modular trellis panel, grid system, and a wire-rope net
system are most commonly used as green facade systems [6, 7].

The rigid, light weight, three dimensional panel which is made from a powder
coated galvanized and welded steel wire supporting plants with both a face grid and a
panel depth, is the building block of this modular system. The reason behind not
directly attaching the plantation components on structure is to the design a system to
hold a green facade off the wall surface, thus helping the maintenance and integrity of
the building membrane and ensuring a “captive” growing environment for the plant
with supporting structures for tendrils. The characteristic of this panel is that it is
recyclable and is made of recycled steel. Panels can be used to form shapes and curves,
or can be piled up to create more green spaces. Panels can extend between structures
and may be used for freestanding walls too, thanks to their rigidness [3].

Grids, which are used on green facades, assist climbing plants to grow faster
allowing dense foliage. Meanwhile, plants which grow slower will need wire-net
systems installed with smaller intervals. Anchors, high tensile steel and additional
materials are used on both systems. Cable nets are often used to support slow-growing
plants, which require additional support from a closer proximity. Both systems use
high-tension steel cables, anchors and ancillary equipment. Flexible vertical and hor-
izontal wire ropes can accommodate various sizes and patterns as they are attached
with cross clamps [3, 6].

Green walls are also known as bio-walls or vertical gardens. These systems consist
of pre-vegetated panels, vertical modules and erosion control blankets. These panels
can be made of plastic, expanded polystyrene, synthetic fabric, clay, metal or concrete,
and support a great variety and density of species. Green walls can be made of several
materials and have a higher density, therefore, they need more protection than facades.
Green walls consist of three components: metal frame, a PVC layer and air layer (soil is
not necessary). Mixed vegetation, perennial flowers, low shrubs and ferns etc. are
supported by this system. In order for easy maintenance of green walls and their
adaptation to the prevailing climatic condition, suitable species should be selected.
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Generally self-automated watering and nutrition systems are used to perform at various
climatic conditions [3, 6].

Thanks to a series of technological advances, modules for green roof applications
are designed and their usage is increased on modular green wall systems. Modular
systems consist of square or rectangular panels which contain growing materials to
assist plant growth [3].

Types of Green Walls. Green walls raise a new understanding of modern architecture.
By means of green walls used for outdoors or indoors applications, the quality of green
effect enhances and air pollution decreases. Besides being a decorative material, green
walls actually have a refreshing effect on the buildings and save the structures from
gloomy atmosphere with its green colour. Green facade systems are used in metal fence
system, modular system and panel system.

Panel System Vegetation. This system can be implemented directly on facade or on
lower construction. Green walls in which panel system is implemented on facade has
the positive effect on decreasing the high temperature absorbing the heat [8]. A panel
system which is flexible, modular and durable to heavy rain, earthquake and wind, can
be used for all kinds of climate conditions.

Metal Fence System Vegetation. Using a metal fence system is the best way to constitute
semi permeable green texture of which direction and dimension is previously defined. It is
possible to design several kinds of green texture using various metal fences. In practice,
the height of themetal fences changes depending on its shape; 450 cm in height and 2Dor
3D fence applications are most common. The type of the plant used is also important [8].
The species of plant used should be a climber (creeper) species in this application. The
plant can be placed in a pot, also it can be planted directly on the ground.Water need of the
plants is supplied by drip irrigation system [9, 10].

Modular System Vegetation. Modular system is designed using pots of various shape
and scale on facades or on the lower construction [8]. If the system is arranged
modularly, fertilization and pruning processes can be easily performed on each potted
plant. Liquid flow should be vertical using drained flowerpots which are situated by
modular system in order to provide efficient us of the sprinkler system. Thus, liquid
manure and nutrients can easily be applied to plants by the sprinkler system [11].

Plant modules are fixed by fastening link rods on the bearing profile. System
equipment are located away from mechanic room which is connected to the units.
Electric board, manure tank, water tank, water pumps and lime crusher are located in
mechanic room [2].

Types of Plant Species for Green Walls. The choice of plant to be used on green
walls should be suitable to the purpose and aim of the design. Plant species may have
various effects on facades depending on the season or light need. It is crucial to use
plant species which can grow under specific ecologic conditions when cultivating the
wall surfaces. Plants used on Northward surfaces must be durable to cold and must be
shade-tolerant, plants used on Southward surfaces must be selected according to their
heat-resistance. As an example, on Southward facade wisteria florubinda, Jasminum
nudiflorum and rosa sp. are suitable while hedera helix, hydreangea etc. are suitable for
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Northward facades. Humulus lupulus, Lonicera caprifolium etc. should be preferred on
eastward or westward wall facades [12]. There are three types of plants commonly used
on green walls; self-clinging climbers, twining climbers and rambling shrubs.

Self-Clinging Climbers. Self-clinging Climbers generally do not need support but on
plain walls support can be necessary; main species are Hedera helix, Parthenocissus
quinquefolia, Parthenocissus tricuspidata, Hydrangea petiolaris, and Euonymus for-
tunei [13].

Twining Climbers/Creepers. Creepers need support; thin iron wire, rough plastic
surfaces and lumber lath are generally used. Wire or wooden lattices are needed for
some species. Capsis radicans, Passiflora caerulea, Lathyrus odoratus, Polygonum
baldschuanicum, Lonicera periclymenum, Lonicera spp., Clematis vitalba, Clematis
spp., Humulus lupulus, Aristolochia spp., Jasminum officinale, Vitis spp., Wisteria
spp. are some examples of creepers [13].

Rambling Shrubs. Rambling shrubs are not climbers but they can prove creeper
characteristics by holding on to latticed grids of the wall. Rubus fruiticous, Jasminum
nodiflorum, Rosa canina, Rosa spp., Forsythia suspensa, Cotoneaster spp. and Pyra-
cantha atalantioides are rambling shrubs commonly used for walls [13].

2.3 Advantages and Disadvantages of Green Wall Applications

Vertical vegetation systems offer a great variety of individual and social benefits.
Individual benefits of green façades and living wall systems on a single outer shell
scale are primarily related to energy savings from heating and cooling, increase of real
estate value (or rent), and durability of facades. It is proved that vertical green layer
create a more static air layer and contributes to the performance of building, reducing
the energy demand by 40–60% in Mediterranean climate [14–16].

The benefits of green walls are variable depending on different building types,
green wall technologies used, plant choices and plant coverage. Green walls provide
economic, ecologic and aesthetic value. Depending on the density of the plants on the
green wall, they provide shade for the building. Shade ensures the ambience and
building are cooled relatively, so temperature reduction affects the building not to
mention the urban environment. Plants can do it in two ways: direct shading and
evapotranspiration. Trees are effective on absorbing gaseous and particulate pollutants
from the atmosphere, improve the air quality by filtering out airborne particles in their
leaves and branches [17, 18].

Nowadays, green wall applications are also seen on the urban areas with high-rise
buildings and skyscrapers covering the building facades so neither limited space nor
lack of land stands a problem nor the increase in air quality is inevitable [19]. Plants
located around the building can improve construction stability reducing the effects of
weather. Reduction of the climatic stress on building facades, prolonging the lifetime of
the building, reduced costs, however insignificant, are the outcome of green wall
applications [13].
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The adverse effects of climate change and environmental pollution on urban life
increase day by day. Spending most of our time between walls can cause psychological
problems. But green zones are the places that provide the people the room to breathe. In
daily life, people need green zones to freshen up. Green walls are one of the recom-
mended options for developing environmentally sensitive and energy efficient designs.
Green walls change the appearance of the cities. Since they have a positive effect on
micro-climate, green walls have an important role in sustainability and green cities.
Vegetation cover helps to stabilize temperature fluctuations, thus, provides protection
against sunlight and wind while absorbing the noise [20].

Green walls have ecological, aesthetic, and economic impacts on residential areas,
and these are as follows:

• They contribute to the conservation of habitat and biodiversity,
• They reduce the negative effects of urban heat islands,
• They absorb noise,
• They reduce the effects of the cooling winds by decreasing the heat losses due to

wind,
• They ensure filtration of airborne particles,
• They contribute to the formation of a healthier environment absorbing pollutants

and harmful substances such as dust available in the air,
• They are effective in decreasing air pollution and increasing the amount of oxygen,
• They substantially reduce the electromagnetic radiation buildings are exposed to,
• They provide significant aesthetic contributions to urban areas with numerous

alternative design possibilities,
• They save energy by reducing the amount of heat lost through convection [20].

When it comes to sound level, a green wall ensures acoustic benefits. The
improvement of the environmental conditions dense urban areas, reduced greenhouse
gas emissions, adaptation to climate change, improved air quality, enriched urban
wildlife, etc. are counted in the social benefits related to green surfaces [21]. Finally
another benefit is that plants available on the green walls can absorb the sound acting
like a sound barrier. Green walls which are one of the most eye-catching solutions
designed against concrete urban invasion reduce the noise pollution in urban areas [19].

There are many positive aspects of the green walls as well as a few negative ones.
When designing the building, it is necessary to consider the weight of the plant growth
on the wall with respect to the effects of wind, snow, etc. loads. Green wall application
costs more than the construction of a normal wall. Incorrect irrigation methods can also
damage building walls. Damage occurs on the surface and also on vegetation on the
walls. Additional maintenance costs are created due to green walls [22].

3 Green Wall Applications in Turkey

Population increase in the cities leads to construction of high-rise and densely located
structures. With the change in the cities and therefore, in the park areas, green spaces
are gradually diminishing and the citizens are spending most of their time between
streets and the pavements moving further away from the nature day by day. In cities,
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the need to have more green spaces, the need to commune with nature in every
opportunity and protection of natural resources have become even more important.

In recent years, awareness has been created emphasizing the importance of green
living in every platform. Environmentalists and designers work together to create
solutions for urban problems working on sustainable architecture and green buildings.
Green wall applications are commonly implemented in the world. In Turkey, especially
in the last years, there are many examples on both interior and exterior walls. Some of
these examples from interior spaces are given in Table 1, and from exterior spaces in
Table 2.

Green wall applications, which gain momentum in many Turkish cities in the recent
years, are mostly found in Istanbul. The green wall applications in Turkey are mostly
found on the external walls. As for the type of plant species, it is observed that all kinds
of climbers, twining climbers and rambling shrub plant species are used, whereas the
panel system is most commonly preferred. The types of green walls and plant species
available in the examples given in Tables 1 and 2 are shown in Tables 3 and 4.

Table 1. Green wall applications in interior spaces in Turkey [23, 24]

Examples of green wall applications in interior spaces

Atatürk Airport Skyteam 
Lounge, İstanbul

Kagider Association, İstanbul
The House Cafe Ortaköy, 

İstanbul

Seluz Fragrance Company, 
İstanbul

Point Mall, İzmir Tavacı Recep Restaurant, 
Gaziantep 
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Table 2. Green wall applications in exterior spaces in Turkey [23, 24]

Examples Of Green Wall Applications In Exterior Spaces
Siemens Shop, İstanbul Sabiha Gökçen Airport, İstanbul Atatürk Airport, İstanbul

Atatürk Airport Crossway, 
İstanbul Antalya Airport, Antalya İstanbul Metropolitan 

Municipality, Başakşehir

İstanbul Metropolitan 
Municipality, Edirnekapı

İstanbul Metropolitan 
Municipality, Merter

İstanbul Metropolitan 
Municipality, Altunizade

İstanbul Metropolitan 
Municipality, Topkapı

İstanbul Metropolitan 
Municipality, Güneşli

Esenler Municipality, İstanbul

Gaziosmanpaşa Municipality, 
İstanbul

İzmir Metropolitan 
Municipality, Narlıdere 

Crossroad, İzmir
Adana Metropolitan 
Municipality, Adana

Diyarbakır Metropolitan 
Municipality, Diyarbakır Gebze Municipality, Kocaeli

Yeşilyurt Municipality, Malatya
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Examples Of Green Wall Applications In Exterior Spaces

Körfez Municipality, Kocaeli
Beyşehir County Municipality, 

Konya Sultangazi Municipality City 
Square, İstanbul

Üsküdar Municipality Jewelry 
Bazaar, İstanbul Üsküdar Municipality 

Fishermen Bazaar, İstanbul
Swissotel Resort Bodrum Beach, 

Bodrum

Bodrum Mandarin Oriantel 
Hotel, Bodrum

Hanna Boutique Otel, İstanbul

Sinpaş GYO Ege Houses, 
Ankara 

Aras Houses, İstanbul Trio Houses, İstanbul
Erasta Mall, Antalya

Çağdaş Holding Duravit Shop, 
Bodrum Point Mall, İzmir Bağcılar Wedding Hall, İstanbul
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Examples Of Green Wall Applications In Exterior Spaces

Çırağan Palace, İstanbul Maltepe Yalçın Kızılay
Gateway, İstanbul

Göztepe 60. Year Theme Park, 
İstanbul

Halkbank Head Office, İstanbul
İTÜ Technocity Arı 6 Building, 

İstanbul Galatasaray Island Suada, 
İstanbul

Table 3. Green wall applications in interior spaces according to different types of green walls
and plant species

Examples of
interior spaces

Types of green walls Plant species used
Panel
system
vegetation

Metal fence
system
vegetation

Modular
system
vegetation

Self-clinging
climbers

Twining
climbers
creepers

Rambling
shrubs

Atatürk Airport
Skyteam
Lounge, İstanbul

√ √ √ √

The House Cafe
Ortaköy,
İstanbul

√ √ √

Seluz Fragrance
Company,
İstanbul

√ √ √

Point Mall,
İzmir

√ √ √

Kagider
Association,
İstanbul

√ √ √

TavacıRecep
Restaurant,
Gaziantep

√ √ √ √

Siemens Shop,
İstanbul

√ √ √ √

SabihaGökçen
Airport, İstanbul

√ √
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4 Conclusions and Recommendations

Increasing population of the cities leads to construction of high-rise and densely located
structures. With this change in the cities, green areas like parks, gardens, etc. are
gradually diminishing and citizens who are forced to spend most of their lives between
streets and blocks of buildings are being pushed further away from nature every other
day. The need to find room for green spaces in cities and protection of natural resources
has become more and more important in every opportunity of reuniting with nature.
Green areas can be emphasized in the roofs of buildings, in courtyards, inside and
outside the walls, in short, horticulture applications on all building facades can be
conducted without hindering the land use and development. Planted facade applica-
tions, which are becoming increasingly widespread in the world, have become an
important industry in Europe, especially in terms of the infrastructure requirements of
the system and their provision. However, such applications are generally not preferred
for high-rise structures as they considerably increase both construction costs and
expenditure.
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Abstract. Recent studies show that demand for green buildings with minimal
environmental impact is increasing. Among the buildings in anywhere, existing
buildings consume more energy than new ones. Because of that, building energy
efficiency retrofit plays a very important role for achieving sustainable building
targets. In addition to creating possibilities to reduce energy consumption, retro-
fitting also improves occupants’ health and comfort. Tourism sector is one of the
largest energy consuming sectors in the world. However conducted energy retrofit
studies mainly focused on domestic buildings so far. The focus of this paper is to
make a literature review of energy efficiency retrofits and present an approach to
find the most appropriate, energy efficient and cost effective way renovate a hotel
building. In this paper, a hotel building is energy efficiently retrofitted according to
the TSE Green Building Certificate standards. Results from the analysis ensure
that energy efficiency retrofit, helped to reduce energy consumption of the
building and decreased in operational costs and CO2 emissions.

Keywords: Green buildings � Sustainable design � Energy efficiency retrofit

Nomenclature

BREEAM Building Research Establishment Environmental Assessment Method
CASBEE Comprehensive Assessment System for Built Environment Efficiency
DGNB German Suitable Building Council
HVAC Heating, Ventilating, and Air Conditioning
LEED Leadership in Energy and Environmental Design
TOE Tonne of Oil Equivalent
TSE Turkish Standards Institution
PW Net Present Worth
n Service life (years)
i Interest rate
A Annual expenditure
Co Initial investment
RP Repayment period
R1, R2, Rn Cash flow (annual cost savings)
R Annual energy cost savings
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1 Introduction

Global warming, environmental pollution, extinction of fossil fuels and the price of
energy rises are the biggest problems of the humanity. Construction industry consumes
of the 40% of global resources, 12% of potable water reserves, 55% of wood products,
45–65% produced waste, 40% raw materials, and the emission of 48% of hazardous
greenhouse emissions, which results to environmental pollution and global warming
[1].

As a result, many countries have introduced green building rating systems for
sustainable construction. These include but not limited to United States’ Leadership in
Energy and Environmental Design (LEED), United Kingdom’s BREEAM and Tur-
key’s TSE Green and Secure Building.

Over the past years, as being the 17th largest economy in the world, Turkey has
experienced considerable growth and energy use has grown at an annual rate of about
4.5% from 2013 to 2015 [2]. According to the Turkish Statistical Institute’s “2014
Energy Consumption Statistics of Turkey”, service sectors consumed 14 million 597
thousand TOE energy in 2014 [3]. For this reason, energy efficiency is a critical issue
for Turkey.

Among the buildings in anywhere, existing buildings consume more energy than
the new ones. As a result, building energy efficiency refurbishment plays a mandatory
role in order to achieve green building goals. The term “retrofit” has been used to
describe a variety of improvements to an existing building or group of buildings [4].
According to Ibn-Mohammad et al., retrofitting existing building stock can decrease
CO2 emissions 15 times more by 2050 than their demolition and today’s technological
improvements offer promising refurbishment solutions [5]. The outcome of this paper
is energy efficiency retrofit of an existing hotel building facility with optimal heating,
ventilation and air conditioning (HVAC) system solutions which can meet the demands
of the users. And eventually, prove that sustainably renovated buildings can generate
numerous benefits in terms of energy and CO2 reduction, cost savings and healthier
environments.

Results from the assessment ensure that energy efficiency refurbishment, helped to
decrease in energy consumption of the building and consequently reduced operational
costs and CO2 emissions in a very short payback period. Obtained results might be
generalized to other similar realities and encourage investors and building owners to
renovate.

1.1 Green Buildings

Over the past years, Turkey’s economy has expanded and it became the 17th largest
economy in the world. As a result, energy consumption increased considerably. Since,
Turkey imports nearly all of its energy resources, it has to minimize its energy con-
sumption. About 40% of whole energy consumption in Turkey belongs to building
sector while it has a large saving potential, as a result, improvement of building energy
performance seems inevitable [2]. Green building is a method which is environmentally
responsible, supports resource efficiency throughout the buildings life cycle: during
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design, construction, maintenance, renovation and demolition [6]. In other words, a
green building is one, whose construction and lifetime of operation assure the healthiest
environment while minimizing resource utilization and greenhouse gas emissions [7].
There are numerous sustainable assessment schemes all around the world which aim to
rate a building’s environmental performance. Some of the widely used green building
assessment schemes are GBTool (Canada), CASBEE (Japan), BREEAM (Britain),
BEAM (Hong Kong), Green Star (Australia), LEED (USA), DNGB (Germany), and
TSE Green and Secure Buildings (Turkey). Generally, they aim to assess the impact of
the building on its environment. During the assessment, local conditions and regional
priorities should take into consideration. For instance, as stated in a study of Suzer [8],
the environmental concern priorities for buildings located in Middle East and Northern
America may differ since both regions have different climatic conditions and natural
resources. In order to assess a building’s energy performance accurately, it is better to
use the country’s own assessment scheme. As a result of that, Turkish Standards
Institution (TSE) prepared a national green building certification (TSE Green and Safe
Building Certificate) according to Turkey’s priorities and requirements. This certificate
aims to measure sustainability, fire, earthquake and domestic safety of the buildings.
However, other international certifications mostly do not take into account earthquake
safety since it is not a threat for them. It is better to evaluate buildings with the
certifications which prepared according to national conditions. Below, LEED and TSE
Green Building Certificate categories and their weights are shown in Tables 1 and 2.
Improving energy efficiency of existing buildings plays a vital role in order to achieve
the goals of sustainable buildings. Energy retrofitting reduces CO2 emissions, utility
bills and maintenance costs and create jobs and career opportunities [9]. There are a
number of approaches of building retrofitting such as installation of renewable energy
systems, enhancing building envelope and upgrading HVAC systems [10]. HVAC
system is the highest energy consuming component in a building, therefore improving
HVAC system contributes in greater energy savings within the building [11]. In this
study, significant attention has been paid to improve the energy efficiency of building’s
HVAC system.

Table 1. LEED NC, v.3 categories and their weights

LEED NC, v.3 categories Category weights (points) Percentage

Sustainable sites 26 23.6
Water efficiency 10 9.1
Energy and atmosphere 35 31.8
Materials and resources 14 12.7
Indoor environmental quality 15 13.6
Innovation 6 5.6
Regional priority 4 3.6
Total 110 100
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2 Methodology

As the 6th most popular tourist destination in the world, Turkey generates almost 30
billion USD from tourism sector, annually. By the end of 2015, there were 13,615
accommodation facilities in Turkey [12]. Since hotels are the most energy intensive of
all building categories, their energy use and environmental impact can be quite large,
especially in popular tourist destinations [13]. As a result, improving energy efficiency
of existing hotel buildings is a necessary action in terms of reducing CO2 reduction and
improving thermal comfort levels for occupants. In order to identify the most suitable
retrofitting actions and assess their effectiveness when implemented in a building, it is
necessary to have available specific information on the energy characteristics, thermal
performance, comfort conditions and existing problems [14]. The methodology of this
paper is described below;

• Selection of the case study building
• Identify climate conditions
• Identify major energy losses (Survey of existing envelope, thermographic inspec-

tion, lighting etc.)
• Create an energy profile of the building by using available data on monthly electric

and fossil fuel use
• List retrofit options according to Green and Secure Building Standards
• Make a cost/benefit analysis.

2.1 Selection of the Case Study Building

Thermal hotel facility which is located in Oylat, Bursa was selected in this study to
serve the research purpose. Famous thermal water springs of Oylat has been using in
the hotel’s spa and baths. Hotel facility has 252 rooms and 5 floors above ground with a
total floor area of 11,808 m2 (Fig. 1). In particular, coal is used for the facility heating
and thermal water is used in baths and spas.

Table 2. TSE Green Certificate categories and weightings

TSE Green Building Certificate categories Category weights (points) Percentage

Sustainable sites 30 9.77
Water efficiency 33 10.74
Energy and atmosphere 120 39.08
Materials and resources 33 10.74
Health, safety and comfort 34 11.07
Innovation 6 1.95
Carbon footprint 5 1.62
Facility management 13 4.23
Premium points 25 8.14
Land choice 8 2.60
Total 307 100
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2.2 Climate Conditions

The Turkish State Meteorological Service and TSE (Turkish Standards Institution)
classified Turkish climate regions as “Thermal Insulation Regions” by using a
degree-day method which was developed by the Turkish State Meteorological Service.
In Turkey, there are four thermal zones and each zone demand different envelope
characteristics. The limited U value of building envelope in different degree-day zones
is shown in Table 3. Based on TS 825-2013, Bursa is the representative city for second
climate zone.

2.3 Thermographic Inspection

As means of uncovering inefficiencies in the HVAC system and building envelope, a
thermographic inspection of the case study building was performed by using an
infrared camera. Infrared images produced during the inspection were analyzed for heat
loss. According to the visual inspection, building envelope appears to be in good
condition and meet the current regulation demands. The inspection also revealed that
mechanical installation is a significant source of heat loss and has a high potential for
energy efficiency improvements. Due to TS-2164 thermal installation regulation,
temperature difference between insulated surface and indoor air supposed to be of a
maximum of 5 °C. However, thermographic inspection revealed that temperature
difference is between 9 and 12 °C (Fig. 2). As a result of that, most of the pipelines
have been replaced with pre-insulated geothermal pipes.

Fig. 1. Hotel building
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2.4 Lighting Audit

Energy conversation from artificial lighting is very important in hotels, since several
areas of the building remain with the lights on throughout the night hours [14]. Almost
21.3% of the electricity that generated in Turkey is consumed for lighting, and if a good
design is made, the total energy consumption for lighting purposes can be reduced by
20%. In order to investigate the efficiency of the lighting system, light measurement is
made by using a lux meter. According to the measurements, lighting levels of the
interior spaces need to be enhanced in terms of safety and comfort (Fig. 3).

Table 3. The limit U values different degree-day zones

U exterior wall
(W/m2 K)

U ceiling
(W/m2 K)

U ground floor
(W/m2 K)

U windows
(W/m2 K)

1. DDZ 0.66 0.43 0.66 1.8
2. DDZ 0.57 0.38 0.57 1.8
3. DDZ 0.48 0.28 0.43 1.8
4. DDZ 0.38 0.23 0.38 1.8
5. DDZ 0.36 0.21 0.36 1.8

Fig. 2. Thermographic inspection of installation systems

Fig. 3. Hotel lobby lighting
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2.5 Energy Audit Results Before the Retrofit

Based on the collected bills of 2015, annual energy consumption of the hotel is shown
in Table 4. According to the investigation, the annual total electricity consumption is
1,140,685 kWh and annual consumption of coal is 669,210 kg. Data refer to the whole
building consumption show a predominant use of coal with respect to electricity.

2.6 Proposed Retrofit Actions

There are a number of approaches of the building retrofitting and previous studies have
predominantly focused on the technological aspects such as the installation of
renewable energy systems, enhancing building envelope etc. [10]. The HVAC systems
are one of the biggest energy consumers in hotel buildings. In this study, significant
attention is paid to HVAC systems in order to transform an existing building to a green
building.

The heat source of the building is coal and central heating system was used for the
building. Annually, 670 t of standard coal is required for heating the building. Water
source heat pumps (WSHP) have gained an increasing level of application in Turkey
due to their higher COP values. Therefore WSHP with 3.8 COP was selected as the
heat source of the retrofit. In addition to WSP, a condensing, fuel fired boiler was
selected.

Since hotel building is located in Oylat, thermal water with a daily capacity of
4300 t can be reused by WSHP. Thermal water flow from the source at approximately
40 °C and it is discharged after using baths and spas of the hotel facility at 30 °C.
Thermal water that discharged at 30 °C after being used in baths and spas, will be
collected and pumped to WSHP in order to use the waste heat. Waste water will enter
WSHP at 30 °C and exit at 70 °C. By this way energy consumption will be reduced
and operational cost will be saved.

2.7 Energy Audit Results After the Retrofit

After retrofit implementations, the annual primary energy use and the cost of saved
energy is presented in Table 5. According to the results, after retrofit, reduction of
annual energy consumption is 528.57 TOE and reduction of annual energy cost is
294,000 TL.

Table 4. Annual energy consumption of the hotel building

Energy Annual consumption Annual cost
TOE TL TL/TOE

Electricity 1,140,685 kWh 98.10 220,427 2247
Coal 669,210 kg 468.45 428,294 914.29
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2.8 Evaluation of the Building According to TSE Green Building
Certificate

In this part of the study, TSE Green Building Certificate energy category evaluation is
applied to the hotel building. According to category requirements, renovated building is
evaluated and scored. Scores after the evaluation is shown in Table 6.

For classification of buildings according to primary energy, CO2 emissions, to set
minimum energy performance requirements for major renovations of existing build-
ings, to evaluate feasibility of renewable energy sources, to provide inspection of
heating and cooling systems, to limit greenhouse gas emissions, to determine building
energy performance measures and to protect environment, Turkish Building Energy
Performance Regulation came into force in December 2008 [2]. Eventually, obtaining
an energy performance certificate for new and existing buildings is mandatory.

In order to be evaluated according to Energy category credits of TSE Green
Building Certificate, Turkish Building Energy Performance Certificate document must
be provided. After applying retrofit actions, hotel building’s annual energy consump-
tion and greenhouse gas emissions shown in Fig. 4. According to this certificate, the
hotel building’s energy performance class is B and CO2 gas emission class is C.

2.9 Economic Analysis of the Retrofit

The economic problem of allocating limited resources to various needs often requires
making cost-benefit analysis where costs and benefits over the lifetime of the project
are evaluated and investments with positive net benefits are considered to be acceptable
[15].

In this section, costs related to the investment is estimated and appropriateness of
the investment is determined.

Before making an investment, present worth analysis (PW) should take into con-
sideration (Eq. 1);

PW ¼ �C0 þ R1

1þ ið Þ1 þ R2

1þ ið Þ2 þ � � � þ Rn
1þ ið Þn ð1Þ

Present worth analysis (PW) is a formula to calculate an estimate of how profitable the
project or investment will be [16]. The −C0 is the initial investment, which is a negative
cash flow showing that money is going out as opposed to coming in [16]. Considering
that the money going out is subtracted from the discounted sum of cash flows coming

Table 5. Energy consumption and energy cost after retrofit

Energy After retrofit

Annual energy consumption Annual energy cost (TL)

Heat pump Electricity 255,194 kWh/year 21.95 TOE 112,285
Boiler Natural gas 19,430 m3/year 16.03 TOE 21,917
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in, the net present value would need to be positive in order to be considered a valuable
investment [16].

In Table 7, Net present worth analysis of the investment is made and since the
present net value is positive, the investment would be considered a valuable one. In
addition to Present Worth Value analysis, calculating repayment period will be also
beneficial in terms of investigating the feasibility of a project. Repayment period of a
project can be calculated as stated below (Eq. 2);

RP ¼ Co=ðR� AÞ ð2Þ

According to Eq. (2), RP value of the case study is 3.4 years.

Fig. 4. Energy performance certificate of the hotel building
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3 Conclusion

This paper provides a literature review about green building assessment schemes in
particular LEED and Turkish Standards Institute, Green Building Certificate. Addi-
tionally building energy efficient retrofitting is examined via a case study of a hotel
building. The experience of the case study of a hotel building has emphasized that how
HVAC retrofitting according to green building standards, can increase energy

Table 6. Evaluation of the building according to TSE certificate

Energy category
criteria

Required documents Category total
score

Hotel building’s
score

Building class –TSE Energy performance
certificate

18 12

Energy efficiency 21 12
Renewable energy
usage

48 33

Energy security and
quality

3 2

Greenhouse gas
emissions

–TSE Energy class
document

5 3

Energy efficient
appliances

4 3

Operating HVAC
system

21 15

Total 120 80

Table 7. Net present worth analysis of the investment

(TL) 0 1 2 3 4 5 6 7

Initial
investment

−1,000,000

Energy cost
savings

+294,000 +294,000 +294,000 +294,000 +294,000 +294,000 +294,000

Additional
costs

−1000 −1000 −1000 −1000 −1000 −1000 −1000

Salvage +1000

Cash flow
(CF)

−1,000,000 +293,000 +293,000 +293,000 +293,000 +293,000 +293,000 +294,000

Present
worth
(PW)

1
1þ 0:07ð Þ0

1
1þ 0:07ð Þ1

1
1þ 0:07ð Þ2

1
1þ 0:07ð Þ3

1
1þ 0:07ð Þ4

1
1þ 0:07ð Þ5

1
1þ 0:07ð Þ6

1
1þ 0:07ð Þ7

CF � PW −1,000,000 273,831 255,997 239,175 223,528 208,904 195,238 183,088

e
(CF � PW)

−1,000,000 −726,179 −470,182 −231,007 −7479 201,425 396,663 579,751

106 M. Kılıç and A.F. Altun



efficiency and decrease operational costs. In this study, as a result of the retrofitting, the
annual energy cost decreased by 50%.

The unpredictable nature of energy prices offers a compelling argument for
improving energy efficiency of Turkey’s building stock. Energy retrofitting according
to green building assessment schemes energy related standards undoubtedly play a vital
role in achieving energy efficiency goals of Turkey. As a result, comprehensive retrofit
programs should be developed to achieve Turkey’s energy targets.
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Abstract. The production of concrete results in emissions of about 0.13 t of
CO2 per ton of concrete, equal to 1/9th the emissions of cement. The tremen-
dous usage of conventional raw material creates a negative impact on the
concrete industry which can be minimized by the application of solid wastes as a
raw material. The present paper reviews various solid wastes in different com-
positions to develop sustainable concrete. In view of the utilization of
agro-industrial wastes as a pozzolanic material, their physical and chemical
characterizations were reviewed. The crushing strength of high strength concrete
incorporated with various agro-industrial wastes as a pozzolanic material was
studied. This paper also proposes a procedure for producing manufactured
coarse aggregates made of solid waste (i.e. sediment dredged from dam reser-
voir). The crushing strength of concrete incorporating the manufactured coarse
aggregates was experimentally measured. Along with it, the physico-mechanical
properties of the artificial sand, produced using the industrial solid wastes (i.e.
fly ash) were analyzed. Reusing of solid waste as a substitute raw material will
not only solve its disposal problems but also serves as an economical option to
develop the sustainable concrete. The present paper is useful for various
researchers involved in using solid wastes to develop the sustainable concrete.

Keywords: Solid waste � Sustainable concrete � Reservoir sediment
Agro-industrial waste

1 Introduction

The continuous increase in demands of residential apartments and infrastructural
facilities is because of the higher rate of increase in population as well as an
improvement in living standards. This needs concrete for their construction. After
water, concrete is the most consumed material in India, which ultimately requires large
quantities of cement, sand, and aggregates for its production. The entire world is
currently facing the most serious environmental issue of rapid depletion of natural
resources due to their enormous increase in consumption rates. Cement production
requires a tremendous amount of energy for its production and can generate nearly one
ton of CO2 for every ton of processed cement. Stringent new laws prohibit blasting of
hills for obtaining aggregates. There is also ban on removal of natural sand from rivers.
These are the crucially important materials for every new construction. These resources
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are exhausting very rapidly because of their tremendous usage. So it is a need of the
time to find some substitute to these natural resources.

Disposal of a considerable quantity of agro-industrial wastes is currently one of the
serious environmental issues. Utilization of such solid waste for the production of
cement, sand, and aggregates will not only answer the disposal problem of solid wastes
but also gives the sustainable solution to the depletion of natural resources. Another
severe problem the world is facing is a water shortage. Dams built all over the world
are filled with a large volume of sediment, which occupies from around 10% to more
than 70% of reservoir volume. The only way out is the removal of this sediment and
use it in the making of artificial aggregates. Finding an alternative raw material is a dire
need of the time before it is too late.

2 Cementitious Materials

Figure 1 indicates the information on the status of waste produced from different agro-
industrial sources in India [1]. A lot of waste produced from agro-industrial sources is
wheat straw husk, sugarcane bagasse, paddy, groundnut shell, cotton stalk, coconut
shell, jute fiber, wooden industry waste etc. [2]. Akram et al. [3] reported that the India
is the second largest country in producing sugarcane i.e. 290 million tons yearly. Prasad
et al. [4] reported that India alone annually generates 30 million tons of rice husk.
Singh et al. [1] reported that the annual production of maize across India is about 18.5
and 5.55 million tons of maize residue i.e. corn cob is generated.

2.1 Physical Properties of Agro-Industrial Waste Ashes

From Table 1, it is seen that the particle size, specific gravity, and the density of all the
agro-industrial waste ashes are lower than that of cement except for corn cob ash. The
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Fig. 1. Status of agro-industrial wastes produced in India (million tonnes/year) [1]
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corn cob ash blended concrete doesn’t show much improvement in the compressive
strength of concrete compared to other agro-industrial waste ashes at early ages. So,
larger particle size may be one of the reasons for not having any significant strength
improvement. As the specific gravity and density of the agro-industrial waste ashes are
lower than the cement, the concrete produced will be lighter in weight compared to the
control concrete produced without agro-industrial waste ashes. It is examined that the
variation in the results of the each property of different agro-industrial waste ashes is
because of the disparity in the selection of suitable of incinerator/furnace, grinding
method, burning time, burning temperature, and cooling time etc. of agro-industrial
wastes.

2.2 Chemical Characterization of Agro-Industrial Waste Ashes

Table 2 shows that the residue after combustion of agro-industrial waste ashes gives
the chemical characterization dominated by SiO2 (silicon dioxide). More the percentage
of amorphous silica in a material better is the pozzolanic activity. The review also
shows that the agro-industrial waste ashes contain all the elemental oxides, which are
present in cement. Nair et al. [11] analyzed that the large quantity of amorphous silica
found in ashes burnt at the temperature of 500–700 °C. Habeeb et al. [12] examined
that the rice husk ash is effective as a supplementary cementitious material i.e. it is
dominated by amorphous silica content (88.32%). Jauberthie et al. [13] identified the
origin of the amorphous silica in rice husk ash. The rice husk ash contains a strong
concentration of silica occurring in an amorphous and crystalline (quartz) forms. The
amorphous silica occurs mainly on the external face of the husk and to a lesser con-
centration on the inner surface. This amorphous silica explains the pozzolanic role.
Adesanya et al. [14] investigated that, as the corncob ash percentage increases, addi-
tional silicate and alumina were available to react with the lime produced during
hydration of cement to produce further cementitious products. The silica and alumina
content are responsible for the development of cementitious compounds. Aprianti et al.
[5] explained that when pozzolanic materials are combined with Portland cement, they
react to form cementing particles whereas, by themselves, these ashes do not possess
any cementitious properties. Thus, a cementitious material can exhibit a

Table 1. Physical properties of agro-industrial waste ashes

Property Particle
size (µm)

Particle
size (%)

Specific
gravity

Specific
gravity (%)

Density
(kg/cum)

Density
(%)

Source

Cement 25 100 3.12 100 3140 100 [5–7]
Bagasse
ash

5.4 21.60 1.85 57.81 90–140 2.87–
4.46

[8, 9]

Rice
husk ash

12.3 49.60 2.16 67.50 150–175 4.78–
5.57

[8, 9]

Corn
cob ash

29–45 116–180 2.5–3.6 78.13–112.50 300–330 9.55–
10.51

[8, 10]

110 V.D. Katare and M.V. Madurwar



self-cementitious i.e. a hydraulic activity and contains quantities of CaO while a
pozzolanic material requires Ca(OH)2 to form strength.

2.3 Compressive Strength of Agro-Industrial Waste Ash Blended
Concrete

Table 3 shows that researchers were utilized various agro-industrial wastes ashes in
varied proportions blended with cement and also adopted various methodologies to
produce ordinary, standard, and high strength concrete (As per IS 456 clause no. 6.1,
9.2.2, 15.1.1, and 36.1) of various grades. From the reviewed results of Table 3, it is
observed that as the cement replacement (%) increases the (28 days) compressive
strength decreases except for the rice husk ash blended high strength concrete. But still,

Table 2. Chemical composition of agro-industrial waste ashes

Component SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 LOI Source

OPC 25.1 5.5 5.9 55 3.4 0.5 2.7 0.9 [7]
Bagasse ash 65 4.8 0.9 3.9 – 2 0.9 10.5 [7]
Rice husk ash 86.81 0.5 0.87 1.04 0.85 3.16 – 4.6 [15]
Corn cob ash 67.33 7.34 3.74 10.29 1.82 4.2 1.11 – [16]

Table 3. Cement replacement and respective compressive strength of agro-industrial waste ash
blended concrete

Agro
waste

Cement
replacement
(%)

Comp
strength
28 days
(Mpa)

Control
concrete
strength
(Mpa)

Source Remarks as per IS 456
(clause 6.1, 9.2.2, 15.1.1 and
36.1) [17]

Bagasse
ash

2 59.75 50.10 [18] Standard/high-strength
concrete6 57.25

10 56.20
Bagasse
ash

10 43 36 [19] Standard concrete
20 40
30 32

Bagasse
ash

5 29.50 13.80 [20] Ordinary concrete
15 19.32
25 17.73

Rice
husk ash

10 40.6 36.8 [21] Standard concrete
15 37.9
20 36.7

Rice
husk ash

10 81 76 [22] High strength concrete
20 86
30 80

Corn
cob ash

10 23 24 [23] Ordinary concrete
20 19
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the compressive strength values are more than the control concrete strength.
Agro-industrial waste ashes when blended with cement, silica of the ashes react with
Ca(OH)2 and produces an additional calcium-silicate-hydrate gel. This gel greatly
contributes towards the compressive strength of concrete. So, blending of cement with
the pozzolana in concrete reduces the quantity of Ca(OH)2 and increases the strength.

The 28 days compressive strength behavior of concrete is shown in Fig. 2. It
explains that compressive strength decreases with the increase in percentage
agro-industrial waste ashes at short term ages (28 days). Insignificant improvement in
compressive strength of blended concrete is observed at lower ages (28 days). This can
be attributed to the fact that the low rate of pozzolanic reaction at early ages. While
Fig. 3 shows the increase in 90 days compressive strength of blended concrete as the
percentage of agro-industrial waste ashes increases up to the certain limit. This is
because the silica from pozzolan reacts with lime produced as the by-product of

hydration of ordinary Portland cement to form additional calcium-silicate-hydrate that
increases the binder efficiency and corresponding strength values at later days of curing
(90 days).
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Fig. 2. Comparison of 28 days compressive strength of standard concrete with 10, 20, and 30%
cement replacement [16, 24, 25]
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Fig. 3. Comparison of 90 days compressive strength of standard and high strength concrete
with 10, 20, and 30% cement replacement [7, 26, 27]
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3 Manufactured Aggregates

The consumption of the concrete has been increasing in recent years in developing
countries like India at a rate far exceeding that suggested by the economy growth rate
of the construction industries. Concrete is an important part of society’s infrastructure.
Everyday life is greatly affected by concrete in numerous ways. The aggregates occupy
70–80% of the volume of concrete; their impact on various characteristics and prop-
erties of concrete is undoubtedly considerable. Blasting of hills and quarry mining for
crushed aggregates will automatically come to a stop by using the manufactured
aggregates instead of natural and crushed aggregates for making concrete, and all the
subsequent adverse impacts on the environment will be avoided. The methodology for
producing the manufactured aggregates out of reservoir sediment is proposed here.

3.1 Methodology Adopted

The fine sediment was collected from the Khadakwasla Dam Reservoir, Pune,
Maharashtra, India. It was manually segregated to remove all unwanted materials such
as shells, organic matter, and plastic bags. The fine sediment was then sun and air dried
in order to reduce the moisture content from sediments. The sundried material was

crushed into sufficiently fine size, nearly to a powder form. After crushing into a fine
powder, the material was sieved manually through a 300µ sieve. The physical char-
acteristic of the sediment is reported in Table 4. More than 50% particles were of
clayey nature. It indicates that it was a highly organic clayey soil. Also, it was of highly
plastic nature according to plasticity index value.

Trial mixes of dredged fine sediment and admixtures (Sodium hydroxide [NaOH],
sodium silicate [Na2SiO3], Bottom ash and Cement) were prepared. Trial mix details
are given in Table 5. Sieved dredged sediments and admixtures thoroughly mixed with
optimum water content. Then the mixture was filled and compacted into the cylindrical
molds. Then the molds were cut into angular shapes and random sizes by using
trimming knife. These raw aggregate samples were sundried for 10 days. The dried
aggregates were baked at the temperature of 1100 °C in a scientific oven by using
Ramp and hold arrangement. All the six types of baked aggregates are as shown in
Table 5. The manufactured aggregates were tested for determining the various engi-
neering properties (crushing value, abrasion value, impact value, soundness, and water
absorption) and to check whether they meet Indian Standards for aggregates to be used
in construction. The results of engineering properties of the manufactured aggregates

Table 4. Physical test results of the fine sediments

Soil
classification

Specific
gravity

Liquid
limit (%)

Plastic
limit (%)

Plasticity
index (%)

Ingredients (%)
Gravel
(%)

Sand
(%)

Silt
(%)

Clay
(%)

Highly
organic

2.65 74.3 47.17 27.13 0 21.6 22.13 56.22
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are shown in Table 6. All the six types of manufactured aggregates were tested for
Crushing value, Impact value (Dry), Impact value (Wet), Water absorption, Abrasion
value, Specific gravity, Soundness value in accordance with IS 2386 (Part 3)-1963, IS
2386 (Part 4)-1963, and IS 2386 (Part 5)-1963 Codes. The test results of manufactured
aggregates were compared with the permissible limits given in respective IS code. The
specific gravity of the produced aggregates ranging from 1.76 to 1.28 is significantly
lower than the specific gravity of commercially available natural aggregates. By
studying the test results it can be concluded that the produced aggregates can be used as
Light Weight Aggregates (LWA) for structural concrete. Type 4 aggregate was found
to have better strength amongst all six types, which confirms that manufactured
aggregates are able to serve as structural aggregates.

4 Artificial Sand

One of the major challenges with the environmental awareness and scarcity of space for
land-filling is the wastes/by-products utilization as an alternative to disposal.
Throughout the industrial sector, including the concrete industry, the cost of envi-
ronmental compliance is high. Use of industrial by-products such as foundry sand, fly
ash, bottom ash, and slag as a substitute material for the natural river sand can result in
significant improvements in overall industry energy efficiency and environmental
performance. Use of natural river sand in concrete has a number of constraints per-
taining to its availability, quality, cost, and environmental impacts. Waste foundry
sand, bottom ash, and copper slag are reviewed in the present paper.

Table 6. Mechanical properties of manufactured aggregates

Sr.
no

Experiment Type
1

Type
2

Type
3

Type
4

Type
5

Type
6

Permissible
limit (%)

IS 2386:
1963

1. Crushing value
(%)

29.19 25.2 20.3 27.5 21.8 19.0 <30 Part 4

2. Impact value
(dry) (%)

28.9 21.4 15.2 28.8 21.7 26.8 <30 Part 4

3. Impact value
(wet) (%)

31.9 23.4 19.7 30.0 22.0 27.0 <39 Part 4

4. Water
absorption (%)

11.3 5.0 3.1 11.3 6.3 6.7 <2 Part 3

5. Abrasion value
(%)

31.3 27.7 23.1 28.5 26.8 29.4 <30 Part 4

6. Specific gravity
(−)

1.4 1.3 1.2 1.4 1.4 1.7 – Part 3

7. Soundness
value (%)

9.8 8.4 8.2 9.7 8.6 9.5 <18 Part 5
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4.1 Physical Properties of Artificial Sand

Kim et al. [28] experimentally evaluated that the density of hardened concrete linearly
decreases as the replacement ratio of bottom ash increases. As the bottom ash is having
lowest specific gravity and the unit weight shown in Table 7. Kou [29] found that a
slump value of fresh concrete gets affected by the fineness modulus of artificial sands.
Substitution of artificial sands in concrete increases its slump value. Siddique et al. [30]
reviewed that the water absorption capacity of the concrete decreases with increase in
waste foundry sand content and so adversely affect the slump of the concrete. The
effect of particle size of artificial sand on the strength properties of the concrete was
also studied. Using waste foundry sand having the particle size in the range of clay and
silt results in the decrease in the porosity of the concrete. Possibly, it can be the
favorable effect on the strength properties of the concrete.

4.2 Chemical Characterization of Artificial Sand

The reviewed waste foundry sand exhibits pozzolanic properties since it contains low
CaO content, highest silica content i.e. 83.8% and other oxides such as Al2O3, SiO2,
and Fe2O3 shown in Table 8. All other reviewed industrial wastes also have all the
elements which are present in cement. Use of these wastes in the concrete industry can
have the benefits of reducing the costs of disposal and helps to protect the environment.

4.3 Compressive Strength of Artificial Sand Blended Concrete

Aggarwal et al. [31] experimentally analyzed that the inclusion of waste foundry sand
and bottom ash as fine aggregate does not affect the strength properties negatively as
the strength remains within limits. The concrete was endowed with comparable
mechanical properties and greater resistance to aggressive agents (chemical, physical
and environmental). Table 9 shows the blending of artificial sands in the concrete in
varied proportion. For every artificial sand different optimum percentage is obtained.
The strength obtained by the replacement of industrial wastes is more than the control
concrete strength except for the bottom ash blended concrete. Guney et al. [38] studied
the reason for the decrease in strength property of concrete after excessive sand
replacement. It is possibly due to the weakening in cement/aggregate adherence, an
increase in the amount water required and retardation in cement hydration. In addition,

Table 7. Physical properties of artificial sand

Fine aggregates Specific
gravity

Unit weight
(kg/cum)

Fineness
modulus

Source

Sand 2.63 1890 3.03 [31]
Waste foundry
sand

2.61 1638 1.78 [31]

Bottom ash 1.93 948 1.60 [31]
Copper slag 3.40–3.91 2080 3.47 [32,

33]
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water absorption during cement hydration and, then, water loss in the hardened con-
crete may cause an increase in the voids and, later, the occurrence of cracks in the
concrete. The strength and durability of concrete decrease significantly under these
unfavorable conditions.

5 Conclusions

The review shows that many agro-industrial waste ashes such as bagasse ash, rice husk
ash, and the corn cob ash have the potential to be used as a supplementary cementitious
material for producing sustainable concrete. The quality of highly reactive ash depends
on the controlled burning conditions of agro-industrial waste i.e. selection of suitable of
incinerator/furnace, burning time, burning temperature, cooling time, and grinding
method etc. of agro-industrial wastes. Application of agro-industrial waste ashes in
concrete enhances the compressive strength with the age of concrete. Better results
were observed for 90 days age than the 28 days age in the present study. The use of
less expensive agro-industrial waste ash is more desirable to decrease the overall
production cost of concrete and to reduce the cement requirement. Which leads to
decrease the environmental pollution and energy by cement factories thus providing
economic and environmental benefits along with providing a way of disposing of this
agricultural waste product which otherwise has a little alternative use. Using

Table 9. Sand replacement and respective compressive strength of artificial sand blended
concrete

Artificial
sand

Sand
replacement
(%)

Comp. strength
28 days (Mpa)

Control concrete
strength (Mpa)

Source

Waste
foundry sand

10 33.24 33.14 [39]
20 32.58
30 31.24
40 29.48
50 25.23

Bottom ash 10 21.41 39.52 [40]
20 23.78
30 24.65
40 19.99
50 21.20

Copper slag 10 46.00 45 [41]
20 47.00
40 47.10
50 47.00
60 46.00
80 34.80
100 35.10
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agro-industrial waste ashes as a supplementary material in concrete will be a valuable
contribution and viable solution for sustainable construction. So, it can be concluded
that the agro-industrial waste ash mineral is a promising pozzolanic material and can be
fruitfully used as a supplementary material in Portland cement.

The reservoir sediments can be used as primary resource material for manufacturing
lightweight aggregates that can achieve not only technical benefits but also can result in
good social and ecological benefits. The Specific gravities of the produced manufac-
tured aggregates ranged from 1.28 to 1.76, as against 2.67 for the natural aggregates.
They also meet the requirements of relevant IS codes. Type 4 i.e. Sodium silicate
admixture aggregates are having better properties amongst all six types of aggregates.
Making artificial aggregates by using dam reservoir sediment will solve two problems
with one solution, namely (1) Emptying the dam reservoirs and increasing its water
storage capacity and (2) Offering an eco-friendly solution, which will not only provide
an essential product for human use but also it will not create any new environmental
problems. It is feasible to use the reviewed industrial waste ashes as fine aggregate in
preparing concrete mixes. Replacement of fine aggregates with bottom ash can easily
be equated to the strength development of normal concrete.
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Abstract. There is a significant link between thermal comfort and energy
performance, since creating comfortable temperatures requires thermal energy.
The tighter the tolerances of temperature demanded the more energy consumed.
It is therefore important to understand the implications of relaxing those toler-
ances and what passive strategies are available as alternatives to mechanical
temperature control. This study attempts to investigate the impact of passive
environmental strategies on built form using a simulation of an existing resi-
dential building. The house is located in Al Bithna/Fujairah. The simulation was
conducted using IES-VE software. The results show a reduction and savings
when implementing different passive strategies. This begins with increasing
window size and is followed by changing glazing type and finally adding a
shading device to the base model. The aim of this study is to understand sus-
tainability evolution in residential houses in the UAE across different time
frames. The document will delve in the past to check the characteristics of old
houses in the UAE and their attempts to maintain comfort and sustainability.
Turning to the present, a case study is selected to which different passive design
strategies are applied and a recommendation of what the future will look like in
terms of sustainable residential houses is developed. The study concludes with a
look at the impact of combined strategies to see the impact of different variables
such as average day lighting, solar gain and cooling sensible load.

Keywords: Passive design � Arid � Design strategies � Timeline
UAE � IES

1 Introduction

In 2014, Ban Ki-moon stated that climate change was a hot issue for our times,
affecting lives and producing high cost implications everywhere. The world is wit-
nessing high levels of emission of CO2 (Fig. 1), which is having an effect on climate
change. These high emission levels are due to human activities which are mostly
related to energy consumption. Hammad and Abu-Hijleh [7] stated that buildings
consuming 40% of the total world energy and almost 70% of sulfur oxides and 50% of
carbon dioxide emissions come from that sector. In the UAE, the second highest
consuming sector for energy is the residential sector (Fig. 2). The country is heavily
targeting sustainable development science which has proved that there is a strong
relationship between energy performance and thermal comfort. This means that there
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are stricter demands on temperatures that relate to the consumption of energy. It is very
important to know the consequences of those temperatures and related passive
strategies are available as alternatives to mechanical temperature control.

Fig. 1. CO2 emissions distribution levels per capita. SourceWorld Population for the Year 2004

Fig. 2. UAE electricity consumption 2013. Source Ministry of Energy, 2013
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1.1 Climatic Data

Fujairah is located on the following coordinates: latitude 25.10 North and longitude
56.33 East. It has an area of approximately 1166 km2 (Fig. 3).

Temperature
Fujairah’s weather is hot throughout the year. Summer is between April to October and
temperatures gradually rise to an average of 43 °C between July and October (Fig. 4).

Relative Humidity
The weather in Fujairah remains humid throughout the year. Relative humidity ranges
from 31% which is considered comfortable to 79% which is considered humid (Fig. 5).

March is considered very dry or very humid.

Fig. 3. Location of Fujairah. Source IES-VE software 2016 Daily/monthly
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Dew Point
The most comfortable months of the year are December to February, with the rest of
the year considered muggy (Fig. 6).

Fig. 4. Daily temperature in Fujairah. Source http://www.worldweatheronline.com/fujairah-
weatheraverages/fujairah/ae.aspx

Fig. 5. Relative Humidity in Fujairah. Source http://www.worldweatheronline.com/fujairah-
weatheraverages/Fujairah/ae.aspx
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2 Literature Review

Olgyay [12] stated that there is a significant relationship between passive design
strategies and the site and geographical location of a building. Designers need to be
aware of orientation which will affect the amount of daylight entering the building and
ventilation. It is important to begin the study with climatic data to check the shading,
ventilation, thermal capacity and day lighting of the building.

Meyer [11] stated that in hot and dry climates, the main source of solar radiation is
the roof, since it faces direct sun. Perusing in the literature, the following was dis-
covered. Windows have a significant impact on daylight performance and visual
comfort. Occupant comfort and performance will be associated with daylight perfor-
mance, in addition to the enhancement of building energy performance.

Thermal comfort is subjective and related to glazing and shading devices charac-
teristics. Tzempelikos et al. [15] state that it is possible to reduce the need for secondary
air-conditioning by maintaining an operative temperature within the comfort zone in a
good building envelope. In terms of window and glazing, the following findings are
from the literature review: Wong and Istiadji [16] argue that the designer should place
emphasis on window glass since this has the highest impact in terms of reducing annual
consumption of energy. It is then necessary to start to add shading devices. Chi-Ming
and Yao-Hong [4] show that window glass has a larger impact on energy consumption
than the shading device effect does. Bessoudo et al. [3] examined the interior thermal
atmosphere of a fully glazed office building with different types of shading. The use of
roller and Venetian blinds showed an improvement in the inside thermal environment.

In 2010, Carmody et al. 2004 cited in Bessoudo et al., demonstrated that in a cold
climate, a big window area which is facing south will have a substantial effect on
enhancing interior thermal comfort for all type of windows except the double-glazed
reflected type.

Fig. 6. Dew point in Fujairah. Source http://www.worldweatheronline.com/fujairah-
weatheraverages/fujairah/ae.aspx
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In terms of shading devices the following findings were taken from the literature
review: Fiocchi et al. [6] state that to enhance the visual comfort and support occupant
productivity, it is better to increase day light and decrease solar glare. Energy trans-
mitted by windows varies depending on variables such as window type, side and
overhang fins. Kensek et al. [8] state that few designers implement the shading devices
in their projects although they offer many advantages such as minimising glare,
reducing cooling load and monitoring radiation and light intensity. A study conducted
by Tzempelikos and Athienitis [14], found that shading devices have great implications
for the energy consumption of a building; they can make a saving of 50% of total
energy consumed by cooling and can see solar and heat gain of at least 12%. In terms
of shading device orientation, the following findings came from the literature review:
Kim et al. [9] found that external shading devices which are horizontal have an impact
on reducing cooling energy. Even a short one sees 11% less reduction in cooling
energy. Chi-Ming and Yao-Hong [4] examined different types of shading devices; side
fins, overhangs and box shades. They found that all these devices decrease daylight
spread to interior spaces at different levels and that the maximum energy reduction
effect was occurred with the box type. Palmero-Marrero and Oliveira [13] examined the
position of louvers, and found that for the west and east facades vertical louvers are
more suitable, while for south facades horizontal louvers have significant efficiency
levels. The same results were found by Alzoubi and Al-Zoubi [1] when they studied
south-facing facades with a vertical shading device.

Kim et al. [9] studied the sun path and effect of shading devices at different angles.
He found that an angle of 0° has the greatest performance in terms of energy and this
becomes the less at an angle of 60°. Lam and Miller [10] studied the effect of
bio-shading for two years and found that overheating which occurs in the summer can
be overreached from vertical living. The same impact would occur when placing a
living plant within the void of double glazing to reduce energy consumption. Due to an
absence of methodologies and measurements and methods to estimate the performance
of the bio-shading, the study was not binding.

Vegetation can be an important influence in shading a building facade, particularly
in a hot climate and this helps to improve the thermal effect and the air quality.

The American Institute of Architecture (AIA) [2] defines the best shading devices
as those that reduce direct solar radiation and allow only diffused radiation to enter.
A reduction in the amount of light entering a building will have the effect of reducing
energy consumption. A lot of studies have looked into the effect of different design
solutions for the building façade to reach an optimum design strategy.

These have included exterior and interior shading devices and different kinds of
louver shading devices. The AIA also showed that in a low-rise building the natural
environment can be used. Deciduous trees give great shade for the façade in all seasons
and will transmit 20% solar radiation in summer. Koo et al. (2010) studied automated
blind shading to gain the most advantage from daylight, reduce energy consumption
from lighting and avoid glare. Chi-Ming and Yao-Hong [4] examined different kinds of
shading devices—overhangs, side fins and box shades—finding that all of them
reduced daylight penetration to interior spaces and that box shading has the optimum
energy reduction effect.
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In 2009, Palmero-Marrero conducted an investigation into the position of louvers
and concludes that vertical louvers are much better for east and west façades while
horizontal ones produce optimum efficiency on south façades. In addition, Ebrahim-
pour and Maerefat [5] examined the use of exterior devices such as overhangs and side
fins for single clear glazing. The conclusion was that it is more useful for any direction
of window than advanced glazing like double clear pane or low-E pane glazing. Yu
et al. [17] studied residential buildings in China, finding the best performances to be
better wall insulation and window shading. This can save between 11.55 and 11.31% of
energy consumption by air conditioners. Before the 1970s houses in the UAE were
built from palm fronds called Al Areesh and usually used in the summer. In the
mountains areas houses were constructed with irregular stone and internal walls were
plastered with mud. The roofs were covered with palm fronds and were flat (Fig. 7).

3 Research Objectives

The aim of this study is to understand the evolution of sustainability in a UAE resi-
dential house across different time frames. The document will look in to the past to find
characteristics of old houses that maintained comfort and sustainability. In the present a
case study will be selected with different passive design strategies applied. Finally a
recommendation of what the future will look like in terms of sustainable residential
houses will be provided. The main objectives are as follows:

• Study of an existing residential house constructed by the Ministry of Public Works
to understand current conditions and performance of the house.

• Study the impact of changing window sizes on the average daylight factor.

Fig. 7. Areesh House. Source https://dreaminginarabic.wordpress.com/interestingsnippets/
traditional-houses/
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• Study the influence of changing window glazing systems on solar heat gain, total
electricity used and sensible cooling load.

• Study the impact of different types of exterior shading devices on solar heat gain,
total electricity used and sensible cooling load.

• Study the impact of combined strategies as a final step to their effect on different
variables such as average day lighting, solar gain and sensible cooling load.

4 Methodology

This study offers a simulation using EIS-VE software to test selected design strategies
to reach an optimum scenario. It then combines each optimal scenario with each design
strategy to see the results to compared with findings from the literature review.

4.1 Conceptual Framework

The conceptual framework used in this study is as follow (Fig. 8).

4.2 Case Study Description

Building description:
The residential house selected is in Al Bithna, Fujairah, with a 45° N orientation

(Figure shows layout of house). The residential house selected is design number 763C
with the following characteristics: One storey house, 2 bedrooms with 2 bathrooms
attached, 4 window types, 4 A/C, 4 water heaters, 1 Majlis with a washroom and toilet
and 1 kitchen, Total area: 143.35 m2 (Figs. 9 and 10).

Building construction material:
Windows:

– W1 170 � 145, W2 100 � 110 and W3 60 � 80
– Glass used is double 24 mm thick consisting of: (6 mm Ref. Glass H.S + 12 mm

A.S + 6 mm clear low E tempered glass
– Glass Specification: U-value (W/m2 k) 2.8

Door sizes:

– D1 180 � 220 cm, D2–D3–D5 120 � 220 cm and D4 100 � 220

Window sizes:
Wall to window ratio = 9.153158, Total area of the walls = 173.91 m2, Total area

of the windows = 19 m2

Bill for electricity and water consumption from January 2015 to January 2016.
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Month Electricity consumption Water consumption

2015-01 580 11440
2015-02 595 9460
2015-03 352 6600
2015-04 905 16940
2015-05 975 12760
2015-06 1602 12760
2015-07 2190 12980
2015-08 2244 12540
2015-09 1735 12540

(continued)

Fig. 8. Research process
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(continued)

Month Electricity consumption Water consumption

2015-10 1625 13860
2015-11 1237 10120
2015-12 595 12100
2016-01 519 8800

4.3 Assigned Scenarios

In this paper the selected strategies are:

1. Window size: the simulation will include the base model and increase window size
to 15 and 20% respectively.

2. Glazing: the simulation will conducted for the base then for double and finally triple
glazing.

3. Shading device: the simulation will include the base model without shading device,
then with horizontal, vertical and finally combined shading device. Finally a
combination of all of the above strategies will be adopted to find the optimum
design.

Fig. 9. Front elevation of the model

Fig. 10. Right elevation of the model
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5 Results

See Fig. 11.

5.1 First Design Strategy: Increasing Window Area

This strategy involves an increase (15–20%) of window area for the Majlis, Bedroom 1
and Bedroom 2 and we will see the impact of the daylight factor. Note that the Majlis is
on the northern side of the house and the bedrooms are located on the south side
(Figs. 12, 13 and 14).

Fig. 11. Base Sun cast simulation

Fig. 12. Average daylight factor for the base model in August
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According to an assessment method for sustainable buildings (BREEAM): 2.08 is
the ratio between DFmin/DFmean (uniformity) and should at least be 0.4 or the
minimum point daylight factor should be at least 0.8%. (ADF in kitchen 2% and all

Fig. 13. Average daylight factor after increasing the window size up to 15%

Fig. 14. Average daylight factor after increasing the window size to 20%
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living rooms should achieve a minimum ADF of at least 1.5%). According to the pearl
design system used in Abu Dhabi, a residential unit should have a 2% minimum
daylight factor or 200 lx daylight level for 20% of the living space floor area. Increased
window size increases the average daylight factor and, in both cases, complied with
BREEAM and Pearl specifications (Table 1).

5.2 Second Design Strategy: Different Window Glazing

The base model used single glazing; these scenarios double and triple clear glazing
with the following U-value (Figs. 15, 16, 17 and 18).

As shown above using different glazing offers a reduction in cooling load by 8.63
and 13.22% for double and triple glazing respectively and in terms of saving in total
electricity, 5.065 and 7.72% savings are made for double and triple glazing respectively
(Table 2).

5.3 Third Design Strategy: Different Shading Devices

The existing model has no shading device, so the scenarios will be horizontal, vertical
and a combined device (Figs. 19, 20, 21 and 22).

Table 1. Results from simulation of daylight

Uniformity Diversity

Min. Ave. Max. (Min./Ave.) (Min./Max.)

(Majlis) 1.20% 3.00% 7.00% 0.39 0.17

(BDRM1) 1.00% 3.40% 12.20% 0.3 0.08

(BDRM2) 0.90% 3.30% 12.10% 0.26 0.07

(Majlis) 1.60% 3.40% 6.10% 0.45 0.26
increasing

15% (BDRM1) 1.40% 4.30% 13.20% 0.34 0.11

(BDRM2) 1.20% 4.00% 12.30% 0.3 0.1

(Majlis) 2.20% 5.50% 10.10% 0.4 0.22

(BDRM1) 1.20% 5.00% 15.10% 0.25 0.08
(BDRM2) 0.20% 3.50% 12.80% 0.05 0.01

Base 
Model

 
increasing  

20%

Room
Values

Appearance Uniform energy implications 

Room looks gloomy Electric light needed most of the day 

Predominantly 
daylight appearance but 
supplementary artificial 

lighting is needed
Good balance between lighting and thermal 

aspects
Room appears 

strongly daylight
Daytime electric lighting rarely needed, but 

potential thermal problems due to overheating in 
summer and heat losses in winter

134 T. Yousuf and H. Taleb



Fig. 15. Solar gain for three rooms with different glazing

Fig. 16. Cooling plant sensible load for three rooms with different glazing

Fig. 17. Solar gain comparison for different glazing
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No big difference between base model and adding the horizontal device. Using a
vertical device gives a predominantly daylight appearance but supplementary artificial
lighting is needed. It offers a good balance between the lighting and thermal aspect.
When the combined device was used, it has the same effect as the base model in March
but better effects in August (Table 3).

5.4 Optimal Scenario

In this scenario, the optimum for each situation was applied to the base model and the
following results were found (Figs. 23, 24, 25 and 26).

From the above figures and tables, it can be seen that the combined passive design
strategies have a great impact on cooling loads, on solar heat gain and offer savings of
19% on total electricity costs (Table 4).

Savings / 
Reduction

With

Solar Heat 
Gain

Cooling 
Load

Total 
electricity

double glazing 16.7 8.6 5.1
triple  glazing 28.3 13.2 7.7

Fig. 18. Savings and reduction for different glazing types

Table 2. The U-value of different glazing

Scenari Variables
U-value 
(Glass)

U-value 
(net)

LT

1
6mm, clear float 
(Reference scenario)

5.6928 5.5979 0.89

2 Double-glazing, 2.6505 2.8598 0.89

3 Triple-glazing, clear 1.8761 2.1629 0.89
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Fig. 19. Average daylight factor for the base model

Fig. 20. Average daylight factor with a horizontal device
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Fig. 21. Average daylight factor with a vertical device

Fig. 22. Average daylight factor with a combined device
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6 Discussions

Passive design is proven to be related to orientation, day-light and geographical
location. The results can contribute to the selection of economically efficient glass as
there is a relationship between windows type, glass properties and shading device
performance. The total electricity savings are largest for triple-glazing, followed by
double and single.

Table 3. Daylight factor for different shading devices

August

Room
Values Uniformity Diversity

Min. Ave. Max. (Min./Ave.) (Min./Max.)

Base Model

(Majlis) 1.2 % 3.0 % 7.0 % 0.39 0.17

(BDRM1) 1.0 % 3.4 % 12.2 % 0.30 0.08

(BDRM2) 0.9% 3.3 % 12.1 % 0.26 0.07

Horizontal SDs
Overhang 60 cm

(Majlis) 1.6 % 3.4 % 6.1 % 0.45 0.26

(BDRM1) 1.4 % 4.3 % 13.2 % 0.34 0.11

(BDRM2) 1.2 % 4.0 % 12.3 % 0.30 0.10

Vertical SDs
Side Fine

(Majlis) 2.2 % 5.5 % 10.1 % 0.40 0.22

(BDRM1) 1.2 % 5.0 % 15.1 % 0.25 0.08

(BDRM2) 0.2 % 3.5 % 12.8 % 0.05 0.01

Combined
SDs

(Majlis) 0.4% 1.9 % 4.1 % 0.22 0.10

(BDRM1) 0.2 % 1.9 % 5.8 % 0.10 0.05

(BDRM2) 0.3 % 1.8 % 5.5 % 0.15 0.05

Appearance Uniformity Energy implication

Room looks gloomy Electric lighting needed most of the day

Predominantly daylight appearance but 

supplementary artificial lighting is needed
Good balance between lighting and thermal aspects

Room appears strongly dalight

Daytime electric lighting rarely needed , but potential thermal 

problems due to overheating in summer and heat losses in 

winter
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Fig. 23. Cooling plant load (base and optimum model)
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Fig. 24. Solar gain (base and optimum model)

Sustainable Architecture Under the Timeline Frame … 141



Fig. 25. Total electricity (base and optimum model)
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7 Conclusions

This study has proven that the different passive strategies which were tested in this
project have huge implications for total electricity costs, solar gain and cooling loads.
This is a path to achieving reductions in CO2, leading to sustainability. As a future
recommendation, different strategies could be implemented to achieve more reductions
in total electricity costs. The Ministry of Public Works is targeting low emission houses
to maintain sustainability.
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Abstract. In recent years, alternative and renewable energy sources have
become essential and their use in this direction is increasing. When these energy
sources are used, energy saving is also assessed. The main objective of this work
is to determine the optimum insulation thickness according to the cooling
requirement of a building in a hot climate. During the summer period different
wall directions has been evaluated in Bursa. For the optimum insulation
thickness in all wall directions, firstly total solar radiation, cooling transmission
load and then cost analysis are performed. While solar radiation was calculated,
factors such as declination angle, geometric factor, sun clock angle, altitude,
ground reflectance and latitude angle were taken into account. The differences in
cooling transmission load for insulated and uninsulated walls were observed.
The heat transfer coefficient was determined according to inside and outside
air-film thermal resistances and total thermal resistance of the wall without the
insulation. In addition to these, the volumes, thicknesses, thermal conductivities
and costs of the thermal insulation materials are also considered. When cost
analysis is performed, PWF is calculated and also interest rate, inflation rate,
cost of insulation materials and electrical cost were taken into account.
Depending on the location of the building, insulation material which should be
used for minimum cost and maximum efficiency and the required properties of
this insulation material have been determined.

Keywords: Optimum thickness of insulation � Cooling transmission load
Solar radiation � Cost analysis

1 Introduction

Energy is an essential factor of production in production and one of the main indicators
reflecting the economic and social development potential of a country. Rapid depletion
of natural resources, increased environmental pollution and the payment of high wages
for existing energy require efficient use of energy [1]. It is a fact that Turkey is not very
rich in terms of energy resources. 60–65% of your energy needs are imported from
abroad [2]. The environmental pollution, which is a consequence of the limitations of
energy resources and the consumption of energy, has become compulsory. Looking at
the sectorial distribution of energy consumption, it is seen that housing and conversion
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sector (electricity generation) account for 26% [3]. Energy requirements, especially of
the residential building sector, are an important part of the total energy consumption in
many countries [4]. For example, in Turkey, the building sector was the second largest
consumer of energy with 25.793 million tons of equivalent energy (MTOE) in 2001,
and its demand is estimated to reach 41.7 MTOE by 2020 [5].

Energy conservation can be provided by reducing energy consumption in buildings
[2]. One way to achieve this is to apply heat insulation to the exterior walls of the
building [2]. External insulation system can be easily applied to new buildings and
existing buildings. In the buildings being used, all application have been realizing
outside the building during the application [6].

While the thickness of the thermal insulation increases, the cost of the insulation
material increases, energy costs are also reduced because of the reduction in heat loss
from the building. The fuel cost and the energy cost in the building were evaluated and
the optimum insulation thickness was determined from the total cost-insulation
thickness axis according to these cost values.

The TS 825 thermal insulation rules in buildings have been made compulsory since
2000 and have begun to be implemented in new buildings [7]. TS 825 has set new
limits on heating expenditures according to area and volume ratios of buildings aims to
save energy [7]. It is aimed to provide energy savings in buildings [2].

There are many studies in the literature on optimizing the thermal insulation
thickness. However, in most of the studies, there is no analysis according to different
directions (east, west, north and south). Ucar [8] used four different insulation materials
for determination of optimum insulation thickness on the exterior wall but did not work
for wall orientation. Ozel and Pihtili [9] determined the optimum insulation thickness
for different wall directions, but they didn’t use the degree-day method.

In this study, the determination of the optimum insulation thickness value to be
applied to the exterior walls is focused. Considering the effect of solar radiation, it has
been determined how the insulation thickness changes for vertical surfaces (outside
walls of the building) facing in different directions. For this purpose, in order to
calculate the values of instantaneous solar radiation falling on the surfaces, the outside
air temperature data of Bursa is taken into account. After determining DG values due to
direction, optimum insulation thicknesses, which minimize the sum of energy and
insulation costs, are calculated.

2 Mathematical Formulation

2.1 Calculation of Solar Radiation

In order to calculate the values of solar radiation falling on the horizontal surface,
firstly, the daily solar radiation on a horizontal surface is determined [10], which is
given by:

Ih
Io;h

¼ aþ b
S
So

� �
ð1Þ

146 E. Arslan and I. Karagoz



where Ih is the monthly average daily global solar radiation, Io;h is the monthly average
daily extraterrestrial radiation, S the day length, So the maximum possible sunshine
duration, a and b are empirical coefficients relating with the region [10].

a and b are a function of solar declination angle (d) and latitude angle (/) and
altitude (Z), as given by the equations [10]:

a ¼ 0:103þ 0:000017Zþ 0:198 cos /� dð Þ ð2Þ

b ¼ 0:533� 0:165 cos /� dð Þ ð3Þ

The monthly average daily extraterrestrial radiation on per unit of horizontal sur-
face can be computed as follows:

Io;h ¼ Gsc

p
1þ 0:033 cos n

360
365

� �� �
cos/ cos d sinxs þ p

180
xs sin/ sin d

h i
ð4Þ

where Gsc is the solar constant, xs is the sunset hour angle for the month, and n is the
day of the year. The solar constant is given as 1367 W/m2 [10]. The declination angle
according to the number of days of the year is calculated using Eq. (5) [11].

d ¼ 23:45 sin 360
nþ 284
365

� �
ð5Þ

The clock angle is calculated using Eq. (6) [11]:

xs ¼ arc cos½� tan /ð Þ tan dð Þ� ð6Þ

Te is the sol–air temperature including the effect of solar radiation on the outdoor
temperatures and is expressed as follows [12]:

Te ¼ To þ aIT
ho

� eDR
ho

ð7Þ

where To is the outdoor air temperature which is taken as 15 °C. IT and a denote the
total solar radiation and solar absorptivity of the outdoor wall surface, respectively.
eDR is the correction factor and is assumed to be 4 °C for horizontal surfaces and 0 for
vertical surfaces from ASHRAE [12]. The summer design values of the ratio a=ho are
determined to be 0.052 m2 K/W [13].

The total solar radiation (IT ) is calculated as [10, 12]

IT ¼ Ih 1� Id
Ih

� �
Rb þ Id 1þ cos b

2

� �
þ Ihq 1� cos b

2

� �
ð8Þ

Ground reflectance q is usually taken as 0.2. The geometric factor Rb is the ratio of
beam radiation on the tilted surface to that on a horizontal surface at any time and is
calculated as [12]:
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Rb ¼ cos h
cos hz

ð9Þ

The equation of mean daily diffuse solar radiation on a horizontal surface (Id),
which is based on approximately 10-year measurements, is developed by Tiris et al.
(1995), as follows [10]

Id ¼ Ihð0:703� 0:414KT � 0:428KT
2Þ ð10Þ

h ¼ sin d sin/ cos b� sin d cos/ sinb cos Y þ cos d cos/ cos b cosx

þ cos d sin/ sinb cosx cos Y þ cos d sin b sin Y sinx
ð11Þ

hz ¼ cos d cos/ cosxþ sin d sin/ ð12Þ

where ү is surface azimuth angle. ү is zero for an inclined plane facing south. It is taken
as negative from the south to the east, and the north, and positive from south to west,
and the north, i.e. −180° < ү < + 180° [12].

2.2 The Structure of the External Walls and Parameters

The characteristics of the wall in the study are given in Table 1 [12] and some financial
and cost parameters are given in Table 2. This year’s (2015) data is used for interest
and inflation rates [14, 15].

While optimal insulation thickness is calculated, lifetime cost analysis is one of the
methods used. The present value factor depends on the inflation rate (g) and the interest
rate (i) [16].

PWF ¼ 1þ rð ÞN�1

r 1þ rð ÞN ;
i[ g r ¼ i�g

iþ g

i[ g r ¼ g�i
1þ i

 !
ð13Þ

Table 1. Wall materials, thermal conductivities and thermal resistances

Wall
materials

Thickness
(m)

Thermal conductivities ‘k’
(W/mK)

Thermal resistances ‘R’
(m2 K/W)

External
plaster

0.025 1 0.025

Brick block 0.19 0.45 0.422
Internal
plaster

0.025 1.4 0.0178

XPS u 0.029 u/0.029
EPS u 0.038 u/0.038
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PWF ¼ N
1þ i

; i ¼ g ð14Þ

The N lifetime in the equation is taken as 13 years in the calculations (Table 2).

2.3 Cooling Transmission Load Calculations

Yearly cooling load is separately calculated from daily transmission loads which are
added over summer period [12]. In the degree-days for CDD and the degree-hours
methods for CDH, the yearly transmission load per unit of wall area is estimated (in
J/m2) by the following expression [12]:

Qc ¼ 86400 � CDD � U ð15Þ

Qc ¼ 3600 � CDH � U ð16Þ

where CDD and CDH are cooling degree-days and cooling degree-hours, respectively.
These values for the climate of Bursa are calculated from the meteorological data
depend on wall orientation. The overall heat transfer coefficient of the wall can be
expressed as follows [18].

U ¼ 1
Ri þRw þRins þRo

ð17Þ

where Ri and Ro are the inside and outside air-film thermal resistances and Rw is total
thermal resistance of the wall without the insulation. The thermal resistance of the
insulation layer Rins is given by [5]:

Rins ¼ x
k

ð18Þ

where x and k are the thickness and thermal conductivity of the insulation material,
respectively.

Table 2. Fuel and financial parameters

Parameters Values

Inflation rate (g) 7.16%
Interest rate (i) 7.50%
Present worth factor (PWF) 11.113
Cost of electricity (TL/kWh) 0.42
Coefficient of performance (COP) 2.5
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2.4 Determination of Optimum Insulation Thickness

The use of the thermal insulation reduces the load of air-conditioning, so, the energy
cost of cooling in summer. However, the prices of materials of insulation increase the
initial costs of construction. Consequently, an economic analysis should be carried out
in order to estimate the optimum insulation thickness which minimizes the total cost
including the insulation and the energy consumption costs. The total costs per unit of
area of wall are given by [17]:

Ct ¼ Cenr � PWFþCi � Li ð19Þ

where Cenr is the cost of energy consumption (TL/m2), PWF is Present Worth Factor
and Ci is the cost of insulation per unit of area (TL/m2). The annual cost of energy per
unit of area of the wall for cooling (Cenr) is given by [17]:

Cenr ¼ Qc � Cel

COP
ð20Þ

where Qc is yearly cooling transmission load (kWh/m2), COP is coefficient of per-
formance of air-conditioning system and is Cel cost of electricity (TL/kWh) [18].

3 Result and Discussion

3.1 Environmental Conditions

The investigation is carried out for all wall orientations at the climatic conditions of
Bursa (latitude: 40.23° N, longitude: 29.01° E). The outdoor air temperatures are
obtained by averaging hourly measurements recorded in meteorological data [19]. The
summer design values of the ratio a=ho are determined to be 0.052 m2 K/W for
dark-colored surfaces [13]. Hourly variation of incident solar radiation and sol–air
temperature for all wall orientations in July 15 are shown in Fig. 1a, b, respectively.

The incident solar radiation is highest at 10:00 for east orientation and at 14:00 for
west orientation while it is maximum at noon (12:00) for south and north orientations.
It is seen that maximum peak value of sol–air temperatures of south oriented wall is
appears for July 15.

3.2 Cooling Transmission Loads

Daily and yearly total cooling transmission loads of uninsulated and insulated walls for
the all wall orientations are shown in Figs. 2 and 3. June gives the lowest cooling loads
while August gives the highest cooling loads. The maximum cooling load is obtained
for east, north and south wall in August while it is obtained for west walls in July.

The yearly cooling loads of uninsulated wall are obtained as 61.51, 32.78, 90.56
and 77.66 (MJ/m2 year) for south, north, east and west oriented walls, respectively
(Fig. 3). The lowest cooling load is provided for north wall while the highest cooling
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load is obtained for east walls. It is seen that the yearly cooling loads decrease when the
wall is insulated. It is also seen that EPS carries out lower cooling loads than XPS.

Figure 4 indicates variation of yearly cooling transmission loads due to increasing
insulation thickness for all wall orientations. So, transmission loads decrease as the

Fig. 1. (a) Hourly variation of incident solar radiation and (b) sol–air temperature for July 15
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Fig. 2. (a) Daily cooling transmission load of uninsulated and (b) 4 cm insulated walls with
XPS for the representative days of each month of summer for the all wall orientations
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Fig. 3. Yearly cooling transmission load of uninsulated and 3 cm insulated walls for the all wall
orientations

Fig. 4. Variation of yearly cooling transmission load versus insulation thickness for the all wall
orientations
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Fig. 5. Variation of cost with insulation thickness: (a) for a south facing wall, and (b) for all
wall orientations
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insulation thickness increases. As the insulation thickness increases, cooling trans-
mission loads for all wall orientations become closer.

3.3 Optimization of Insulation Thickness

To determine the optimum insulation thickness, the cooling transmission load obtained
is used as a model including the cost of insulation material and the present value of
energy consumption cost over lifetime of 13 years of the building. Figure 5a shows
variation of cost to insulation thickness for a south oriented wall. As expected, while
the energy cost decreases with increasing insulation thickness, the insulation cost
increases with increasing insulation thickness. Total cost is sum of energy and insu-
lation costs. The insulation thickness at which the total cost is the minimum as shown
in Fig. 5b is taken as the optimum insulation thickness. It is seen that optimum
insulation thicknesses for south, north, east and west orientations are obtained as 5.2,
4.5, 6.1 and 5.4 cm, respectively.

The results of the other studies related to effect of wall orientation on optimum
insulation thickness are shown in Table 3.

4 Conclusion

In this study, thermal and economic parameters for insulated building walls in a hot
climate are investigated. The results show that the lowest cooling load is obtained as
32.78 (MJ/m2 year) for north wall while the highest cooling load is obtained as 90.56
(MJ/m2 year) for east wall. It is seen that the yearly cooling loads decrease when the
wall is insulated. This decrement in all wall orientations is 37.86% for 4 cm XPS
insulation and 45.78% for 4 cm EPS insulation. It is seen that optimum insulation
thicknesses for south, north, east and west orientations are obtained as 5.2, 4.5, 6.1 and
5.4 cm, respectively. While the lowest value of optimum insulation thickness is
obtained for the north-facing wall which has minimum cooling load, highest value of
optimum insulation thickness is obtained for the east-facing wall which has maximum
cooling load.

The most economical orientation is north with an optimum insulation thickness of
4.5 cm. for cooling season. To get highly accurate results, heat transmission loads in
the building walls and therefore, economic parameters must be determined under the
thermal conditions.

Table 3. The optimum insulation thickness and minimum total cost, for all wall orientations

Orientation Optimum insulation thickness (m) Minimum total cost (TL/m2)

South 0.052 31.12
North 0.045 18.16
East 0.061 36.78
West 0.054 32.16
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In this study, it is concluded that the cooling transmission load is an important
factor to determine the insulation thickness. Therefore, calculations were made only for
summer months. However, it can be said that the heating transmission load should also
be taken into account by considering the winter months, in order to achieve more
reliable results. If this article is taken into consideration, it can be suggested that the
heating transmission load can be added to the account and the exact results can be
obtained by finding the insulation thickness and the total cost.
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Abstract. The need for sheltering that started with the existence caused to the
concept of housing and has gone through various phases with sedentary life and
urbanization. Due to urbanization, a process experienced in parallel with
industrialization and economic development, the need for energy has increased.
With the increasing need of energy, a great majority of natural resources are
being used in the construction industry, particularly at high-rise buildings. It
becomes increasingly impossible to meet energy needs of high-rise buildings
with nonrenewable resources. Nevertheless, under today’s conditions and with
current technology, use of renewable energy sources is a quite expensive
method. In order to meet the increasing demand in energy, it is required to use
existing energy in an efficient and productive manner. For this purpose, this
study suggests a conceptual framework including principles, strategies and
methods related to energy efficient building design while examples of
energy-efficient high-rise buildings applied worldwide are examined within the
suggested framework.

Keywords: Energy � Energy-efficient building � High-rise building
Design parameters

1 Introduction

About 11,000 years ago, our primitive ancestors, who lived in the region between the
rivers Euphrates and Tigris in stone age when pottery was unknown (Neolithic age
without pottery), had architectural skills and they had gathered in regular intervals
(at Göbekli Tepe) for religious rituals. Gatherings due to these rituals had led to
sedentary life [1] in time. The need for sheltering that started with the existence resulted
with the concept of housing and has gone through various phases in parallel with
sedentary life and urbanization. Urbanization is a process experienced in parallel with
industrialization and economic development. Due to rapid population growth and
industrialization, migration from rural areas to urban areas has increased and resulted in
rapid urbanization accompanied by unhealthy life conditions in cities.
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Rapid urbanization resulted with certain problems. Housing problem caused by the
migration to cities following industrialization has led to unhealthy and irregular
building and need for energy has increased. With the increasing energy demand, a great
majority of natural resources are being used in the construction industry, particularly at
high-rise buildings. It becomes increasingly impossible to meet energy needs of
high-rise buildings with nonrenewable resources. Nevertheless, under today’s condi-
tions and with current technology, use of renewable energy sources is a very expensive
method. In order to meet increasing energy demand, it is required to use existing
energy in an efficient and productive way. For this purpose, this study suggests a
conceptual framework including principles, strategies and methods related to energy
efficient building design while examples of energy-efficient high-rise buildings applied
worldwide are examined within the suggested framework.

2 An Examination of Energy-Efficient Building Design
Parameters

Due to the increasing need of energy in cities, studies on energy-city relationship in
urban planning processes have gained importance. Principles, strategies and methods
for energy efficient urban planning of eligible and habitable residential and natural
environment are proposed in the paper by Yücel Yıldırım et al. [2] are presented in
Table 1.

Table 1. Principles, strategies and methods of energy-efficient urban planning

Principles (P) Strategies (S) Methods (M)

Energy
Conservation
(EC)

Reducing utilization of nonrenewable
energy resources (EC1)

Reduction in energy consumption
(EC1.1)
Integration of energy technologies to
city, elimination of the deficiency of
renewable energy systems (EC1.2)
Considering local climates at building
design (EC1.3)

Generation and utilization of
renewable energy resources (EC2)

Enforcement of the regulations of
implementation for renewable energy
generation in settlements (EC2.1)
Creation of aids and incentives for
utilization of renewable energy
sources (EC2.2)
Arrangement of spatial areas
containing renewable energy
utilization (EC2.3)
Development of social awareness and
training on renewable energy (EC2.4)

Determination of policies and basic
principles for compliance and
preventive actions for climate change
(EC3)

Legislating and enforcement of the
law on climate change (EC3.1)

(continued)
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Table 1. (continued)

Principles (P) Strategies (S) Methods (M)

Regulations for increase of energy
efficiency and savings for controlling
and reducing greenhouse gas
emissions (EC3.2)

Preparation of climate maps of
settlements, and keeping them
updated (EC3.3)

Reduction of pollution (EC4) Balanced distribution, preservation,
and enhancement of green spaces
within settlements (EC4.1)
Connection of existing outdoor and
green spaces to each other and to
pasture area (EC4.2)
Utilization of local vegetation suitable
for climate (EC4.3)
Development of urban forestry
(EC4.4)
Implementation of green wall and roof
systems (EC4.5)

Land
Conservation
(LC)

Conservation of topographic structure
of land (LC1)

Provision of harmony between land
usage and topographic structure
(LC1.1)

Conservation of habitat (LC2) Formation of inventory for natural
resources, using values as basis of
spatial planning (LC2.1)
Preservation and growth of
agricultural areas (LC2.2)

Development of settlement plans by
energy efficient development form and
structure (LC3)

Selection of right location for
upper-scale decisions based on
climatic properties (LC3.1)
Reducing heat island impact (LC3.2)
Minimization of infrastructure and
superstructure problems arising from
land (LC3.3)

Water
Conservation
(WC)

Increasing utilization efficiency of
water resources (WC1)

Utilization of systems allowing
efficient usage of water
Taking legal measures for efficient
utilization and management of water
resources and enforcement of the law
on water management (WC1.1)
Reduction in water consumption
(WC1.2)
Unpolluted utilization of water
resources (WC1.3)

(continued)
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Today, a great majority of natural resources utilized in all areas of life, including
transportation, industry and building, are being used in the construction industry, which
deteriorates ecological balance and makes environment having harmful impact on
human health. Solution of environment and energy problems relies on increasing use of
renewable energy sources and efficient use of energy. Design parameters on efficient
use of energy in construction industry may be listed as follows [3, 4]:

• Selection of location,
• Topography,
• Position of the building and its distance to other buildings,
• Direction of the building,
• Form of the building,
• Building facade’s physical properties that affect heat transmission,
• Outdoor brightness level,
• Non-building obstacles that may affect climate and visual comfort,
• Physical properties of the building’s indoor spaces,
• Dimensions and structure of building components such as windows and glasses,
• Properties of components constituting artificial lighting system,
• Solar control and natural ventilation systems.

In consideration of methodologies and data presented in articles by Gültekin and
Yavaşbatmaz [5], Koç and Gültekin [6], Gültekin [7], Yılmaz and Hotunluoğlu [8],
Barış [9], and Bashiri and Begeç [10], RoT Ministry of Energy and Natural Resources
General Directorate of Renewable Energy year 2012 Activity Report [11] and
Urbanisation Council Commission Report [12], book composed by Atabay et al. [13],
MA thesis of Zinzade [14], “Regulation on Principles and Procedures Pertinent to
Increasing Energy Efficiency in Transport” issued by the Ministry of Transportation
[15], principles (P), strategies (S) and methods (M) on energy-efficient urban planning

Table 1. (continued)

Principles (P) Strategies (S) Methods (M)

Waste
Reduction
(WR)

Formation of waste and recycling
systems (WR1)

Promotions to local administrations
for waste systems and recycling
(WR1.1)
Increasing public sector supervision in
waste management (WR1.2)
Sorting of wastes on site, use of
recycling technologies (WR1.3)

Ensuring
Accessibility
(EA)

Generation of environment-friendly
urban transportation policies and plans
(EA1)

Drawing plans of transportation and
land usage suitable for public
transportation (EA1.1)
Developing energy-efficient
transportation means and systems
(EA1.2)
Minimization of private vehicle
ownership (EA1.3)
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were assessed with design parameters related to energy-efficient building design. In
conclusion to this paper, methods relevant to energy-efficient building design were
presented from Tables 2, 3, 4, 5 and 6 and a conceptual framework was suggested.

Table 2. A conceptual framework on energy-efficient building design (energy conservation)

Energy-efficient
urban planning

Methods of energy-efficient building design

P S M

EC EC1 EC1.1 Selecting appropriate location for building
Appropriate position of the building and appropriate distance to other
buildings
Orientating the structure in accordance with physical environment data
Shaping form of structure in accordance with physical environment data
Making use of the daylight at lighting
Selecting energy-efficient construction materials
On exterior surfaces, using construction materials of colors compatible with
the climate
Using high-performance joinery and glasses
Reducing the building crust surface
Introducing energy saving by efficient insulation systems

EC1.2 Using solar batteries at power generation
Making use of solar collectors at water heating
Considering position relevant to the sun at energy-efficient building design
Using wind turbines at power generation
Making use of wind energy at ventilation and cooling
Providing lighting with renewable energy sources

EC1.3 Application of architecture compatible with the local climate
Selecting local construction materials

EC2 EC2.1 Enactment of regulations aiming at increasing energy efficiency at buildings
Preparing a Enactment of Regulations aiming at increasing efficiency of
energy resources and energy use at buildings

EC2.2 Supporting energy-efficient projects to be implemented
Providing incentives to reduce energy density
Operation of a fixed-rate guarantee incentive mechanism on the condition
of not being equal for each renewable energy source
Supporting the right of unlicensed production for integration of small-scale
enterprises to the national economy and to assure their efficient use
Providing financial incentives such as VAT exemption, customs duty
exemption

EC EC2 EC2.3 Making use of renewable energy sources at building design
Designing exemplary energy-efficient projects
Implementation of pilot applications

EC2.4 Efficient use of media

(continued)
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Table 2. (continued)

Energy-efficient
urban planning

Methods of energy-efficient building design

P S M

Supplying training and certification services jointly with the energy
management for energy surveys and efficiency enhancing projects

Concerning energy efficiency, improvement of effective and productive
cooperation with public bodies and agencies, universities, private
enterprises and non-governmental organizations
Preparing training and awareness videos
Holding competitions

EC3 EC3.1 Implementation of policies preventing climate change
Preventing misuse of land
Development and use of green technologies
Following international meetings on climate change and implementation of
decisions taken

EC3.2 Development of renewable recovery techniques for elimination of
greenhouse gas emissions
Protection of natural resources with their physical, biological and
ecological features
Use of standardized construction materials that pose no problem of health
and pollution

EC3.3 Employing climate change maps as basis at building design
Assessment of biological data

EC4 EC4.1 Improving green area standards set forth in the zoning legislation
Preserving current green areas during design process
Introduction of a green mass standard that will eliminate greenhouse
emission
Constant improvement of the settlement’s green value through standards,
incentives and certification

EC4.2 Arranging at least 40% of the land surface in current transformation zones
as green areas or areas containing green elements
Creating a network of green and open areas to improve urban flora and
fauna, reduce greenhouse gas emission and to enable air circulation

EC4.3 At settlements, using vegetation compatible with local climate conditions
Using construction materials compatible with local climate conditions
Preserving current vegetation as possible

EC4.4 Preserving current forest areas
Increasing the number of urban forests

EC4.5 Selecting the plants in accordance with dominant wind direction
Introducing vegetation compatible with climate conditions for each
direction

An Examination of the Energy-Efficient High-Rise Building Design 163



Table 3. A conceptual framework on energy-efficient building design (land conservation)

Energy-efficient
urban planning

Methods of energy-efficient building design

P S M

LC LC1 LC1.1 Constructing the building in compliance with topography
Protection of natural topography
Introduction of a design that is compatible with natural features
Selecting location in compliance with density of settlement

LC2 LC2.1 Preserving existing natural resources
Using natural resources inventory as a basis in design and its integration
Protecting fertile land

LC2.2 Preventing use of agricultural land for other purposes, preventing build-up
Improvement of agricultural land lost due to misuse and their reclaiming for
agriculture

LC3 LC3.1 Forming construction areas according to climate data
Efficient use of climate areas

LC3.2 Preserving current tree cover
Increasing areas to be forested
Choosing right locations for the trees
Selecting appropriate locations for plants in immediate vicinity of the
buildings
Implementation of green area works for improving climate of the settlement
Application of green wall systems
Application of green roof systems

LC3.3 Identification of infrastructure and superstructure problems
Ensuring spontaneous, mutual and reliable exchange of information with
local agencies that implement infrastructure and superstructure works
Creating sources for infrastructure and superstructure investments
Identification of material, safety, positioning and excavation standards
Coordinated implementation of planning and repair-maintenance works
Carrying fertile land left inside the build-up area to green areas and making
use of them

Table 4. A conceptual framework on energy-efficient building design (water conservation)

Energy-efficient
urban planning

Methods of energy-efficient building design

P S M

WC WC1 WC1.1 Use of instalments and equipment that consume water efficiently
Installation of a waste water and grey water plant
Using rainwater collection and storing systems

WC1.2 Planning of water resources use
Increasing efforts of awareness and consciousness in all segments of the society
Compliance with standards on water retention in buildings

(continued)
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Table 5. A conceptual framework on energy-efficient building design (waste reduction)

Energy-efficient urban
planning

Methods of energy-efficient building design

P S M

WR WR1 WR1.1 Enhancing cooperation between local governments, public and
private enterprises
Implementation of training programs to raise public awareness
and behavioral change on waste management
Ensuring communication between public and public bodies
authorized for collection, transport and disposal of wastes
Implementation of the deposit system by local governments

WR1.2 Developing the material management plan to prevent loss in
source and production of wastes
Identifying locations of waste and recovery plants in relevant
plans
Disposal of wastes without harming the habitat and topography
Disposal of wastes without causing pollution in soil and water
Raising awareness in issues of waste management and recycling

WR1.3 Use of recyclable and reusable construction materials
Use of construction materials that are capable of rapid
self-renewal
Sorting, storage and classification of reusable materials

Table 4. (continued)

Energy-efficient
urban planning

Methods of energy-efficient building design

P S M

Efficient and effective use of water

Landscape arrangements that use water efficiently and require little maintenance
Choosing in the landscape design plants that require little water and maintenance
Increasing areas that have vegetation resistant to drought
Treatment and reuse of waste water
Reuse of rainwater after collecting at appropriate areas
Treatment and reuse of grey water

WC1.4 Renovation of sewage systems to prevent contamination of water resources
Controlling polluting elements from sewage and storage areas by use of necessary
technologies
Reducing use of toxic pesticides
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3 An Examination of Worldwide Energy-Efficient Building
Design on High-Rise Buildings

Importance of efficient use of energy has been perceived in different manners in each
country and in this context; different solutions and recommendations have been sug-
gested. United States of America (USA) became one of leading countries to realize
importance of energy efficiency and starting from 1970s, when an oil crisis was
experienced, studies on energy efficiency were continued with an increasing
momentum.

In consequence of the energy efficiency studies conducted in USA, achievements
were obtained between the years 1973 and 2005, such as significant contribution to
protection of environment, improving energy efficiency of household appliances, and
avoiding construction of further power plants. Furthermore, USA did not find those
achievements sufficient and a national action plan called “Vision 2025” was prepared in
2008 due to reasons such as energy efficiency is an untouched and low cost energy
source which enhances energy supply security and reduces future risks of carbon
policies that are already ruled by uncertainty [16].

On the other hand, European Union (EU) member states, starting from the
beginning of 1970s, have implemented studies in order to reduce dependency on oil,

Table 6. A conceptual framework on energy-efficient building design (ensuring accessibility)

Energy-efficient urban
planning

Methods of energy-efficient building design

P S M

EA EA1 EA1.1 Preparing a transport plan that keeps the demand of transportation at
a minimum level
Development of pedestrian/bicycle transport systems and
processing on physical plan
Improvement of methods to enable use of public transport from the
regional parking lots to urban centers
Enhancing rail transport systems in urban transport

EA1.2 More common use of clean fuels in transport
More common use of vehicles with less fuel consumption
Raising awareness of the consumer and making low-emission
vehicles attractive
More common use of smart traffic practices and smart transport
systems that make use of information and communication
technologies
Raising efficiency standards in vehicles

EA1.3 Planning relations between sheltering, work and instalment areas in
a way that requires minimal energy
Extending public transport network
Creating pedestrian lanes
Introduction of local parking lots
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enhance energy supply security, support competition by decreasing energy costs,
reduce unemployment, protect the environment and minimize emission of greenhouse
gases [16]. EU Commission, with its indirect taxation study in the year 2007, revised
the Directive on Energy Taxation, attempted to introduce an encouraging energy
taxation system, has examined the benefits of tax reductions and other incentives to
increase the production of high energy efficient certified equipment and devices [17].
Furthermore, the EU, concerning energy savings, has enacted the Directive
2002/91/EC of the European Parliament and of the Council of 16 December 2002 on
the Energy Performance of Buildings [18], Council Directive 2003/96/EC of 27
October 2003 Restructuring the Community Framework for the Taxation of Energy
Products and Electricity [19], Commission Directive 2003/66/EC of 3 July 2003
Amending Directive 94/2/EC Implementing Council Directive 92/75/EEC with Regard
to Energy Labelling of Household Electric Refrigerators, Freezers and Their Combi-
nations [20], Communication from the Commission on the Implementation of the
Energy Star Programme in the European Union in the Period 2006–2010 [21], Eval-
uation of the Energy Labelling and Eco-design Directives [22] and Directive
2006/32/EC of the European Parliament and of the Council of 5 April 2006 on Energy
End-Use Efficiency and Energy Services and Repealing Council Directive 93/76/EEC
[17, 23].

In Japan, where negative impact of the 1970s oil crisis was experienced, “Energy
Conservation Laws” [24] was revised in 1999. In Japan, where energy efficiency
studies are supported by the government through financial models that include tax
incentives, long-term reimbursement credits, industrial corporations and the public
support the studies on a voluntary basis and city governments are implementing from
time to time various efficiency programs within their boundaries [25, 26].

In the process of design and application procedures of buildings, which have a
major share in worldwide energy consumption, efficient use of energy shall be enabled
when the legislative regulations and methods presented in the Table 2 evaluated
together.

Due to decreasing energy resources and increasing environmental problems in the
world, design and application of energy-efficient high-rise buildings are on the rise.
Because initial investment costs of these buildings are high, office building applications
are more commonly observed. In this paper, it has been examined whether the high-rise
building examples in the literature are constructed according to the methods related to
energy-efficient building design and whether the methods are fully implemented.
Visionaire Building, Solaire Building and Helena Building in USA, Burj Mohammed
Bin Rashid Tower in the United Arab Emirates, Telus Garden Building in Canada and
Sky Terrace @Dawson Building in Singapore are some of the energy-efficient high-rise
building projects. These examples, in consideration of methods of energy-efficient
design listed in Tables 2, 3, 4, 5 and 6, are examined in the Table 7.

When it comes to energy-efficient building design approach, we failed to obtain
sufficient information on international examples of high-rise buildings from literature.
Therefore, examples of housing projects presented in the Table 7 were examined on
limited information. It was found out that methods listed in the suggested conceptual
framework are being partially implemented in the examples of high-rise building
projects.
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Table 7. High-rise building examples constructed in accordance with energy-efficient building
design approach

High-rise buildings Energy-efficient building design approach

Visionaire Building
[5, 27–29]

Country: New York City,
USA
Date of the Project:
2006–2008
Height: 109.73 m
Number of Floors: 35
Intended Use: Housing

• LEED Platinum certificate
• Custom made BIPV panels (solar
batteries) applied on western and eastern
facades of the building generate electric
power

• Building has a rainwater storage system
• Rainwater collected on the roof is used for
irrigation of green areas

• About 35% of the building’s electric load
is supplied from renewable energy
sources

• Materials used at construction of the
building had been supplied from an area
of a diameter of 800 km and from
recyclable resources

• Construction materials of self-renewing
nature, such as bamboo were used indoor
areas

• Green roof application contributes in
decreasing heat island effect

• Durable and recyclable construction
materials were used and efficient use of
sources was ensured in the building

• Materials used in the building were
supplied locally and economically
sustainable design was provided

• Non-toxic construction materials were
used during construction of the building

• Insulating glass is used
• Full length floor-to-ceiling glasses makes
possible better use of natural light

• Building has a waste water treatment
system that enables reuse of waste water
in the building

• Air filtering system allows fresh air entry
inside the building

• In order to reduce significantly the power
demand of building the heating and
cooling systems are operated with natural
gas

(continued)
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Table 7. (continued)

High-rise buildings Energy-efficient building design approach

Solaire Building
[5, 30–33]

Country: New York City,
USA
Date of the Project:
2001–2003
Height: 85.29 m
Number of Floors: 27
Intended Use: Housing

• LEED Golden certificate
• Green roof application designed to collect
almost 70% of the rainwater contributes
in decreasing urban heat island effect

• Rainwater collected on roofs is used at
irrigation of green areas

• Excess water not absorbed by vegetation
is collected with grey water in a cistern
and treated; it is used at irrigation of the
green roof and parks in the vicinity

• Waste water from the building is recycled
• Solar batteries supply energy to meet the
building’s energy need

• Supplying energy by solar batteries
reduces energy consumption costs

• Two thirds of materials used at
construction of the building were
supplied from intimate environs

• 93% of waste materials produced at
construction was recycled

• Selecting recyclable construction
materials increased source efficiency of
the building

• Tax deductions reduced construction
costs and encouraged investor for
construction of more energy-efficient
buildings

Helena Building
[5, 34–38]

• LEED Golden certificate
• Green roof application contributes in
decreasing urban heat island effect

• Rainwater is collected and used at
appropriate locations

• Solar batteries generate energy
• 20% of materials had been supplied from
an area of a diameter of 800 km and use
of local materials was supported

• High-performance facade components
reduce harmful effects of sun on indoors

• Supplying construction materials from
recyclable and local sources, energy and
source efficiency was enhanced, costs

(continued)
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Table 7. (continued)

High-rise buildings Energy-efficient building design approach

Country: New York City,
USA
Date of the Project:
2002–2005
Height: 122.2 m
Number of Floors: 37
Intended Use: Housing

were decreased and environmental
pollution was reduced

• Supplying the building’s energy demand
from renewable energy sources such as
wind and sun minimizes energy
consumption

• High-performance double glass
application reduced the harmful effect of
ultraviolet rays on furniture

• Glass reinforced concrete used on the
exterior allows better use of natural light

• Ventilation culverts on windows enable
ventilation of rooms without opening
windows

• Wet surfaces, cupboards and doors were
constructed of panels that are composed
of wheat stalks that are easily renewable,
recyclable and non-toxic, which
contributed in reduction of wastes

• Energy-saving power switches were used
• Waste water obtained from the black
water treatment plant was used in toilets,
ventilation and air-conditioning systems
(HVAC) and cooling towers of ¾ of
buildings and at garden irrigation and
efficient use of water was thus ensured

• Devices with ‘Energy Star’ sign were
used to reduce energy consumption

Burj Mohammed
Bin Rashid Tower
[39–41]

Country: Abu Dhabi, United
Arab Emirates
Date of the Project: 2007–
2014

• Energy efficiency was improved by
means of triple-wall facade system

• With the facade lining of high reflectivity
that requires minimum-level
maintenance, heat island effect was
decreased, compatible conditions of
comfort were supplied indoors

• Energy efficiency was improved by solar
collectors

• Shading components were used on the
facade to provide heat and visual comfort
indoors

• Towers were directed in positions that
decrease sun effect

• Tower roofs were designed to allow
installation of further solar panels

• Since power is supplied from a regional
center, natural ventilation is supported by
windows that can be opened

(continued)
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Table 7. (continued)

High-rise buildings Energy-efficient building design approach

Height: 381.2 m
Number of Floors: 88
Intended Use: Housing

• High-efficiency water fittings were used
for water saving

• Local plant species were grown to
decrease garden irrigation and for water
saving

• Local materials were used to decrease
costs of transporting imported materials at
construction

Telus Garden
Building [42–45]

Country: Vancouver BC,
Canada
Date of the Project: 2012–
2016
Height: 167 m, 88 m
Number of Floors: 53
Condo,
24 Office
Intended Use: Condo, Office

• Office building has LEED Platinum
certificate. Condo has LEED Golden
certificate

• About 300 solar panels placed on the roof
are generating 65000 kWh of power each
year

• Green roof application contributes in
reducing heat island effect

• Motion-sensitive, energy efficient lighting
system reduces energy consumption

• Building hosts a fully integrated and
smart building system that controls all
systems including energy-efficient
lighting, heating, cooling and fire alarms.
This system allows utilizing fresh air
instead of recycled air

• Rainwater is collected and used at
appropriate locations

• Building, which is included in the
regional power system, contains a system
that converts indoors heat for heating of
air and water and approximately 1.000
tons kg of CO2 gas emission is prevented
per year

• Since the building is located in proximity
of the Sky Train, it hosts an electric
vehicle charging station and bike facilities

• Green mortgage bond was used in
funding of the office buildings

(continued)
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It is observed that methods such as utilization of renewable energy sources,
application of rainwater collection and treatment systems, reuse of treated waste water
at appropriate areas, application of green roof systems to reduce the heat island effect,
use of devices with high efficiency for water saving, use of local and recyclable
construction materials, making use of natural lighting and ventilation to reduce energy
consumption and application of high-performance facade and glass systems to decrease
heat loss have come into prominence. We failed to get access to information such as
positions, building directions, topographic compatibility and preservation of natural
resources at buildings.

Table 7. (continued)

High-rise buildings Energy-efficient building design approach

Sky Terrace
@Dawson Building
[46–48]

Country: Soo Khian Chan,
Singapore
Date of the Project: 2008–
2015
Height: 142 m
Number of Floors: 43 (5
towers)
Intended Use: Housing

• BCA Green Mark Platinum certificate
• Rainwater is collected
• Drip irrigation system is used for
irrigation

• Shallow depressions where rainwater is
directly diverted without any processing
and natural and foreign plants are grown
host a ‘rainwater garden’, in other words,
a bio-retention system [49]. Water
collected in these areas is used for garden
irrigation

• Energy is generated by solar panels
located on the roofs and generated energy
is used for lighting of common areas and
operation of lifts

• High-performance double glass
application enables decrease in heat loss

• Water-efficient devices are being used
• Motion-sensitive sensors are used to
decrease power consumption at common
areas and staircases to decrease energy
consumption

• Since they are equipped with variable
voltage, frequency adjuster and sleep
mode operation costs of the lifts have
been decreased

• Wastes are collected in the waste chute
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4 Conclusion and Suggestions

In today’s world, where most of the world population lives in cities, it is a rather
expensive method to provide all of increasing energy need from renewable energy
sources with today’s technology and conditions. It is therefore necessary to use existing
energy efficiently and productively, which is a cheaper application to meet the
increased energy need.

The conceptual framework suggested in this study may be adopted as a guideline in
energy efficient building design, and consequently, may be used as a guide for different
disciplines. In energy-efficient building design, although application of systems and
studies that enhance energy performance increase initial investment costs, operation
and maintenance costs required throughout the life of these buildings may be 5–10
times bigger than these application costs [50]. Accordingly, efficient and productive
utilization of energy and renewable energy resources must be adopted as a government
policy, and the public awareness must be increased. People shall be more selective as
public awareness increases on efficient and productive utilization of energy, and
investments of lesser energy consumption for less money shall be taken into consid-
eration. In today’s world, where economic growth and social welfare lead to more
energy consumption, decrease in energy consumption, preservation of the environment,
and reduction the burden of energy costs on the economy shall be provided with the
enforcement of laws and regulations for efficient and productive utilization of energy.

Since energy is one of the elements that affect production costs at the highest level,
generating the same quantity of output by using technologies that require less energy
consumption for energy efficiency may result in decrease in costs. This will enhance
competitive capacities of countries. Furthermore, by efficient use of energy, con-
sumption will be lessened and accordingly, the countries’ dependency on foreign
energy sources will be reduced.
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Abstract. This work consists of a study focusing on the feasibility of using
photovoltaic panels to produce the electricity required by plant operations at a
chemical treatment plant belonging to an industrial company. Using available
statistical data, it provides estimates relative to the amount of solar radiation
received by the Eskişehir region, a large proportion of which is exposed to
sunlight every day. The study reveals in detail the operating periods and power
of the pumps used to pump the wastewater and the chemicals, and performs
daily and instantaneous measurements of the power used at the plant over a one
week time period. Following these evaluations, the study determines the
instantaneous maximum power used by the system and provides the calculations
necessary for photovoltaic panels and equipment.

Keywords: Photovoltaic � Panel � Solar � Sun

1 Introduction

When we look at the International Energy Agency (IEA), US Energy Information
Administration (EIA) and the European Environment Agency resources, we estimate
that human need will be around 400,000 TWh by 2016. Below, renewable energy
potentials are given

*Solar energy 1575 EJ (438,000 TWh),
*Wind energy 640 EJ (180,000 TWh),
*Geothermal energy 5000 EJ (1,400,000 TWh),
*Biomasses 276 EJ (77,000 TWh),
*Hydropower 50 EJ (14,000 TWh)
*Ocean energy 1 EJ (280 TWh).
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Solar energy potentials of Eskişehir are displayed in Fig. 1, which provides the
average hourly sunlight periods of Eskişehir and Fig. 2, which provides the monthly
solar radiation intensity values.

As seen in Fig. 1, the months of June and July provide the longest periods of solar
energy availability, followed by May, August, September, and October. From these
data which show us that the region receives a monthly average of 300–400 km/m2 of
solar radiation and an average daily sunlight period of 8 h, we may conclude that
Eskişehir will be an amenable location for the harnessing of solar energy.

The radiation intensity values and daily average of hours of sunlight of the Eski-
şehir region are seen to exceed national averages [1].

2 Available Technologies for the Production of Electricity
from Solar Energy

This section of the paper reviews the methods and technologies used in the conversion
of solar energy into electricity, with special focus on photovoltaic cells and solar
radiation power generation systems. This section also provides general technical
information and capacity volumes of these systems.
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Fig. 1. Average hourly sunlight periods of the province. (Source EYEKPA, p. 7)
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2.1 Photovoltaic (PV) Systems

2.1.1 Photovoltaic (PV) Panels [2, 3]
Photovoltaic Cells (PV batteries) are composed of semi-conductor materials that can directly
convert surface solar rays into electric energy. In accordance with photovoltaic principles,
when direct sunlight strikes the cell, an electric charge occurs on its terminals. The photo-
voltaic process is that in which two dissimilar materials in close contact produce an electric
potential in the space between them when struck by photon rays. The photovoltaic cells are
interconnected in a parallel series and formed into panels protected from the elements with
glass, polymers or other kinds of other kind of surface materials to form panels. Today there
are many different kinds of PV cells. These have been summarized below:

(a) Crystallized silicon: Mono-crystallized silicon blocks are first grown and then
sliced into 200 micron thick wafers. Under laboratory conditions it has been
determined that PV cells made out of blocks of these fine wafers have efficiency
of 24%, while the commercial models have efficiency rates of 15%.

(b) Gallium Arsenide (GaAs): This material provides 25% efficiency under labo-
ratory conditions and 28% as an optical concentrator.

(c) Amorphous Silicon: SI (thin-film) photovoltaic cells made up of this
non-crystalline form of silicone have efficiency rates of approximately 10%, while
the commercial models rate at around 5–7%.

(d) Cadmium Telluride (CdTe): CdTE is a poly-crystalline material that is expected
to significantly lower the costs of photovoltaic cells. Under laboratory conditions
small CdTe cells provide efficiency rates of 16%, and approximately 7% in
commercial applications.

(e) Copper Indium Gallium Selenide (CuInSe2): Under laboratory conditions cells
made of this poly-crystalline materials provide efficiency rates of 17.7% and
10.2% efficiency of prototypes built as energy converters.

(f) Optic Concentrator Cells: Models of devices with lenses or mirrors that can
concentrate light at 10–500 magnitudes have model efficiency of 17% and cell
efficiency that can attain as much as 30%. These concentrators are made up of
simple and inexpensive plastic materials.

2.1.2 Other Equipment Included in PV Systems [4]

(a) Inverter: inverters, which are referred to as the heart of the systems, are used to
convert direct current outputs of PC cells into utility frequency alternating current.
The 12 or 24 DC current produced by the panels are converted into 24 volts of
alternating current. It does so by taking the constant DC voltage and changing it to
a sine wave curve (or a curve that approximates a sine wave). The power of the
inverter used has to accord with the type of system established.

(b) Charge Regulator: A charge regulator or controller is the device used to lower or
limit to desired levels the rate of the current derived from the solar energy.
Generally used in off-grid systems, the most important criterium in the selection of
this device is the efficiency value.
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(c) Accumulator: The accumulator is used in off-grid systems to store the energy from
the system in a chemical environment. When desired, the device releases the energy
from its terminals in the form of electricity. The batteries used are lead-acid perma-
nently placed and can withstand several emptying and filling processes; however, the
location of their placement is important as these batteries may emit dangerous gases.
However, if they are to be used indoors dry batteries have to be used.

(d) Peak Power Monitor: The power derived from a PV cell is in direct ratio to the
amount of solar radiation to which it is exposed; i.e.,as the solar radiation increases so
does the wattage power. This is the maximum power that can be produced by the cell
or panel, and is termed the “peak power.” It is measured in WP (watt peak).

(e) Installation Set: These sets are needed to install the PV panels on roofs, in fields, or in
other applications. Currently there are two types of such sets, permanent and trackers.

2.1.3 Off-Grid and on-Grid Systems [5]
Off-grid systems are used to provide electricity to isolated farms and mountain facilities
that are not connected to the electrical power network, to run well motors, transmission
antenna, and boats. These are also referred to as island systems. The electric energy
generated by these PV panels is stored in batteries and then converted into alternating
current with inverters. The generated energy can also be used as direct current (Fig. 3).

2.1.4 On Grid PV Systems [5]
On-Grid systems are used in connection with municipal electrical distribution stations.
The most significant difference between on-grid and off-grid systems is that the on-grid
systems do not use groups of accumulators. Additionally, the inverters used in on-grid
systems do not have the same technical features as the off-grid accumulators. As
known, inverters are used to convert DC current to the kind of alternative current used

Fig. 3. Off-Grid PV applications. (Source https://solenturk.com)
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by household appliances and devices. However, the inverters used with on-grid sys-
tems are synchronized so as to accord with the power networks and just as these
inverters can be connected to the household distribution panel boxes, their paired meter
counters allow them to be tied into the power network itself (Fig. 4).

2.2 Concentrated Solar Power (CSP) Systems [6]

2.2.1 Dish Systems
Dish systems concentrate on the solar focalization point by tracking the sun from two axises.
Thermal energy is harnessed by using a suitable working fluid at the concentrated point on
the dish. Once the energy has been converted to heat, it is sent to the generator via
thermodynamic heat transfer, or a Stirling engine is positioned at the focalization point to
convert the solar energy to electricity, providing an efficiency rate of approximately 30%.

2.2.2 Power Tower Systems
Single-focused flat, movable mirrors (also called heliostats) are mounted onto a
solar-energy receiver called a tower. Solar heat is reflected onto the heat exchanger and
is concentrated. Mounted on the tower is a collection of pipes filled with a viscous fluid
that absorbs the solar energy in a three-dimensional mass. This fluid is then pumped to
the Rankin machine where it is converted to electricity.

2.2.3 Solar Chimney
A tower containing soil and air and covered with solar-exposed transparent material is
allowed to heat to a temperature that exceeds the outside temperature. Because hot air rises it
forms a roof slope and if this air is directed towards a high chimney an air flow is created
within the chimney. A horizontal wind turbine placed at the entrance to the chimney
converts this wind to electricity.

Fig. 4. On-grid system. (Source https://solenturk.com)
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2.2.4 Solar Pool Systems
The black colored floors of these 5–6 m deep pools absorb solar rays and provide water
heated to 90 °C. Just as this hot water can be pumped with a heat exchanger and used
for heat, it can also be used in the production of electricity when a Rakın inverter is
used.

2.2.5 Parabolic Trough Systems
This system is one of the most commonly used linear concentrator thermal systems.
The collectors are composed of series of parabolic cross-sections. The inner parts of the
collector have mirrored, reflective surfaces. The solar energy focuses on an absorbent
pipe that runs the length of the inner surface. Generally speaking, the collectors are
situated in along a single axis that tracks the sun as it moves from east to west. The
collected heat is sent to a power station where it is converted into electricity.

3 Turkey’s Legal Regulations and Current Situation [7]

Turkey’s energy policies call for the amount of renewable energy to make up 30% of
all of Turkey’s energy needs by the year 2023. In line with these targets, beginning in
2010 various legal modifications and reforms have been made to the country’s energy
sectors and energy sector investors are being provided with certain incentives.

Legal Provisions and Laws

• Number 4628: Law Governing Electricity Markets
• Number 5346: Law Governing the Use of Renewable Energy Resources in the

Production of Energy
• Number 5627: Law Governing Energy Efficiency
• Number 6446: Law Governing Electricity Markets

Regulations

• Regulations Governing the Licensing of Electricity Markets
• Regulations Governing the Rules and Procedures Relative to the Provision of

Renewal Energy Resource
• Regulations Regarding the Manufacture of Parts and Accessories Used at Facilities

Producing Electric Energy from Renewable Energy Resources,
• Regulations Governing Solar Energy Production Plants
• Regulations Governing the Production of Non-Licensed Electricity Plants in the

Electricity Market

The laws and regulations mentioned above have been investigated so as to illu-
minate the work carried out at the trial study of an industrial plant located in Eskişehir
with emphasis on the subjects discussed below:
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3.1 Non-licensed Electricity Production

Limited to the meeting of personal energy requirements: Co-generation Plant—Micro
Cogeneration Plant—Those actual individuals or corporations that establish a energy
production plant producing a minimum of 500 kw of energy to be used for personal
requirements and obtained from renewable energy resources are excused from the
requirement to obtain a license. Any person (actual individual or corporation) that is a
subscriber to the electricity network may establish a non-licensed electricity production
plant. These individuals must have at least one consumption entity registered in their
own name, meaning they must be subscribers to the state’s network. Those individuals
who are not subscribers are not permitted to establish a non-licensed electricity pro-
duction plant. Those who are not actual individual or corporate subscribers (such as
apartment managers) are not permitted to establish a non-licensed electricity production
plant.

Non-licensed electricity production plants must be established so as to accord with
the relative laws and regulations. Those individuals and/or corporations who apply and
meet the above stipulations are then given the right to produce the electricity needed to
meet their own energy requirements. Of these, actual individuals are only authorized to
establish micro-cogeneration plants, while actual individuals and/or corporations are
allowed to establish cogeneration plants, but both of these are only authorized to
produce the electricity needed to meet their own needs. The excess energy generated by
those individuals who establish micro-cogeneration facilities and those actual indi-
viduals and corporations that establish facilities based on renewable energy resources
are given ten-year long rights within the framework of the YEK (renewal energy)
Support Mechanism to sell this excess energy to a retail-licensed energy distribution
company. Appendix I of the YEK Law provides a scaled listing of the proposed prices
of such energy as per resource employed. Those individuals who establish
micro-generation facilities use the lowest price on the scale. What this means is that
the government only guarantees the oversight of the system, but does not guar-
antee sales or purchase of the electricity.

3.2 Sale of Produced Electricity

The excess energy produced from an electricity producing facility based on renewable
energy resources is evaluated via the YEK Support Mechanism for sale to a local
retail-sales licensed energy distribution company. While there is no limit on volume of
sales, there has to be an ongoing consumption process that proceeds between the
subscribed energy generation facility and the consumer supplier company to which it
has been attached.

And while the YEK Support Mechanism operated by TEİAŞ (Turkish Electricity
Transmission Corporation) is a market-based purchasing mechanism, it does not
engender sales to the state, but only rather guarantees that it will oversee the operating
of the government monitored system.

According to Appendix I of the YEK Law, excess electricity produced by
renewable energy based systems will be purchased for a period of ten years according
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to the scaled price list. Following this ten year period new modifications to the Law will
clarify how the process will be implemented in the future.

3.3 Sample Calculation

To benefit from the regulations legislating non-licensed electrical generation, 132 m2’
of a 180 m2 roof will be exposed to the sun and it is in this area that a solar energy
harnessing facility will be installed. Assuming that we will need 6.6 m2 to obtain
1 kW, a 20 kw power photovoltaic solar panel will need to be established.

Now, assuming that the facility has been built and is operable:
Also assuming that the plant will receive, on average, 7 h of sunshine daily, we

may conclude that the plant can produce 7 � 20 kW = 140 kWh of electric energy
daily. Assuming that the plant consumes 70 kWh on a single day, we can calculate that
each day the system will generate 140–70 = 70 kWh of excess energy. Let us now
assume that the next day is cloudy and the plant receives low levels of radiation. In this
kind of instance, if the plant receives 4 h of solar radiation it will produce
4 � 20 = 80 kWh of electricity and will thus produce 80–70 = 10 kWh of energy that
surpasses the system’s requirements.

Accordingly, let us calculate the amount of 13.3 cents (USD) of support incentives
to be received per two days of solar energy.

Let us assume that each case outlined above occurred 15 days per month.
(15 � 70 = 1050) + (15 � 10 = 150) = 1200 � 0.133 � 1.85 = 159.6 TL (not

including dskb/energy distribution utilization charges and other legal obligations).
Added to this calculation is this plant’s electricity consumption which equals

15 days of 10 kWh and 15 days of 15 kWh. According to this calculation, (30 � 70)
or 2100 kWh of electricity is consumed monthly. If this individual had not built this
generating plant, electric consumption would have to be paid by subscription rate,
which would mean that 2100 � 26 Kuruş = 546 TL of energy charges would have had
to be remitted. In addition, the individual would also have to have paid dskb and other
legal obligations. In conclusion, this plant:

– Setting aside costs due to feasibility, investments, and operating, the facility will
receive 159.6 TL of support (not including dskb and other legal obligations) and
will also be exempted from paying an electric bill of 546 TL (dskb and other
obligations not added).

4 An Operation’s Chemical Waste Water Treatment Plant
in Eskişehir

Table 1
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4.1 Expected Developments

A treatment plant was designed to treat the waste water of a 200 m3/daily capacity, four
furnace plant. If three of the furnaces are working, no extra work on the treatment
center will be required, even if there is an increase in capacity. Quite the opposite, in
coming periods some of the pumps and motors will be exchanged with new and more
efficient models, thus further decreasing energy requirements.

The panels to be mounted on the roof have an average weight of two tons. The roof
weight bearing capacities will be recalculated and any necessary supports will be added
(Fig. 5).

Table 1. Installation power consumption operating hours

Equipment P Tot. Time Energy P (%
80)

Daily total
comp.

kW kW Saat kW kW kW

Mixer 0.75 0.75 1 0.75 0.6 0.6
Oily wastewater pump 2.2 4.4 20 2.2 1.76 35.2
Wastewater equalization pumps 2.2 4.4 12 2.2 1.76 21.12
Acidification tank mixer 0.37 0.37 20 0.37 0.296 5.92
Daf tank stripper 0.25 0.25 12 0.25 0.20 2.4
Daf tank pumps 2.2 4.4 24 2.2 1.76 42.24
Coagulation tank mixer 0.75 0.75 20 0.75 0.6 12
Neutralization tank mixer 0.75 0.75 20 0.75 0.6 12
Flocculation tank mixer 0.55 0.55 20 0.55 0.44 8.8
Sludge removal pumps 1.1 2.2 1 1.1 0.88 0.88
Finned settling tank sludge
pumps

1.1 2.2 1 1.1 0.88 0.88

Filter press feeding pumps 3 6 3 3 2.4 7.2
P. tank mixer 0.37 0.74 1 0.74 0.592 0.592
Anionic pump 0.25 0.5 20 0.25 0.2 4
Lime tank mixer 0.55 0.55 1 0.55 0.44 0.44
Clean water discharging mixer 2.2 2.2 10 2.2 1.76 17.6
Installed power kW-Saat 1 23.1936 19.328
Total consumption kW-Gün 171.272

Source An industrial company
Significance of bold type to specify the total amount
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4.2 Pitch of Design and Roof

4.3 Actual Measurements

One-week long measurements were carried out of instantaneous and 24 h long elec-
tricity consumption rates as provided by the electric panel box belonging to the
treatment facility and located in the factory’s power supply room. The instantaneous

Fig. 5. Design of treatment plant. (Source An industrial company)
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consumption during the day were found to be at an average level of 14 kw, while the
24 h total average consumption was approximately 160 Kwh (Table 2).

5 Feasibility and Equipment Selection

Daily Consumption = 172 kW = 172,000 W
1 h Maximum Expended Power = 20 kW = 20,000 W

5.1 Panel Selection

Because the calculations are done according to the highest generating power of the
facility, a 250 W generating power photovoltaic cell will be selected. Each panel is
1.65 m2 and weighs 20 kg.

Eighty panels will be needed to meet daily consumption requirements. These 80
panels will be situated on the roof, as shown below, one a space of 13.2 � 10 m, thus
covering a 132 m2 area.

The roof covers a 180 m2 area and is in the shape of an 18 m � 10 m rectangle.
The 10 m area will be completely covered by panels, while there will be a 1.6 m wide
overlay. Panels will also be installed on the 9 m slope to the east with a 0.5 overlay.

Offers for 250 W capacity panels were received from 5 separate companies. The Y
firm was selected as it has a good reputation and also gave the lowest offer.

X company: 74,000 TL
Y company: 53,760 TL
Z company: 52,800 TL
W company: 57,600 TL
U company: 47,360 TL

5.2 Battery Selection

A: W/V
172,000/12 V = 14,333 Ah
1 day storage = 72 batteries

Table 2. Actual instantaneous and daily measurements

Date 28.02 29.02 01.03 02.03 03.03

24 h 158 kw 160 kw 178 kw 150 kw 158 kw
Ins. cons. 14 kwh 8 kwh 4 kwh 12 kwh 14 kwh

Source An industrial company
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200 Ah 12 V Jel Akü
X company: 1500 TL
Y company: 1750 TL
Z company: 1800 TL

Considering that Eskişehir is located in the continental (cold winter) meteorological
region with low nighttime temperatures, the facility will need batteries in which to store
the energy. Also considering the size of the area and number of panels, calculations
called for the use of 72, 200 Ah 12 V gel batteries. The battery group will be inter-
connected on the roof of the 8 story building both parallel to each other and in a series.
The batteries will be stored in the command room located on the second floor of the
treatment center.

Total Costs of the Battery Group: 108,000 TL

5.3 Inverter Selection

Calculations call for a one hour total drawn power (20,000 W) and thus a total of four
inverters will be needed.

X company: 5000 TL 5000 W/24 V
Y company: 7500 TL 5000 W/24 V

İnverter Costs: 20,000 TL

5.4 Charge Regulator Solar Cable (6 mm)

MPPT 50 m

350 TL 500 TL

Other miscellaneous expenditures: 17,000 TL
Total Investment Expenditures:
53,760 + 108,000 + 20,000 + 500 + 350 + 17,000 = 199,610 TL
Amortization Period:
Electricity Unit Cost: 0.39 TL/kWh
Annual Electricity Consumption: 172 * 365 days = 62.780 Kwh
Annual Electricity Costs: 25,000 TL/year Amortization will thus be achieved in

a period of 8 years.

6 Conclusion

This feasibility study suggests that the operation of a waste water treatment plant with
solar panels may be considered as a workable alternative. Such a system with a one-day
storage capacity will cost approximately 200,000 TL to establish. Another alternative
to consider would be a system that does not include a battery group. On days that the
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solar radiation is insufficient, this system could work with back-up electricity supplied
by the central distribution network. In this case, the plant will utilize energy supplied
from two different systems. In such a case, even if the hour maximum of kw electric
energy is drawn from the system (feasibility used 20 kW/h), but still sufficient energy is
not generated from the system, the system will automatically begin to pull electricity
from the central energy distribution system. If such a system is utilized, the total
investment costs will decrease by almost one half, to approximately 100,000 TL. And,
since the system will be shut off during the nights and during long and cold winter
periods, there will be no change to the amortization period. One of the biggest
advantages of such a system is that because batteries only have a working life of
5 years, the owners will not have to deal with batteries, their operations and their
replacements.

The calculations are based on assumptions that the panels will work at 100%
efficiency, but in actuality, work carried out thus far has shown that with today’s
technology and conditions, these panels can not yet work at total efficiency. Taking
current unit electricity prices into consideration, the amortization period for all solar
energy systems range between 7 and 8 years. This kind of long period is due to the fact
that investment costs remain very high and that the equipment and accessories used do
not all supply the same 24 h efficiency rates. Still, it must be remembered that the
demands for electricity in Turkey are continuously rising and the prices are sure to also
rise as other generation resources are depleted. In these cases, the amortization period
will decrease in a few years time.
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Abstract. Increasing number of industrial facilities and population concentra-
tion in particular regions along with overconsumption are main reasons of the
increased environmental pollution. It is a necessity to preserve available
resources and to keep the waste in control in order to achieve a sustainable
development goal. In recent years, concepts of waste management, recycling
and sustainability have gained importance with regards to the construction
industry. Today, approximately 35 billion tons of concrete is produced world-
wide and 80% of this amount consists of aggregated manufactured using natural
resources. A significant environmental impact is the case even for the production
of cement, a binding agent for concrete, which accounts for 1 ton CO2 emission
in order to produce 1 ton of cement. The main subject of this study is the
production of a sustainable construction material with the use of ceramic instead
of both aggregate and cement. Clay is defined as a common natural material
with fine-grains, with layers and a high water absorption capacity. Ceramic
products are construction materials which can replace cement generally in the
form of artificial puzzolana. The main subject of this study is the use of the
waste obtained from ceramic plants which produces ceramic products in mor-
tars. Taguchi L9 array design was used as part of this experimental study.
Water-binder ratio was set to 0.50 in the preparation of the mixes and natural
aggregates were used. Aggregates were then replaced by pieces ceramic and
brick at a percentage between 20 and 60% while cement was replaced by
ceramic and brick powder at a percentage between 10 and 30%. The mixes were
then subjected to freeze and thaw tests at 30, 60 and 90 cycles in accordance
with ASTM C 666 standard. Dynamic modulus and mechanical properties of the
mortars subjected to f-t effect were then identified. When the results of the tests
were examined, it was found that the compressive strength at 7th and 28th days
were decreased with the increase of the volume of ceramic and brick powder
used while it was found that the use of ceramic and brick powder did not have a
significant effect on the compressive strength at the 90th day. The use of ceramic
and brick aggregate led to favorable results in terms of freeze-thaw resistance.
Especially the use of 10% ceramic [(whiteware) CA] and 20% other ceramic
[(brick) BA] aggregate in mortars subjected to 90 f-t cycles increased the
dynamic modulus while similar results were found for the use of 5% ceramic
powder and 10% brick powder in mortars subjected to 90 days of f-t cycles. This
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study shows that waste material obtained from ceramic and bricks industry can
be repurposed in the construction industry.

Keywords: Sustainability � Waste management � Durability
Freeze-thaw resistance � Mortar

1 Introduction

Consumption of energy and natural resources has step up proportionately to civilization
development and humanity population growth is one of the biggest environmental
concerns today. In addition to the increasing emission of greenhouse effect gases,
unbalanced consumption of natural resources will eventually lead to their exhaustion,
as in the case of natural resources [1].

The exploitation of natural resources for construction purposes, in particular
non-renewable resources, leads to millions of tons of construction and demolition waste
(CDW) every year. Since most countries have no specific processing plan for these
materials, they are sent to landfill instead of being reused and recycled in new con-
struction. According to Eurostat, the total amount of waste generated in the European
Union in 2010 was over 2.5 billion tones, of which almost 35% (860 million tons)
derived from construction and demolition activities (Fig. 1). Of the total waste gen-
erated by the construction and demolition activities, and other activities, 97% was
mineral waste or soils such as excavated earth, road construction waste, demolition
waste, rock waste and others [2, 3].

This waste problem is becoming increasingly problem because of the growing
quantity of waste (like industrial, construction and demolition) cause in spite of the
measures which have been taken in recent years at European Union and Turkey,
national and regional levels aimed at controlling and organizing waste management.

Fig. 1. Total waste generated in European Union [2]
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The necessity to manage these wastes is become one of the most urge upon issues of
nowadays, requiring certain actions aimed at preventing waste generation like reuse,
recycling and waste to energy systems. This necessity is promotion of resource
recovery systems as a means of using the natural resources contained within waste and
reducing environmental impact. Use of such waste, in addition to helping protect the
environment, offers a series of advantages such as a reduction in the use of other raw
materials, contributing to an economy of natural resources. Moreover, reuse also offers
benefits in terms of energy, thus recovering the energy previously can be incorporated
during production [4]. For instance, Portland cement clinker production consumes of
energy that 850 kcal per kg of clinker and has a considerable environmental impact.
This involves solid quarrying for raw materials, as it takes 1.7 tones to produce 1 tons
of clinker, as well as the emission of greenhouse and other gases (NOx, SO2, CO2) into
the atmosphere. Around 850 kg of CO2 are spread per tons of clinker produced [5]. In
this way, both the lost energy is recovered and pollution is prevented.

As many developing countries have all over the world, Turkey has also been
generating a huge amount of CDW waste, which generates serious environmental
problems to deal with. Because of the Urban Renewal Law at Turkey, it is estimated
that demolition and maintenance of the structures at the end of their economic span
result 4–5 million ton/year of concrete and demolish waste (CDW). As recycling and
reuse are alternatives to minimize the impact of energy and raw material consumption
on the environment, waste that can be potentially used for concrete production can be
recycled aggregate, which obtained via concrete and demolish waste (CDW) [6].

Concrete is the most common and useful material, which has contributed to the
progress of civilizations throughout last century, in the construction industry. However,
construction activities demand a significant amount of natural materials, which sig-
nificantly modifies the natural sources and creates environmental problems, in order to
produce cement and aggregate [6, 7]. The increasing and unsustainable consumption of
natural resources is the cause of great concern for the environment and economy with
the excessive production of construction and demolition waste (CDW). Construction
industry is a big sector, which can include several efforts to promote ecological effi-
ciency. Thanks to this feature, waste can be considered that the reusable of CDW at
new construction [8]. In other words, construction and demolition waste (CDW) can be
use for possible feasible alternative as aggregates [as named recycled aggregates (RA)]
into the production of new concrete, mortar or plaster. Recycled aggregate has become
one of the sustainable technologies in concrete industry because of great environmental
advantages in past decades [9–11]. Reuse of construction and demolition wastes
(CDW) may be provide a beneficial way which leads sustainable engineering
approaches to mortar and concrete mix design [6, 7]. In other words, we can say that
fine or coarse aggregates and cement could be successfully replaced by different kind of
solid waste. This waste was mainly composed of concrete and masonry waste, both
components with a high potential for being re-used or recycled as unbound materials or
cement-treated materials in road construction, recycled aggregates (RA) for the pro-
duction of concrete, mortar, drainage materials and also for asphalt materials [12].

When investigations involving recycled aggregates (RA) and supplementary
cementing materials are analyzed, aggregates with pozzolanic properties are generally
seen to be used more frequently as recycled aggregates (RA) or supplementary
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cementing materials such as blast furnace slag, pulverized soda lime glass, residuals of
glass separate collection, treated bottom ashes and biomass fly ash, activated slag, rice
husk ash, metakaolin and calcined clays, ceramic residues [13] for cement and con-
crete, bricks, tile, wood, etc. for aggregate.

Pozzolan is defined as a siliceous material which, in itself, possesses little or no
cementing property but which will, in finely divided form and in the presence of
moisture react chemically with calcium hydroxide at ordinary temperatures to form
compounds possessing cementitious properties [14]. Pozzolans and other materials
with similar characteristics, when used in mortars or concrete, allow reducing the
cement content for a pre-determined mechanical strength, thus replacing a material with
very high-energy consumption in its manufacture [8].

Ceramic material, which is defined as an inorganic, non-metallic, generally crys-
talline oxide, nitrile or carbide material, can withstand very high temperatures and raw
materials include clay minerals such as kaolinit [15]. Heat treated clays from ceramic
products, such as bricks and tiles that were milled and incorporated in mortar, was used
materials in ancient times, when natural pozzolans were not available [16, 17].

Researchers is revealed that ceramics (Fig. 2) might have potential as pozzolans or
as aggregates when incorporated into mortars or concrete along with being compatible
with buildings masonry. Apart from these environmental advantages, there are other
benefits from using ceramic waste. When used to partially replace the constituents of
mortars, ceramic particles help to reduce the consumption of natural aggregates or
binder [17].

Ceramic waste may originate from two sources, which is the ceramics industry and
is associated with construction and demolition. It has been estimated that about 30% of
the daily production in the ceramic industry goes to waste. Most of the previous studies

Fig. 2. Classification of ceramic by type [19]
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have investigated the use of ceramic waste in concrete or mortar as sand or coarse
aggregate. Some researches were also done in which the use of the materials in con-
crete as a substitute for cement were investigated [4, 18].

Various authors have researched the possible use of ceramic waste. Most of these
studies do not include ceramic waste from CDW, but rather from ceramic industry waste:
clay roof tiles, ceramic sanitary ware and brick. Finely crushed ceramic waste has been
used for making cement, as a substitute of cement for mortar production [20] and as an
addition to mortar. The coarse fraction of ceramic waste has been used as recycled
aggregate in concrete production and fine fraction as recycled sand in mortars [12].

Ceramic powder and grains (Fig. 3) have been widely used in mortars. The variety
of these materials was observed that when they were combined with certain substances
the resulting mortars have improved characteristics. Over time, it has been demon-
strated that the addition of small ceramic particles confers improved characteristics on
mortars and that pozzolanic reactions might occur [16].

During the freeze-thaw cycles, the concrete or mortar will expand and contract
alternately caused by conversion between solid state and liquid state of water in the
microstructure. These expansion and contraction of the water can fatigue the concrete
microstructure over time and may lead to the disintegration and failure of the concrete
material. And then concrete or mortar will be caused after the action of freeze-thaw
cycles [21].

In this study, the recycling rate of baked earth products obtained from brick and
ceramic industry was increased with their use in mortar production. In this context, this
study used 20–60% ceramic products instead of natural aggregate and 10–30% ceramic
products instead of cement. Some of the waste ceramic materials were used into
mortars mixtures in different proportions, partially replacing the natural sand or binder
at, is to determine the influence of ceramic aggregate and ceramic powder on the
properties and freeze-thaw resistance of cement mortar.

Fig. 3. Type of aggregate used in this study [17]
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2 Materials and Method

2.1 Materials

In the mortar production process, washed stream aggregate at 0–4.75 mm sieve size
obtained from the city of Kastamonu was used. Ceramic waste (brick and ceramic
aggregate) was used in combination with the aggregate replacing the natural aggregate
at a ratio between 20 and 60%. The particle distribution of waste aggregate was then
reduced to 0–4.75 mm in order for it to match natural aggregate size. CEM I 42.5 R
cement was used in mortar production in accordance with TS EN 197-1 standard.
Ceramic waste (CA and BA powder) was used in combination with cement replacing
the cement at a ratio between 10 and 30%. Chemical and physical properties of the
binding agents used in mortar production are shown in Table 1.

Granulometric properties of the aggregate used in mortar production are shown in
Fig. 4. Physical properties of the aggregates are shown in Table 2.

Table 1. Chemical and physical properties of the binding agents

Component (%) CEM I 42.5 R Ceramic powder Brick powder

CaO 64.70 1.73 8.81
SiO2 19.12 55.73 54.20
Al2O3 4.75 29.76 14.90
Fe2O3 3.53 5.41 5.75
MgO 0.94 3.30 6.56
Na2O 0.21 1.96 2.03
K2O 0.88 3.11 2.22
SO3 2.85 0.29 0.59
Cl− 0.009 –

Free lime 1.41 –

Loss on Ign. 2.36 6.89
Insolubles 0.23
C3S 58.79
C2S 12.69
C3A 7.74
C4AF 9.83
Specific W. 3.13 2.55 2.95
Specific surface (cm2/g) 3400 3520 3330

194 S. Memiş et al.



2.2 Method

In this study, ceramic (CA) and brick(BA) powder was used in combination with the
cement replacing the cement at the ratios of 5, 10 and 15%. Ceramic powder was
obtained grounding the ceramic waste for 120 min using a ball mill. Due to the fact that
the material has the slope of the cement, Due to the fact that the material, which is the
factory waste, has the slope of the cement (Table 1), no grounding process was nec-
essary for brick powder. Ceramic and brick aggregate was used in combination with the
natural aggregate replacing the natural aggregate at the ratios of 5, 10 and 15%.
Ceramic and brick waste was reduced to a fine-grain aggregate size using a rock
crusher. Taguchi L9 assay matrix was used in the preparation of mixs. The variables
used in the experimental study are given in Table 3.

Fig. 4. Granulometric properties of aggregates

Table 2. Physical properties of aggregates

Brick aggregate Ceramic aggregate Natural aggregate

Specific weight (SSD) 2.52 2.40 2.63
Water absorption (%) 4.6 8.3 2.3

Table 3. Dependent variables of Taguchi L9 assay matrix

Taguchi L9 assay matrix Level 1 (%) Level 2 (%) Level 3 (%)

Aggregate replacement Ceramic aggregate 10 20 30
Brick aggregate 10 20 30

Cement replacement Ceramic powder 5 10 15
Brick powder 5 10 15
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10 different mix, 9 with aggregate and cement replacements and 1 reference, were
prepared as part of mortar preparation process. Mix ratios of the mortars are given in
Table 4.

W/B (water/binder) ratio of the mortar mix was set at 0.50 while their a/c
(aggregate/cement) ratio was set at 3. Mortars were produced in prismatic samples of
4 � 4 � 16 cm in size. Mortars were removed from the mold after 24 h and preserved
in water saturated with lime at 20 ± 2 °C until the experiment day. Uniaxial com-
pression tests and 3-point flexural tests were conducted on the mortar samples at 7th,
28th and 90th day. Freeze-thaw resistance of the mortars produced using ceramic
products was explored in order to determine their durability properties. Having been
cured in drinking water for 28 days, the mortar samples were then subjected to f-t tests.

Once the curing process was completed, mortars were subjected to freeze-thaw tests
at 30, 60 and 90 cycles. Freeze-thaw temperatures and durations were defined in
accordance with the ASTM C 666 standard in the f-t tests. Durability factors of the
mortars were identified having measured their relative dynamic elasticity modulus.
Relative dynamic modulus was calculated using Eq. (1). Durability factor, on the other
hand, was calculated using Eq. (2).

Pc ¼ n2c
n2

� 100 ð1Þ

where c is the number of cycles of freezing and thawing, nc is the resonant frequency
after c cycles, and n is the initial resonant frequency (at zero cycles).

DF ¼ N
M

� Pc ð2Þ

Table 4. Aggregate and cement replacement ratios

Mix # Aggregate replacement Cement replacement
Ceramic aggregate
(%)

Brick aggregate
(%)

Ceramic powder
(%)

Brick powder
(%)

1 10 10 5 5
2 10 20 10 10
3 10 30 15 15
4 20 10 10 15
5 20 20 15 5
6 20 30 5 10
7 30 10 15 10
8 30 20 5 15
9 30 30 10 5
10 (R) 0 0 0 0
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where Pc is the relative dynamic modulus, N is the number of cycles completed, and M
is the planned duration of testing. Testing is usually halted when the relative dynamic
modulus falls below 50–60% of its initial value.

3 Results and Discussion

3.1 Mechanical Properties of Mortars

Compressive strengths of the mortars at 7th, 28th and 90th days were calculated
relatively. The effect of replacement ceramic aggregate ratio on compressive strength is
shown in Fig. 5.

As shown in Fig. 5, increasing the curing time increases compressive strength. The
compressive strength results obtained from the 7th day and 28th day shows that the use
of ceramic aggregate decreases the compressive strength by approximately 10–30%.
When the compressive strength results obtained from the 90th day are examined, it was
found that the use of ceramic aggregate at ratios of 20 and 30% increases the com-
pressive strength by approximately 10%. This situation can be explained that the
material under passing the sieve, which is kept under 25% sieve, was showed a
puzolonic feature and increased its strength. The use of 10% ceramic aggregate has an
unfavorable effect on the compressive strength at the 90th day. The use of 30% ceramic
aggregate has a favorable effect on the compressive strength at the 28th day. However,
considering the compressive strength results for 90th day, it can be said that the use of
20% ceramic aggregate is more suitable. The effect of replacement brick aggregate ratio
on compressive strength is shown in Fig. 6.

As shown in Fig. 6, increasing the curing time increases compressive strength of
the mortars with brick aggregate additive. The use of brick aggregates at the ratios of
20 and 30% gave similar results for all experiment days. Compressive strength of the
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Fig. 5. The effect of replacement ceramic aggregate ratio on relative compressive strength
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mortars at the 28th day is reduced by 10–15% when compared to the reference mix.
However, Fig. 6 shows the favorable effects of the use of brick aggregate at the 90th
day. The use of brick aggregate, especially at a ratio between 20 and 30%, increases the
compressive strength by approximately 10%. As it was the case for ceramic aggregate,
the use of 10% brick aggregate is not suitable enough. The effect of replacement
ceramic powder ratio on compressive strength is shown in Fig. 7.

In terms of compressive strength at the 7th day, increasing the ceramic powder ratio
leads to decreases in the compressive strength. The use of ceramic powder at a ratio
between 5 and 10% decreases the compressive strength by approximately 10% at the
28th day. Exploring the compressive strength at the 90th day, a distinctive difference
was found between mortars. The use of ceramic powder increases the compressive
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Fig. 6. The effect of replacement brick aggregate ratio on relative compressive strength

90 Days28 Days7 Days

110

100

90

80

70R
el

at
iv

e 
co

m
pr

es
si

ve
 s

tre
ng

th
 (%

)

Powder (%)
Seramic

Fig. 7. The effect of replacement ceramic powder ratio on relative compressive strength
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strength by approximately 5% at the 90th day. The effect of replacement brick powder
ratio on compressive strength is shown in Fig. 8.

As shown in Fig. 8, increasing the brick powder ratio has an unfavorable effect on
the compressive strength at 7th and 28th days. However, this unfavorable effect is
eliminated at the 90th day. The use of brick powder increases the compressive strength
by approximately 5% at the 90th day, as it was the case for ceramic powder.

3.2 Freeze-Thaw Resistance Properties of the Mortars

Properties such as relative dynamic modulus (Eq. 1) and durability factor (Eq. 2) were
identified for the freeze-thaw resistance of the mortars. Figure 9 shows the relative
dynamic modulus of the mortars. The graph in Table 4 shows the mixs with their
relevant numbers and their mix properties. Mix #10 represents the reference mortar.
Increasing the f-t cycles in the freeze-thaw tests applied to the mortars decreases the
relative dynamic modulus. The optimal mix ratios were defined with Taguchi opti-
mization conducted on the f-t tests with 30, 60 and 90 cycles. Table 5 shows the
optimized and estimated values for relative dynamic modulus calculated using maxi-
mized function.

Durability factors of the mortars are shown in Fig. 10 with respect to their mix
numbers. It was found that mortars show similar properties at the end of 30 and 60
cycles. However, mortars show distinct differences in terms of their durability factors at
the end of 90 cycles. An optimization was made using the maximized function for the
durability factors of mortars. Optimization results are shown in Table 6.

The optimization conducted on the relative dynamic modulus and durability factors
showed that the optimal ceramic aggregate ratio is between 10 and 20% while the
optimized brick aggregate ratio is between 20 and 30%. It was found that a ceramic
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Table 5. Optimization results for the relative dynamic modulus

Cycle Ceramic aggregate
(%)

Brick aggregate
(%)

Ceramic powder
(%)

Brick powder
(%)

Estimated
RDM

30C 10 20 15 15 114.4
60C 20 30 15 10 98.4
90C 10 20 5 10 97.2

Fig. 10. Durability factors of mortars

Fig. 9. Relative dynamic modulus of mortars
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powder ratio of 5 or 15% and a brick powder ratio between 10 and 15% contribute to
the freeze-thaw strength.

4 Conclusions

The following conclusions can be drawn from this experimental study;

• The use of ceramic aggregate at ratios of 20 and 30% increases compressive
strength.

• The use of brick aggregate at ratios of 20 and 30% has a favorable impact on the
compressive strength.

• The use of brick and ceramic aggregate at a ratio of 10% has an unfavorable impact
on the compressive strength.

• Increasing the amount of ceramic and brick powder used results in an unfavorable
effect on compressive strength at 7th day and 28th day. However, this unfavorable
effect is eliminated at the 90th day due to pozzolanic activity.

• The use of ceramic and brick aggregate led to favorable results in terms of
freeze-thaw resistance. Especially the use of 10% ceramic and 20% brick aggregate
increased the relative dynamic modulus of mortars subjected to 90 f-t cycles.

• The use of ceramic and brick powder improves freeze-thaw resistance of the
mortars. The use of 5% ceramic and 10% brick powder increased the relative
dynamic modulus of mortars subjected to 90 f-t cycles.

• This study shows that waste material obtained from ceramic and bricks industry can
be repurposed in the construction industry. It will be possible to produce sustainable
construction materials as a result of utilization of such waste material.

• The use of industrial waste which leads to environmental problems in the con-
struction industry is important in terms of ecology, sustainability, durability and
recycling.
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Abstract. In this study, ‘Concept of Sustainability’ effects on company man-
agement decisions and these decisions impacts on sustainable product design
will be emphasized. Impact of sustainable design criteria on company’s orga-
nizational structure has been determined by a case study in the packaging
industry. Examined the structure of the general condition of the Turkish pack-
aging industry for answer to the question of “What is sustainable packaging?” is
discussed within the framework of literature study and definitions of packaging
unions. During the study, sustainable packaging assessment tools are examined
and the evaluation criterias are identified. The concept of the sustainability
effects on sustainable management approaches, strategies and the
decision-makers investigated by case study methods of the companies operating
in the packaging sector. This study focuses on sustainability issues of two
leading firm’s practices and studies in the Turkish packaging industry. Both
companies are examined to assess the sustainability of the current stages of the
product design and production, as well as applications that include sustainable
design and manufacturing innovations aimed to explore and investigate.

Keywords: Sustainability � Product design � Packaging design

1 Introduction

The concept of sustainability refers to sustainable development or sustainable life. In
the Bruntland Report it is defined, as “Sustainable Development is development that
meets the needs of the present without compromising the ability of future generations to
meet their own needs”. Later on, during the environment and development conference
(UNCED, The Earth Summit), organized by United Nations, significant decisions were
taken and the terms “sustainable consumption” and “development” began to gain more
importance [1].

Within the scope of this study, the effects of the concept of sustainability on
administrative decisions of companies and the subsequent effects of these decisions on
sustainable product design are covered. The aim of this study includes “denoting
important points to producers to consider during the design process of sustainable
products and putting these points into use”. With the case study carried out in pack-
aging sector, the aim is to determine the effects of sustainable design criteria of packing
products on the organizational structure of companies. For the analysis of selected
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evaluation units, in the life-cycle analysis phase, the sustainability of energy and
materials is researched. This study was conducted with two members of Packaging
Industries Association: Anadolu Glass Inc. and Plaş Plastics Inc.

2 The Concept of Sustainability

According to Bruntland Report published in 1987, the source of interest in sustainable
development lies in the belief that existing human actions harm the environment and
these actions will lead to serious negative results [2]. As World Commission on
Development and Environment published the report entitled Our Common Future in
1987, the concept of sustainable development began to be discussed in public domain.
In the report, a series of social and environmental obstacles were defined including the
unsustainable industrial development requiring global attendance. To remove these
obstacles, the following were advised; efficient utilization of resources in the industry
and activities related to industry, less pollution and less waste production, utilization of
renewable resources instead of non-renewable resources, reducing side effects on
human health and the environment [3].

Later in 1992, during United Nations’ Conference on Environment and Develop-
ment (UNCED, The Earth Summit) organized in Rio, following significant decisions
taken, the terms “sustainable consumption” and “development” began to gain more
importance. The aim of the concept of sustainable development includes rational use of
natural resources by protecting environmental values, reducing the use of resources and
elevating quality of life [4].

2.1 Sustainable Product Design

The word “to design” is defined as “the creative act of stating a problem—consisting of
decisions made to achieve the aims of the design—and solving it during various stages
of the design act” [5]. Design is described as a creative activity incorporating the aim of
establishing versatile features of objects, processes, services and systems through their
overall lifecycles [6]. Otto, defines sustainable product design as follows: “Sustainable
design should deliver the best (social, environmental, and economic) performance or
result for the least (social, environmental and economic) cost” [7]. This strategic
approach is defined as the design of products, processes, services and systems. It is
concerned with the instability between the demands of the society, environment and the
economy. The system defined here is a system that aims to dissolve this instability and
it incorporates an overall thinking process about the effects of these three areas now and
in the future [7].

Papanek states [8], “Industrial designers, industries and administrations should all
together give an answer to the question of how much social and ecological harm is
done to our society”. In his book entitled Design for the Real World, Papanek claims
industrial designers, industries and administers are all subject to environmental
responsibility.

206 C. Özgen



Tischner and Charter [4], argue that sustainable design means more than eco-design
or design for the environment. As for sustainable design, social and ethical components
are juxtaposed together with economic and environmental ideas into the life-cycle of
the product. Sustainable design may also be defined as environmentally responsible
product design and development, which incorporates a product life-cycle perspective
together with approaches integrating work, culture and organizational skills [9].

“The eco-design of energy-using products” directive (EUP) defines sustainable
design as “environmental features should be integrated into product design to improve
performance, sustainable design criteria should be provided all throughout the
life-cycle, it should include purchase of raw materials, manufacturing, packaging,
transportation and distribution, installation and maintenance, use and end-of-life stages
based on sustainable design needs” [10–12]. Sustainable design should be compatible
with the current corporate culture in order to increase economic value and reduce
environmental damage. The word sustainability refers to ecology and economics that
are inextricably adhered to good design in design practices [4].

Design actions for sustainability are different from general design activities with
their environmental assessments, solution-seeking methodologies and strategy defini-
tions. Moreover, the designer’s expertise in sustainable design is more influential than
sustainable design tools in defining environmental assessment and strategy [13].

3 Overview of Packaging Sector

3.1 Sustainable Packaging Design

What is meant by commercial packaging today was developed in the 1700s. With the
developments taken place in those years, the focus was on the practical function of the
package rather than on its aesthetic quality. In the 19th century, exceptional
advancements in transportation occurred. When transcontinental travel and shipping
started, the travel time was quite long so a need to pack and ship products safely
without spoilage arose [14].

As Robert Opei states [15]: “the main function of packaging is to protect the
product (as we expend its existence and provide distribution) make the product meet
other products but avoid drawing the product away from its own standing position”.
Opei points to packaging design as an element of marketing and underlines its con-
sequence for today. Paul Southgate, the author of Total Branding By Design [16], and
James Pilditch, the author of The Silent Salesman [17] both wrote about the signifi-
cance of packaging as and instrument of marketing.

Every industrial product–produced by an industry—is packaged somehow and is
sent to its final consumer. Because of this reason, the main function of packaging is to
preserve and protect the product it carries in. However packaging plays an intermediary
role in communication taking place between the product and the consumer in the retail
area [18].

Results of research presented in International Association of Packaging Research
Institutes (IAPRI) conference in 2004 show that it is difficult for most of the partici-
pants to define packaging and sustainability as complementary [19]. The organization

Sustainable Design Approaches on Packaging Design 207



argues that for sustainable packaging, the products should comply with the following
four qualities; Efficient: meet social and economic targets; Effective: meet targets of
effective use of materials, energy and water as much as possible; Cyclic: recyclable
within industrial and environmental systems, and Safe: non-toxic and non-polluting.

Another organization Sustainable Packaging Coalition (SPC) provided a 7-way
definition [20]. According to SPC (2006), sustainable packaging should obtain the
following criteria [21]:

1. All throughout the product life-cycle, it should be safe and healthy for the con-
sumers of the product and for the whole society.

2. It should provide for the needs of the market in terms of performance and price.
3. Sustainable energy should be used in production, distribution and recycled material

sources… etc.
4. Maximum amount of recycled material should be used.
5. Production techniques and applications that are respectful to the environment

should be chosen.
6. Product life-cycle analysis should be conducted and materials used should be a part

of healthy solutions all throughout the process.
7. It should be designed physically with an aim to balance material and energy use.
8. It should incorporate reuse and renewable qualities and it should have an industrial

cradle-to-cradle cycle.

3.2 Turkish Packaging Industry

For marketing various agriculture and food products and other non-food products
produced in present and lately developing industrial branches and specifically for
export goods, packaging has an increasingly vital role. Turkish packaging industry is
growing by 10% each year and becoming an important competitor in the global market.
Approximately 5000 manufacturers are producing packaging products in Turkey. Most
of these manufacturers are located in Istanbul, Izmir, Kocaeli, Gaziantep, Adana,
Ankara, Konya and Balıkesir [22].

In the last decade, significant changes have been taking place in life standards as a
result of increase in per capita income. Growing tendency for urbanization, increase in
average life span, changes in consumption habits and consumer expectations all lead to
development of self-service methods in consumption centers. The organized retail trade
percentage, which was a little above 20% in 2000s, rose above 40%. Since this per-
centage is above 80% in economically developed European Union countries and
countries in North America, it may be argued that the demand for packaged goods will
rise in Turkey too [23]. Gross production capacity of packaging industries in Turkey is
presented in Table 1.
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3.3 Conclusion of Section

For the present and still developing industry in Turkey, packaging design has become a
significant issue. As it will be discussed in Sect. 3 of this article, according to the
research on Turkish packaging industry, Turkish packaging industry is growing by
10% each year and becoming an important competitor in the global market. In 2011,
Turkish packaging industry had reached a capacity of $12 billion approximately. For
the period between 2001 and 2016, volume of plastic packaging production had tripled
while glass packaging production had doubled. In the light of all these acquired
information, it is seen that packaging design is quite significant for Turkish industry.
Further studies in sustainable packaging design are crucial for both packaging sector
and the local economy.

According to data collected between 2007 and 2016, it can be seen that glass pack-
aging production had increased from 659,000 tons to 1,153,000 tons. In the case of plastic
packaging production, the production capacity had increased from 1,470,000 tons to
2,988,000 tons. In the Fig. 1 there is Turkish packaging sector production rates [23].

Table 1. Packaging industry production capacity of 2007–2015
[23]

Production types 2007 (tons) 2015 (tons)

Paper 60,000 85,000
Cardboard 415,000 577,000
Corr. cardb. 1,370,000 2,031,000
Plastic 1,470,000 2,988,000
Metal 299,500 428,000
Glass 659,000 1,153,000
Wood 385,000 510,000
Total 4,658,500 7,772,000

Fig. 1. Turkish packaging sector production rates [23]
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4 Research Method

4.1 Framework of Method

Bayazıt [24] define research conducted in the field of design as follows: “Design
research is a systematical research and information acquisition on design and design
action”. The aim of design research includes the discovery of man-made artifacts and
their involvement in both academic research and manufacturing sector. The scope of
this research includes packaging industry applications in Turkey.

In the context of real life research, descriptive and revealing case studies are
designed to collect research findings [25]. This research consists of two parts:
1. Background studies. 2. Case studies.

Background studies consist of screening of publications on sustainable design in
academic literature, printed sectorial information and discussions of the issue with
academics and professionals in the sector. These background studies constituted the
basic knowledge for interviews conducted within the scope of the case study.

The case study is considered as the most effective method for a research in which a
researcher cannot control or predict the experiment outcomes in real life context [25].
The two cases in which the case study method can be used optimally are described as
follows. One of these is the search for a direct descriptive question “What happened?”
or an explanatory question “Why and how?”. This research aims to produce infor-
mation through design and production models in today’s packaging manufacturers.

Packages designed by manufacturers Anadolu Glass Packaging Industry Inc. and
Plaş Plastics Inc. are analyzed in accordance with the criteria defining sustainable
packaging, and product-centered environmental management systems. For the products
selected as evaluation units, life-cycle analysis method (energy consumption, material
usage) is taken as an example to determine the effects of sustainable design.

Three types of information resources were used: interview, documentation and
physical objects. According to the model explained by Chung [26], interviews were
held at three levels. For this research, both open-ended and close-ended interviews
were carried out at strategic, tactical and operational levels. The information was
recorded with a voice recorder. An evaluation unit is needed to determine data col-
lection and evaluation techniques [25]. Glass and PET packaging were identified as the
evaluation units. Three types of evidence sources have been used for these evaluation
units. These are: the product itself as a physical object, the company documents-reports
of the products as documents and interviews.

Langrish [27] notes six basic models of case studies. According to Langrish
models, this study aims to obtain representative information on “sustainable product
design and production application” through the two packaging companies that carry out
the best applications.
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5 Findings

This study is based on the data presented in the thesis entitled “Analysis of the Concept
of Sustainability on Package Design in Terms of Company Strategy” [28]. All data
used in the findings section are obtained from closed-ended and open-ended interviews
and the reports of production facilities presented in this thesis.

5.1 General Evaluation

5.1.1 Awareness of Sustainable Design
Closed-ended interview participants indicate that decisions on sustainable design are
made mainly by the “Design Department” and the “Marketing Department”. In
response to the participants’ answers to interview questions, the state and producers
have a major role in the evaluation of responsibilities towards environmental issues and
sustainability.

5.1.2 Main Routers
Within the scope of the closed-ended interviews, companies were asked to specify the
legislations related to their products and activities. These legislations were pointed out
as Packaging Waste Regulation, ISO 1440, Turkish Food Codex, EU Packaging and
Packaging Waste Regulation and REACH. Participants were asked to evaluate the
products produced by their companies in terms of compliance with the environmental
legislations specified.

5.1.3 Importance of Environmental Issues
In the closed-ended interview, companies were asked to evaluate the impact of envi-
ronmental factors on their markets, taking into account their own products. Anadolu
Glass Inc. stated that the impact was extremely effective, whereas Plaş Plastic Inc.
stated that it was less effective. Manufacturers were asked to rate the market pressures
on the business in case of environmental issues. Both companies underlined that there
was little pressure.

The companies were asked to evaluate how the development of environmental
issues would provide a market advantage for their companies. It is seen that all
employees of the both companies think that the development of environmental issues
will increase brand reputation, effect corporate identity positively and this will provide
competition power.

5.1.4 Obstacles
Company employees have stated that environmental issues are very important to them,
but they underline that there is no competition in this sector about environmental
issues. The difficulties faced by companies in implementing environmental issues seem
to be expressed in terms of lack of understanding about environmental benefits, lack of
financial resources, lack of customer demand, system and culture.
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5.1.5 Product Development Process
The employees of the companies surveyed within the scope of this research were asked
about the actions they performed during the product development process and were
asked to evaluate upon them. Selecting harmless materials, reducing weight and vol-
ume, using materials efficiently and reducing energy consumption are seen as the most
important applications.

5.1.6 Application of Sustainable Design
Participants of the companies surveyed in the research were asked to evaluate the
sustainable design criteria applied to their products. Reducing material usage and
diversity, reducing energy consumption, reusing the product, reducing the weight and
volume of the product are the main issues.

5.2 Analysis of Evaluation Unit

As the evaluation units, olive oil bottles were selected as the most preferred and sold
bottles of both packaging manufacturers. For this analysis, 2 products with similar
forms produced by the two companies were examined within the scope of this research.

5.2.1 Comparison of Glass and PET Packaging
No detailed material and energy consumption reports have been generated for each
product in the production facilities under review. In this context, the anticipated value
of recycling energy for analysis is unknown. In accordance with the Turkish Food
Codex, the use of recycled material is taken as “0” for PET packaging. The rate of use
of recycled glassware is assumed to be 30%. Energy items spent for recycling, reuse,
improvement, waste, transportation and service for the packages produced from both
materials are not included in the production reports.

Analysis of packages made from glass and PET materials presented in Table 2 are
shown graphically in Figs. 2, 3, 4, 5 and 6.

Table 2. Glass and PET packaging

Product Company Weight
(g)

Production energy
(kWh)

Product
images

Olive oil
bottle
1000 cc
123,399

Anadolu Cam Sanayi A.
Ş.
Glass Bottle

610 1.0467

Olive oil
bottle
1000 cc
Efes

Plaş Plastik A.Ş.
PET bottle

50 0.043
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The automatic calculators in Url-1 [29] are used for the calculation of CO2 emitted
in transporting glass and PET packages. The parameters used in these calculations are
given in Table 3. A simulated-road of 1302 km has been applied in the calculations
carried out with these parameters. Table 4 shows the CO2 releases. Figure 7 shows
CO2 emission figures for trucks carrying glass and PET packaging. Figure 8 shows the
fuel consumption of glass carrying trucks.

Fig. 2. Glass and PET bottles weight (g)

Fig. 3. Recycled materials using of glass and PET packaging (g)

Fig. 4. Energy using of glass and PET packaging (kWh)
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Fig. 5. Transportation of glass and PET packaging (pieces)

Fig. 6. Transportation of glass and PET packaging (kg)

Table 3. CO2 calculation parameters

Truck size 16 Ton

Fuel consumption 0.40 l/km
Truck efficiency factor 80%
CO2 emission/fuel consump. 2.630 kg/l

Table 4. CO2 emission (kg)

Transportation truck (16 tones) CO2 emission (kg) Efficiency g CO2/t km Weight (kg)

Truck with glass olive oil bottle 1000 82 8936
Truck with PET olive oil bottle 100 82 1200
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6 Conclusion and Recommendations

6.1 Conclusion

Brundtland Report (1987), which redefined the development approach, proposed
“Sustainable Development” to the agenda and with the Rio Declaration (1992) the
issue has begun to be widely discussed. According to Porter and Van Der Linde [30]
this issue has led companies to make new environmental innovations that improve
competition, and as a result, less polluting production processes have been developed.

Within the scope of the research, it is seen that in the applications of the companies
surveyed, the idea of designing sustainable products is not targeted directly but because
of the laws and regulations, competition creation and economic reasons, sustainable
product criteria are applied partially. It is seen that the work carried out within the
framework of company strategic plans generally includes reduction of materials at the
product level, applications for easy and rapid production at the production stages, and
reduction of the energy consumed in production. In order to be able to sustain their
assets in the packaging industry and to be able to respond to the competition, it is stated
that the relation of packaging with the environment is taken into consideration in
product design and presentation to the market.

In the findings section, it is observed that according to the common view of the
companies, the government and producers both have vital roles about environmental
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Fig. 7. CO2 emission figures for trucks carrying glass and PET packaging
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Fig. 8. Fuel consumption of trucks carrying glass and PET packaging
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issues and responsibilities towards sustainability. On the issue of being environmen-
tally conscious in the designs they produce, manufacturers are mostly influenced by
industries and other producers; and the customer factor comes as secondary. A further
influential factor is determined as the European Union and consumers. It is seen that the
most significant inducement about the environmental consciousness in the companies’
work on sustainability can be listed as being in compliance with the legislation and
regulations, consumer needs and market opportunities. In this framework, it has been
pointed out that the regulations of “Packing Waste Regulation”, “Turkish Food
Codex”, “European Union Packing and Packaging Waste Directive” are well known
and practiced by the companies.

It is seen that the companies have a consensus on the necessity of being more active
about environmental issues and actions in their organizations. Further observations
show that all the employees of both of the companies think that the development of
environmental issues will increase their brand reputation and positively affect corporate
identity.

6.1.1 Result of Evaluation Units Analysis
Information on the amount of energy used to produce the product, the amount of
material used to produce the product, the amount of recycled material usage, and the
shipping conditions of the product from the production facility have been collected in
the production, assembly, use-service and retirement phases. The production stages of
glass and PET packaging in production facilities were examined and it was determined
that the production stage for both packaging types was formed by one step.

When packaging is considered in the context of recycling, it is seen that packages
made from glass materials can be recycled, but it has been determined that packages
made from PET materials cannot be used in food packaging as recycled PET materials.

For the analysis of the products examined within the scope of the research, the
following material-energy use analysis model was carried out in accordance with the
current production stages and the information obtained. Figure 9 shows the model of
evaluation analysis used for the packages examined in the research.

Analysis based on packaging clearly shows that PET packaging is produced using
much less material and energy than glass packaging, CO2 emissions are less in
transportation of PET and in parallel to that less fuel is consumed during the trans-
portation. These evaluations can be seen in Table 5.

Similar results have also appeared in the results of a study of baby food jars
produced from glass and PET bottles. Humbert et al. [31] reported that plastic con-
tainers produced using 14–24% less energy, caused 28–31% less input on global
warming, contained 31–34% less respiratory inorganic materials, caused 28–31% less
terrestrial acidity and pollution.

As a result of the findings obtained, how realistic the discourse “glass is a
nature-friendly material” has been open to debate. Although petroleum-derived PET
material is seen as the enemy of the environment because of its source material, in
accordance with the findings of this study and due to the efficiency of the production
methods and transportation of PET, this acceptance turns out to be not true.
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6.2 Recommendations

It is clear that sustainable production design and methods are important contributors to
the solution of environmental problems such as waste reduction and natural resource
conservation, reducing production costs and thus reducing product prices and operating
profits. In order for sustainable production systems to be implemented in a healthy and
effective way, it is necessary for the term sustainability to be in the management
decisions of the company, and starting from the design stage, the products should be
dealt with and developed in line with these criteria.

How much the concept of sustainability is present in design and production in
Turkey is an issue of debate. Turkey’s institutional capacity in terms of sustainability
has been reported as limited compared to examples from the European Union [32, 33].
Küçüksayraç [34] further states that for the first stage of innovation support,
sustainability-related services and tools need to be developed more quickly for sus-
tainable design.

The European Union Compliance Criteria Framework, Kyoto Protocol guidelines
and related laws and regulations point to the fact that, manufacturers have to use

Analysis

Energy of hav-
ing raw materials 

(+)

Production en-
ergy (+)

Transportaion 
costs and energy 

Recycling ener-
gy-efficient (-)

Using of recy-
cled materials (-)

Fig. 9. The model of evaluation analysis used for the packages

Table 5. Evaluation of glass and PET packaging (glass bottle/PET bottle)

Weight Production
energy

Transportation
of piece

Transportation piece for 1
unit kg CO2

Glass
bottle/PET
bottle

12.2
pieces

24 pieces 1.6 pieces 16.4 pieces
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sustainable product design and manufacturing methods and inevitably have to be
informed and implement necessary applications.
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Abstract. Although sustainability has been the dominant discourse in envi-
ronmental and development policies for a long time, today the world is in an
environmental crisis originated from climate change. Awareness of climate
change rising on a global scale leads policymakers to play a more active role in
order to find a solution to climate change. On the one hand, Kyoto Protocol and
following Paris Agreement provide a course of action about how to bring the
international consensus to national level; on the other hand, they form a frame in
order the public to evaluate local policies and strategies easily. In this regard, the
subjects of how the agreement reached at an international level are interpreted at
a national level and how national policies and strategies are formed become the
points to be considered. Policies of climate change are taken shaped in two main
paths. These can be defined as eliminating the factors causing climate change,
mitigation, and adapting to the negative effects of climate change. While
forming policies, countries concentrate on these paths in accordance with their
characteristics and priorities and announce their national strategies and action
plans. In this study, first of all, the literature of climate change is reviewed, and
then policies at local level are discussed and the examples discussed are
examined comparatively. Thereafter, it is focused on the example of Turkey and
recommendations of policies are developed. It is expected the results of the
study to contribute in order to develop more efficient policies for sustainable
urban development.

Keywords: Sustainable urban development � Climate change � Turkey

1 Introduction

Being able to form a sustainable development strategy has been the dominant course since
1970s. Countries within the changing global system and under the competitive pressure
have focused on developing, improving their living conditions and urbanization. Envi-
ronmental problems increasing with urbanization and decreasing natural resources have
become precursors of fragility of earth. In the uncertain future which climate change
drives the world is now an urgent matter which has to be considered. The definition
“meeting today’s requirements without making any concessions of the possibility of
meeting next generations’ requirements” [1]made for sustainability literally expresses the
main conception which environmental policies have to include today.

© Springer International Publishing AG, part of Springer Nature 2018
S. Fırat et al. (eds.), Proceedings of 3rd International Sustainable
Buildings Symposium (ISBS 2017), Lecture Notes in Civil Engineering 7,
https://doi.org/10.1007/978-3-319-64349-6_17



Difficulties expected to be confronted put cities into the center of environmental
problems. Increase in the rate of urbanization, the large population living in cities and
the largeness of the disadvantageous and low-income groups piling up in mega-cities
especially in developing countries requires solution seeking on a global scale. “Sus-
tainable urban development” emphasized by Habitat III could both be the key to an
urbanization which is less harmful to the environment and facilitates the results arising
depending on climate change.

Material flows, engineering-stressed approaches focusing on the impacts of con-
sumption and production on local and global environment as well as subjects like social
rights and equality, organizational capacity, participation and financial sustainability
are considered for a sustainable city [2]. In this context, vision, economy and society,
biodiversity, ecological footprints, modeling cities on ecosystems, sense of place,
empowerment, partnerships, sustainable production—consumption and governance are
the principles of planning a sustainable city [3]. In this sense, not only environment but
also social and economic subjects should be put on the agenda as well.

Within this framework, it is essential that many subjects at urban level should be
discussed; the meaning and the content of the current green-eco approaches should be
questioned from the point of view of sustainability. Many projects prepared with
the eco label and launched to the market are criticized because their themes related to
sustainable development have unrelated usages for marketing [4]. What to be reached
through the strategies to be developed is a stage that “urban development is in a
harmony with nature and consumes the minimum resource.” In this regard, it is pre-
dicted that sustainable urban development should be formed by three pivots. These
pivots can be summarized as spatial development, socio-economic structure and
ecology-environment [5].

The stage where environmental problems are shows that the most important
drawback to the aim of sustainable urban development is climate change. Many studies
on planning focus on the interaction between urbanization and climate change, try to
research thoroughly this interaction in terms of both developing of policy and impli-
cations. With this object, many subjects like “population dynamics, economic structure,
cultural shift, and social dynamics” are discussed on different scales as “rural-to-mega
cities” and urban policies are developed to adaptation and mitigation [6].

In this study, this accumulation on the field of planning is tracked, strategies and
action plans developed directed to implementation on country and city-region scale are
examined, and climate policies of Turkey are evaluated. For this purpose, in the second
section following the prologue climate change is discussed in terms of policy develop-
ment, these policies are exemplified internationally in the third section. Therefore, poli-
cies developed at local level are examined comparatively and an evaluation framework is
created for the example of Turkey. In the fourth section, it is focused on the example of
Turkey. Turkey is one of the countries that are open to ecologic and economic threats
occurring depending on climate changes. Although Turkey has signed climate change
agreements within sui generis conditions, the country is on the brink of significant
environmental problems with its economy high-in development aims. In the conclusion
part, it is expected that policy recommendations developed considering the example of
Turkey make a contribution to developing sustainable urban development policies of
other countries which share the similar features with Turkey and enrich the literature.
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2 Climate Change

The starting point of climate change is global warming which is being caused by the
increase of GHG emissions in the atmosphere. A long-term shift in the statistics is
described as the definition of climate change. Depending on global warming, too much
changing has been observed in the world and also tropical cyclones- storm surge,
extreme rainfall, riverine floods, heat or cold waves, drought, and also changing
temperature, precipitation and sea-level rise [7] have been expected to realize. In this
picture, both biological diversity and agricultural product pattern might be affected
negatively. These incidents not only affect on natural lands or rural regions. Because of
climate change, it has been expected that there will be important problems in the cities.
Not only traumas and instantaneous loss of lives related to natural disasters,
socio-economic losses are also in question, especially, decreasing employment, dam-
aged infrastructure and neighborhoods. Another risk of loss of agricultural production,
increasing poverty and also migration from vulnerable regions to the cities in devel-
oped countries and consequently both ecological risks and socio-economic changes are
being mentioned. In recent years, extreme climate events have been observed and thus,
cities are face with increasing risks. Especially in developing countries, cities face to
allocate their limited financial resources to avoid the negative impacts of climate
change.

There is almost a consensus on anthropogenic reasons of climate change but it is
difficult to describe a definite policy framework for the solution. Each geographic
region has different priorities in the context with environmental policies and also
economic development according to their own characteristics and vulnerabilities.
Basically, two set of policy have been applied: Mitigation and adaptation. Mitigation is
defined as “human interventions to reduce the sources or enhance the sinks of green-
house gases” [8]. Today, many of mitigation strategies are related to energy policies
and also urbanizations process. Thereby, in order to reduce GHG emissions, a holistic
policy approach has been needed. Mitigation strategies are mostly related to national
level. On the other hand “adaptation strategies protect local communities from sudden
and immediate dangers. Shifting to wind, solar or wave energy is also a key adaptation
strategy as smaller, more decentralized forms of power generation reduce the risks
associated with widespread power loss through severe storm event, or from peak power
loads under temperature extremes” [9]. “Adaptation policies” relatively focus on
regional-local level. Especially many of policies and strategies at municipal manage-
ment level aim for adaptation.

3 Local Cases

It is seen that Nordic countries take a leading part in adaptation to climate change and
developing climate change strategies as well as in sustainability. Particularly, Finland
becomes prominent among other countries with how thoroughly it deals with the
subject and its participative process. Within the scope of Finnish Government Report
on National Climate Strategy in 2001, adaptation strategies in coordination with
ministries and then climate strategies were formed. While reducing greenhouse gas
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emissions was suggested as the most efficient way in order to decrease the impacts of
climate change, climate change was discussed not only as a subject related to envi-
ronment but also it was considered with its economic-social and cultural development
aspects. An integration of adaptation strategies with industry-specific development as
well as industry-specific approach was adopted as a prerequisite. Potential impacts of
climate change include unexpected natural events and disasters. In this regard, antic-
ipatory and preliminary midterm-long term policies are recommended [10]. Today in
Finland, the legal framework on climate change includes law and regulation on many
subjects. CC Act (2015) has defined that a greenhouse gas emissions reduction target of
at least 80% by 2050, compared to 1990 [11]. Similar emission reduction targets have
been declared by EU and also other countries. After 20/20/20 climate targets for EU
[12], new climate targets was declared in 2014. According to new document, 2030
climate targets of EU include 40% cut in greenhouse gas emissions (from 1990 levels),
27% of EU energy from renewable energy resources and 27% improvement in energy
efficiency [13].

Energy is the first subject to be focused on in order to reduce greenhouse gas
emissions. Getting rid of carbon-based energy resources and heading to renewable
energy resources, increasing energy productivity and supporting researches on energy
are primary subjects to deal with [14–16]. Mitigation strategies are a subject that
primarily developed countries discuss. On contrary, non-industrial countries don’t have
usages causing carbon emissions and moreover; they experience a dilemma of the
necessity of becoming rich in order to put the climate change adaptation strategies into
practice and industrialization in turn. “Carbon-trade” used in developed countries such
as Canada, Japan as a part of mitigation strategies have been developed as a method
which uses the limitedness in carbon emissions of developing countries for the benefit
of developed countries. The contradiction here is that carbon emissions are reduced
“being unfair to undeveloped countries.”

Protecting nature and the strategy of using agriculture-forest resources in order to
stock up carbon are tried to put into practice under pressure of urbanization. The
problem of being unable to protect natural vegetation impacts food production and
socio-economic structure depending on geography of country. One of the facts that
make country borders unclear against climate change is the wave of migration expe-
rienced from rural-to-urban, from developing-to-developed countries as a result of
climate change.

Rise of sea level has impacts on cultivated areas and forests at coastal zones,
tourism and harbor activities as well as island countries. Countries which are in danger
of rise of sea level develop solutions depending on their necessities. Flood problem
onshore in Bangladesh is resolved by protecting natural vegetation. It is aimed to
extend greenbelt onshore by protecting it and to take precautions against flood [17].

Cities reserve both activities causing climate change and population that climate
change probably affects. That’s why cities are key actors of fight against climate
change. Within this period, it is seen that participative processes are planned [18] and
also actions that give priority to awareness, education and research are supported [10].
Cities of developing countries particularly focus on adaptation strategies whereas
mitigation strategies which are parallel to national goals are defined for cities of
developed countries. In this sense, the most important subject is reducing C emissions.
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Except for Canberra and Copenhagen which aim to zero carbon emissions, other cities
aim to reduce it dramatically.

Transportation and building sectors are the primary effective sectors in reducing
carbon emissions in cities. Especially dwellings are the most important emission
resources in cities. Raising awareness in public increases the demand of
“green/certificated” building in construction sector. A green building is “the practice of
increasing the efficiency with which buildings and their sites use energy, water, and
materials, and reducing building impacts on human health and the environment,
through better siting, design, construction, operation, maintenance, and removal—the
complete building life cycle” [19]. “The process of capital formation of many com-
panies supporting green building production must be discussed in terms of how
environment friendly they are. Today, one of the criticisms of the concept of green
building is that it has become a trend and a marketing tool. Some enterprisers feature
brand value of certification system. Since each certification system has application
prerequisites and they have various ratings, it is seen that enterprises get points easily
by ignoring some of certification criteria” [20].

Electric cars as well as encouraging public transportation, rail systems and
bicycle-passenger based solutions are recommended in order to reduce emission in
transportation [14, 21]. It is certain that these recommendations are closely related to
city’s macro-form. Transportation-infrastructure recommendations which will be
effective in fight against climate change within urban sprawl-especially widely
observed in the USA- are difficult to develop. Instead, European cities where pedes-
trianism and bicycle-riding are common are relatively advantageous. In this regard,
compact city strategies [14] are suggested in order to fight against climate change. City
form itself which limits development in nature and uses infrastructure in a more
effective way becomes an urban sustainability indicator [22, 23]. Apart from that,
approaches such as smart growth [16], low carbon community [21], low carbon
economy [24] and sustainable land use [24] are in action plans for a compatible with
climate and more sustainable urban development.

It is seen that subjects of adaptation to climate change and fight against natural
disasters are prioritized in cities. In this regard, the main goal is to increase resilience of
cities [17, 25]. Strategies developed for London grade the possibilities of
flood/inundation and describe the social groups which will be affected from natural
disaster. It is suggested that green areas should be expanded and biological diversity
corridors should be formed in order to reduce the impact of heat island [18]. Even if
developing countries mostly don’t have economic activities causing climate change,
but they have to face with disaster caused depending on changing climate conditions.
Fragility in cities of these countries rises especially because their population consists of
low-income families, they have lack of infrastructure and they don’t have technological
opportunities like early-warning systems. Moreover, disadvantageous and low-income
groups have been affected more in cities of developed countries. Concordantly, local
governments should describe weaknesses occurring depending on climate change and
take significant precautions in order to find solutions [26]. In this sense, subjects like
disaster management, protecting nature are common topics for cities-regions in
developed and developing countries. On that note, action plans and strategy documents
include how disadvantageous groups in city will be reached in the process of adaptation
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to climate change, and what precautions will be taken. The London Climate Change
Adaptations Strategy explains that “adaptation should be seen as a journey, rather than
a destination” [18].

4 Current Approaches and Climate Change Policies
in Turkey

The concept of “sustainable development”, which were brought to the agenda and
easily accepted by 1980s’ Turkish society in parallel with the global developments,
have found a place for itself in a wide range of fields at both local and national levels.
Despite unsatisfying level of practices of sustainability in the field of urban develop-
ment, sustainable urban development has been considered as a common target both
within the planning processes and policy documents. The acceptance of climate
change, on the other hand, was not realized that easily. Although climate change was
handled by different committees [27] in 1990s, it took a long time for this issue to be a
part of policy making processes. Turkey was one of the countries that signed the
climate change framework convention, however with a purpose of not falling behind
the global agenda and its concerns relevant to future collaborations with OECD
members and European countries. Hence, it is impossible to claim that either devel-
oping issues at international level were followed sufficiently or the emergent approa-
ches were interiorized within this process. In accordance with this claim it is also stated
that Turkey only focused on the issues relevant to its legal status within the framework
of the convention and could not develop efficient policies during the period between the
years 1990 and 2004 [28]. This period can also be mentioned as a period when Turkey
intensified its attempt to comprehend the issue of climate change and become a part of
the process.

According to official reports on climate change, Turkey is one of the risky countries
in terms of the effects of climate change. As a component of climate change gover-
nance, urban climate governance in Turkey is of great importance [29]. When the
sustainable urban development targets and climate change policies are considered
together, Ministry of Environment and Urbanization comes to the forefront as Turkey’s
most effective governmental body. However, MEU (Ministry of Environment and
Urbanization) has also been criticized as the Ministry became the only authorized body
in urbanization policies and public works procedures of local administrations. On the
other hand, efforts of the Ministry that systematize different public works, sustainability
action plans and urban development process are regarded as the benefits of this body.
The Ministry defines a system of values and fundamental principles in terms of sus-
tainable urbanization with its publication titled as “KENTGES (Comprehensive Urban
Development Strategies and Action Plan) 2010–2023”. This publication states that
climate change has already been discussed in various fields and it is aimed by the report
to identify adjustment and reduction policies relevant to the climate change issue as
well as procedure and principles for the planning and structuring processes carried out
in local environments [30].

Climate Change Action Plan (2011–2023), which was prepared by the MEU, is a
document that lays the foundation of climate change policies of Turkey. Various
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sectors are discussed within the scope of this document, such as energy, constructions,
industry, transportation, waste, agriculture, land use and forestry, cross-sectoral issues
and harmonization. The document gives priority to identify strategies, targets, specific
periods and actions relevant to water resources management, agricultural sector and
food security, ecosystem services, biodiversity and forestry, risk management in case of
natural disasters, human health, common cross-sectoral issues and adjustment [31].

Within the period between 2012 and 2014, following the publication of CCAP
(Climate Change Action Plan) document, investments in energy sector and the efforts
for development came into rather more prominence. However, this situation resulted in
a regression in terms of climate change and obscured the implementation process of the
strategies identified by CCAP document. In the national report on Habitat III Con-
ference which was held in Quito, Ecuador in October, 2016, Turkey decided to discuss
climate change as an issue within the new agenda of urbanization [32]. The report
considers both energy-efficiency and combating climate change and emphasizes eco-
logical housing standards and the need for change in consumption patterns. The report
also outlines the content of National Climate Change Strategy Document.

Since 2014, climate change has gained a new momentum at a national level and
within this scope some local action plans and (green) energy strategies have been
identified and described. And also it is observed that municipalities of cities and even
districts have launched specific projects including reports, strategies and practices
relevant to climate change. The projects are generally considered at an infancy phase in
terms of reporting and strategies but the regular measurement of carbon emission levels
can be considered as a pioneer implementation within this field. Municipalities of
Gaziantep, Istanbul and Bursa cities and districts of Nilufer (Bursa), Cankaya (Ankara)
and Kadikoy (Istanbul) can be given as examples for the local administrations that have
specific climate change action plans.

Climate Change Action Plan of the Metropolitan Municipality of Gaziantep has
been conducted by ICE, Mavi Consultants and University of Gaziantep and funded by
AFD (French Development Agency) and the MM (Metropolitan Municipality) of
Gaziantep. Energy issues and greenhouse gas emissions were analyzed within the
scope of this action plan and specific targets were identified to reduce greenhouse gas
emissions. Establishment of eco-environments, “energy information points” for the
local residents and a “regional-local energy agency” for various institutions,
improvements in public transportation by using the current infrastructure, transition to
green technologies and reducing water consumption and loss by raising awareness and
developing resources and network management are among the outstanding projects
within this context [33].

Metropolitan Municipality of Istanbul has commenced preparations for the Istanbul
Climate Change Action Plan and has completed the feasibility study in 2016 [34].
Information about this plan can be obtained through the official web site of the
Municipality and the television channel of Istanbul’s subway system that broadcast
relevant developments. This practice can be regarded as a unique strategy to inform the
public about recent developments and projects.

The priority of Bursa Metropolitan Municipality Climate Change Action Plan is the
issue of greenhouse gases in Bursa city. This plan aims energy saving and reduction in
emissions through certain fields such as urban development—built environment,
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transportation, renewable energy sources, management of solid waste and waste water,
industrial actions and services, agriculture, animal husbandry, forestry, awareness
raising campaigns and efficiency in natural energy sources etc. The Municipality has
organized training programs and workshops to ensure a participatory approach within
the implementation process [35]. When municipalities’ climate change reports are
analyzed, it is seen that they have common contents but differ in presentation, inter-
pretation and local dynamics.

Several district municipalities, particularly those of metropolitan areas, have
launched various projects on the climate change. When projects of Nilufer (Bursa),
Cankaya (Ankara) and Kadikoy (Istanbul) Districts are analyzed in general: As a
member of Healthy Cities Association, Municipality of Nilufer District (Bursa) has
outstanding projects in environment and health issues as well as developing
“eco-cities”. Sustainable Energy Action Plan prepared by the Municipality of Nilufer
(Bursa) presents a specific schedule on carbon emission and its levels based on the data
from 2013 [36]. Municipality of Kadikoy District (Istanbul) has a “Transformation and
Coordination” unit under the body of Environmental Protection and Control Depart-
ment. This unit can be given as a significant development among the projects carried
out by local administrations [37]. Municipality of Cankaya District (Ankara) have
categorized its climate and energy projects under specific titles in the official website of
the Municipality. Climate policy events and climate resilience through rain harvesting
are two of these titles [38]. Considering the prospective key roles of district munici-
palities in developing participatory sustainable community models, climate change
projects of these local administrations have a significant potency of effect.

5 Conclusions and Policy Recommendations

Efforts in combating climate change has yet to be at an optimum level, while a sig-
nificant progress has occurred in terms of awareness. Climate change has been dis-
cussed in policies of various countries with different geographical, economic and social
characteristics. These policies do not only deal with environmental challenges but also
lay the groundwork for a social transformation. However, other social problems and
needs pose as an obstruction to developing new policies needed in combating climate
change and implementing these policies effectively. Developed countries give higher
priority to mitigation policies, while developing countries pay more attention to
adaptation. However, the current level of climate change requires all the states in the
world to work together regardless of their levels of development.

Sustainable urban development is related with spatial development and
socio-economic structure as well as the concept of ecology. All these policies should be
handled in combating climate change in company with holistic strategies. In this
context, the subjects drawing attention in the international examples are;

• Zero (or lower) C/GHG emissions, energy efficiency buildings, industries, vehicles
etc.

• Innovative and technological solutions for human settlements,
• Sustainable urban development, compact urban form and sustainable infrastructure,
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• Sustainable public transportation, electric vehicles, cycling, walking etc.
• Food security, supporting agricultural product pattern,
• Supporting resilience of the community, defining vulnerable social groups, devel-

oping socio-economic conditions,
• Sustainable (long-term) planning,
• Technological and organizational monitoring systems for disaster risks,
• Increasing green areas—protecting natural lands.

Turkey, which has an active economy agenda in parallel with its development
targets, is considered as a developing country that tries to keep the balance of
preservation and use of its natural sources. The main challenge of the country is to
develop long-term environmental policies at a national level and integrate these policies
with those in other fields.

It is seen that Turkey has already emphasized the importance of climate change and
identified relevant strategies in its policy documents. The next step should be the
discussions about realization of these policies. Most of the targets determined at a
national level are postponed due to the economic problems and other issues related
with the national development. It is also seen that climate change is yet to find a place
in local environment and communities around the country. Communities that are not
aware of climate change, neither pay attention to combating this problem. Moreover,
most of the environmentalist projects and practices considered as a part of municipal
visions are far from yielding significant results. Therefore, it is significant to evaluate
effectiveness and appropriateness of these projects within this context.

The first step in this framework should be identifying common targets and conflicts
that occur at the intersection of environmental issues and urbanization, industrialization
and development fields. It is significant to prepare a guideline to on which the whole
society would compromise, include key actors that could be effective within the pro-
cess and develop a participatory approach. Awareness and knowledge of policy makers
relevant to climate change should be another priority in addition to those of commu-
nities within this process. In order to support sustainable urban development, inno-
vative and environment-oriented approaches are needed in policies in different fields in
addition to current policies directly related with environmental issues. Within this
context, various approaches ranging from eco-municipalism to green city and green
accounting approaches, from industrial ecology to industrial symbiosis should be
adapted in the implementation process.

Different approaches of the cases which analyzed within the study give us clues
about the effectiveness of social characteristics within the implementation of climate
change policies. Combating climate change is only possible through a participatory and
sustainable social structure. The achievements in this context are highly connected
firstly with the efforts to objectively analyze behavioral, sociologic and psychological
structures and lifestyles of societies and secondly with practices that could change
conventional attitudes and customs. The reasons that make certain countries more
inclined to have sustainable social structures and the methods that drive the progress
within this context should also other issues to be analyzed. This kind of a behavioral
analysis in Turkey would be useful in future studies.
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Abstract. This paper aims to solve one important problem while designing
halls with domes in universities such as a central lobby of Architectural Engi-
neering Department at the University of Sharjah. Most architects consider
aspects/factors of esthetics, form, function, and to some extent sustainability
besides illumination, but in general they drop issues of acoustics from their
designing phases. The absence of sound quality and clarity of speech in the
central hall of AE Department has led to non-comfortable sound environment
for conducting some activities such as juries and exhibitions. Listening to a
person giving his/her presentation or talk could be difficult due to the large
volume of the space, finishing materials inside the building, and the effect of the
dome that causes an excess amount of reverberation time (RT). This paper
discusses various factors that affect sound environment such as building shape,
volume, and materials. Using REVIT and ECOTECT model in the simulation,
the study could suggest alternatives to the existing building scenario. Further-
more, an ideal combination of various techniques has been proposed to achieve
economical and acoustical aspects.

Keywords: University halls � Acoustics � Reverberation time � ECOTECT

1 Introduction

A critical factor that plays a vital role in sound quality is the reverberation time.
Reverberation time is the persistence of sound after sound source has ceased [1].
Reverberation time is the single most important parameter for judging the acoustical
properties of a room and its suitability for various uses [2]. The Architectural Engi-
neering building in the University of Sharjah is built square with a semi-spherical dome
placed on top of a central atrium, in which many activities are conducted. Finishing
materials used include marble for flooring, plaster for walls, and PVC panels for false
ceiling. This type of design is commonly applied in educational institutes in Sharjah.
The low absorption characteristics of marble and plaster foster the effect of creating a
highly reverberant space that is unsuitable for activities such as juries, or exhibitions,
food events, etc. Thus, lowering the RT value would significantly enhance sound
environment, which is our aim in this regard.

© Springer International Publishing AG, part of Springer Nature 2018
S. Fırat et al. (eds.), Proceedings of 3rd International Sustainable
Buildings Symposium (ISBS 2017), Lecture Notes in Civil Engineering 7,
https://doi.org/10.1007/978-3-319-64349-6_18



2 Methodology

In order to explore evaluate the sonic environment in AE Dept., the study started by
investigating sound environment in the building using sound meter for two different
days. Decibels were recorded for the targeted area as shown in Figs. 1 and 2. Revit and
Ecotect were used for the simulation.

2.1 Measuring Sound Levels in the Architectural
Eng. Dep. Central Lobby

Sound meter was used to measure sound levels with HVAC System and mechanical
equipment in the building for five different locations inside the central lobby.

The measurement was taken in weekends on Saturday, 28 Nov. 2015, at, 7:00 AM.
The readings were as follows:

Point 1: 50.2 dB
Point 2: 46.5 dB
Point 3: 44.6 dB

1

4

3

2 5

Fig. 1 Sound meter measuring in five different locations in the central lobby

Fig. 2 Revit model for M8 building
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Point 4: 45.6 dB
Point 5: 46.8 dB

Another experiment was taken during weekdays for ground
And first floors when it is occupied. The measurements and readings showed noisy

spaces that cannot be suitable for academic environments. Results in Fig. 2 demonstrate
sound levels received during working days/h (13:00–16:00). As shown in Table 1.

2.2 Factors Affecting the Acoustical Behavior in University Halls

According to Sabine’s equation in calculating the reverberation time, there are two
important factors that alter the acoustical behavior in any building [3]. The main factor is
the volume, so reducing the volume of the department will efficiently lower the rever-
beration time and consequently decrease sound levels in that area. As to be clarified in the
upcoming discussions, a method was sought to reduce the volume without changing the
shape of the building or dome. The second factor is related to finishing materials applied
on building surfaces. Adding materials that have higher absorption factor will also be
effective to reduce both the reverberation time and sound level. Initially, the existing
reverberation time is calculated to assess the current state of sound perception inside.

2.3 Reverberation Time Calculations

An equation for calculating the “Optimum” Reverberation Time, according to Stephens
and Bate in 1950, is applied as follows:

T60 ¼ K 0:0118� V
3
þ 0:1070

� �
: ð1Þ

With a volume of 3055.7 m3 and K = 4 for speech, then:

T60 = 4 0:0118� 3055:7
3

þ 0:1070
� �

¼ 1:11 s

With Sabine formula,

T60 ¼ 0:161
V
A

� �
ð2Þ

Table 1. Sound levels

Floor Time
10:30 am (dB) 12:30 pm (dB) 2:30 pm (peak hour) (dB) 4:30 pm (dB)

Ground 60.8 57.7 68.3 59.5
First 66.3 67.6 74.6 50.2
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The existing RT value could be obtained. Taken the condition that there are no
seats or people within the space:

T60 ¼ 0:161
3055:7
49:03

� �
¼ 10:03 s

A reasonable explanation for such a large RT value is the extremely low absorption
coefficients of existing finishing materials. Because of this, the total absorption area
was found to be 49.03 m2 Sabines. This small magnitude has severely reduced the
quality of the acoustical behavior of the interior surfaces.

2.4 Computer Model Simulation

Given the nature and complexity of the interior geometry of the university hall
examined, implementing a feasible computer model theory is important to obtain good
quality data. In this work, a REVIT model was exported to ECOTECT to obtain the
exact surface areas and volume taking into consideration the pervious calculations.
After Simulating the existing case, different kinds of actions were applied to the model.

3 Existing Reverberation Time Simulation

After running the simulation, it is found that the reverberation time (RT) is 10.03 s at
500 Hz (Fig. 3). The RT value has exceeded the optimum value. Thus, the university
halls are generally poorly suited for delivering speeches because of the excess in
reverberation time. As shown below in Fig. 4.2, Frequency and RT correlation, the
estimated decay curves at each frequency have revealed that additional absorption was
needed at mid-frequency ranges between 250 Hz and 1 kHz.
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4 Acoustical Treatments

As outlined previously, the central hall requires more absorption surfaces to include in
the building in order to dramatically enhance the acoustical environment. The dome
form is one of the most inconvenient forms in acoustics design because of the concave
curvatures. The propagating sound energy does not escape without reflecting several
times inside the dome shell. Given this effect, the reflected sound energy from the dome
returns to the main space with a time delay, resulting in echoes or noise in the hall and
the reduction in the percentage of intelligibility [4]. Therefore, alternatives that could
be considered to reduce the RT and increase the clarity of speech are as follows.

4.1 Reducing the Volume by Adding Mesh Between the Ground Floor
and the First Floor

Mesh fabric was inserted in the model between ground and first floor to improve the
acoustical environment. This mesh has also taken into consideration the penetration of

Fig. 3 (Hz–ms) graph and estimated decay
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natural light into space. Integrating the mesh fabric could help in eliminating the
reflectance of sound rays as RT was reduced to 5.45 ms at 500 Hz as shown in Fig. 4.

4.2 Adding Absorption Panels

As indicated earlier, more absorption was required for the mid-frequency range shown
in Fig. 5. Thus, utilizing an appropriate type of acoustical panels is critical. Installa-
tions of porous absorption panels have reduced RT to 5.5 ms at 500 Hz. This result is
almost similar to past trial, which is a good alternative.

Fig. 4 (Hz–ms) and estimated decay graphs after applying mesh fabric

236 A. Abdulkareem et al.



4.3 Adding Carpet

In general, carpets have a high sound absorption that reaches up to 50% when used
over large areas. Carpets were laid on the ground and first floors during the simulation
and it was noticed that the RT was reduced to 3.79 ms at 500 Hz (Fig. 6). The proposal
has performed better than earlier options of absorption panels and reduction of
volumes.

4.4 Adding Wood Cladding

Wood is considered a desired material in acoustical treatments for its warm and natural
appearance. Wood has an excellent sound absorption compared to previous alterna-
tives. The authors have integrated this wood classing on internal walls of the both
ground and first floors within the central hall area. From the simulation, the RT was
decreased to 2.76 ms at 500 Hz (Fig. 7).

Fig. 5 (Hz–ms) and estimated decay graphs after applying absorption panels
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4.5 Adding All Methods at Once

Although different alternatives were applied individually to enhance the acoustical
behavior and reduce the RT levels, combining them together will probably magnify
their effect and therefore achieve better satisfactory results. This combination has
reached to an acceptable RT reduction value of approximate 0.7 from 10 ms, which is
about 90% improvement (Fig. 8).

Fig. 6 (Hz–ms) and estimated decay graphs after adding carpet
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5 Cost of Applied Materials

Earlier simulation showed that adding all methods at once was certainly the most
efficient technique to have a maximum reduction of the reverberation time. However,
adding all materials would cost to some extent in terms of money. Thus, it is very
important to roughly estimate the cost of each proposal. Therefore, a strategy that
satisfies the objective in terms of cost and absorption would be as shown below:

1. Mesh Fabric cost ¼ Area� Cost per squaremeterð Þ ¼ 141:7m2 � $2 ¼ $243:4
2. Absorption panels cost ¼ Area� Cost per squaremeterð Þ ¼ 88:9m2 � $80:8 ¼ $7183:1

3. Carpet cost ¼ Area� Cost per square meterð Þ ¼ 405:7m2 � $5:3 ¼ $2139
4. Wood cladding cost ¼ Area� Cost per squaremeterð Þ ¼ 456m2 � $32 ¼ $14; 592
5. All methods cost ¼ $24; 157:5

Fig. 7 (Hz–ms) and estimated decay graphs after adding carpet
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6 Conclusion

In this work, the acoustic environment of common Sharjah university halls was
evaluated. These low absorption coefficients of materials in halls resulted in a reduction
of the total absorption area of the space. The computer simulation for the hall revealed
that the materials commonly used for the interior needed acoustic treatment. This
treatment will establish more absorption to the space and reduce any unfavorable
acoustic occurrence that might happen from having surfaces that reflect large amounts
of acoustic energy within the space. The decay curves showed that further absorption
was needed at mid frequency range. The installation of porous panels and the addition
of absorption by changing the different surface materials characteristics improved
acoustic quality, indicating that these techniques are effective. A decrease in RT was
observed. Another outcome is the increase in clarity and definition of speech. Using
some materials and changing some parameters caused to reduce the reverberation time
from 10.03 s to the comfortable range. Two aspects were taken under consideration to
achieve the most efficient solution that can be applied to the department. Taking
acoustic absorption into account by applying all the methods will ultimately produce

Fig. 8 (Hz–ms) and estimated decay graphs after applying all methods
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the maximum sound quality. Moreover, adding mesh fabric between the two floors to
cover the void was found to be the most convenient option in terms of cost. However,
Using mes h and carpet, or absorption panels and carpet together, could satisfy both of
these aspects in the most effective and economic approach.
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Abstract. Sustainable development is defined as “development that meets the
needs of the present without compromising the ability of future generations to
meet their own needs”. The concept of sustainable development contains both
environmental sustainability and economic development. One simple way to
assess sustainable development is to use the Ecological Footprint and Human
Development Index (HDI). HDI measures a country’s average achievements in
the areas of health, knowledge, and standard of living. The Ecological Footprint
measures a country’s demand on nature and can be compared to available bio
capacity. The HDI-Footprint, using simple indicators, prominently reveals how
far removed the world is from achieving sustainable development. For all
countries, the goal should be high human development and a low ecological
footprint per capita. Environmental Kuznets Curve is located in the sustainable
economic development literature puts forward that the inverse U shape rela-
tionship between the level of economic development and environmental
degradation. In this study, the ecological footprints of countries are compared
with the level of human development and the validity of Kuznets inverted U
hypothesis being investigated. Measuring these two variables reveals that very
few countries come close to achieving sustainable development.

Keywords: Economic development � Human development index
Ecological footprint � Biological capacity � Environmental kuznets curve

1 Introduction

Sustainable development is a commitment improving the quality of human life while
living within the carrying the capacity of supporting ecosystems. “Development” is
shorthand for committing to well-being for all. “Sustainable” implies that such
development must come at no cost to future generations. In other words, development
is required to occur within what the planet’s ecosystems are able to provide season after
season, year after year. It needs to be enabled within the means of nature [1]. For all
countries, the goal should be high human development and a low ecological footprint
per capita. However only a few countries come close to creating such a globally
reproducible high level of human development without exerting unsustainable pressure
on the planet’s ecological resources [2]. Unfortunately, human beings cut trees faster
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than they mature, harvest more fish than the oceans can replenish, or emit more carbon
into the atmosphere than the forests and oceans can absorb. The sum of all human
demands no longer fits within what nature can renew. The consequences are diminished
resource stocks and waste accumulating faster than it can be absorbed or recycled, such
as with the growing carbon concentration in the atmosphere [3].

One simple way to assess sustainable development is using the Ecological Foot-
print and Human Development Index (HDI). The United Nations HDI is an indicator of
human development that measures a country’s achievements in the areas of life
expectancy, education, and income. The Ecological Footprint measures a people’s
demand on nature and can be compared to available bio capacity. The HDI-Footprint,
using simple indicators, prominently reveals how far removed the world is from
achieving sustainable development [2].

An Ecological Footprint less than 1.7 global hectares per person makes those
resource demands globally replicable. The United Nations considers an HDI over 0.8 to
be “very high human development”. These two thresholds define two minimum criteria
for global sustainable development—an average Footprint (significantly) lower than
1.7 gha per person and an HDI of at least 0.8. Measuring these two variables reveals
that very few countries (Cuba, Sri Lanka etc.) come close to achieving sustainable
development [1].

The general proposition that economic growth is good for the environment has been
justified by the claim that there exists an empirical relation between per capita income
and some measures of environmental quality. It has been observed that as income goes
up there is increasing environmental degradation up to a point, after which environ-
mental quality improves. (The relationship has an “Inverted-U” shape.) [4]. In this
paper we investigate the relationship between economic development (by using HDI)
and environmental degradation (by using ecological footprint). According to Envi-
ronmental Kuznets Hypothesis (EKH), as economies developed, reduces ecological
footprint. But unfortunately, data says developed countries have high ecological
footprint scores.

2 Kuznets’s Inverted U Hypothesis

The Environmental Kuznets Curve (EKC) hypothesis postulates an inverted U shaped
relationship between different pollutants and per capita income. Environmental pres-
sure increases up to a certain level as income goes up; after that, it decreases. Envi-
ronmental quality deteriorates at the early stages of economic development and
subsequently improves at the later stages. In other words, environmental pressure
increases faster than income at early stages of development and slows down relative to
Gross Domestic Product (GDP) growth at higher income levels. This systematic
relationship between income change and environmental quality has been called the
Environmental Kuznets Curve [5]. The EKC is named for Simon Kuznets (1955) who
hypothesized that income inequality first rises and then falls as economic development
proceeds [6].

In the first stage of industrialization, pollution grows rapidly because high priority
is given to increase material output, and people are more interested in jobs and income
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than clean air and water. People are too poor to pay for abatement, and/or disregard
environmental consequences of growth [7]. The rapid growth inevitably results in
greater use of natural resources and emission of pollutants, which in turn put more
pressure on environment. Environmental degradation increases with growing income
up to a threshold level beyond which environmental quality improves with higher
income per capita. This relationship can be shown by an inverted U shaped curve.
Figure 1 demonstrates EKC [8]. As can be seen on figure, the EKC proposes that
indicators of environmental degradation first rise, and then fall with increasing income
per capita.

As economic development accelerates with the intensification of agriculture and
other resource extraction, at the take-off stage, the rate of resource depletion begins to
exceed the rate of resource regeneration, and waste generation increases in quantity and
toxicity. At higher levels of development, structural change towards
information-intensive industries and services, coupled with increased environmental
awareness, enforcement of environmental regulations, better technology and higher
environmental expenditures, results in levelling off and gradual decline of environ-
mental degradation. As income moves beyond the EKC turning point, it is assumed that
transition to improving environmental quality starts. Thus, it could be a depiction of the
natural process of economic development from a clean agrarian economy to a polluting
industrial economy, and, finally, to a clean service economy [5].

Fig. 1 Environmental Kuznets curve
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3 Methods

Sustainable development is defined as “development that meets the needs of the present
without compromising the ability of future generations to meet their own needs”. The
concept of “sustainable development” contains both environmental sustainability and
economic development. One simple way to assess sustainable development is to use the
Ecological Footprint and Human Development Index (HDI).

We examine sustainable development in terms of its two dimensions. We assess
progress in development with the HDI because it is one of the most widely used overall
measures of human well-being. The other dimension of sustainable development is the
commitment to develop within the ecological capacity of planet Earth. This can be
measured with the Ecological Footprint, a resource accounting tool that assesses how
much of the regenerative capacity of the biosphere is occupied by human activities.

3.1 Human Development Index

HDI measures a country’s average achievements in the areas of health, knowledge, and
standard of living. Since 1990, the United Nations Development Program (UNDP) has
used the Human Development Index in its annual Human Development Report. The
purpose of the report is to show how well the management of economic growth and
human development is actually improving human well-being in the nations of the
world. The report defines human development as the “process of enlarging people’s
choices to live a long and healthy life, to be educated, have access to resources needed
for a decent standard of living. So the index focuses on “health, education and the
standard of living” as proxies for people’s ability to live long and prosperous lives [9].

The health dimension is measured using life expectancy at birth. This also serves as
a proxy for other aspects of well-being such as adequate nutrition and good health.

The education dimension is measured by mean of years of schooling for adults aged
25 years and more and expected years of schooling for children of school entering age.
These two separate indicators are intended to reflect the level of knowledge of the adult
population as well as the investment in the youth.

A the standard of living dimension is measured by gross national income per capita
adjusted to reflect purchasing power parity. The HDI uses the logarithm of income, to
reflect the diminishing importance of income with increasing Gross National Income
[10]. The HDI is the geometric mean of normalized indices for each of the three
dimensions. Figure 2 demonstrates dimensions and indicators of HDI [11].

Fig. 2 Human development index
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An HDI value of 1.0 implies that a country has achieved the maximum value for
each sub-index, and a value of zero implies that the country is at or below the minimum
value for all sub-indices. UNDP defines an HDI score of 0.8 as the limit between high
and very high human development.

Figure 3 shows human development map prepared for 2015 [12]. According to the
map the North America (USA and Canada), Argentina and Chile in the Latin America,

all of the East European countries and Australia and Nez Zealand have high human
development. On the other hand, most African countries have low human development.

3.2 Ecological Footprint

Ecological footprint is a natural resource accounting tool that measures the ecological
sustainability. The simplest way to define ecological footprint would be to call it the
impact of human activities measured in terms of the area of biologically productive land
andwater required to produce the goods consumed and to assimilate thewastes generated.

The Ecological Footprint (EF) was developed by Mathis Wackernagel and William
Rees as away to account for flows of energy andmatter into and out of the human economy
and convert those flows into a measure of the area of productive land and water required to
support those flows. The EF is intended to be used as a resource management tool for
assessing whether and to what extent an individual, city, or nation is using available
ecological assets faster than the supporting ecosystems can regenerate those assets [10].

The Ecological Footprint measures how much of the regenerative capacity of the
biosphere is used by human activities. It does so by calculating the amount of bio-
logically productive land and water area required to support a given population at its
current level of consumption and resource efficiency. A country’s Footprint is the total
area required to produce the food, fibre and timber that it consumes, absorb the waste it
generates, and provide area for its infrastructure [13]. Because trade is global, an
individual or country’s Footprint includes land or sea from all over the world. Without

Fig. 3 Human development map (2015)
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further specification, Ecological Footprint generally refers to the Ecological Footprint
of consumption. The most commonly reported type of Ecological Footprint is Eco-
logical Footprint of consumption (EFC). It is defined as the area used to support a
defined population’s consumption.

The consumption Footprint (in gha) includes the area needed to produce the
materials consumed and the area needed to absorb the carbon dioxide emissions. The
consumption Footprint of a nation is calculated in the National Footprint Accounts as a
nation’s primary production Footprint plus the Footprint of imports minus the Footprint
of exports, and is thus, strictly speaking, a Footprint of apparent consumption. The
national average of per capita Consumption Footprint is equal to a country’s Con-
sumption Footprint divided by its population.

EF always compares bio capacity. Bio capacity serves as a lens, showing the
capacity of biosphere to regenerate and provide for life. It allows researchers to add up
the competing human demands, which include natural resources, waste absorption,
water renewal, and productive areas dedicated to urban uses. As an aggregate, bio
capacity allows us to determine how large the material metabolism of human econo-
mies is compared to what nature can renew [13].

In contrast to the Footprint, which addresses demand on ecosystems, bio capacity
describes the supply side—the productive capacity of the biosphere and its ability to
provide a flux of biological resources and services useful to humanity. Both Footprint
and bio capacity are measured in global hectares (gha). Global hectare represents a
hectare of land with world average bio productivity. In 2015, the global per capita
Footprint was 2.7 gha, and the per capita Footprint of nations with available data
ranged from 0.4 gha/cap in Eritrea to 15.8 gha/cap in Luxembourg. In 2015, globally
available bio capacity was 1.7 gha/cap.

Figure 4 shows Ecological Deficit/Reserve Map prepared by Global Footprint
Network. While greens are biocapacity creditors, reds are bio capacity debtors [14]. If a

Fig. 4 Ecological deficit/reserve map
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country Ecological Footprint is bigger than bio capacity, it is bio capacity debtors or
vice versa. Note that developed countries are debtors, developing countries are
creditors.

4 Measuring Sustainable Development

Sustainable development is a commitment improving the quality of human life while
living within the carrying the capacity of supporting ecosystems.

SUSTAINABLE: Living within the means of planet Earth requires an average
Ecological Footprint per person of less than 1.7 global average hectares (the supply of
biologically productive planetary surface area that exists per person). The Ecological
Footprint measures how much of the planet’s surface people demand from nature for
food, fiber, timber, and waste absorption (particularly for CO2 from fossil fuel). Cur-
rently, the Footprint of humanity is 2.7 global average hectares per person.

DEVELOPMENT: Human Development Index On a scale of zero to one, 0.8 is
considered the threshold for a very high level of development.

Successful sustainable development requires that the world, on average meets at a
minimum these two criteria. These two thresholds define two minimum criteria for
sustainable development. We argue that an HDI of no less than 0.8 and a per capita
Ecological Footprint less than the globally available bio capacity per person (less than
1.7 global average hectares) represent minimum requirements for sustainable devel-
opment that is globally replicable. For all countries, the sustainable development goal
should be high human development and a low ecological footprint per capita.

Figure 5 illustrates combined the Human Development Index and Ecological
Footprint of Nations in a graph [1].

The graph exemplifies the challenge of creating a high level of human well-being
without depleting the planet’s or a region’s ecological resource base. This indicates that

GOAL

Fig. 5 Human development index and ecological footprint of nations (2015)
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countries in Europe and North America have very high Ecological Footprints and
acceptable Human Development Indexes (above 0.8), while countries in Africa have
unacceptably low Human Development Indexes (below 0.8) but have Ecological
Footprints within the biosphere’s allowable capacity per person. The lower right

Table 1 Human development index and ecological footprint
values of selected countries

Countries HDI Ecological
footprint per
capita (gha)

Ranking Value Ranking Value

Luxembourg 19 0.892 1 15.8
Australia 2 0.935 2 9.3
USA 8 0.915 3 8.2
Canada 9 0.913 4 8.2
Singapore 11 0.912 5 8.0
Trinidad and Tobago 64 0.772 6 7.9
Oman 52 0.793 7 7.5
Belgium 21 0.890 8 7.4
Sweden 14 0.907 9 7.3
Estonia 30 0.861 10 6.9
Latvia 46 0.819 11 6.3
Israel 18 0.894 12 6.2
Mongolia 90 0.727 13 6.1
Austria 23 0.885 14 6.1
Finland 24 0.883 15 5.9
Lithuania 37 0.839 16 5.8
Slovenia 25 0.880 17 5.8
Switzerland 3 0.930 18 5.8
South Korea 17 0.898 19 5.7
Russia 50 0.798 20 5.7
New Zealand 9 0.913 21 5.6
Ireland 6 0.916 22 5.6
Denmark 4 0.923 23 5.5
Turkmenistan 109 0.688 24 5.5
Germany 6 0.916 25 5.3
Netherlands 5 0.922 26 5.3
Czech Rep. 28 0.870 27 5.2
France 22 0.888 28 5.1
Belarus 50 0.798 29 5.1
Japan 20 0.891 30 5.0
Norway 1 0.944 31 5.0
UK 14 0.907 32 4.9
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quadrant represents the goal of sustainable development, i.e., high human development,
within levels of resource consumption that can be extended globally. Measuring these
two variables reveals that very few countries (Cuba, Sri Lanka etc.) come close to
achieving sustainable development. Despite growing global adoption of sustainable
development as an explicit policy goal, we find that in the year 2015 (latest available)
any countries surveyed met both of these minimum requirements.

Table 1 shows Human development index and ecological footprint values of some
countries. Data shows high human development countries have high ecological foot-
print scores. An overall trend in high-income countries over the past twenty-five years
that improvements to HDI come with disproportionately larger increases in Ecological
Footprint, showing a movement away from sustainability.

5 Conclusions

Sustainable development represents a commitment to advancing human well-being,
with the added constraint that this development needs to take place within the eco-
logical limits of the biosphere. Progress in both these dimensions of sustainable
development can be assessed: we use the HDI as an indicator of development and the
Ecological Footprint as an indicator of human demand on the biosphere. The Eco-
logical Footprint and HDI represent strict, yet widely accepted, metrics for ecological
sustainability and human development.

We examine sustainable development in terms of its two dimensions. We assess
progress in development with the HDI because it is one of the most widely used overall
measures of human well-being. The other dimension of sustainable development is the
commitment to develop within the ecological capacity of planet Earth. This can be
measured with the Ecological Footprint, a resource accounting tool that assesses how
much of the regenerative capacity of the biosphere is occupied by human activities.

Environmental Kuznets Curve is located in the sustainable economic development
literature puts forward that the inverse U shape relationship between the level of
economic development and environmental degradation. In the early stages of economic
growth degradation and pollution increase, but beyond some level of income per capita,
which will vary for different indicators, the trend reverses, so that at high income levels
economic growth leads to environmental improvement. This implies that the envi-
ronmental impact indicator is an inverted U shaped function of income per capita.

In this study, the ecological footprints of countries are compared with the level of
human development and the validity of Kuznets inverted U hypothesis being
investigated.

We argue that an HDI of no less than 0.8 and a per capita Ecological Footprint less
than the globally available bio capacity per person (less than 1.7 global average hec-
tares) represent minimum requirements for sustainable development that is globally
replicable. Despite growing global adoption of sustainable development as an explicit
policy goal, we find that in the year 2015 any countries surveyed met both of these
minimum requirements. We also find an overall trend in high-income countries over
the past twenty-five years that improvements to HDI come with disproportionately
larger increases in Ecological Footprint, showing a movement away from
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sustainability. Some lower-income countries, however, have achieved higher levels of
development without a corresponding increase in per capita demand on ecosystem
resources.

Kuznets’s Inverted U hypothesis has been tested in many studies. There is little
evidence for a common inverted U-shaped pathway that countries follow as their
income rises. For all countries, the goal should be high human development and a low
ecological footprint per capita. However unlike Kuznets, data shows high human
development countries have high ecological footprint scores.
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Abstract. This study focuses on international summits which have defined the
framework of sustainability, and which have played an important role in the
emergence and development of the concepts, sustainability and sustainable
development in the recent past. The paper concentrates on the effects of inter-
national summits between the United Nations Conference on the Human
Environment (1972) and HABITAT III (2016) (Quito), which can be defined as
milestones. Furthermore it explores the developments in Turkey with respect to
the selected indicators for sustainable development goals and the process of
achieving such goals that are identified in a global scale in the 2015 United
Nations (UN) Sustainable Development Summit.
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1 Introduction

Nature and natural resources have been considered as infinite assets since the very
beginning of the human history. Increased consumption of natural resources with the
emergence of the concepts of industrialization and colonialism has led to environ-
mental problems. These environmental problems have proved that natural resources,
which are very important for the existence of human race, are finite, and are under
threat due to excessive use. Locally enforced measures aimed at environmental pro-
tection date back to very old times. Nevertheless, as environment is an entity which
belongs to the humanity as a whole, it was comprehended that any measure aimed at
environmental problems would be possible only with a joint movement. Economic
development activities as one of the main reasons behind the environmental damage
made it clear that we need to take a number of measures with respect to development.
The requirement to further development without damaging the environment has led to
the emergence of the concept of “sustainability”.
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The concept of sustainability is defined as “the ability to ensure the continuity for
an extended period of time without any damage or with minimum damage to the
environment” [1]. In this context, this concept which can also be interpreted as the
ability of continuity refers to the concepts of development or growth rather than
individual use. The emergence of the concept of sustainability owes itself to the raised
awareness around the global environmental issues, and the pressure this situation places
on the manufacturing and industrial actors. Ecologists believe that environmental
protection is more important than any other goal. For economic actors, on the other
hand, this demand of environmentalists in a world which competes for economic
development translates into giving up fully on development which is accepted as a
global policy [2]. This led to a conflict between the interests of economy and ecology.
Sustainable development has emerged as a solution for this conflict.

Sustainable development is considered as the development of a country or a region
which does not use natural resources at a level and which cannot be replaced in a way
that does not harm the nature [3, 4]. The first definition of this concept was suggested in
the Brundtland Report in 1987 which goes by “development that meets the needs of the
present without compromising the ability of future generations to meet their own
needs” [5, 6].

The notion of sustainable development has shaped in long years. The role of the
efforts made by UN in the conceptualization of sustainable developments is especially
important. In this context, many studies were conducted, reports were developed and
conferences were organized [7]. The concept of sustainable development is a dynamic
concept which changes with the developments achieved as a result of the efforts made.
Summits organized by UN and organizations acting under the UN have played an
effective role in the development of the concepts of sustainability and sustainable
development in that it brings nations together.

In this study, the steps taken in sustainable development are explored within the
context of summits, conferences and sessions organized between 1972 and 2016. The
consequences of the decisions and the global sustainability development goals defined
in these meetings are discussed for Turkey.

2 Historical and International Development of Sustainable
Development

This chapter focuses on international summits which have defined the framework of
sustainability and which have played an important role in the emergence and devel-
opment of the concepts, sustainability and sustainable development, in the recent past
and in international platforms.

2.1 1972 UN Conference on the Human Environment (Stockholm)

The awareness raised after the WWII regarding the increased environmental issues, and
the threat they pose created the need for a movement against the environmental issues
on an international platform. In this context, the first step was taken by the UN, and a
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conference was held in June, 1972 with the participation of 113 countries. The purpose of
this conference was to develop a shared viewpoint in terms of the protection of human
environment and its development, and to define the common principles. As a result of the
conference, the “Report of the UN Conference on the Human Environment” which
included 26 principles was accepted. This report stated that human beings have the basic
right to live in an environment which offers freedom, equality and quality of life and that it
has a serious responsibility to provide such an environment and to protect it for the future
generations, and it emphasized that racists and discriminating policies must be aban-
doned. The report drew attention to the need to attend to the environmental issues sur-
facing in the nature and artificial environmentwhich humans have interactionwith, which
are emerging in parallel with the increasing world population and which must be con-
sidered as a threat to the humanity both in regional and global scale. The world was
warned about taking measures in order to decrease the number of environmental issues,
having enforced local and global policies in order to leave a better environment for the
future generations. Adopting the need to protect any element of the human environment
for the next generation, the report also underlined one of the reasons behind the envi-
ronmental issues as underdevelopment. It was decided that developing countries should
receive assistance on international techniques in order for them to protect resources and
the environment in their development process [8].

2.2 1976 HABITAT I Conference (Vancouver)

The importance of the human settlements and environment was understood as a result
of the 1972 UN Conference on the Human Environment. Held in accordance with the
UN recommendation to organize a conference on human settlements, the first UN
Conference on Human Settlements, HABITAT I, which was held in Vancouver in 1976
included significant consequences for environment [9]. It is know that the period this
conference was held has seen an acceleration in the migration from the suburban areas
to urban areas, while still the two third of the world population was living in suburban
areas. The rapid urbanization, the preference of people to live in urban areas instead of
suburban areas and the understanding that most of the environmental issues are focused
on cities show that the scale of environmental issues was not yet to be comprehended
fully. In the conference, actors which may facilitate sustainable urbanization and the
methods to be followed were discussed, and the important role local governments and
local people play in urbanization were emphasized. A UN Center for Human Settle-
ments was established in 1978 [10]. The declaration published at the end of the con-
ference included 19 general principles and a national action plan consisting of 64
articles [11]. HABITAT conferences proved effective in defining goals for sustainable
cities and communities.

2.3 1982 UN Conference on Environment Programme (Nairobi)

At the 10th anniversary of the UN Conference of Human Environment held in
Stockholm, a UN Environment Programme (UNEP) was established in order to ensure
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coordination in actions taken for the solution of environmental issues. As part of this
programme, the UN Conference of Environment Program was held in Nairobi in 1982
[12]. The purpose of the programme was to measure the practices applied after the
decisions taken in Stockholm, to contribute to the process in line with national policies
and demands and the need for intensifying the protection and development efforts in
global, regional and local scales. A declaration of 10 articles was published at the end
of the conference. UN Conference on Environment Programme stated that the decision
taken in the Stockholm Summit were suitable and that they are still relevant, the
awareness the conference raised was discussed, it was emphasized that the action plan
was partly in place, and new needs emerged in the ten years period were defined. The
declaration pointed out to the fact that however the actions which harm the environ-
ment are taken under the supervision of governments, international collaboration will
be required if the consequences of these actions go over the borders, and the World
Commission on Environment and Development was established after the conference.
The Conference also played a role in the establishment of the World Charter for Nature
in 1982 by the UN.

2.4 1987 Report of the World Commission on Environment
and Development: Our Common Future (Brundtland Report)

Organized under the leadership of Gro Harlem Brundtland, former Norwegian Presi-
dent, in 1987, and published by the UN World Commission on Environment and
Development, the “Our Future” report is considered the first official document to use
the concept of Sustainable Development. Our Future Report defined sustainable
development as the development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs. The report
addresses the environmental issues discussed in the previous declaration and the
conferences, and the evolution of these issues. The characteristic of Brundtland Report
which differentiates it from other conferences and their results was that it accepts the
necessity of economic development and the possibility to serve for this necessity with
environmentally-friendly methods [13]. Building on the assumption that economic
growth is possible with an environmentally-friendly perspective, the report suggests
that developing countries will play an important role in the solution of global envi-
ronmental problems and prevention of poverty and that it is necessary to initiate a
long-term growth age that will facilitate restructuring. Also including information about
the demographic structure of the world, Brundtland Report assumes that the world
population will be stabilized between 7.7 billion and 14.2 billion, and that the world
population will largely be living in urban areas rather than suburban ones [14].

2.5 1992 UN Conference on Environment and Development (UNCED)—
Rio Summit (Rio De Janeiro)

In order to be able to overcome the problems in practice which we have faced after the
introduction of the concept of sustainable development addressed in Brundtland
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Report, UN Conference on Environment and Development—Rio Summit (Earth
Summit) was held with the participation of 172 countries under the leadership of the
UN Rio Summit is considered to be an important step in the adoption of a number of
principles aimed at the environmentally-friendly government methods used by the
nations. Rio Summit differentiates from its predecessors as it addresses environmental
issues and development concepts in conjunction. As a result of the Rio Summit, five
documents serving as international conventions were created which can be used as a
roadmap for issues about environment and development internationally. Among these
documents were Rio Declaration on Environment and Development, Agenda 21, Forest
Principles, Convention on Biological Diversity, Framework Convention on Climate
Change [2].

Agenda 21, the product of the conference which offers an action plan for both
environmental and development issues in 4 Chapters and 40 Articles as a methodology
plan for sustainable development, is a guiding document about reforms to be done in
national policies of countries in terms of trade, environment and economy. It is also
known that 1992 Rio Summit and Agenda 21 were important steps in the way to the
creation of the goals for 2030. In this context, it can be said that Rio Summit with the
purpose of adoption of sustainable development principles in the national policies with
respect to environmental sustainability contributed greatly to the specification of sus-
tainable development goals about economy with report and international conventions
developed as a result of the summit. As it was the case in 1982 Nairobi Summit,
decisions taken in the Stockholm Conference were once again confirmed, and 27
principle decisions were published in the Rio Declaration after the conference. Having
discussed sustainable development as a more specific concept, the declaration
emphasized the fact that environmental preservation is a part of the development
process and that it cannot be addressed separately. In the principles of the declaration,
the goals for 2030 were adopted as a principle, and it was underlined that the process
must be performed under an international cooperation [15].

2.6 1996 HABITAT II Conference (İstanbul)

HABITAT II Conference was held in the 20th anniversary of the first conference on
this subject held in 1976, and aimed at creating sustainable living spaces and finding
solutions to accommodation problems. Changing social, economic, politic and envi-
ronmental conditions of the day required a change in the agenda of the first conference,
and a new agenda was proposed in this respect. Decisions made on creating a sus-
tainable global environment and provision of humane accommodation to those who
live under substandard conditions while having a clean environment, and the agreed
Istanbul Declaration addressed the current and potential consequences of urban pop-
ulation increase. It was noted after the conference that population movements focused
on the urban areas in the last two decades, the cities are growing and turning into big
hubs in terms of administration, and cities will become important actors economically,
socially and administratively in the years to come. Therefore, recommendations such as
increasing the authorities of urban administrations, and provision of residence areas and
sustainable environment to central governments with the human-centred structuring in
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mind were made as an important act for sustainability [16, 17]. The declaration has the
quality of a guiding document in order for the nations to find the required funds to
actualize their settlement policies.

2.7 1997 Special Session of the UN General Assembly—Rio+5 Earth
Summit (New York)

5 years after the Rio Summit held in 1992, Rio +5 Earth Summit was held in order to
ensure that sustainable development is not only in the agenda but is in practice [5]. As
part of the session, the effectiveness of the decisions made in the Rio Earth Summit was
discussed, it was noted that the goaled development was not possible although
important steps were taken after Rio Conference, and the importance of taking more
substantial steps was emphasized [18]. It was agreed that Agenda 21, defined as the
agenda of 21st century, will be adapted to the nations and that each nation will
implement its own National Agenda 21 Action Plan. It was a historical moment when
the fresh water and energy subjects were adopted as fundamental subjects with regards
to clean and renewable energy goals.

2.8 1997 Kyoto Protocol (Kyoto)

The purpose of the Convention on Climate Change and Environment developed in
1992 Rio Earth Summit was to prevent greenhouse gas emissions, and to eliminate or
take under control any factors which cause climate change and environmental prob-
lems. Decrease of greenhouse gas emissions due to human activities is significant for
sustainable development. Held in order to find a solution to this problem, Kyoto
Protocol is the only framework aimed at fighting with global warming and climate
change. The countries which have signed the protocol are dedicated to reduce their
GHG emissions or to increase their rights through carbon trade, if they are not able to
reduce their GHG emissions. Nevertheless, any country which has signed the protocol
needs to reduce their GHG emissions to the level estimated for 1990. Signed in 1997,
the protocol became effective in 2005. The reason behind this delay was the need to
reach at a level of 55% of the total GHG emissions in the world with the countries
which confirmed the protocol, and that was only possible with the participation of
Russian Federation 8 years later. Kyoto Protocol now includes 160 countries and more
than 55% of the GHG emissions in the world [19]. With this protocol, industrial nations
were forced to reduce their GHG emissions to a level not less than 5% of the level
estimated for 1990. Turkey signed the protocol in 2009. Kyoto Protocol can be con-
sidered as an important step in prevention of environmental pollution with tax regu-
lations implemented to those countries causing pollution, responsible production and
consumption as one of the sustainable development goals and development of green
systems, and exploring principles such as climate action.
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2.9 2002 UN World Summit on Sustainable Development—Rio+10
Summit (Johannesburg)

Rio+10 Summit was held in order to assess the practices performed between the period
following Rio and Rio+5 Summits. The main difference of this summit when compared
to Rio and Rio+5 Summits was that it received extensive participation not only from
nations but also from farmers, politicians, international organizations, NGOs, etc. as
part of one of the most important principles of sustainable development, participation.
One of the two documents drafted after Rio+10 Summit was the action plan, and the
other was the political manifest which reflects the political will. Consisting of 10
chapters, the action plan brings forth updated goals related to sustainable development.
Goals such as energy, health, agriculture, biodiversity and protection of water were
presented with the action plan. The fact that nations have showed their dedication to
halve the negative conditions related to clean water, hygiene and public health with this
action plan was considered a tangible step [20]. When the action plan and declaration
were reviewed, it can be said that all the sustainable development goals consisted the
agenda of Rio+10 Summit. Among the subjects discussed widely in the political
manifest was the importance of international cooperation as it was the case for other
declarations published in previous international summits.

2.10 2012 UN Conference on Sustainable Development—Rio+20 Summit
(Rio de Janeiro)

Held with the participation of world leaders in 2012, Rio+20 was important as it
coincided with the 40th anniversary of 1972 UN Conference on the Human Envi-
ronment (Stockholm), 20th anniversary of 1992 UN Conference on Environment and
Development-Rio Summit (Rio De Janeiro), and 10th anniversary of 2002 UN World
Summit on Sustainable Development-Rio+10 Summit (Johannesburg). Described as
the 2nd Earth Summit, Rio+20 Summit aimed to assess the developments in the past
20 years, to evaluate the situation and to discuss new decisions. The assessment
showed that however the economic development goals were met individually, the
global sustainable development goal was not met and that indicators for the perfor-
mance of the decisions regarding environment which were updated in the summits held
since 1992 proved unsuccessful [21]. Rio+20 Summit involved the identification of the
global goals and indicators which led to the development of sustainable development
goals which were agreed on in the New York Summit held in 2015.

As a result of the Rio+20, a report, “Future We Want”, was published including
283 articles and 53 pages. A very detailed work, the report included principle decisions
on sustainable development under relevant categories. Millennium Development Goals
decided in the UN meeting held in 2000, and action plans such as Agenda 21 were
referred to under the title of Sustainable Development Goals in this report and the
importance of defining common goals was emphasized. The period after 2015 was
pointed at for common goals and the identification of goals based on taking action was
underlined. The need for global, holistic and scientific information regarding sustain-
able development was also emphasized in Rio+20 Summit [22]. The fact that decisions
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taken in the previous summits and the application of principles defined did not meet the
expectations and that environmental and economic indicators did not meet the
expectations with the exception of regional or local actions contributed to an effort in
Rio+20 Summit which offers realistic and reachable goals.

2.11 2015 UN Summit on Sustainable Development (New York): The
2030 Agenda for Sustainable Development

In order to define the universal goals of sustainable development in line with the
decisions and goals defined in Rio+20 Summit, a Sustainable Development Summit
was held in New York at the level of the Board of UN in 2015. Having gathered in
order to create an agenda which was pointed at Rio+20, the nations defined a roadmap
to achieve sustainable development fully, and they have adopted common goals in the
2015 UN Summit on Sustainable Development. “Transforming our world: the 2030
Agenda for Sustainable Development”, a new agenda which was accepted by 193
countries, was created and the practices necessary to reach the goals were summarized
with the expectation of actualizing 17 main goals and articles defined in order to ensure
sustainable development globally by 2030, and efforts made during and before the
summit regarding the goals.

2.12 2016 HABITAT III Conference (Kito)

HABITAT Conferences are important steps with regards to building sustainable cities
and living spaces as one of the sustainable development goals for gradually growing
urban areas. HABITAT III Conference was held in Kito, Ecuador with the participation
of nations, governments, NGOs and private sector in order to ensure the cooperation on
subjects such as global problems relevant to cities, habitation and sustainable urban
development at an international level. The first UN global summit held after the 2030
Agenda for Sustainable Development and Sustainable Development Goals,
HABITAT III Conference resulted in the publication of a draft report and Kito Action
Plan named “New Urban Agenda”. The estimation that the population of urban areas
will be doubled by 2050 was developed with the New Urban Agenda. The Article 9 of
the draft report emphasized that the New Urban Agenda will contribute to the 2030
goals, and that sustainable urban development and sustainable development can be
achieved with the coordinated and holistic efforts at local, subnational, national,
regional and global scales with the participation of the stakeholders of sustainable
urban development and sustainable development [23].
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3 A Review of UN Sustainable Development Goals
at the Scale of Turkey

17 global sustainable development goals were defined and accepted by UN Commis-
sion on Sustainable Development to be actualized by 2030 in the 2015 UN Sustainable
Development Summit as discussed in Article 3.11. 169 purposes and 230 indicators
were defined as part of the goals in question for the scalability of the sustainable
development. These indicators may be effective in defining local, national or regional
goals as well as facilitating retrospective analyses. In order to review the reflections of
sustainable development goals in Turkey, sustainable development indicators published
in 2015 by Turkish Statistical Institute (TUIK) were used. The status of sustainable
development in Turkey between 2000 and 2014 is discussed.

3.1 No Poverty

The first sustainable development goal of UN aims to end poverty in all its forms
everywhere [24]. According to Fig. 1, it is seen that the defined conditions are met as
of 2005, GDP per capita has assumed an upward trend and the population under the
risk of poverty gradually reduced in years.

3.2 Zero Hunger

Goal 2 intends to end hunger, achieve food security and improved nutrition and
promote sustainable agriculture by 2030 [24]. According to Fig. 2, it is seen that
cultivated agricultural lands which are under the pressure of urbanization were opened
to zoning activities in order to provide easier and increased revenues, thus agricultural
land has been gradually reducing every year. Therefore, goals were met for other
agricultural activities, however it was not the case for cultivated agricultural lands. This
is an element which needs critical importance if it is to achieve sustainability.
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Fig. 1. Risk of poverty and material deprivation rate (%) [25]
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3.3 Good Health and Well-Being

Goal 3 aims at ensuring healthy lives and promote well-being for all at all ages [24].
According to Fig. 3, looking into the age-gender relationship of Turkey’s population,
it’s seen that average age has been increasing for both genders, and that average life
expectancy is longer in women when compared to men. It is believed that life
expectancy is increased depending on the advancements in medicine, increased health
investments and improved environmental conditions as it is the case in the world.
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3.4 Quality Education

Ensuring inclusive and equitable quality education and promoting lifelong learning
opportunities for all are aimed in the context of Goal 4 [24]. According to Fig. 4, it is
seen that the education level in Turkey is increased in parallel with the increased
education period. Increased education period and education level for both genders can
be considered as a positive development in terms of the gender equality.

3.5 Gender Equality

Goal 5 aims to achieve gender equality and empower all women and girls [24].
According to Fig. 5, it is seen that unemployment rate for women is decreased once
was higher comparatively when the long-term unemployment rates are reviewed for
gender. However, labour force participation rate of women is found to be lower when
compared to that of men’s.
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3.6 Clean Water and Sanitation

Goal 6 intends to ensure availability and sustainable management of water and
sanitation for all [24]. According to Fig. 6, it is seen that ground water as a fresh water
resource available in Turkey is partly reduced, however, waste water and the number of
biological water treatment facilities are increased depending on the urbanization.
Therefore, it is important for the water preservation and urban health to consider
increasing amount of waste water as a threat, to take measures to decrease water use in
urban areas, and to ensure widespread use of water treatment technologies.

3.7 Affordable and Clean Energy

Ensuring access to affordable, reliable, sustainable and modern energy for all is aimed
in the context of Goal 7 [24]. According to Fig. 7, foreign-source dependency in
Turkey has increased in years for all of the available energy resources. A slight increase
in the renewable energy resources was seen, however, it can be said that the potential is
not fully realized. Nevertheless, it was found that R&D activities related to solar and
wind energy, i.e. renewable energy resources, were increased and the incentives
provided for such projects were also increased.
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3.8 Decent Work and Economic Growth

Goal 8 aims for promoting sustained, inclusive and sustainable economic growth, full
and productive employment and decent work for all [24]. According to Fig. 8, it is seen
that GDP has not been consistently increasing and negative values are observed in
some years, and that sustainability was not achieved fully. It can be said that distri-
bution of GDP shows irregularities due to the impact of regional and national economic
crises.

3.9 Industry, Innovation and Infrastructure

In the context of Goal 9, building resilient infrastructure, promoting inclusive and
sustainable industrialization and fostering innovation is intended [24]. According to
Fig. 9, it is seen that the share of the industrial innovation and infrastructure
budget allocated as part of R&D budget has increased in years.
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3.10 Reduced Inequalities

Goal 10 aims to reduce inequality within and among countries [24]. According to
Fig. 10, it is seen that the inequality in income distribution in Turkey has assumed a
downward trend in line with the goal. Further reduction of the inequalities in income
distribution is important for the sustainable development, first step in the elimination of
social inequalities.

3.11 Sustainable Cities and Communities

Goal 11 intends to make cities and human settlements inclusive, safe, resilient and
sustainable [24]. According to Fig. 11, it can be seen that official development support
and incentives for manufacturing industry have been increased in years. According to
the data, it is found that manufacturing industry has been developing consistently,
however, the incentives for social infrastructure service investments were increased
exponentially.
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3.12 Responsible Consumption and Production

Ensuring sustainable consumption and production patterns is aimed in the context of
Goal 12 [24]. According to Fig. 12, a review of the resource efficiency and waste
management in Turkey shows that the amount of waste has increased in urban areas in
years, while the recycling and energy recovery rates are also increased. The fact that
waste levels are stabilized in spite of the investments made in years is considered as a
positive indicator. However, minimizing the amount of waste which harms the envi-
ronment is a necessity of a responsible manufacturing and consumption approach.

3.13 Climate Action

Goal 13 aims at taking urgent action to combat climate change and its impacts [24].
According to Fig. 13, a review of the GHG emissions per sector in Turkey shows that
emissions are increased in transportation, industrial works and waste, while it was
decreased in manufacturing sector. It is critical to reduce GHG emissions in order to
prevent global warming and climate change.
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3.14 Life Below Water

Conserving and sustainably using the oceans, seas and marine resources for sustainable
development is intended in the context of Goal 14 [24]. According to Fig. 14, a closer
look into the surface and ground water levels shows that ground waters were utilized
more often in parallel with the fact that surface waters are reduced.

3.15 Life on Land

Goal 15 aims to protect, restore and promote sustainable use of terrestrial ecosystems,
sustainably manage forests, combat desertification, and halt and reverse land [24].
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According to Fig. 15, it can be seen that forest areas are slightly increased in Turkey
when the status of forest lands is reviewed. Data from the General Directorate of
Forestry also confirms that the forestation activities are increased between 2002 and
2015 when compared to the period between 1946 and 2002.

3.16 Peace, Justice and Strong Institutions

Goal 16 aims at promoting peaceful and inclusive societies for sustainable develop-
ment, providing access to justice for all and build effective, accountable and inclusive
institutions [24]. According to Fig. 16, a review of the sustainable development
funding data shows that the funding provided to the private sector was decreased, while
the total amount of funding was increased. Development subsidies included most
commonly humanitarian aids and social infrastructure services.
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3.17 Partnerships for the Goals

Goal 15 aims to protect, restore and promote sustainable use of terrestrial ecosystems,
sustainably manage forests, combat desertification, and halt and reverse land [24].
According to Fig. 17, it can be seen that forest areas are slightly increased in Turkey
when the status of forest lands is reviewed. Data from the General Directorate of
Forestry also confirms that the forestation activities are increased between 2002 and
2015 when compared to the period between 1946 and 2002.

4 Results and Recommendations

Looking into the historical development of the concept of sustainability, it can be seen
that awareness around this concept is raised as it is a living, changing and growing
concept. Such awareness also led to the necessity of cooperation between past and
future generations with a sense of responsibility in addition to individual obligations.
First emerged from the possibility of disasters which may arise from environment and
environmental issues, this concept has been developed and assumed a character which
involves every aspect of life, not only the environment.

One of the most important agenda items of the international process, sustainable
development has found itself a place in almost every summit held in the past 50 years.
International partnership has been a field which proved challenging with respect to
consensus due to social, political, economic and cultural differences. This situation has
reinforced the process in which sustainable development was conceptualized and
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became a common language. Mentioned for the first time in an international document
in 1987, the roadmap for sustainable development was only drafted after 31 years as a
result of regular meetings and summits. Existence of local, regional and global dif-
ferences makes it harder to ensure the scalability of the concept. It is only possible to
actualize the global goals set forth by the sustainable development movement with the
realization of a globalization which will meet the expectations of every single person
living on Earth.

In this study, data on the indicators used for the Turkey review belongs to the years
before the goals were set. The subjects prepared in compliance with the Eurostat
indicators correspond to those global goals also known as 2030 Agenda. This tells that
in fact the goals were set long before the 2015 New York Summit, but it took a while
until they were summarized [23]. Data shows that steps are taken in order to achieve
sustainable development in Turkey even before the goals were fully defined. It is
believed that the year 2030 which is pointed at for sustainable development goals will
be a good time to make a sustainability test. In this process, international organizations,
governments, local authorities and every individual assume separate and shared
responsibilities. It is of utmost importance to create a sense of partnership in order to
ensure the sustainability of resources for the next generations along with living in a
healthy and suitable environment for human beings.
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Abstract. Sustainable architectural designs have become current issue, as in
other disciplines, in architecture since 1970s because of these reasons, oil shock,
global warming, to be consumed natural resources, get further away from the
nature. Putting into practice and increase of awareness of sustainable architec-
tural designs become a important topic 2000s in Turkey. It’s hard to reach clear
information about how much designs are carried into practice. Obtaining energy
efficiency certificate for new buildings has become obligatory since 1 January
2011 and it’s determined that 450,815 buildings have this certificate. But this
certificate evaluates energy performance of buildings only. In fact, process of
sustainable design cannot be evaluated by just energy performance analysis.
Efficiently use of energy, water, building land and environment, relationship
with environment and buildings, benefit/damage analysis in urban area, increase
of user comfort in building come into prominence. 425 buildings obtained
LEED certificate that make a comprehensive investigation. As it seen, the
numbers, used above, show us, it’s necessary that sustainable design principles
must be disseminated and the methods, are been used, must be evaluated. This
work tackles architectural competitions as a method for developing and dis-
seminating sustainable design principles. Architectural competitions are not only
didactic but also developer and independent design platform which all architects
can join. The results are reached the large masses over draw up a contract,
design process, evaluating the projects and discussion platform, colloquium. So
that the establishment, designers, the jury and the other participants are involved
in an interaction. Architectural competitions can used for development, evalu-
ation, discussion and dissemination of sustainable design principles. The aim of
this work is that evaluating how to tackle “sustainability” as a term in compe-
titions, in 2010s and in accordance with the results, offering suggestions for
disseminating the use of sustainable design principles with competitions also.

Keywords: Sustainable architecture � Architectural competitions

1 Introduction

The oil crisis of the 1970s and the emergence of the concept of global warming in the
1980s led humanity to reconsider its activities in every field [1]. As a result of this
tendency, “sustainable architecture” became a major issue in the global agenda.
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Today, sustainable architecture is interpreted in various ways and energy efficient
building design, green buildings and ecological design are the most common defini-
tions that come to mind. However, sustainable architecture is not only about energy or
ecology. It has more extensive sub-meanings and it can even be considered a philo-
sophical way of thinking.

Ayşin Sev defines sustainable architecture as “production of structures that prior-
itize the use of renewable energy sources; are environmentally conscious; use energy,
water, materials and their locations effectively; and protect human health and comfort
while taking future generations into consideration, under existing circumstances and at
every stage of their existence,” and lays out its principles in the diagram given below
[1] (Table 1).

The strategies for implementing these principles are as follows (Table 2).

Jason F. Mclennan on the other hand, defines sustainable architecture in more
general terms: “Sustainable Design is a design philosophy that seeks to maximize the
quality of the built environment, while minimizing or eliminating negative impact to
the natural environment” and relates it to day lighting, indoor air quality, passive solar
heating, natural ventilation, energy efficiency, embodied energy, construction waste

Table 1. A conceptual framework for sustainable design and construction, Principles [1]

Principles

I-Resource 
Management II-Life Cycle Design III-Human-oriented 

Design

Table 2. A conceptual framework for sustainable design and construction, Strategies [1]

Resource 
Management

Using Energy 
Efficiently

Using Water 
Efficiently

Using Building 
Materials 
Efficiently

Using Building 
Sites 

Efficiently

Life Cycle Design

Pre-
construc on 

Period

Construc on 
Period

Post-
construc on 

Period

Human-oriented 
Design

Protec ng the 
Natural 

Environment

Urban Design 
Site Planning

Designing for 
Human 
Comfort
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minimization, water conservation, commissioning, solid waste management, renewable
energy, xeriscoping/natural landscaping and site preservation categories [2].

Paola Sassi points out that sustainable architecture has two main objectives: “First,
sustainable buildings should metaphorically tread lightly on the Earth by minimizing
the environmental impacts associated with their construction, their life in use and the
end of their life. Sustainable buildings should have small ecological footprints. Second,
buildings should make a positive and appropriate contribution to the social environ-
ment they inhabit by addressing peoples practical needs while enhancing their sur-
rounding environment and their psychological and physical well being” [3].

As mentioned above, sustainable architectural design requires attention to detail,
multidimensional thinking, correct assessment of data and a combination of various
types of data in a single design, thus necessitating a comprehensive process. Teamwork
is crucial for an adequate design process and these teams must involve collaboration
between architecture and engineering professionals, consultants, clients, users,
administrators, construction companies and building material manufacturing firms.

Kristel Del Mytlenaere lists three important questions that architects should ask
themselves in this process, which requires multidimensional thinking [4]:

1. How architects propose to conciliate the human being with his natural environment?
2. How architects propose to articulate the different scales our humanity?
3. How architects propose to transmit to the future generations what they inherit from

the past ones?

In a study conducted by RIBA this multidimensional process is divided into ten
stages:

• commit the leadership
• benchmark practice performance
• demonstrate practice performance
• build on existing resources
• upskill with continuing professional development
• develop collaborative project methodologies
• consider the uses of software
• adopt a knowledge management framework
• follow the RIBA outline plan of work
• monitor sustainable projects [5].

As opposed to the comprehensive work in this field in Europe and the US, Turkey
is lagging behind—particularly in terms of implementation—even though it is known
that sustainable design has been on the agenda as “environmental design” in the 1970s,
as “green design” in the 1980s, as “ecological design” in the 1990s and finally as
“sustainable design” since mid-1990s [6].

Although this subject has been discussed conceptually since the 1970s, its
appearance in practice happened much later. The subject became prevalent after 2009,
when the KYOTO protocol was signed, and especially since 2011, when “Building
Energy Performance” certificates became obligatory for new buildings. Nevertheless,
the number of buildings that are built according to sustainable design principles in
Turkey is still very small in comparison to the total building stock. The first place to
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look for data to evaluate this subject is the Turkish Statistical Institute (TUIK).
According to TUIK, 1,348,211 buildings were given “occupancy permits” in Turkey
since 2000 [7] and 450,815 buildings were given Energy Identity Certificates, which
was made obligatory by the Ministry of Environment and Urbanism, since January 1,
2011 [9]. The Energy Identity Certificates evaluate buildings in terms of energy, water
and building material use, but do not encompass the comprehensive scope of sus-
tainable architecture. LEED on the other hand is a much broader certificate in this
context and it has been received by 425 buildings [8].

These figures suggest that sustainable architectural design needs to be further
promoted in Turkey. Many methods can be suggested for realizing this goal and this
study aims to discuss the effectiveness of architectural design competitions for this
purpose.

2 Disseminating an Idea Through Architectural
Design Competitions

Architectural design competitions are, by nature, ways of obtaining projects by
encouraging free thought. In these competitions ideas and designs are taken into
consideration regardless of the architects’ particulars (ideology, school, business con-
tacts etc.).

The concept of competition constitutes a distinct structure that involves elements of competi-
tiveness, authentic production, comparison and rewarding. Perhaps the most influential feature
of this method is the fact that it provides a basis for criticizing, testing and even challenging
every aspect of our profession [9].

Architectural design competitions pave the way for disseminating opinions,
movements and ideas. The features listed below are particularly confirming this aspect
of competitions.

• Architects from every sector (public, private, academic etc.) can enter competitions
and thus, dissemination of ideas among architects in every field is supported.

• Every submission is scrutinized by the jury. Jury reports that are published after-
wards offer information on the submitted projects and their assessments. Therefore,
competitions can inform us about the competency of the submitted ideas and
encourage new ones.

• Designs that best comply with the rules of the competition are rewarded. The
inclusion of sustainable design principles in competition rules—with the assump-
tion that they are successfully implemented—and exhibiting successful projects will
help these principles to spread.

• Competitors get a chance to observe and discuss their own designs in comparison
with other submissions.

• From the announcement stage to the colloquium process, competitions reach a wide
audience. The organizers, the members of the jury, the competitors and the collo-
quium participants are all involved in an interactive process.
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Due to these characteristics, architectural competitions do constitute a ground for
new ideas to emerge and spread. The Architects’ Council of Europe confirms this and
states that architectural competitions benefit all participants—the organizers, the public
and architects—by offering alternative solutions to the client’s building problems,
allowing the public to witness the whole process from the beginning and forcing
architects to face the challenge of comparing their strengths with others’ to create
appropriate and innovative solutions [10].

In this context, it is concluded that competitions have the potential to be a means to
disseminate sustainable design principles.

3 Methodology

The study aims to identify the current status of architectural design competitions in
Turkey in terms of sustainable design, and find out whether competing projects provide
a means for spreading sustainable design principles. If these projects are not promoting
these principles, then proposals will be offered to make this possible.

The study evaluates architectural design competitions organized in Turkey in terms
of sustainable architecture principles. This evaluation focuses on the 2010s, which is
the period that sustainable design principles started to reach wider audiences. Com-
petition rules, jury reports, successful projects and project reports from this period are
examined.

The evaluation tries to answer questions that are given below, the answers to which
are expected to show at what level this subject is included in competitions, how they
are handled by architects and juries, and whether competitions are effective in dis-
seminating them.

• What does the competition expect from submissions in terms of sustainable design?
• How do the submissions deal with sustainable design criteria, and what types of

competitions and projects include them?
• Do sustainable design criteria add value to the projects?
• How are competitions effected by the fact that the idea of sustainable design reached

wider audiences in the 2010s?
• Is the philosophy of sustainable design an integral part of these projects?
• Are the newly developed ideas interacting with results of other competitions?
• Are the newly developed ideas repeating existing information or are they

innovative?

4 Case Study

Similar to the development of sustainable architecture, development of architectural
design competitions was also late in Turkey, compared to the rest of the world. The first
competitions were held in the 1930s and the total number of competitions up to date is
867, 26% of them announced after the 2000s. Between 2010 and 2015 109 competi-
tions were held and the rate is increasing.
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The table below shows the types and numbers of competitions held between 2010
and 2015 (Table 3).

Below are some findings from the analysis of these competitions.

• Among these 109 competitions, 7 are directly about developing sustainable design
ideas and one of those is an urban design competition (Çanakkale Municipality
“Green” Urban Design for City Square and Surroundings Competition) while six of
them (National Architectural Design Competition by Ytong: Roofs and Sustain-
ability, Urban Dreams 5: EGO Hangars and Field Assessment National Student
Project Competition, Sustainable Reception-Exhibition-Presentation Space National
Student Project Competition, Urban Dreams 8: Saraçoğlu Neighborhood Assess-
ment Project National Call for Ideas, 7 Climates 7 Regions National Architectural
Design Competition, Houseboat Design Competition) are calls for ideas and are not
application-oriented.

• Other competitions call for designs that comply with relevant legislation and
therefore ask projects to comply with the Building Energy Performance Bylaw.

• Most competitions expect projects to take sustainable design criteria into consid-
eration in one way or another. However, the subject is dealt with only a few
superficial sentences in competition rules.

• The competition rules include concepts such as energy efficient building design,
using renewable energy sources, environmentally sensitive design, design for all,
sustainability of quality of life, multidimensional sustainability and sustainability of
the architectural idea.

Table 3. Types and numbers of architectural design competi-
tions held between 2010 and 2015

Type of project Number of competitions

Prison 1
Religious building 4
Educational building 5
Call for ideas 30
Public building 29
Urban design 11
Residential 1
Tower 1
Culture and arts building 4
Tomb 2
Museum 2
Healthcare facility 3
Social facility 7
Sports 1
Commercial 1
Transportation 4

Disseminating the Use of Sustainable Design Principles Through … 277



• Among these concepts, the submissions predominantly deal with energy efficient
design. Double facade designs, using solar and wind energy, recycling water, green
roofs, green shells, green wall designs, natural ventilation, orientation and natural
temperature control using earth are some of the themes found in competing projects.

• Spatial sustainability, inheriting the design to future generations, sustainability of
the building-environment relation and flexible space design are dealt with in project
reports, despite not reflected in the designs themselves.

• Jury reports demand sustainable design principles to be considered at the imple-
mentation stage, when and if these projects are actually implemented.

• Sustainability are handled more effectively in call for ideas where it is the main
theme of the competition.

• There is an interaction between competitions and especially the ways they handle
energy efficient design are quite similar.

5 Conclusions and Proposals

As a result of the analysis, it is concluded that architectural design competitions can
have a dissemination function for sustainable design criteria if improvements are made
in aspects listed below.

• Competition rules only superficially indicate sustainable design expectations.
• Successful projects are mostly handling sustainability in terms of energy efficiency,

mainly due to the fact that the Energy Performance Bylaw is one of the regulations
that the projects are asked to comply with.

• While other aspects of sustainable design (spatial sustainability, social sustain-
ability, economic sustainability etc.) are mentioned in project reports, these cannot
be read in the designs.

• Sustainable design principles add value to architectural projects and this is indicated
in jury reports.

• Calls for ideas deal with this subject in more detail and allow new ideas to be tested.
These projects are focused more on improvements in this field rather than repeating
existing methods.

• As mentioned earlier, implementing sustainable design principles requires com-
prehensive and systematic work by a large multidisciplinary team. Interviews with
competitors show that the prescribed time for submissions are not long enough for
both interpreting the given program and integrating sustainable design criteria in the
design. This is mainly due to the fact that these two subjects are still considered
separate and sustainable design is not adopted as a design philosophy.

These results show that architectural design competitions have not been effective
tools in disseminating sustainable design criteria. “Sustainable design” needs to be
included properly in competitions before it can be disseminated by them. For com-
petitions to effectively disseminate these principles,

• Juries must include architects, and engineers if necessary, who are competent in this
subject. The importance of the issue must be emphasized, the quality of the projects
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must be increased and successful projects should communicate these principles
properly.

• Sustainable design expectations must be expressed in detail, not only in the prefaces
of the competition rules but also in architectural programs, ensuring that the subject
is brought to the attention of not only the competing architects but also everyone
that is interested in the program.

• The prescribed submission periods must be revised in order to allow more in-depth
study on the subject.

• The subject should be handled in all competitions as comprehensively as it is
handled in calls for ideas.

• Application of sustainable design ideas should not be delayed to the implementation
stage. This way competition colloquiums can host noteworthy discussions and these
can be shared with everyone.

• Travelling exhibitions should be organized so that the audience is not limited to the
city where the colloquium is held, and exhibitions and colloquiums should be open
to the general public.
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Abstract. In the whole world there are several developments in order to make a
more sustainable and qualified environment to handle the increase costs of the
healthcare services industry. The changes in health sector also affect the medical
device sector directly as the medical device sector is the most important key of
health sector and that is why the concepts element such as environment, sus-
tainability and green are very important in medical sector. The main purpose of
the research is to point out the applications of medical device firms concerning
environment and sustainability. The research has been planned and carried out
as a cross sectional field work in defined type. The medical device firms running
in the city center of Ankara are involved in research population. The research is
carried out on 60 medical device firms which accept the research within a
months of time. Compared with other sectors, it has been concluded that pro-
ducing sustainable products in medical sector will be more effective, energy
applications will be reducing the treatment costs in healthcare, some medical
firms in Turkey are ready for energy efficiency applications and energy effi-
ciency applications will reduce 50% energy costs and will protect 50% the
environment according to the medical firm’s opinions.

Keywords: First keyword � Second keyword � Third keyword

1 Introduction

The healthcare industry sector in Turkey is proportionally developing according to the
supporting developments related to the healthcare sector and increasing purchasing
power resulted from positive economic improvements and increasing accessibility. The
changes in health sector also affect the medical device sector directly as the medical
device sector is the most important key of health sector and that is why the concepts
element such as environment, sustainability and green are very important in medical
sector. Subsequent paragraphs, however, are indented.

Medical device sector is a sector that contain many different product groups and
high level technologies and it may be different from countries to countries. Hospitals,
laboratories, outpatient clinics, drugs and medical devices compose the health industry.
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Generally drugs, cosmetics, living animal cells and human cell, organs out of transplant
organs and most every instruments used in the hospitals are all within the scope of
medical devices. Imaging devices, protheses, cardiac pacemakers, defibrillators,
lighting devices and many devices and product groups can be classified in medical
device sector.

In the whole world there are several developments in order to make a more sus-
tainable and qualified environment to handle the increase costs of the healthcare ser-
vices industry [3]. Although it is hard to difficult to say the total expense of R and D
expenditures in the world, in global label, the total budget for R and D for the most
biggest firmd that have a 60% or more part in market is 19.808 USD and this amount is
greater than 10% of total income. This total is indicates that the significant amount of
income in the sector is used to R and D activities and with compared other sectors, this
amount is the indicator of this rate is much greater than the average amount [4].

1.1 Medical Device Sector in the World

Since 2010, world medical device market is reached to 250 million USD and more. If
the medical device market ordered according to size, in 2010, the biggest markets in the
world are; USA, Japan, Germany, France, England, Italy, China, Canada, Russian,
Spain and Switzerland [3]. In Fig. 1, medical device sector market share according to
countries were given.

In medical device sector especially USA, West European and Japan are coming to
the forefront when the market sizes and researches and investments are considered [3].

Fig. 1. Medical device sector market share according to countries—2010 (%)
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If value added perspective in the world between the countries is considered, China is
the country that the annual rate of increase is the maximum with the rate of 15.8%.
Turkey with 6.0% annual rate of increase has value added parallel to the world average.
Turkey is in the 19th order in the world sector with 1.9 million USD value added.
Turkey is a country that progress consistently and important economic developments
were existing in recent years. With economic improvements, health expenditures are
increasing and parallel to this, the position of our country in health sector is growing
with big acceleration compared with other countries.

1.2 Medical Device Sector in Turkey

Turkey medical device market has been growing gradually and is ranked as the largest
in the region of the Middle East and Africa. According to BMI Espicom, the Turkish
medical device market reached over USD 2.2 billion in 2012. Moreover, it is forecasted
to grow at a CAGR of 8.5% through 2018, buoyed by strong imports. The expansion of
healthcare facilities and rising health expenditure will be the main drivers of projected
fastpacked growth. There are 6000 medical device company as small, medium and
large scale. The number of suppliers are greater than 2500. 100 of 450 medium and
large scale company are producer and supplier. According to 2012-year data’s, the
number of producer firm is 1548 [4].

The medical device sector has shown a stable growth rate between years 2005 and
2008. As a result of global crises after 2009, turkey medical device sector is reduced
parallel with world medical device market. In 2010, the market again was recovered
and at the end of 2010 the market size was reached to 1.9 billion USD [1].

By the end of year 2010, Turkey medical device market is the one in the 20 biggest
medical device market in the world [3]. As Turkey’s medical device sector grows, so
does the need for high technology medical devices in parallel with the planned
expansion in healthcare infrastructure. The number of MRI and CT devices per 1
million populations is 12.2 and 15.1, respectively. Although Turkey is above many of
the upper income countries, it still lags behind the OECD average. Considering the
projected growth potential, it is expected that Turkey will follow global trends and
increase the number its MRI and CT devices to satisfy increasing need.

The Ministry of Health (MoH) sets targets and objectives to improve capacity,
quality and distribution of health services as well as ensuring that both infrastructure
and technology is sustainable and up to date. It also ensures accessibility, safety,
efficacy and the effective use of medical devices. These areas are of the utmost
importance to the Ministry. Since the production of medical devices is limited in
Turkey, a large share of medical devices is imported. Therefore, the MoH aims to
increase the export/import coverage ratio gradually from 12.7% in 2011 to 17% in 2017
and to 22% in 2023 [3]. Leading global medical device producers have chosen Turkey
for their regional headquarters, R&D center(s) and/or for their production facilities.
Globally renowned companies are among the major players of medical device industry
of Turkey as supplier. Construction of new, city hospital complexes provide significant
opportunities for medical device companies that are being commissioned to equip the
[3].
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1.3 Environmental Sustainability in Health Industry and in Medical
Devices

The healthcare sector is a whole that include hospitals, outpatient clinics, laboratory,
drugs and medical devices. The purpose of health services is to better the quality of life.
The development of countries not only cover the economic indicators but also cover
education, health, culture, social structure and technology indicators. In addition,
sustainable development cover being healthy in longtime. Health expenditures are also
development indicators therefore, healthy people and qualified human resources are
very important for sustainable development.

The main equation of health sector is providing healthcare services in a qualified,
sustainable and easily accessible. The balance between technology and finance is the
main building block of sustainability. In Fig. 2, this balance is given.

Environmental sustainability in health sector is a connection between environ-
mental operations and enhanced healthcare services. It can be easily said that envi-
ronmental sustainability can decrease the operational cost in the health industry. In
recent years, hospitals go green and although in health sector made major strides in
sustainability, worldwide major strides will be needed to improve the health services.

Sustainable preventions designed to decrease the energy and water wastes provide
direct financial return. For this reason, the importance of environmental sustainability
in terms of finance is very much. Medical devices that comprise less chemicals,
healthier foods, destruction of chemicals and toxic gases accepted as sustainable ini-
tiatives results in healthier results in terms of patients. If the complexity and diversity of
health systems are considered, it is very difficult to construct sustainability into the
clinical operations and to the hospitals. But the environmental friendly green hospital

Fig. 2. Health sector in the context of financial and new technologies
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buildings and efficient usage of resources and using less chemicals in the products
enable the sustainable healthcare services [5].

Medical device sector is the initiator sector of R and D an innovation activities and
is the big actor of the innovation. The innovation of new product process is very long in
medical device sector but the lifecycle of products is very short. Since 1990, the works
of green firms on sustainability has been derived a profit to the firms and it has been
seen that well conducted and strong firms have a strong environmental administrative
systems and programs [2].

If price competitive products are a matter, consumers prefer sustainable products.
But it is known that the percentage of consumers who prefer sustainable products to
cost and more qualifications are very low. Successful firms and firms have a profit and
have global purchasing and have significant voice on marketing have to take on a task
on sustainability [2]. There is defined standards and directives to increase the value of
medical devices designs in the world. According to European and international envi-
ronmental standards, actions to be taken for environmental problems occurred during
the design of products are standardized. Lean production and quality management
systems in medical device and health sector decrease the production costs and support
the environment performance.

2 Material and Method

The main purpose of the research is to point out the applications of medical device
firms concerning environment and sustainability. The research has been planned and
carried out as a cross sectional field work in defined type. The medical device firms
running in the city center of Ankara are involved in research population. The research
is carried out on 60 medical device firms which accept the research within a months of
time. Field survey is carried out at R and D medical device firms and firms that sales
medical devices and products in technicities of universities in Ankara, Turkey.

Data are collected by a questionnaire constructed by literature review. Question-
naire is consisting of two part. In the first part, questions about the properties of firms
are exist and in the second part questions about the environmental sustainable appli-
cations of firms and questions about general responses to sustainability are exist. The
name of the firm, foundation year of the firm and total number of employee, field of
activity and the qualifications are questioned in the first part. In the second part,
generally the environmental and sustainable applications of firms and their opinions
about these subjects were questioned. Questionnaire was applied by face to face
application. The average duration of questionnaire is approx. 20 min.

3 Findings

Findings of the study are given in three headings. Firstly, the general firm properties
and then sustainable environmental properties of medical device firms are given.
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3.1 Findings About the Properties of Medical Device Firms

Founding years of firms are changing between 1979 and 2016. Number of employees is
at least 10 and large companies with 2000 employees are also exist. 51% of firms were
established after the year 2000. The number of employees is under 25 in 64% of the
firm. 83% of the firms have quality certificate. The most of the firms have ISO quality
certificate (53.3%). 31.2% have CE certificate. Less stated certificates are FDA,
GOHST-R, HSEQ. Most of the firm’s field of activity are selling a product (88.3%) and
43.3% of firm’s field of activity are product development.

3.2 Findings About Environment and Sustainability Properties
of Medical Firms

71.6% of firms are indicated that they undertake environmental problems and 43.3% of
these environmental issues are energy conservation issues. 59.3% of firms are defined
their firm as partially environmentally friendly. 43.3% are applying managerial system
considering the environmental risk factors (Fig. 3).

29.1% of 24 medical device R and D firms are stated that they are not applying eco
design. But 16.6% of R and D firm are stated that they are targeted to apply in next
years. Some of the firms not applying eco designs are stated that they have no ideas
about these subject and some of them are stated that they have no financial resources
and some of them stated that priority is sale in their firms.

63.3% of firms are defined their medical devices sold or designed as environmental
friendly. 83.3% of firms stated that they are not using applications that reduce the
greenhouse gases affect and energy efficient applications. In 16.7% of the firms,
recycling of packing wastes, waste water discharge emission measurement and
avoiding some toxic gases before spread to the air by exhausted filter line (Fig. 4).

Fig. 3. Undertaking environmental issues of medical device firms

The Healthcare Industry and Medical Devices in Environmental … 285



Sustainability concept is very important for 86.7% of firms and 65% of them stated
that sustainability would be effect According to results, sustainability and increasing
the operational efficiency and reducing the cost is the most important factors in
accomplishing the environmental sustainability of medical devices designs. Increasing
the value of the firm is the other important factor according to them. their firm after
5 years. According to 65% of firm, green industry would be change the biomedical
innovation studies in near future. In the questionnaire, the importance of some con-
ditions accomplishing the environmental sustainable friendly medical devices are
evaluated by giving them a score between 0 and 100 and then taking the of the scores.
“0” is the less important factor and 100 is the most important factor. Results are given
in Table 1. Sanctions of non-governmental organizations competition and individual
preferences of designers are the less important factors according to medical firms in
accomplishing the environmental sustainability of medical devices designs (Table 1).

Fig. 4. Environmentally friendly medical device firms

Table 1. Opinions about the important factors in accomplishing the environmental sustainabil-
ity of medical devices designs

Important factors in accomplishing the environmental sustainability of medical
devices designs

Average

Satisfying the target of companies 60.0
Individual preferences of designers 51.5
Satisfying customer expectations 64.0
Sustainability 77.5
Increasing the operational efficiency and reducing the cost 77.2
Not commercial concern in environmental products due to the technologic
developments

67.5

Increasing the value of firms 71.1
Sanctions of Governmental corporations 68.6
Legal sanctions 71.2
Competition 59.5
Sanctions of non-governmental organizations 59.0
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In the same way barriers in accomplishing the environmental sustainability of
medical devices designs are coded between 0 and 100 and averaged. Lack of education
about these subjects and cost is the most important barrier according to medical firms.
Priority of other designs and Risks (e.g. hygiene risk of recycle) are found as less
important barriers in the study (Table 2). 48.3% of firms stated that lack of environ-
mental sustainable products is the most important barrier in purchasing of these
products in hospitals and financial factors are the most important barriers of green
products usage in hospitals according to 68.3%. The most emergent subject in
designing environmental sustainable products is legal sanction of governments to the
hospitals and medical device producers about sustainable products. 60% of the firm
stated this subject the second emergent factor is educating the designers of medical
devices and service payer and increasing the preferences of disposable products instead
of recycle products (Fig. 5).

Table 2. Opinions about the barriers in developing sustainable medical device design

Barriers Average

Cost 72.3
Lack of education 77.6
Priority of demand and customer 65.9
Risks (e.g. hygiene risk of recycle) 52.5
Reliability of disposable products 57.8
Priority of other designs 52.0
Legislations 57.7

Fig. 5. Emergent subjects in designing environmental sustainable products
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Opinions of firms about the importance of defined situations in the context of
sustainability in health are scored between again 0–100 and then averaged. Cost is the
most important situation and then productivity, energy efficiency, patient safety are the
other important situations in the context of sustainability in health (Table 3). Sus-
tainable solutions are more effective in medical device sector compared with other
sectors according to 43.3% of firm. 58.3% of firm stated that, “green” concept has an
important affect in purchasing diagnostic and treatment healthcare products decisions.
35.1% of firm stated that, the other important factor in purchasing medical products is
the nonincluding of heavy metal in products. According to 29.8% of firm, energy
efficiency of medical devices is important factor in purchasing these products.

There is a direct utility of sustainability to humanity according to 86.7% of firm.
About 72% of them stated that, sustainable products protect the hospital personnel.
Opinions about green product usage in hospitals are very optimistic. 71.7% stated that
green hospitals enrich the value of the hospitals and 65% stated that green products
improve the health outputs and approximately half of the firm stated that green products
effect the hospital choices of patients (Table 4). According to 65% of participants,

Table 3. Opinions about the importance of defined situations in the context of sustainability in
health

Average

Long term care without giving any harm to the patient 68.1
Minimum cost medicine 69.7
Decreasing the harmful effect to environment 76.5
Usage of high technology devices 71.1
Productivity 78.7
Energy efficiency 76.8
Quality of life of employees 63.0
Recycle of medical devices used in diagnose and treatment 60.5
Patient safety 75.1
Improvement of health and life conditions 74.9
Cost 79.6
Design of medical devices 56.4
Less usage of materials 62.6
Legal applications 70.6

Table 4. General opinions about sustainability and green products

General evaluations Agree %

There is a direct utility of sustainability to humanity 86.0
Sustainable products protect the hospital personnel 71.7
Green products improve the health outputs 65.0
Green products effect the hospital choices of patients 46.7
Green hospitals enrich the value of the hospitals 71.7
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investments of hospitals to sustainable solutions is very important for hospital’s success
and also 85% stated that, in deciding purchasing products the energy considering the
lifetime energy costs of medical devices and equipment’s, energy strategy must be
defined to accomplish the objective of energy conservation and efficiency in hospitals.
Also 85% of them indicated that, in hospitals the purchasing units must be canalize to
healthy products and devices in health sector. In addition, without legal sanctions, it is
impossible to canalize to green products and eco designs and sustainable products in
hospitals and also in medical device producer firms according to 80% of firm. But
66.7% are thinking that quality management system and lean production would be
decrease the costs of product and would be increase the environmental performance.

4 Conclusions and Suggestions

The main purpose of the research is to point out the applications of medical device
firms concerning environment and sustainability. Executives at all levels see an
important business role for sustainability. According to executives, sustainability is
becoming a more strategic and integral part of their businesses. Operational efficiency
and reducing the cost is the most important factors for sustainable products. They
believe that sustainability would be increase the value of the firm. Green industry in
healthcare and especially in medical device sector would be the main actor in near
future according to the medical device firms.

Most of the firms are undertaking environmental problems especially energy
conservation and are managing the environmental risk factors. Although 65% see their
firm as environmentally friendly but eco designs are not common in R and D medical
device firms and 83.3% of firms stated that they are not using applications that reduce
the greenhouse gases affect and energy efficient applications. Only 30% of R and D
firms are applying eco designs. Lack of education on these subjects were given as
primary reason for not using eco designs. Sanctions of non-governmental organizations
and competition and individual preferences of designers are the less important factors
according to medical firms in accomplishing the environmental sustainability of
medical devices designs. Most of the firms stated that, there is a direct utility of
sustainability to humanity and sustainable products protect the hospital personnel.
Compared with other sectors, it has been concluded that producing sustainable products
in medical sector will be more effective, energy applications will be reducing the
treatment costs in healthcare, some medical firms in Turkey are ready for energy
efficiency applications and energy efficiency applications will reduce 50% energy costs
and will protect 50% the environment according to the medical firm’s opinions.

“Green” concept has an important affect in purchasing diagnostic and treatment
healthcare products decisions. According to their opinions, the purchasing units must
be canalizing to healthy products and devices in health sector especially in hospitals. In
addition, without legal sanctions, it is impossible to canalize to green products and eco
designs and sustainable products in hospitals. Quality management system and lean
production would be decrease the costs of product and would be increase the envi-
ronmental performance according to the most of the opinion of firms. Healthcare costs
in all industrial nations have increased and payers are starting to look at new ways to
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contain costs and at new funding models. The business model of medical device
companies is also undergoing rapid changes. R&D costs have increased year on year,
pressures on purchasing decisions and the efficacy and safety of devices and products
are mounting. Change is therefore inevitable and already ongoing in healthcare systems
and medical device companies alike. Even though medical devices are considered to be
heterogeneous and classified in many other sectors such as chemicals, textiles and
electronics, they have common features sufficient to be considered as a special product
group and being an important part of the healthcare system, they are subject to common
regulations. Medical devices sector also suffers from regulations that put cost on
innovative activities, reimbursement policies that aim at cost containment, lower
degrees of consumer support (in terms of user-producer relationship), high marketing
costs due to the specific market they act in, in addition to the general obstacles such as
scarce finance and human resources. Nonetheless, the ambiguity in entrance and
allowance to reimbursement lists is also found to be a blocking factor on innovation.

Medical devices (MDs) are not only an innovative industry but also a key con-
tributor to healthcare supply. Albeit unseen in daily routines, the medical devices are
crucial to accurate diagnosis, treatment and even for prevention of diseases. Being able
to prolong human life, medical technologies are also an item of expenditure with rising
costs. Even though publicly it is normal to wish for the best healthcare possible, yet
how to fund for these ever-increasing costs is a question hard to answer. Moreover,
increasing healthcare expenditures are often related to innovation and R&D expendi-
tures in medical devices and pharmacy. Mostly reimbursed by governments, health
industry becomes an issue of importance that needs to be appropriately regulated.
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Abstract. Due to its geographical location, Anatolian lands which was home to
many various civilizations in centuries, when examined in terms of Turkish
history, includes many historical structures in the term from ancient ages until
our day. Protecting historical structures is an inevitable input in terms of;
continuity of functionality; development of the society and cities and
improvement. Besides housing which is the most basic need, bridges connecting
the two sides of lands in order to provide transportation and communication
requirements, have an important place in terms of cultural heritage. While most
bridges in Anatolia managed to stay alive over time, most of the took severed
damages and even came to the point of destruction due to intense natural hazards
like earthquakes, floods, wars and many other more external factors. Everyone is
responsible for ensuring the protection, livelihood and sustainability of these
structures, which are common to all people. The sustainability concept exploring
the harmony/ balance between the preservation and use of historical and cultural
assets was discussed in Taşköprü (Karahanoğlu Bridge), which connects the
northern side to the south side in the center of Kars. The arched stone bridge
belonging to the Ottoman period is a rare cultural asset of the city. Within the
scope of the study, the repairs, the interventions and the current situation of the
historical stone bridge were examined. In order to ensure the preservation of
the building and the continuity of its function, the evaluation of the historical
touch around the bridge, the continuity of the surrounding green areas, and the
transfer of the bridge to the future are emphasized. As a result, this work will be
a source for both the building itself and other buildings with similar charac-
teristics, contributing to the preservation of the historical heritage and its transfer
to future generations.

Keywords: Conservation � Historical buildings � Kars stone bridge
Sustainability � Sustainability kars stone bridge
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1 Introduction

Space and society complement each other and form a whole. Since the earliest times,
people have been seeking to create spaces where they can meet, meet their needs, and
carry on their vital activities. Throughout history, there has been a number of factors
that have affected the phenomenon of space creation in the process of change and
transformation, and the transit of the nomadic settled life. Water entity, which has a
great role in people’s settled passages, has been associated with urban centers. In the
developing societies, various water structures have been constructed to provide
accessibility from water or to water.

In the Turkish art, bridges, hammams (Turkish bath), wells, aqueducts, cisterns and
fountains can be considered as water architecture [1]. Bridges are among the oldest
historical monuments of bridge civilization, which is one of the most important water
structures in the field of architecture. The bridges that give way to all life and human
production have become the symbols of cities with their splendor in many countries
today. The country, which has a rich culture with its history, is also in the forefront with
its stone bridges [2]. The Turks developed the bridge architecture against the geo-
graphical conditions, rivers and caravan roads of the regions where they dominated and
dominated and provided great successes [1]. Bridges built from day to day; They vary
according to their purpose, techniques and uses. But they were all made to be able to
answer people’s needs. Especially, the bridges that have been sung from the Ottoman
times can be considered as an artwork. The important thing is to keep these things as
meticulously as possible [2].

The concept of conservation is a multidimensional phenomenon with many com-
ponents in it, and the most important feature that preservation covers is that the his-
torical environments are kept alive with the values they carry. Historical structures,
which are an important part of our historical heritage, need to be addressed with
sustainable protection policies for their protection and survival in terms of their exis-
tence in the period and their social relations and design features. In order to achieve
this, it is necessary to be aware of the changes and transformations that have occurred
in historical circles and to develop appropriate legal and design methods. According to
this philosophy, which is the foundation of sustainable environment and historical
environment, The preservation and restoration of the structures, the maintenance of the
continuity of its functions, and the development of the community and cities.

Historical buildings can be evaluated in terms of sustainability. The historical stone
bridge hosted by Kars, which houses a rich historical texture as a gateway to the
Caucasus region from Anatolia, was evaluated. Within the scope of the study, the
repairs and the current situation of stone bridge throughout history are examined. The
studies carried out to ensure the preservation and the continuity of the function are
aimed at the study of the use of the bridge and the evaluation of the interaction with its
immediate surroundings in the context of sustainability. For this purpose, a literature
search was conducted in order to define what it is doing and to gather information about
other historical buildings in the region. In the direction of the information obtained
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within the scope of the survey, a study tour of the study area was conducted. Conserve
with consciousness how to transfer safely to future generations.

2 The Location and History of the Bridge

Since the earliest times of human history, Anatolia has witnessed many turning points
due to its climate and geographical features. The province of Kars located in the
north-east of this region has been used as a settlement since the Paleolithic Age. It is
defined as the Civilized City of Kars East, which has long been home to a long history,
incredible heroism and cultural treasures [3]. The geopolitical position that connects
Anatolia and the Caucasus, and the fact that it has important trade routes and is very
suitable for settlement and defense made it desired to acquire continuously throughout
history [4]. It joined the Ottoman Empire in 1535 and became an important military
superior to the Iranians and Russians until the Ottoman-Russian war of 1877–878.
Between 1878 and 1918, it remained in Russian occupation for 40 years. Although it
was taken back in 1918, it entered Turkish soil in 1920.

The Kars Stream passes through the center of the province of Kars located on the
northeastern sides of the Eastern Anatolia region. One of the most important ecological
values of the city, Kars Stream seperates, Kaleiçi and the skirts of the Ottoman-Seljuk
settlement and the Russian-era Tahtdüzün’s grid-planned pattern in the development of
a natural border with functionality as its seen (Fig. 1). Taşköprü (Karahanoğlu Bridge),

Fig. 1. Satellite View of Kars
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which is included in the scope of the study, is also located on the Kars Stream in the
skirts of the castle, at the center.

In Kaleiçi District, stone bridge that is at the point which connects Mimar Oktay
Ekinci Street and Erzurum Street (Figs. 2, 3). It was constructed with the order of
Sultan Murat the Third by Lala Mustafa Pasha during the construction of the city at
1579 [5].

Fig. 2. General settlement plan of the bridge’s environment [3]

Fig. 3. Kars Stonebridge at the year of 1875 [6]
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The existence of functional values in bridge architecture and construction tech-
nology is of great importance. Due to both the facilitating and accelerating effect of the
army’s voyages and its role in the construction of the city, the permanence values of the
bridges that hold high construction technologies in every period should be protected by
the related institutions in the regions where they are located. Historical stone bridge
which served for purposes such as military, commercial, education throughout the
history and which continues to exist with this function today is also registered as a
monumental work with the resolution numbered 330 of Erzurum Cultural and Natural
Heritage Preservation Board on 12.09.1991.

3 Architectural Features of the Bridge

Like most architectural productions, bridge architecture reflects the characteristics of
the geography in which it is located. It is shaped by the characteristics of the rivers on
which the bridge is built [7]. Arch-bearing stone bridges are one of the most common
applications for bridge typology with Ottomans in the fifteenth–eighteenth centuries.
Though It is more common to construct a single-arched bridge with a wide span if there
are limitations in terms of bridge construction preferences, otherwise arch-bearing
stone bridges appear to be more common [2].

The historical stone bridge, which is among civil architecture works, is an inner city
bridge. The width of the bridge examined ranges from 8.30 to 8.60 m. The bridge was
55 m in length, 9 m in height and 3 spans (Figs. 3, 4). When first made it was 4 spans
but one span was covered under the ground [5]. The bridge is an arched structure with
centers very close to each other and tilted in two directions from the center arch. There
are also different angles in the slope. The arch forms are close to the circular form and
there is a second arch line called archivolt on the arch stones. Arch stones average
60 cm and the archivolt arch stones are 25 cm wide (Fig. 5a).

Fig. 4. Kars Stonebridge
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The diversity of the materials used in the bridges built by the Ottomans was limited.
The stone, which is frequently used as material in this period and has high resistance to
compression stresses, varies according to the geographical characteristics of the region
used. The stone bridge from its time is also made of cut stone and all of the stones are
basalt stone.

Since the bridge construction is carried out on the river, it is a troublesome work
and it is necessary to make a preparation for the construction of the feet especially in
the water. The feet should be specially supported when the feet forming the support
points of the bridge openings are in the river bed.

In the middle legs of the three-span bridge, the spikes in the upstream direction
(upstream) of the stream are articulated with circular-shaped spurs in the downstream
(downstream) direction (Fig. 6). The task of both elements is to prevent the flow and
destruction of the foot and foot foundations of the various heavy materials carried with
it. The dimensions of these bridge elements differ from each other. On the two end
sides, the footwalls and spurs on the feet, where the road connections are made, are
made in half circle, without the circular shape being completed.

The railings on the side of the upstream and downstream sides were made with two
rows of stones in the spandrel wall and a circular shape with a harp. The height of the
railing is 80 cm and the railing stones are connected with lead iron clamps.

Except for a few examples of Anatolian stone bridges, there are not many orna-
mental elements, and there are rare constructions where vegetal and geometrical
ornamentations are seen. The wing walls of the working bridge have vegetal and
geometric motifs at the point where the arch ends are seen (Fig. 5b). However, suffi-
cient information about the ornaments was not reached.

Fig. 5. a Arch and archivolt arch stones, b motif ornament on the wing walls
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4 Concept of Sustainability in Historical Heritage

Historical buildings are an important part of cultural heritage, with daily life styles,
aesthetic sensibilities, socio-economic and cultural characteristics of past periods.
Historical heritage is an irreplaceable resource, which is an important key to connecting
the daily living spaces of the past. For this reason, effective protection and sustain-
ability must be ensured throughout.

The starting point of the concept of sustainability is focused on avoiding environ-
mental problems that arise in parallel with economic and technological developments
and protecting the ecosystem. The most widely used definition belongs to the Brundtland
Commission established by the United Nations. In the so-called Brundtland Report, this
concept is defined as “meeting the economic, environmental and social needs of the
future generations without harming their living conditions” [8]. Daily and Ehrlich [9]
describe the preservation of the assets needed by the social, economic and ecological
systems as a process that expresses at least the maintenance of the required level.

Sustainability, a multidimensional concept, involves different dimensions and seeks
to find a balance between conservation and use, not just conservation within every
dimension. What is important in sustainability is not to spend the main capital in the
hands of every generation, but rather to live the profit that the previous generation
inherited from the inheritance. According to Beyhan [10], this is due to the fact that the
concept of sustainability is long-term and human beings being entwined with both in
nature-environment and in social life with future anxiety.

Fig. 6. Dikes and flood splitter of bridge
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The historical heritage should be emphasized in the work to be done for sustain-
ability, emphasizing as defined by Özlüer, economic development, which is defined as
the three main pillars of sustainable development, is the joint responsibility for social
development and protection of the environment at local, national, regional and global
levels [11].

It is important that the people are conscious of the sustainability of the historical
heritage. Nowadays, users who do not have adequate knowledge in the way of
preservation and continuity of historical and cultural values need to be aware of these
values.

It is crucial for sustainability that the structures that make up the inheritance should
be transferred as genuinely as possible to the future with conscious and correct
restoration works and living with the structures of the environment while having the
continuing functionality.

4.1 Repairs of Kars Stone Bridge

Historical Bridges, which are of great importance in terms of technology history as well
as cultural history, Project and implementation studies should be carried out in
accordance with the provisions of national and international legislation in order to
strengthen and survive, to preserve original identities and to transfer them to future
generations [12]. Restoration works to be done on stone arch bridges, which have been
proven for centuries to survive against the effects created by elements such as earth-
quakes, dams, variable water flows, heavy vehicle traffic; The original construction
system of the bridge must be realized on the basis of the protection of the material
properties and the minimum intervention principles.

Historical Kars Taşköprü which is considered in the study is used intensely in urban
settlement as it is connected to the southern side of the city by the north side. The basalt
of the material used increases the magnificence of the building one more time.

According to the inscription of the bridge and the records in hand, the historical
stone bridge built during the reign of the city in 1579 was first destroyed during floods
in the spring of 1715 and only the foundation of the foot remained. Four years later,
was rebuilt in 1719 by Haji Aboubakir Karahanoglu from Kars [5].

During the Russian occupation at 1877–1915, the Russians dismantled or exca-
vated the inscriptions on the constructions in order to erase the Turkish traces in Kars.
The bridge has suffered destruction at this time, and the stone bridge which was
dismantled has been rebuilt by the grandchildren of the people who reconstructed the
bridge and placed on the middle arch [5].

Starting from the foundation for the repair of historical bridges, the basement and
foot repairs are continuing as repair of belts, spandrel walls, cornices, balustrades,
flooring and booklets respectively. The bridges must first be stabilized in order to allow
a safe passage. When repairs are made, it is the basic principle to ensure that the
historical structure is transferred to future generations by the method of consolidation
without disturbing its original structure.

It is determined that one of the interventions made in the Republican Period of the
historical Kars Stone Bridge belongs to 1991. In the repair work, the cement mortar
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applications were found all over the bridge and especially the foundation level. This
structure, which has been neglected for a long time and started to deteriorate due to
natural conditions, has been restored under the investment program of the Regional
Directorate of Highways (2013) (Fig. 7).

During the restoration work which began in 2013 and plants were overgrown on the
bridge before restoration work (Fig. 8a). In the flood splitters and in the inner parts of
the arches were found pieces that were partially broken or destroyed. The inscriptions
of the bridge have undergone deformation, and some cement plaster was found in the
spandrel walls of the bridge.

In today’s new repair works, all of the applications with cement mortar are removed
and the original mortar of the bridge is reapplied.

During the restoration application, some findings related to the bridges and envi-
ronment was found. These findings continued as a research excavation under the
control of the 18th Highway. The excavation carried out on the side of the Mazlum Aga
Hamam in the research excavation was made from 1.83 m radius basalt stone, starting
from 3.60 m on the downstream side and 2.15 m on the upstream side (Fig. 9).

Fig. 7. The Bridge during 2013 restoration applications

Fig. 8. a Plants seen from the bridge before restoration, b Cleaning of plants during restoration

Fig. 9. Removal of the complete belt under the soil [5]
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The entire belt found is not subject to any deterioration wear or tear while it is under the
ground [5].

The roots of the plants found in the belly, on flood splitters and the heels, on the
heels and on the spandrel walls were cleaned using chemical agents in limited area so
as not to damage the bridge (Fig. 8b). Some examples of tufted stone stones were seen
on bridge ceiling walls and on handrails, which were added to the structure during
repairs of the structure (Fig. 10a).

The cement mortar repairs, which were found in the works of the bridge and
especially the foundation level, were totally purified from the restoration works and
were renovated in accordance with the mortar rates determined by the General
Directorate of Highways.

The stones that were subjected to excessive surface loss or disintegrated were
removed by decaying, and replaced with the same texture, color, and uniform cut basalt
stone (Fig. 10b).

The greatest destruction was at the basic level. Over time, as the waters descended
and rose, the stones that had been in the water for a long time came out to be in the
water, and the stones were seen to be eroded. The existing cube stone pavement has
been removed. Slab cover was changed to cut basalt stone (Fig. 10c). Finally, the
Highways, along with the current epitaph, placed its translated version on the central
arch.

4.2 Assessment of Vicinity of Kars Stone Bridge in Terms
of Sustainability

The natural environment can be defined as the environment in which people continue
their biological, social and economic activities. Considering the life times of the struc-
tures in this rapidly changing environment, they become an integral part of the ecosystem
and are in fact similar to the human body. The necessity of making the most important
key of making a healthy world and maintaining its continuity is healthy and in harmony
with the structures around it during the usage period. The provision of this continuity is
also related to the experts involved in the construction and the users in time.

The historical environment is one of the most important elements that reflects the
original values of the cities and creates the identity of the city. Important developments

Fig. 10. a Bridge stone railings, b Bridge stones replacement, c Stone floor [5]
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in cities, historical environments that witness historical events, is a memory space that
enhances the readability and perceptibility of cities. These circles, located somewhere
between the past and the future, define a common language that provides familiar
environments for people by defining strong place and contextual emotion. These fea-
tures contribute to the cultural and urban continuity.

As one of the most concrete examples of the identity of the historical city is the
bridges and the surroundings they create must be protected. It is very important that the
values of today’s cultures are taken into consideration with the participation of the city
and transferred to future generations. In Özil (2001), it is stated that urban protection is
more than just a custodian, that the preservation of the preserved items and partici-
pation in everyday life play an important role in social development [13].

From this point of view, historical bridges from traditional structures, both con-
struction and use, are consumed in the process of using them, so protection must be
done to ensure continuity. Because of their bridge scale and purpose, they are the
dominant elements of historical urban architecture and thus constitute one of the focal
points of the sustainable environment.

Historical Kars Stone Bridge, which is the subject of the study, functions actively
and provides pedestrian and vehicle access. When it is taken to be evaluated with the
environment in which the bridge is located, it is seen that it interacts with many
historical buildings forming this environment.

When the vicinity of the bridge is examined, an enormous historical texture is
formed with the views of İlbegioglu (Muradiye) and Mazlum Aga (Topcuoglu)
Hammams, Shrines, Ottoman mansions, historical buildings and Kars castle with
Ottoman architectural features on the downstream side. Ibeyoglu Hammam has a
rectangular plan and was built in 1774 (Fig. 11a). It is not precisely known when and
whom built the Mazlum Aga Hammams but it is known that it was built with Ottoman
architectural technique in the early seventeenth century [14, 15] (Fig. 11b).

The Hammams made of cut stone and rubble stone show a similarity with the stone
bridge and make a harmony with the historical texture. The bridges and hammams were
destroyed by the Armenians in 1918 and later repaired. Despite the fact that the
restoration work of the Ilbegioglu Hammam has been started from these hammams
which have been neglected for many years, there have been no studies about Mazlum
Aga Hammam.

Fig. 11. a Ibegioglu Hammam, b Mazlum Aga Hammam, c Bridge and Castle walls
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Kars Fortress, the symbol of the city of Kars, was built by Saltuklu in the period of
Seljuk State in 1153. Kars Fortress is one of the most important symbols of the city,
where many victories were won during the wars against Mongolian, Georgian, Persian
and Russian attacks for centuries. During the Ottoman period in 1579, Kars fortress and
Kars City were reconstructed into a state center [14]. The stone bridge built during the
same period of zoning studies is a connecting point connecting the two shafts to the
trough (Fig. 11c). The castle walls of Kars have been destroyed today. On the side of
Ilbegioglu hammam, there is a shrine on the Kars fortress (Fig. 12a).

When we look at the old photographs of Kars in 1870 years, there are Lacin Bey
mansions on the side of Mazlum Aga Hammam [16], but today there are no remains of
these mansions (Fig. 3). The photographs taken in 1870s on the skirts of the Kars
Castle following the Ilbegioglu hammam show the Ottoman houses and the Red
Church used until 1920s (Fig. 12b). Ahmet Tevfik Pasha Mansion, two storeys of a
large part of the destroyed Ottoman houses, still has been survived (Fig. 12c). The
Armenian Catholic Church (Frankish Church) was built on the side of the Kars Stream
on the side of the Mazlum Aga Hammams in 1877. The church is in a state of obsolete
and shows itself through its remains [16] (Fig. 13).

Fig. 12. a Shrine at near the Kars Castle, b 1920 Ottoman houses and the Red Church; c Ahmet
Tevfik Paşa Mansion, which reached today [16]

Fig. 13. Armenian Catholic Church at 1920 and its state in nowadays [16]
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As we start with the historical buildings and residences that we have taken to
examine the stone bridge near the center of the city, a rich and varied cultural texture is
encountered. Although the city has hosted many historical buildings from different
periods, most buildings have been destroyed or become unusable. Stone bridges,
however, were able to arrive as solid as daylight and occupy an important position both
as a function and as city tourism. The bridge is provided with terrestrial seating units
built on the side of the Mazlum Aga Hammam.The presence of abundant green areas
around the bridge is striking, but there is no parking arrangement in this area which has
a unique texture in terms of historical heritage. There is also a lack of venues to exhibit
this historic atmosphere, to provide space for visual and verbal presentations, and to
visit visitors’ needs (Fig. 14).

This silhouette, created by the rich historical buildings bearing the traces of the
past, provides an inevitable opportunity to contribute to the city in terms of tourism,
city development, traces of the ancestor to the next generation. The bridge will meet the
transportation needs of its users. The rich historical texture is reinforced by the
abundance of green spaces, but the historical texture that it forms together with the
bridge and the historical structures around it is not given sufficient importance. Pro-
viding the sustainability of historic buildings in a life cycle with the environment is an
important key to the formation of a good environment. It is important to analyze the
existing texture, to determine the authentic and authentic values, and to make the
spaces needed in accordance with the texture.

5 Recommendations and Conclusion

Given that the city is a living organism, each period is important and part of historical
continuity. It is inevitable that the historical structures created by the environment will
change in line with the current needs, and that change and transformation can only be
achieved with conservation consciousness. Preservation of historical identity; The
community needs to have an urban consciousness that respects reason and effort.
Preservation of historical values and presentation of humanity as a common heritage
have recently constituted an important civic duty. One of the most fundamental
solutions within the scope of sustainability will start with the awareness of the users
and the people of the environment. Trainings should be organized to contribute to the

Fig. 14. Before restoration of bridge—after restoration of bridge 2013 b available sitting units
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formation of a sustainable identity in the historical environment, public awareness
about the cultural values of the city and support for the formation of civil society
organizations should be provided.

This study gave information about the historical situation of the historical touch
formed by traditional Ottoman hammams, the remains of the church, the
Ottoman-Russian architecture on the skirts of the castle, the bridge between the his-
torical buildings and the stone bridges of Kars with its history rich in heritage and
evaluated it in terms of sustainability. The study was shaped by the collected data as a
result of field studies, both in the relevant literature. The bridge should be transferred to
future generations with the least intervention that can be done in the original scale for
the effective use and sustainability of the historical heritage formed in the vicinity of the
bridge. Within the scope of the study, repairs carried by the bridge have been men-
tioned. The bridge, which has undergone repairs at different times due to natural causes
or human-caused demolitions, was restored to its original state at 2013. Achieving
effective use with all the interventions is an important step in the context of
sustainability.

Restoration Projects should be made in the historical environment to provide the
continuity of the functioning of the bridge in the historical process together with the
historical constructions around it, and to revitalize it in terms of tourism. First of all,
there is a need for space solution suggestions that will meet the need for rest and
recreation from the texture that the Stone Bridge has formed together with the historical
buildings on the periphery. Already today, the use of a small buffet terrace and sitting
units on the side of the Mazlumağa hammam is trying to meet this need. However, this
solution is inadequate both in terms of positioning to historical texture and in terms of
space possibilities. In order to address the needs, the old structure in the historical
structure can be re-functionalized or new additional designs can be made. The first
criterion to be taken into consideration in the framework of sustainability is that the
necessity of additional designs to be proposed at this point should not disrupt the
historic texture. The urban movement and circulatory system of the location where
the additional features to be added must be analysed well. Integrity, transparency,
pedestrian and vehicle transit organizations to be achieved with existing theme should
be considered.

There are rich green areas and historical building remains around the Bridge. In the
present case there has been no intervention in this region for many years. In order to
ensure the sustainability of historic touch, first of all, historical buildings, restitution
and restoration projects should be prepared for the historical building residences around
it keep that historic touch. In addition, the green areas left to their own should be
assessed and needed landscape arrangements should be made. The objective here is to
support the sustainability of the historical touch with these proposals mentioned for the
purpose of conveying the interaction of the city with the city safely in the future and the
continuity of the green areas around it.

At the end of the study, the extent to which continuity has been sustained in the
exchange balance has been assessed in the context of historical heritage. It is intended
to contribute to the efforts to ensure that the preservation and legalization of historical
buildings in modern cities are sustainable.
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Abstract. Today, a flow of refugee which has turned into the biggest problem
of the happened towards various countries due to the disturbances emerged in
the Middle East states headed particularly by Turkey. These refugees have failed
to ensure the intercultural adaption in the countries where they have taken
shelter. At the same time, the refugees are in position of asylum seekers and the
physical conditions required in the countries where they are the guests should
also be provided for them to be able to survive. In this study, it has been focused
on immigration, immigration movements and their conclusions, refugee prob-
lems and the standardization of sustainable basic and social habitation spaces in
the countries where the humans in state of asylum seekers have taken shelter and
the situation of the Syrians living in Turkey is compared with the examples in
Europe. The data obtained has shown that the Syrian refugees living in Turkey
are in a better condition than the refugees living in European countries.

Keywords: Refugee problem � War � Migration � Camp � Sustainability

1 Introduction

Immigration is being defined as the movement of a person or a group of people to
another place by crossing an international border or relocation within a state [1].
Post-relocation movements emerged population movements; Irrespective of time,
structure and cause are being comprised to the extent of migration. Such displacement
movements can take place voluntarily or due to obligatory causes. Today, millions of
people evict the territories where they were born and grew up due to wars, natural
disasters, political or economic reasons. Therefore, the refugees, asylum seekers,
economic migrants, irregular migrants and the groups of people displaced from their
places due to various means are also added to the concept of migration. While the
migration used to be based on usually the economic or natural causes before the
technology age, today, the wars being the greatest and most dangerous problem of
world are the greatest cause procreating the need for migration.
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While the migration movements deliver affirmative outcomes when it is managed
well, well it accompanies a number of negative consequences when failed to be
managed properly resulting even the human rights violations positive consequences
when managed well, they firstly threaten the public order and security that leads up to
human rights violations accompanied hereto.

An effective management system which would support an economic development
in the country gone to and maintain the public safety and include the framework values
such as protection of human rights of migrants. For this reason, in order to develop an
effective migration management, it is worth for examining the causes of migration and
its consequences.

The concept of migration; is closely associated with the political, economic, social
and cultural life. In particular, the international migration simultaneously affects more
than one state. While this type of migration provides the labor force contribution to the
destination country, it is likely to be also leading to loss of qualified labor force in the
source countries. Therefore the immigrants; don not only concern the destination
countries but also the countries they have left behind and leave permanent traces by
shaping up the interaction between these countries. Migration movements, On the other
hand, it is expected that the immigration movements would continue also in future
depending on many causes [2].

2 Refugee Problem

2.1 Arab Spring and Internal Disturbances in Syria

The events called Arab Spring and initiated first in Tunisia being one of the Northern
Africa countries where a peddler named Muhammed Bouazizi burned himself in 2010
have spread to the countries like Libya, Egypt, Syria and Yemen. These events have led
to the commencement of a civil war in Libya and international military intervention has
been made to this country upon decision of the United Nations Security Council. The
civil war in Libya resulted in killing of Gaddafi, the Head of State and establishment of
two different governments in the country. Shortly after that, the Head of State, Mursi
has been overthrown in consequence of a military coup made in Egypt and a new
government was established. The events that started with the Arab Spring have jumped
also to Syria and as a result of turmoil started; the country has been drifted along a civil
war in 2011. Thousands of people affected by the civil war in Syria have been impelled
to the borders of neighboring countries like Turkey, Jordan, Lebanon and Iraq in order
to save their lives. Upon decision of the UN Security Council taken in 2014, military
intervention began under the leadership of countries like USA, UK and France to Syria.
Later on, Russia has joined the war alongside the current Syrian government and civil
war still continues in the country.

2.2 Refugee Problem in Europe

As a result of the Arab Spring, particularly people who escaped from Libya began to
migrate to Italy being the closest European country by sea. While Italy was struggling
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to cope with this immigration problem, some of the Syrians who migrated to Turkey
following the civil war started within Syria in 2011 have turned towards the border of
Bulgaria to go to Europe via Turkey. These people have tried to reach at Germany and
France by following the route of Bulgaria, Serbia, Hungary, Croatia, Slovenia and
Austria. As for another part of Syrians in Turkey, they have passed to the Greek islands
in the Aegean Sea by unsafe marine vessels like rubber boats and boats. Unfortunately,
thousands of Syrian children, women and men have died by being drowned during
these transitions. The EU countries have been alarmed in front of this refugee flood and
have drawn barbed wire to the borderlines and have caused the Syrian refugees to pile
up at the borderlines by closing border gates. EU gathered under the leadership of
Germany has fallen into a big challenge due to such refugee flow and has sat at the
table with Turkey to eliminate this migration. As a result of long negotiations con-
ducted, the readmission agreement for the refugees has been concluded in exchange of
financial aids to be made between Turkey and the EU. On the other hand, EU countries
headed by Germany have proposed selective and restrictive criteria such as qualified
persons to limit the refugee flow [3].

2.3 Post-Arab Spring Asylum Seekers in Turkey

Due to its geographical structure and increasingly growing economy, Turkey is affected
much more from the irregular migration movements of this nature. Adopting an open
door policy from the past up to today, Turkey had hosted approximately 345,000 Turks
forced to emigrate from Bulgaria due to the government’s assimilation policy in 1989
and 467,489 asylum seekers from northern Iraq during the gulf war happened therein in
1991 [4]. Likewise, Turkey has similarly begun taking in also the Syrian refugees who
escaped from the civil war and piled up at its border for the first time from
Hatay-Yağladağ border gate on April 28th, 2011 and the needs of these asylum seekers
were met. For this purpose, the asylum seekers were firstly placed into guesthouses
belonging to public institutions and general-purpose tents. In priority, the accommo-
dation and nutrition requirements of these asylum seekers have been met. Predicting
that the number of asylum seekers to come to Turkey would exceed hundred thousands,
Turkey has begun building the temporary housing centers in accordance with inter-
national standards in the provinces in the vicinity of Syrian borderline. Later on, the
asylum seekers who came to Turkey were relocated at the housing centres completed
within a few months. In line with the non-returnable principle specified in “Convention
on the Legal Status of Refugees” signed by the Member States of United Nations in
Geneva in 1951 and adopted by Turkey as well [5]. At present, fulfillment of
accommodation, nutrition, health, education and the like requirements of the Syrians
residing within Turkey are still being maintained.

3 Minimum Standards of Sphere Project

Sphere Project is a program jointly carried out by the Steering Committee for
Humanitarian Response (SCHR), the International Council of Voluntary Agencies
(ICVA) and VOICE. This initiative was initiated in 1997 by a group of
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non-governmental, humanitarian aid organization (NGO), Red Cross and Red
Crescent [6].

The Humanitarian Aid Convention is concerned with meeting the needs of people
exposed to disaster or skirmish and with the basic requirements needed for them to
return to a respectable life. Minimum standards include the services of water supply
and healthy environment, nutrition, food aid, shelter, location planning and healthcare
to the humans.

3.1 Water Supply and Healthy Environment (Sanitation)

• Adequate water should be available for drinking, cooking and cleaning to all people
at the housing camp. The water should be as close to a location where everyone
living at the camp can easily reach at meet the minimum amount of water.

• Toilets should be designed and constructed so that all people, including people with
disabilities, can use them safely under comfortable, healthy conditions.

• The toilets from the camp should be designed so as to be utilized by all humans
including the handicaps, in comfortable, safe and healthy conditions.

• All people at the camp, the facility for living in a solid waste—free, cleaned
environment, including medical wastes should be provided with the opportunity to
live in an environment. When the disposal of solid waste is being made for hygiene,
garbage should be collected daily and placed in garbage containers or buried in a
special waste pit.

• The camps must have an environment that is free from the risks of water erosion,
stagnant water, rain shower water, flood water, away from the waste waters of the
houses and medical centres.

• For hygiene, remaining own traditions of the people and in a way not to create
any risk for the health, necessary sources should be provided to the funerals of
people [6].

3.2 Nutrition

• All people should always be able to find the food needed for active and healthy life.
• While the nutritional needs of all people are being met, required nutritional values

must be met by taking into consideration their cultural lifestyle.
• In order to prevent the nutritional deficiencies of people exposed to the disaster, the

nutrition should be provided in accordance with the values given in Table 1 [6].
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3.3 Food Aid

All people are in need of consuming adequate and quality food to maintain a healthy
life.

• Food items must be stored in safe and clean places, not under decomposition
conditions.

• The method used with the food aid should be fair and in be conforming to the local
conditions.

• People who received aid should be informed about their share and how it was
decided.

• Distributed food items should not be contrary against the religious and cultural
traditions of catastrophes [6].

3.4 Housing and Settlement Planning

It is obligatory that the honor of people under harsh conditions should not be hurt and
continuation of a family and community lifestyle must be maintained.

People are moved and placed into a new society or temporary camps.

• In the designed settlement zones, a 45 m2—space as per person should be provided,
including infrastructure.

• The land should be adapted to build a sheltering center (drainage etc.).
• The material of shelter to be used should be of high heat—resistant in hot and dry

climate conditions.
• As for the cold climates, the material for shelter and construction should ensure

optimum insulation.

Table 1. During initial step of the disaster event, the nutrition program has been adapted from
(WHO (1997, draft) and WFP/UNHCR (December 1997))

Nutrient Population average need

Energy 2100 kcal
Protein 10–12% of total energy
Fat 17% of total energy
Vitamin A 1666 IU
Thiamine (B1) 0.9 mg
Riboflavin (B2) 1.4 mg
Niacin (B3) 12.0 mg
Vitamin C 28.0 mg
Vitamin D 3.2–3.8 pg calciferol
Iron 22 mg
İodine 150 pg
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• The temperature at which those who live at the shelters would be comfortable is
obtained with the insulated shelter, proper clothes, blankets, bed material, good
heating and eating the energizing foods.

• The social facilities such as grocery stores, schools, places of worship, cemeteries,
health centers, solid waste centers, water resources, community and nutrition cen-
ters, workshops, woodland and recreational areas should be provided.

• Quarantine camps should be established to prevent the spread of epidemics or
places away from general settlements should be determined and prepared for those
with such diseases to stay at [6].

3.5 Healthcare Services

The primary objective of the healthcare services rendered to the persons affected from
the disaster is the diseases and deaths to be reduced.

• The health services should be arranged to allow fighting against the identified main
causes leading to excessive death, illness and injuries.

• The health services should be implemented by the personnel who enjoy appropriate
competence and experience and are well-managed and received necessary support.

• The diseases having the risk of creating epidemic should be investigated and
controlled under international norms and standards.

• How the disaster affected the human health and what the needs are and what the
health programs should be directed should be specified.

• Emergency health services should be developed making use of local capacities and
skills [6].

4 Services Provided in Turkey to Syrian Asylum Seekers

4.1 General

It is seen that Turkey has accepted to meet the asylum seekers as a historical duty,
which have run away from war in the best way. Within the framework of its respon-
sibilities arising from the international law, Turkey provides temporary protection
status of the Syrians and causes them to have access to the basic services and does not
send them back and take them under protection [7]. With this understanding, Turkey
has provided all kinds of facilities offered in their own country such as education,
health, sportive activities and has gained the appreciation of all the countries across the
globe.

Turkey has undergone tremendous financial burden due to Syrian asylum seekers
who have been given temporary protection status and has given humanity lesson to the
whole world. It is stated that currently more or less 3 million Syrians are being shel-
tered and the sum of funds spent up to now is about TL 36,000,000,000 [8]. As for the
International support provided to Turkey for the Syrian refugees has remained at a level
not worth to be mentioned when looked at the figure spent. As it would be recall, once
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only a few thousand Tunisians set foot to Italy on early days of the Arab Spring has led
to the chattering of internally unlimited Schengen area, being the largest project of
Europe [9]. At the same time, necessary physical conditions are required to be provided
for the immigrants who are in the position of asylum seekers also in other countries
where they became guests to maintain their lives as in Turkey.

In year 2013, biometric identity study has been initiated by the Turkish Govern-
ment to allow the Syrians who took refuge in Turkey utilize and follow the social
benefits like education and health and to follow those who involved in crime. With the
efforts carried out until 12.02.2016, 2,790,767 Syrians whose fingerprints, identity and
domicile information were taken have been registered. Thus, “temporary protection
status” has been granted to the Syrians who were officially registered. The endeavors of
taking incoming new Syrian guests are being kept on daily. Whenever the Syrians
being in this status went out of the cities where they reside, they just get their records
revised by the city where they moved to by applying with ID cards in order to utilize
the health and education services maintained under the coordination of AFAD [10].

258,571 Syrian and 5993 Iraqi refugee’s shelter at the AFAD—established and
managed 24 housing centers. 2,484,997 Syrians have settled many cities, headed by
Istanbul outside the housing centers in Turkey [10].

4.2 Water

Water supply in adequate amount for drinking, cooking, for personal and household
cleaning is provided to the temporary sheltering centers with the water taken from the
city network or drilling wells. Water is provided at the houses of the containers in the
cities and at certain zones within the tent cities. WC and shower needs have been met in
the containers of the container cities. And as for the tent cities, it is designed as a WC as
per 20 persons and a shower as per 25 persons. The corpses are shrouded and buried in
accordance with religious beliefs and cultures [10].

4.3 Nutrition

Markets where the Syrians living in the temporary shelter centers can meet their basic
needs, especially nutrition have been established and an aid I.D. cards valid from these
markets has been given to every family. According to the list regularly taken from the
camp management software every month, money is being loaded to the card of every
family in pro rata with the number of individuals in the family. The families can shop
from these markets according to their own culture and tastes and cook their food at their
own living spaces [10].

4.4 Food Aid

No further food aid is being made to the Syria’s asylum seekers residing in the tem-
porary sheltering center. For those living outside the shelter center, the demands are
being entered to the system with the Electronic Help Distribution System (EYDAS)
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developed by AFAD and aid is being actualized in an effective and rapid manner. With
this system, duplication of aids is being avoided and the donors to make aid are able to
see where and who need what. Since the aids are being so-recorded into system, how
much aid was made is being calculated [10].

4.5 Housing and Settlement Area Planning

According to the official records, there are 2,790,767 Syrians in Turkey. Totally 26
temporary shelters; 20 tent cities and 6 container cities have been established in the first
stage, including infrastructure in 10 provinces and a total of 264,564 people was
allowed to have accommodation at these housing centers. As from 2016, 3 each of the
temporary shelters established to be tent have been converted into container towns.
These conversion operations have been accomplished using Turkey’s own resources.
Sphere Project and Şanlıurfa-Akcakale Tent city and Kilis Container city were taken as
references for ensuring the maximum standards while the tent and container cities were
being established [10].

4.6 Healthcare Services

Practitioners and specialist physicians available at the hospitals within the temporary
sheltering centers function. Syrian physicians are also assigned to the health centers
according to their branches. There are also emergency response teams and a pharmacy
to obtain the drugs. Health service is being provided by 84 doctors and 1174 health
personnel from the temporary shelter centers in Turkey. In addition, Syrian asylum
seekers were also provided services from the hospitals found across Turkey, and
184,390 deliveries and 797,450 operations have been realized [11].

4.7 Training

In temporary shelter centers, educational services are provided from kindergarten to
high school. A total of 325,000 students studies at the temporary shelters and public
schools in Turkey. In addition, the vocational training courses are given to all adults,
especially children, women, elderly and disabled [10].

4.8 Financial Expenditures

Temporary shelter centers have playgrounds for children, interpreter services, sportive
activities, socio-cultural activities and women and youth committees formed demo-
cratically through elections. In particular, in order to ensure that the social integration is
obtained, all social facilities and services aiming to develop awareness of working
together and prevention of social conflict where the Syrian children are taken away
from battle ground and their ages—necessitated environment is provided and the efforts
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of causing them to take part in the activities and possess a profession through courses
and make it possible for them to get income are carried out [10].

5 Services Provided in Turkey to Syrian Asylum Seekers

According to official figures of AFAD and international organizations, 12 million
persons out of 20 million persons living within Syria were obliged to migrate. While 8
million of them have left their homes and assets in the country and migrated to other
regions, 4 million and 200 thousand Syrians have passed to neighboring countries from
the regions where the conflicts were active. More than 50% of Syrians run away from
the country took refuge in Turkey. With its open door policy, Turkey has not sent any
Syrians back.

Among the countries where the Syrian asylum seekers most frequently go, Lebanon
heads first. According to UN figures, there are 1,048,275 refugees in Lebanon. Since
the Lebanese government has refused to establish any camps, there are small camps set
up by international aid agencies in this country. More than 2 thousands of Syrian
refugees stay at Zehle Camp in the city of El Bika. The facilities at the camp are very
limited and there are big problems in subjects of heating, clean water, electricity and
the like. Even though the conditions of camp are not very good, there is a tent serving
as a health center and a school [12]. In another neighboring country, in Jordan,
according to the UN figures, 655,217 Syrians live at 5 camps established for them
across the country. 83,000 Syrians live at Zaatari established to be the largest camp in
2012 below the minimum settlement standards without adequate amount of food
(Fig. 1). Many criminal offenses have been reported, including prostitution and drug
trafficking in the public sector [13]. Too many crimes have been reported from the
camp, including prostitution, drug trafficking as well [13].

Fig. 1. Zaatari refugee camp in Jordan
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Again, according to UN figures, 247,339 Syrians have sheltered in Iraq and 89,039
hereof live in 17 each camps established. At the Domiz tent city, many deficiencies
from dysentery, sanitation, health, food and up to education are being observed [13].

On the other hand, there are registered 115,204 Syrians in Egypt being an African
country and 29,275 Syrians in other northern African countries. In these countries,
there are settlement centers established for Syrian refugees. It has been reported that
512,909 Syrians have sheltered in other countries staying outside these countries [13].

6 Refugees Living in European Countries

After the civil war started in Syria in 2011, the flow of refugees also to the European
countries has taken place. The Syrian refugee flow has caused a great panic in many
countries, especially in EU countries headed by Germany, Austria, France and Hungary.
As a result hereof, EU countries, especially headed by Germany have proposed selective
and restrictive reasons such as qualified persons to restrict the refugee flow [3].

Greece heads first among EU countries where refugees passed through. To do so, the
refugees see this country as a bridge for passing to Europe and they are trying to pass to the
Greek islands closer to Turkey. According to the records, hundreds of Syrian refugees
who tried to pass to the islands have died as a result of sinking of their boats. Even though,
Idomeni camp built on the border of Macedonia in Greece had been planned for 2500
persons, 12,000 refugees shelter at this camp (Fig. 2). 54.9% of these people are Syrians,
24.4% are Afghans and 11% are the Iraqi refugees. At the camp, difficulty of water and
sanitation is being suffered and is likened to a Nazi camp [14].

Fig. 2. Idomeni refugee camp in Greece
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Another EU country where refugees go is Italy. The reason why refugees choose
Italy is because of its proximity to the Mediterranean Sea and Africa. Italy’s refugee
camp on Lampedusa Island is seen as an important point for African and Libyan
refugees who want to pass to Europe through the Mediterranean Sea (Fig. 3). Thou-
sands of refugees are taking refuge to this island every year, but many of the refugees
are losing their lives in the Mediterranean Sea while trying to reach the island. It is
believed that since October 2015, at least 360 refugees have lost their lives on the way
to Lampedusa. On the other side, it is stated that the conditions of the refugee camp in
the island are very bad. The inhuman treatment at Lampedusa refugee camp has also
shocked Italian Prime Minister Enrico Letta. Letta said at a press conference he
organized; “They say that the images are extraordinarily striking, that the matter will be
investigated promptly and criminal sanctions will be imposed on those responsible.”
The UN High Commissioner for Refugees warned Italy regarding improvement of
conditions from that center [15].

Another country where refugees are sheltered to reach Europe is France, being both
permanent member of UN Security Council and an EU state. As a cause for refugees to
prefer taking shelter at France can be pointed out existence of its coastline to both
Mediterranean Sea and Atlantic Ocean. The number of refugees desiring to go to
England from Junge camp found in the port city of France, Calais on the coastline of
English Channel has risen up two fold and reached at 6000 persons in October 2015

Fig. 3. Lampedusa refugee camp in Italy
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(Fig. 4). It has been observed that the refugees who live in this camp stayed in the
hut-like shelters they have built with their own means. These shelters seem to be multi
sized tents deprived from all kinds of social facilities [15].

7 Comparison of Situations of Refugees in Europe
and Turkey

It is seen that the borders of all the refugees and other refugees who have escaped from
the civil war in Syria in general all over the world, the borders of the borders are closed,
the wires are drawn and the walls are covered. It was reported at the end of 2016 that
over 100,000 refugees await at the border of EU States [16]. According to UN High
Commissioner for Refugees António Guterres; “This is the largest refugee population
displaced by a single conflict in one generation”. A population that needs the support of
the world, but instead lives in very bad conditions and drifts to poverty, has emerged.
When we look at Macedonia and Greece, where we can think of Europe as an entry, it
is obvious that those countries are working as a filter [16]. Today, 54% of the Syrian
refugees in Turkey are under the age of 18, while the remaining 46% is composed of
women and the elderly, with more than half of the Europeans coming from young
people and men [17]. European countries accept refugees who will be able to withstand

Fig. 4. Calais Junge refugee camp in France
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the hardships and who can afford everything for them, and the refugee camp images
obtained confirm this view. Refugees in Europe, like all sports clubs, have to go to the
language and/or vocational courses after they have passed all the difficulties and have
stayed in the 1st and 2nd level camps. Home, work and social security are given to the
successful refugees in these camps. However, when these refugees risk their lives in
some way and go to Europe, if they have a qualification and their bodies are resistant,
they are taken to European countries. For example, a four-lingual qualification is
accepted as an engineer refugee, and a distinction is made between “good refugee” and
“non-refugee”. It is expected that refugees will be able to show their sacrifice in order
to stay in Europe [17].

On the other side, while 43,429 Syrians passing to Europe through Aegean Sea and
Mediterranean Sea have been rescued by Turkish security units due to the sinking of
their boats. 670,685 immigrants containing the citizens of many countries including
Africa, Afghanistan and Libya have migrated to Europe through the Mediterranean
Sea. Refugees not admitted by official application have endangered their lives in order
to illegally enter these countries and thousands of people have lost their lives in the
Mediterranean waters. Even though the shame photos of baby Aylan baby and other
refugees whose lifeless bodies have hit the coast were bumped into their faces, the
intensively of United Nations in this respect continues [16].

In the countries sharing an adjacent border with Turkey and Syria, open door policy
is being applied without discrimination of religion, language, race and profession [17].
Only in Turkey, 2,743,497 Syrian asylum seekers are being hosted by presenting a
sustainable life. Turkey spent totally $12,000,000,000 for Syrian asylum seekers. This
figure exceeds the Ministry of Interior budget of 2016.

This figure exceeds the 2016—Ministry of Interior budget. As for the contribution
of international organizations to this expenditure is only $418,000,000, or TL
1,200,000,000. As for the place of annual average expenditure TL 53,000,000,000
made by Turkey for the Syrians within the economy, it can be understood better in
consideration of budgetary figures [18].

The number of Syrian refugees who took shelter in the neighboring countries of
Turkey and Syria is approximately 5,500,000 persons. The number of refugees
admitted to European countries is given in Table 2. Only the number of official
applications made to European countries due to the civil war in Syria has reached up to
1,177,914. However, the total number of refugees admitted to European countries from
various countries is around 327,000 [19].

Member States of the EU have agreed to provide €3,000,000,000 aid to Turkey in
exchange of prevention of Syrian refugees in Turkey from coming to European
countries. However, Turkey states that a very low rate of this money has been sent and
that the aid made is inadequate.
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8 Conclusion

The requirements of accommodation and nutrition of the Syrian asylum seekers who
have entered Turkey as a result of the civil war in Syria have been furnished.
Approximately 3 million Syrian asylum seekers have been given temporary protection
status in the direction of the non-return policy adopted by Turkey thus their needs for
housing, nutrition, health and education have been met. The contribution made by

Table 2. Number of refugees admitted to European countries

European states Number of Refugees

Germany 140,910
Sweden 32,215
Italy 29,615
France 20,630
Holland 16,450
Austria 14,045
Switzerland 14,000
England 13,905
Belgium 10,475
Denmark 9920
Norway 6250
Bulgaria 5595
Greece 4030
Finland 1680
Southern Cyprus Greek Section 1585
Malta 1250
Spain 1020
Poland 640
Hungary 505
Ireland 485
Romania 480
Czech Republic 460
Portugal 195
Luxembourg 185
Lithuania 85
Estonia 80
Slovakia 65
Island 50
Slovenia 45
Serbia 40
Latvia 50
Liechtenstein 5
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European states to the financial expenditures made by Turkey for the refugees has
remained at a quite a low percentage.

Although approximately 1,180,000 official asylum requests happened to the
European countries following the ongoing war experienced in Syria, the number of
refugees accepted is slightly more than one fourths of the applications made. There are
2,790,767 Syrian refugees registered in Turkey, whereas in European countries, this
number is only 512,990 refugees.

As a result, being a refugee for people is not a choice. This can be understood better
if we can replace ourselves with the refugees. The refugees had a profession in the
country they lived in, houses, shops, or cars. On one day, some of these people were
bombed at work and their homes, their families disappeared or some of them lost their
lives and were obliged to run away from the country leaving their assets behind. After
all these things, they had to live in tents with a little help from the country. Every
human being needs to earn money, live and receive good education for their children as
a means of living humanely. Refugees are looking for a home environment where they
can study, have children and have a regular life.
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Abstract. The construction industry is central to how the future of humanity
will be shaped and can be sustained. Sustainable development and construction
is the responsibility not only of researchers, but also all stakeholders involved in
the creation and use of the built environment. Despite increasing global
awareness on environmental issues, creating a sustainable built environment
seems not to be easy. This may be attributed to the gap between the possession
of environmental knowledge and environmental awareness, and displaying
pro-environmental behavior. It is epitomized by the attitude, “I know I should,
but I don’t.”; exemplary, even replacing shorter automobile trips with walking
or cycling may cause reduction on environmental impact, driving is the overall
tendency of individuals. The characteristic of such an attitude, mindfulness, is
ascribed to people who have a relatively greater awareness of the surroundings
and of other people. Although mindfulness research has seen exponential
growth in the last two decades, a limited number of studies has been adapted
towards environmental purposes. This study aims to assess the link between
mindfulness and sustainable behavior. In the study, a meta-analytical approach
will be adopted, which assumes the conceptualization of mindfulness as a form
of behavioral regulation, and the relationship between mindfulness and
pro-environmental behavior.

Keywords: Mindfulness sustainability � Pro-environmental behavior
Meta-analysis

1 Introduction

Construction industry’s negative impacts on the environment have being mentioned
more than 30 years [1]. In order to limit the harm on nature that construction activities
cause, sustainable building approach raised which aims to generate more efficient living
areas with consuming and damaging less [2]. On the other hand, users do not always
act in buildings as designers projected [3], thus the gap between predicted and actual
sustainability performance become inevitable.

Despite the critical role of human behavior in ensuring a sustainable future, there
exist individual differences regarding environmental concern. Even though many
people are aware of all environmental issues such as air and water pollution, climate
change, deforestation and loss of biodiversity, some others still engage in environ-
mentally damaging behaviors. Consequently, increasing attention has been paid to
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understanding the impact of human behavior on climate change and environmental
decline. It may be claimed that people must change their unsustainable behaviors to
protect the environment and sustainability [4]. However, this simple statement dis-
guises the complexity of the constituents which make up individuals’ behavior and
particularly, an individual’s sustainable behavior. In an attempt to explain sustainable
behavior, many studies have focused on analyzing the factors that have been found to
have influence on sustainable behavior. Along with these studies, several researchers
have tended to focus on the effect of psychological factors on human behavior patterns
in general and sustainable behavior in particular.

The science of psychology can play an important role in studying
human-environment interactions and understanding environmental problems which are
rooted in human behavior. These problems can thus be managed by behavioral changes
so as to promote environmentally responsible behavior. The psychology of environ-
mental behavior can make a substantial contribution to this change. There has been a
growing body of research investigating the psychological underpinnings of behavior
that minimize environmental issues [5]. Mindfulness has been viewed as a psycho-
logical construct for overcoming behavioral barriers to empower sustainability [6].
Research has also demonstrated the value of mindfulness in behavior change inter-
ventions. Eco-psychologists have suggested that mindful awareness of people’s
interdependence with nature may help us to behave more sustainably [7]. In the context
of sustainable behavior, it is reasonable to expect that, mindful individuals are more
likely to act more sustainably. This paper discusses the effect of mindfulness on sus-
tainable behavior and search for a path how sustainable architecture can be used as a
behavioral regulation tool.

2 Mindfulness and Sustainable Behavior

There has been theoretical and empirical research illustrating the impact of human
behavior on nature and indicating the behavioral change as a solution against envi-
ronmental damage [8, 9]. Several studies have contributed to our understanding of what
motivates changes in behavior to minimize environmental issues.

2.1 Mindfulness

In recent years, there has been a growing interest on the construct of mindfulness
issues. Its roots go back thousands of years to Buddhist spiritual tradition. The word
“mindfulness” originally comes from the Pali word “sati”, which means having
awareness, attention and remembering [10]. A general definition of mindfulness is a
way of paying attention to the present moment, on purpose and without judgment [11,
12]. Several other researchers provided similar definitions of the term mindfulness.
Baer [13], for example, defines mindfulness as “the nonjudgmental observation of the
ongoing stream of internal and external stimuli as they arise”. A common point for
these various definitions is that mindfulness is an intentional exclusively on the
attentional aspects of mindfulness (e.g., [14]), others follow the model of Bishop et al.
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[15], which proposed that mindfulness consist of two components: attention and
awareness of experience.

It may be helpful to review questionnaires that have been developed to measure
mindfulness. Measurement of the mindfulness construct varies ranging from knowl-
edge based questionnaires [16] to validated questionnaires, such as; Kentucky Inven-
tory of Mindfulness Scale (KIMS), the Cognitive and Affective Mindfulness Scale
(CAMS) of Feldman et al. [17], the Freiburg Mindfulness Inventory (FMI) of Buchheld
et al. [18] and the Mindfulness Attention Awareness Scale (MAAS) of Brown and
Ryan [14]. A detailed review of these different mindfulness inventories to date is
beyond the scope of this paper and the reader is referred to Baer et al. [19] and Bergomi
et al. [20].

Although a number of self-report questionnaires have been developed to measure
mindfulness, the lack of a consensually agreed-upon definition and nature of mind-
fulness particularly in the cross-cultural setting remain among scholars [21]. This may
be attributed to the view that mindfulness appears to be usually difficult to define and
conceptualize [14].

2.2 Sustainable Behavior

Although pro-environmental behavior is, in practical terms, synonymous with sus-
tainable behavior, the former has been used to emphasize efforts to protect the natural
environment, while the latter specifies actions aimed to protect both the natural and the
human (social) environment [22].

Pro-environmental behavior focus on individual’s tendency to act in environmen-
tally responsible way and named through different names such as, ecological behavior
or environment-friendly behavior [23]. According to Kollmuss and Agyeman [24],
pro-environmental behavior is the term used to define a conscious behavior related with
natural and built environment that aims to limit adverse effect of human actions.
Similarly, Steg and Vlek [8] also defined PEBs through emphasizing their minimized
damage on nature and even their contribution to nature.

Pro-environmental behaviors are not only investigated by academic researches but
also the governments to motive people to minimize human activities’ negative impact
on nature. For instance, governmental agencies of Japan, United Kingdom and United
States were provided lists of PEBs and total 200 behaviors summarized currently by
Kurisu [23].

Many researchers investigated the influential factors of sustainable/pro-environmental
behaviors and claimed different behavior models including the relationship of those fac-
tors on specific behavior such as; recycling behavior, energy-saving behavior, etc. [23].
Related with those models, questionnaire surveys have also been developed in order to
determine the connection with attitude and behavioral tendency. The New
Environmental/Ecological Paradigm (NEP) Scale of Dunlap and Van Liere [25], Eco-
centric, Anthropocentric and Environmental Apathy Scale of Thompson and Barton [26],
Ecological World View Scale of Blaikie [27], Environmental Perception Scale (ENV) of
Bogner and Wiseman [28] are some of the measurement methods explained in detail in
Kurisu’s book [23].
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2.3 Relationship Between Mindfulness and Sustainable Behavior

To what extent mindfulness can be correlated to sustainable behavior? It is believed
that, mindfulness can make a difference for fostering sustainable behavior. A review of
the empirical literature concludes that one’s level of mindfulness has an independent
and significant relationship with sustainable behavior [29–31]. A few number of studies
report that higher level of mindfulness may be associated with lower carbon footprints.
Mindful individuals are more apt to pay attention and intentionally process information
about environmental impact. Amel et al. [7] found supporting evidence that “acting
with mindful awareness was significantly positively correlated with self-reported sus-
tainable behavior”. In addition, Brown and Kasser [32] present additional evidence for
the correlation between the level of mindfulness and ecological concern. They found
that dispositional mindfulness, along with an intrinsic value orientation, are related to
more ecologically responsible behavior. Ericson et al. [33] condemn that mindfulness
may promote sustainable behavior. These authors suggest that promoting the practice
of mindfulness in schools and organizations may be a key to a more sustainable
society.

In 2014, according to their study about hotel guests’ behavior, Barber and Deale
[34] announced that the level of mindfulness lead individuals make choices which are
beneficial for both people and nature. Barbaro and Pickett [6] conducted two studies,
reporting that “mindfulness is significantly associated with pro-environmental behav-
iors” and that mindful traits of observing, non-reactivity and connectedness are par-
ticularly important. Jacob et al. [35] reported results of a survey of 821 people, finding
significant associations among mindfulness, ecologically sustainable behavior and
subjective well-being.

3 Interplay Between Sustainable Buildings
and Mindfulness-Based Behavior

Despite increasing focus on mindfulness and sustainable behavior issues, their con-
nection with sustainable buildings is still ambiguous. For example, current literature
about mindfulness in journal publications is shown in Fig. 1 [36]. According to
American Mindfulness Research Association (AMRA) database, there is a residual
trend on mindfulness research since mid-1980s, and an immediate growth of the
number of studies about mindfulness, especially for last decade [36].

Considering the increasing research trend about mindfulness, the relationship
between mindfulness and sustainable behavior has been mentioned in just few
researches seen in Table 1.

However, since it is mentioned at the very beginning of the paper, construction of
sustainable buildings is favorable but underpowered target according to environmental
deterioration. As it is stated by Wu et al., “We believe that intentionality and mind-
fulness in the design process of sustainable spaces will bring about intentionality and
mindfulness in the thoughts and actions of people using the space” [37]. So, buildings,
especially sustainable buildings, should be considered through their occupants’
behavioral tendencies and as mediums to shape these tendencies in more sustainable
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way to ensure the environmentally oriented efforts of construction industry will serve
the purpose.

4 Conclusion

User behaviors have non-ignorable role on buildings’ actual performance. According to
Lockton et al. [3] “The design of products, systems and environments can be used to
influence user behavior”. However, despite the great effort of creating sustainable built
environment especially in last two decades, an important performance gap still exists,
due to the environmental concern and behavioral tendencies of buildings’ occupants.

Fig. 1. Mindfulness journal publications by year, 1980-2015 [36]

Table 1. An overview of studies about mindfulness concept into sustainable behavior

Year Author(s) Scope of study

1997 Jacob and
Brinkerhoff

Effect of mindfulness on sustainable behavior and personal
well-being

1999 Brinkerhoff and
Jacob

1999 Jacob and
Brinkerhoff

2005 Brown and Kasser Ecological concern
2009 Amel et al. Sustainable behavior
2009 Jacob et al.
2014 Barber and Deale Tendency to environmental benefit
2014 Ericson et al. Well-being and sustainable behavior
2016 Barbaro and Pickett Mindfulness and pro-environmental behavior
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Notwithstanding limited studies, mindfulness, as a psychological construct, has
become increasingly important in human behavior, especially in sustainable behavior.
Application of mindfulness to environmentally responsible behavior can provide sus-
tainability researchers with novel roads of research. This paper aimed to conceptualize
mindfulness as a form of behavioral regulation that needs to be investigated in future
research within the context of sustainable construction. In other respect, since people
are connected with buildings in some way, improvement of mindfulness about sus-
tainability may be achieved by considering architecture as an agent [1]. Thus, con-
struction professionals should focus on designing sustainable buildings by considering
them not only as service or products with minimized environmental harm but also as
guides for environmentally oriented behavior for users.
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Abstract. In the built environment industry, sustainable building assessment
systems provide a framework and tool to follow in order to embed sustainable
development measures. While green building assessment systems are mostly
focused on the environmental design and systems performance. To help develop-
ers, designers and construction stakeholders in defining the projects’ sustainability
objectives and design indicators, two UAE-based sustainability regulations have
been objectively assessed and major differences have been identified. A compara-
tive analysis of (1) Estidama Pearl Building Rating System (PBRS) of Abu Dhabi
and (2) Al Sa’fat of Dubai has been conducted. The analysis has been structured in
accordance to an international standard; ISO/AWI 21929 Sustainability Indicators,
and to another similar system; SBAT of South Africa. As construction is constantly
increasing in the UAE and other developing countries, climate change impacts of
buildings and adaptability measures need to be consideredmore frequently through
such systems. In addition, the social aspect of sustainable development could be
further supported by new building techniques suitable to the region. The local green
building assessment systems should look at the life cycle analysis and operational
phase assessment as they directly support the economic aspect of the stainability
along with their environmental-social positive impact. It is expected that the results
presented in this research can contribute to a better understanding in the field of
sustainability regulations and environmental designs.

Keywords: Sustainability � Green building � Estidama � Al Sa’fat

1 Introduction

The first generation of green building assessment systems, such as LEED and
BREEAM, were created in developed countries. Subsequently, developing countries
saw the need and expressed interest in creating their own systems. The development of
these systems has been mainly driven by the three pillars of sustainability, being
environmental; social; and economics, and customized in line with the region’s needs.
This has resulted in a difference in quality between systems emanating from developed
and developing countries [1]. On the other hand, some developing countries saw no
need to follow such systems as they are in transition phase with no requirement of
maintaining the present [2]. According to Castro et al. [3], due to the social and
economic glitches in developing countries, the sustainability of developments and
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buildings is extremely important. The sustainable buildings’ aim in developing coun-
tries is to maximise beneficial social and economic impact while minimising negative
environmental impacts [4].

In the Middle East, the United Arab Emirates (UAE) recognized the need to adopt
sustainability practices in the construction industry early on and on that basis further
actions have been taken. Acknowledging the sustainable development needs in the
UAE, green building codes and regulations have been mandated for new constructions
in Abu Dhabi and Dubai. The Estidama Pearl Rating Systems (PRSs) have been
developed for villas, buildings and communities as the regulatory sustainability code in
Abu Dhabi. The first version of PRSs was released in April 2010 in line with Abu
Dhabi’s 2030 vision [5]. Pearl 1 is the minimum rating for privately-funded projects
and Pearl 2 for government-funded projects. Pearl 3–5 rating is targeted voluntarily.
Another local system; the Dubai Green Building Regulations and Specifications
(DGBR), has been developed as part of the Dubai 2015 Strategic Plan. This code was
mandated in 2011 for all government projects at the piloting stage, then for private
projects in March, 2014. DGBR is a set of mandatory requirements for buildings with
no different ratings [6].

In September 2016, the new Dubai Green Buildings Evaluation System; Al Sa’fat,
was introduced to the construction industry stakeholders and professionals. An updated
Al Sa’fat version v1.1 has since been released at the end of 2016, in line with Dubai
Plan 2021 [7]. This system has four different ratings for building, with Bronze Sa’fa
being the minimum rating requirement. Silver, Gold and Platinum ratings are optional
ratings that are expected to be encouraged to target through governmental incentives.

As sustainable developments are mainly driven by codes and regulations in the
UAE and the Middle East [8], this study compares the Al Sa’fat of Dubai and Estidama
Pearl Building Rating System (PBRS) of Abu Dhabi regulations. The objective of this
comparison is to assess and analyze sustainability practices in the UAE’s built envi-
ronment. The differences and strengths of each system are the main focus of the study,
while further possible improvements have also been highlighted.

2 Research Methodology

The selected sustainable development regulations within the UAE, Estidama PBRS and
Al Sa’fat, will be assessed and analyzed against the frame of the following;

• ISO 21929-1: 2011 Sustainable construction works core indicators and the sus-
tainable building assessment tool as an international standardization body [9].

• The Sustainable Building Assessment Tool (SBAT) of South Africa as a developing
country system that sensibly addresses the three pillars of sustainability; environ-
mental, social and economic. The SBAT describes 15 sets of objectives that should
be aimed for in buildings’ development. It suggests that the extent to which these
objectives are achieved in buildings provide a simple, yet reasonably effective,
measure of the level of support for sustainable development [4].
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A quantitative and qualitative analysis of the selected systems has been conducted
and objectively presented. The selection of the frame works to which the two systems
are compared against is based on state-of-the-art review, how they best fit the study
objectives, and the area of the author’s own experience. SBAT represents another
developing country case of similar environment to the UAE while the International
Organization for Standardization (ISO) indicators represent an international frame.

According to Berardi [10] the sustainability assessment systems differ in structure
and they do not preferably overlap. The assessment is structured according to the two
frame works for better understanding and parallel analysis. This should simplify the
process and highlight the main differences. Critical analysis has been adopted
throughout the discussion as a way to identify potential for improvements in buildings’
sustainability standards and to propose a roadmap for the overall green building sys-
tems’ approach, with the mention of future areas of research.

3 Discussion and Results

Castro et al. [3] differentiate between Green buildings and Sustainable buildings based
on the aspects they consider and address. The list in “Fig. 1” demonstrates how sus-
tainable building design considers several additional aspects as compared to green

Fig. 1. Aspects considered in green building and sustainable building design (Source Castro
et al. [3])

330 O. Awadh



building. Green buildings tend to focus on the environmental aspects of sustainability,
while Sustainable buildings also cover social and economic and additional environ-
mental related aspects [3].

Fenner and Ryce [11] define the Total Quality Assessment (TQA) sustainability
system as a system that evaluates ecological, economic and social aspects. Estidama
Pearl Rating System can be considered a TQA point-based system, whereby projects
are awarded points for different credits that are grouped under a number of categories.
Prerequisite credits need to be achieved, with no associated points, in order to
accommodate the minimum system requirements. In addition, project specific matrices
should be followed for additional credit points to achieve different certification levels.
According to Elgendy [12] Estidama is mostly developed using LEED and BREEAM
elements whilst adapting the system to the unique local needs and environment.

Estidama Pearl Rating System (PRS) was established by the Abu Dhabi Urban
Planning Council (UPC) on a five ratings basis that can be obtained based on achieving
prerequisites and optional credit points. The building ratings under the PRS are; 1 Pearl
(20 prerequisites), 2 Pearl (20 prerequisites + 60 points), 3 Pearl (20 prerequisites + 85
points), 4 Pearl (20 prerequisites + 115 points), and 5 Pearl (20 prerequisites + 140
points). Eight credit categories are available in the Pearl Building Rating System
(PBRS v1.0) with a maximum of 180 points [5]. Figure 2 illustrates the credit cate-
gories and their points’ weighting.

Al Sa’fat can also be categorized as a TQA system that has 4 different ratings with a
set of requirements for each rating. This provides less flexibility than the point-based
system, and makes it most stringent as per Shareef and Altan [8]. The latest v1.1 of Al
Sa’fat, developed by the Dubai Municipality (DM), consists of 5 categories and has

Fig. 2. Estidama PBRS V1.0 available credit points weighting per category
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four ratings for buildings only. Bronze Sa’fa requires for 42 prerequisites. Silver, Gold
and Platinum Sa’fa rating require 81, 98, and 102 prerequisites, respectively. Figure 3
illustrates Al Sa’fat categories and their prerequisites’ weighting.

To simplify the categories’ weighting comparison, similar categories have been
color-coded in Figs. 2 and 3. The intent of the three categories of PBRS; Integrated
Development, Natural Systems and Livable Building Outdoors, is the same as that of
Al Sa’fat’s Ecology and Planning category intent, and thus have been given the same
color code.

Based on the simplified Figs. 1 and 2, it is clear that Al Sa’fat is an energy-focused
system with a 43% weighting for energy efficiency requirements, while PBRS equally
prioritizes and balances between energy and water categories with a weighting of 24%
each. Water category weighting is the least in Al Sa’fat, 7% only. On the other hand, the
Building Vitality (which is equivalent to PBRS’s category Livable Building: Indoors)
category is given a higher weighting in Al Sa’fat than in PBRS. This category is mostly
related to the indoor environmental quality and occupants comfort and wellbeing.

According to ISO/TR 21932: 2013, a projects’ six phases of decision-making
process are: strategic planning; project definition; design; construction and handover;
operation and maintenance; and end-of-life strategy [9]. Both PBRS and Al Sa’fat
consider only the first 4 phases of most developments. The Operation and Maintenance
and End-of-life phases are currently not being considered. It should be noted that an
Estidama system for the operation phase has been developed but has not yet been
mandated to date. Similarly, Al Sa’fat includes a re-certification requirement
post-construction completion for building operations. Therefore, more attention should
be given to the operational phase practices. It is preferable for new constructions to

Fig. 3. Al Sa’fat V1.1 available credit points weighting per category
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consider building life cycle analysis in the early stages of design to examine the
building systems suitability throughout the development’s life, including the operation
and end-of-life phases.

As for existing buildings’ sustainability in the UAE, no regulations have been
enforced yet. It is worth noting that the ‘Technical Guidelines for Retrofitting Existing
Buildings’ has been developed by the Emirates Breen Building Council in 2015 [13]
however it has not been enforced. Existing buildings’ monitoring, auditing and
benchmarking are the first steps to identify ways of improvements.

Sustainability indicators of construction works according to ISO TS 2011 mandate
are classified under 14 categories and 25 indicators. This part of ISO 21929 describes and
gives guidelines for the development of sustainability indicators related to buildings and
defines the aspects of buildings to consider when developing sustainability indicators
system. The PBRS and Al Sa’fat comparison, in line with ISO sustainability indicators, is
presented in Table 1 hereafter. A point-based comparison has been followed, where ‘1’
reflects positive indicator consideration and ‘0’ means non-considered indicator.

7 of the 14 categories are fully addressed in both systems. Out of 7, 5 of those are
environmental related, one is environmental-social related and the seventh is economic
related. Site selection and site accessibility indicators are considered in PBRS only
while planning for maintainability and building accessibility indicators are considered
in Al Sa’fat only. Access to services and Aesthetic quality categories are better covered
in PBRS than in Al Sa’fat. Safety and Adaptability categories are poorly considered in
both, where Resistance, Fire Safety and Adaptability for Climate Change are not
covered. However, Stability and Adaptability for changed use purpose are considered
in PBRS.

In summary, most of the environmental indicators are considered in both systems
with no direct consideration given to climate change adaptability. On the other hand,
both assessed systems consider the social indicators the least with clear shortfall in the
safety category. As for the economical aspect, only one indicator is present within ISO
indicators and it is considered in both Al Sa’fat and PBRS.

Taking another developing country’s case, South Africa’s Sustainable Building
Assessment Tool (SBAT) considers the three pillars of sustainability equally. 5 ob-
jectives have been assigned under each one of these pillars. SBAT consists of 9
structured stages of development: Briefing; Site Analysis; Target Setting; Design;
Design development; Construction; Handover; Operation; and Reuse/refurbish/recycle.

Gibberd [4] suggests that SBAT objectives provide a reasonably effective and
simple measure of the development sustainability. Table 2 demonstrates that PBRS
credits cover all of SBAT’s 15 objectives. Two objectives have not been taken into
consideration within Al Sa’fat. One of these is a social objective (Access to facilities)
and the other one is an economic objective (Adaptability and flexibility).

In general, PBRS and Al Sa’fat follow the environmental objectives of similar local
sustainable buildings’ assessment systems of similar developing country, like SBAT of
South Africa. However, not all environmental indicators of ISO have been considered
by those. On the other hand, Al Sa’fat considers the economic indicators of ISO and
follows 4 of SBAT’s 5 economic objectives. SBAT social objectives are fully followed
by PBRS while only 6 out of 9 social indicators of ISO are considered. In terms of Al
Sa’fat social performance, 3 of 9 ISO indicators are considered and 4 of 5 SBAT
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Table 1. PBRS and Al Sa’fat assessment based on ISO 21929 sustainability indicators

ISO 21929-1: 2011 core indicators PBRS Al Sa’fat

Category/indicator

a Access to services
1 Public transportation 1 0
2 Personal modes of transportation 1 1
3 Green and open spaces 1 1
4 User relevant basic services 1 0
b Aesthetic quality
5 Integration with the surrounding 1 0
6 Impact of building in site 1 1
7 Local concerns 1 1
c Land
8 Site selection 1 0
d Accessibility
9 Building site 1 0
10 Building 0 1
e Harmful emissions
11 Potential impact on climate 1 1
12 Potential impact on the depletion of stratospheric ozone layer 1 1
f Non-renewable resources
13 Use of resources 1 1
g Fresh water
14 Use/consumption 1 1
h Waste
15 Production 1 1
i Indoor environmental
16 Indoor conditions 1 1
17 Indoor air quality 1 1
j Safety
18 Stability 1 0
19 Resistance 0 0
20 Fire safety 0 0
k Serviceability
21 Planning/measurement 1 1
l Adaptability
22 Adaptability for changed use purpose 1 0
23 Adaptability for climate change 0 0
m Costs
24 Planning/measurement 1 1
n Maintainability
25 Planning/assessment 0 1

Total 20 15
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objectives are followed. It can be concluded that PBRS and Al Sa’fat objectives are
very similar to other developing countries’ sustainable building assessment tools, while
they do not necessarily consider all sustainability core indicators of ISO 21929, 2011.

According to Sinha et al. [14], green buildings are directly related development’s
sustainability and support the sustainable development practices, but they are not the
same. Castro et al. [3] also identified the difference between Green buildings and
Sustainable buildings design aspects, presented in Fig. 1. Sustainable buildings’
assessment tools or systems should be considering the same parameters as these design
aspects.

The discussion presented demonstrates that sustainable building assessment sys-
tems in developing countries are environmentally focused and need to sensibly con-
sider the social aspects. It is worth mentioning that Estidama PRS has considered a
fourth pillar for Abu Dhabi’s sustainable development, the Cultural pillar, along with
the three typical pillars of sustainability, which should contribute to the overarching
social pillar. Future research in developing countries needs to assess the social per-
formance of current sustainable developments, and consider improvements through
sustainability regulations/systems. This is also reinforced by Castor et al. [3] suggestion
to prioritize social and economic support in the developing countries. In order to
encourage positive change in the economic and social system through buildings, new
knowledge and techniques need to be developed specifically to the region.

Table 2. PBRS and Al Sa’fat assessment in line with SBAT
objectives

SBAT objectives PBRS Al Sa’fat

a Social
1 Occupant comfort 1 1
2 Inclusive environments 1 1
3 Access to facilities 1 0
4 Participation and control 1 1
5 Education, health and safety 1 1
b Economic
6 Local economy 1 1
7 Efficiency of use 1 1
8 Adaptability and flexibility 1 0
9 Ongoing costs 1 1
10 Capital costs 1 1
c Environmental
11 Water 1 1
12 Energy 1 1
13 Waste 1 1
14 Site 1 1
15 Materials and components 1 1

Total 15 13
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The ongoing international standardization work related to sustainability in con-
struction will enable more transparent assessments of the sustainability criteria of new
and existing construction works and the results more comparable than what is possible
with today’s methods [15]. According to Brophy [16] it is crucial that these systems are
simple to make them useful as design tools throughout the construction development.
The assessment tools should contribute towards the balancing of sustainability
dimensions (environmental, social, and economical), with the enhancement of practi-
cality and resiliency. These systems should be able to consider constant technological
development and multi-level application.

4 Conclusion

The two studied regulations of Abu Dhabi and Dubai; Estidama PBRS and Al Sa’fat,
differ in structure and they do not perfectly overlap, making direct comparisons a
challenge. When comparing the categories’ weighting, PBRS is more balanced in terms
of credits categorization. Energy and water categories of PBRS are given the same
weighting, both contributing to 48% of the overall 180 points. The energy category
weighting alone is 43% of 102 regulations of Al Sa’fat, while water category weighting
is 7% only. On the other hand, indoor environmental quality and occupants’ comfort &
wellbeing are given higher weighting in Al Sa’fat than in PBRS.

Following two different frame works; (1) the international standardization body
ISO 21929-1: 2011 sustainable construction core indicators and (2) the South African
local sustainable building assessment tool (SBAT), the study suggests categorizing
PBRS and Al Sa’fat as sustainability assessment systems as they target aspects beyond
green buildings’ criteria. Note that green buildings’ design mostly focuses on the
environmental aspects of sustainability, yet they are of direct support to sustainable
development.

It was noted that no direct measure of the climate change impact and future
adaptability is the main shortage found in both systems’ environmental indicators. It is
critical to account for the social design parameters and improve current characteristics
of PBRS and Al Sa’fat. As for the economic criteria, it is recommended to focus on life
cycle analysis for new projects and to enforce the implementation of the operational
regulations for both new and existing projects.
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Abstract. Sustainability efforts are consequences of concerns about future
generations. These efforts need to be supported by all countries for permanent
success. For this reason, universities, as multidisciplinary and multicultural
platforms, are important for establishing international and multidisciplinary
collaboration and move towards sustainability. This paper aims to analyze
general tendencies, behaviors and consciousness about sustainability studies
among universities’ students. With this aim, after providing informative classes
about sustainability to a class of international and multidisciplinary students
studying in different universities in various countries, students were asked to fill
in the questionnaire and to participate in the brainstorming session about sus-
tainability education and sustainable behavior. Findings revealed that the
awareness about sustainability should be improved through education and that
universities play an important role in the fight against climate change especially
with the help of courses on sustainability, sustainability practices and their green
campuses.

Keywords: Sustainability � Sustainability tendency � Green campus

1 Introduction

The world’s habitat is being deteriorated at an accelerated rate especially due to climate
change fostered by the greenhouse gas (GHG) emissions. The European Union has set
the following sustainable growth targets to fight against climate change [1]: reducing
GHG emissions by 20% by 2020; increasing the share of renewables to 20%;
increasing energy efficiency by 20%. These targets can be achieved through interna-
tional and interdisciplinary collaboration as well as through sustainability conscious
people acting as change agents for sustainability and having ‘pro-environmental
behavior’. The term “pro-environmental behavior” is one of the items considered in
creation of effective resistance for this serious problem [2]. Investigating environmental
effects of humankind in individual scale is one of the contemporary study areas of
researchers (e.g. [2, 3]). Gatersleben et al. [4] indicated that “people are not always
aware of the environmental impact of their behavior”. However, due to direct and
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indirect effect of individuals’ consumption habits on environment, [5] and direct effect
of occupants on buildings’ occupancy and maintenance process [6] the actions taken
against global warming is still insufficient. Therefore, a deep focus on human behavior
should be implemented in sustainability studies [7] and current gap of insufficient
action for preventing environmental harm may be limited by education.

According to Erten [8], regulations or technology won’t be enough to solve
environmental problems solely, but education and behavioral changes lead human-
kind’s immediate response against negatively changing conditions of nature. As sus-
tainability certificates of buildings is not a symbol of buildings’ sustainable occupancy
[9], green campuses may be achieved with green buildings and certifications, and
environmentally oriented education which enhance pro-environmental behaviors.

Universities are sources of future professionals in different industries. They need to
enhance their students’ sustainability consciousness level and transform their behavior
into pro-environmental one. These students equipped with sustainability requirements
from technical, social and economic aspects can transform their professional fields into
sustainable ones. Furthermore, they can contribute to the interdisciplinary and inter-
national action needed to fight against climate change. This paper analyses general
tendencies, behaviors and consciousness about sustainability studies and behaviors
among universities’ students.

2 Universities’ Roles in Sustainable Development

Green universities play an important role in regional sustainable development and in
transforming societies into ecologically sound ones [10]. The United Nations ‘Decade
of Education for Sustainable Development’ underlined the importance of integrating
sustainable development values into learning and pro-environmental behavior [11, 12].
People’s pro-environmental behavior and their consumption patterns are critical factors
influencing success for transition towards sustainability and reducing carbon emissions
[12]. Their behaviors can be influenced by education and education facilities. For this
reason, the green curricula is important for Education for Sustainable Development
[10]. Cotton et al. [12] emphasized the importance of knowledge in transforming the
behavior and stated that “… a lack of knowledge may make it more difficult for them to
select the most appropriate behavior” [12]. In the 4th UNESCO Chair Conference on
Higher Education for Sustainable Development (HESD) in 2011, three roundtables on
universities’ roles in the sustainable development revealed the importance of inte-
grating the campuses into the HESD curriculum and recommended the HESD courses
to be elective to accelerate their opening procedure [13]. Students’ pro-environmental
behavior can be shaped not only through the courses but also through the green
campuses. As there is relationship between campus sustainability and education [14],
sustainability across the campus and the curriculum are inter-related [12].

Many universities have transformed their campuses into green ones [15, 16]. For
example, Harvard University’s sustainability plan [17] shows university’s commitment
to sustainability and provides roadmap for building and operating a more sustainable
campus community [18]. Similarly, University of Copenhagen’s strategy entitled as
“Green Campus 2020: A Strategy for Resource Efficiency and Sustainability”
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establishes university’s 2020 targets for CO2 reduction, energy consumption reduction,
and in the fields of resources, chemicals, organization and behavior and campus as a
living lab [19]. Furthermore, McGill University in Montreal inform their students about
the sustainable food choices and provide them information on the environmental and
resource use impacts of the most common meals available in the cafeterias [20].
Universities can get benefit from their sustainable campuses [16, 21]. For example,
University of Copenhagen saved DKK 35 million a year and reduced its CO2 footprint
due to its green efforts, and reduced energy consumption [22].

National and international networks have been established to create synergy among
sustainable universities and to foster sustainability performance. These networks enable
the universities to learn from the practices. Examples for these networks include:

• The China Green University Network (CGUN) to enhance collaboration among
different campuses, innovation, and to promote energy saving ideas [23, 24].

• The International Sustainable Campus Network (ISCN) “to support leading col-
leges, universities, and corporate campuses in the exchange of information, ideas,
and best practices for achieving sustainable campus operations and integrating
sustainability in research and teaching” [25].

• International Alliance of Research Universities (IARU)’s the campus sustainability
initiative “to promote collaboration between member institutions and develop best
practices strategies in environmental management” [26].

• Nordic Sustainable Campus Network (NSCN) of the Nordic higher education
institutions “to strengthen Nordic collaboration, find new partners to collaborate
with, and to have international visibility” [27].

3 Research Methods

This paper aims to analyze general tendencies, behaviors and consciousness about sus-
tainability studies and behaviors among universities’ students. After providing informative
classes about sustainability to a class of international and multidisciplinary students
studying in different European universities, a brainstorming session has been carried and a
questionnaire has been applied. In the questionnaire, students evaluated according to their
consciousness levels on (1) CO2 emission, (2) electric consumption, (3) water con-
sumption and (4) waste generation and recycling issues. The first part of the questionnaire
was adopted from a book related to pro-environmental behaviors and their measurement
[28]. These questions constituted of a 28-item list of pro-environmental behaviors pro-
posed by Defra, UK. According to researchers, “pro-environmental behaviors were
especially related to attitudinal variables” [4]. In this part, students were asked to
self-report their general attitude about sustainability by indicating each item’s importance
level for them on a five-point Likert scale where 1 means “strongly disagree” and 5 means
“strongly agree”. In the second part of the questionnaire students were asked to self-report
their daily life routines in their campuses by indicating “Yes” in terms of “I do” and “No”
in terms of “I don’t”. 14 questions have been included in the second part of the ques-
tionnaire. Furthermore, the brainstorming session has been conducted about sustainability
education and sustainable behavior.
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4 Results and Discussion

4.1 Questionnaire

The sample consisted of 53 students 18 foreign students from different countries of
Europe and 35 Turkish students respectively. The questionnaire has been distributed to
the sample as hardcopy. Students were given 20 min to complete the questionnaire.
The questionnaire was applied as a part of class study, thus there was no invalid
answer, and all papers have been used for evaluation.

28 questions in the first part of the questionnaire aimed at identifying general
consciousness level of students about sustainability into four categories; CO2 emission,
electric consumption, water consumption and waste generation and recycling. Students
ranked each item according to the 5-point Likert scale. The results are shown in Fig. 1.

As it is seen Fig. 1, there are little differences in each item between European and
Turkish students. Consciousness level on CO2 emission (3.50), electric consumption
(3.70) and waste generation and recycling (3.21) of foreign students are slightly higher
than Turkish ones (3.45; 3.43 and 3.14) whereas Turkish students have higher con-
sciousness level (3.59) on water consumption compared to others (3.28). Nevertheless,
overall consciousness levels of all students on the four items indicate a relatively
moderate distribution and revealed the importance and need for sustainability education
at the undergraduate level.

14 questions in the second part of the questionnaire were designed in order to
understand general behavioral pattern of students in their campuses. Students marked
each item as “Yes” if they do the defined act and “No” if they don’t, considering their
routine behaviors. The descriptive results are shown in Table 1.

Considering Table 1, it can be said that, there exist much similarities between
European and Turkish students’ behaviors. There are two prominent behaviors namely;
use of electronic resources for study and less energy mode of appliances. Turkish

Fig. 1. Sustainability consciousness level of student groups

An Investigation into University Students’ Perceptions … 341



students highly prefer electronic resources for their studies, whereas foreign students
tend to study in traditional methods. In addition, sample of students in Turkey tends to
pay more attention to use lighting appliances in less energy consuming way, while
others don’t. This difference between students may be connected to the situation that
some of the European students in the sample indicated that they do not know about
“less energy mode of electrical appliances”.

The relationship between students’ conscious level of sustainability issues and their
behaviors has been analyzed through Pearson correlation analysis. Some statistically
significant results were observed as shown in Table 2.

Students tend not to prefer travelling with shuttles in campus according to their
high conscious level of CO2 emission. This negative correlation might be interpreted in
two folds. Since the distances from one place to other is not too much inside a campus,

Table 1. Daily life behavior of students (in percentage)

Behavior Foreign Turkish
Yes No Yes No

Public transport/walk-bike 100 – 88.6 11.4
In-campus shuttle 16.7 83.8 28.6 71.4
Electronic source for study 33.3 61.1 82.9 14.3
Double-side use of paper 94.4 5.6 85.7 14.3
Turn off electrical appliance 88.9 5.6 85.7 14.3
Report broken lighting ap 44.4 55.6 28.6 71.4
Report broken plumbing fix 66.7 33.3 34.3 65.7
Less energy mode of app 38.9 55.6 82.9 17.1
Less water mode of plumb 38.9 44.4 54.3 45.7
Recycling bin 88.9 11.1 65.7 31.4
Multilayer wearing 61.1 38.9 68.6 28.6
Native food/drink 88.9 11.1 71.4 28.6
Sustainability education 100 – 94.3 5.7
Education in ITU 77.8 16.7 82.9 14.3

F foreign students, T Turkish students

Table 2. Correlation analysis between conscious level and behavior of students

Behavior Conscious
CO2 emis. Elect. con. Water con. Waste Rec.

In-campus shuttle −0.301*
Electronic source −0.358** −0.339*
Turning off elec. app 0.545**
Recycling bins −0.362**

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)
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students tend to prefer walking these distances. Furthermore, shuttle services are not
available in some of campuses students come from.

Students tend to prefer print-out resources for their study or researches despite their
high consciousness on electricity consumption and waste generation topics. Since this
was also an unexpected result, students indicated that they study better if they have
hard-copied resources. Furthermore, they added that it is much easier to find any
subject from print-out sheets rather than electronic resources since it needs turning on
computer, waiting it for getting ready to use, network connection, etc.

Results revealed that the higher consciousness level on electricity consumption
generates a tendency on turning the appliances and lights off when leaving the space,
they use in their campus. Despite their high consciousness on waste generation and
recycling items, students tend not to pay attention to throw their recyclable wastes into
fragmented bins, due to lack of available bins for recyclable wastes in their campuses.

Finally, students were asked to evaluate the importance of education about sus-
tainability in their universities and whether or not the classes they had in ITU improved
their knowledge about sustainability issues. Respondents’ answers have been demon-
strated in Table 3. According to the table, majority of the students (96.23%) think that
sustainability education should be given as a part of university education. Besides,
most of them (81.13%) think that the classes about sustainability in ITU have con-
tributed to their point of view about sustainability topics.

4.2 Brainstorming

Following the questionnaire session, students have been invited to contribute to the
study through brainstorming session. During this phase, a collaborative medium has
been provided that ensured each student had the chance to reveal his/her opinion on the
education of sustainability.

European students in the sample were asked to compare the practices in their own
universities with the classes they have taken in ITU. They said that in their under-
graduate programs, none of them have any compulsory or selective course related to
sustainability. Just few of them mentioned that some courses included sustainability
issue as a chapter in overall course flow and that they were not asked any question
about sustainability part of the course in examinations.

Turkish students in the sample replied that there are some specific courses on
“sustainability” and some courses covering sustainability in one or more chapters in
overall course flow. Differing from the current application in Europe, the Turkish

Table 3. Response of students on sustainability education questions

European students Turkish students’
Yes No N/A Yes No N/A

Importance of education about sustainability 18 0 0 33 2 0
Contributions of sustainability classes in ITU 14 3 1 29 5 1
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students in the sample indicated that examinations of those classes in ITU mostly have
at least one question about sustainability topic that lead students to study and focus on
the issue more deeply.

The brainstorming session revealed the following recommendations for enhancing
sustainability performance of the universities and for enhancing sustainability con-
sciousness of the students:

• Using piezoelectric technology in crowded areas (e.g. university and department
entrances; library entrance; sports halls; catering area entrance etc.) and informing
the students about the availability of the technology in these areas

• Using impressive banners (which are framed and constantly changing) on
sustainability

• Using interesting posters published abroad to motivate research
• Providing articles on food waste in the catering center
• Establishing students’ clubs to provide short lectures and speeches on sustainability

within 15–20 min during lunch breaks
• Providing sustainability related posters on the elevators
• Establishing sustainability projects competitions and giving awards
• Enabling disposal of waste
• Allocating broader space for paper waste in the Architecture Department
• Informing students from different departments that waste from their departments

can be used by the students of the architecture department for the design purposes
• Giving lessons on the sustainability subject
• Giving sustainability courses to the students coming from different departments
• Enabling the companies to introduce and to provide environmentally sensitive

products to the students in their professional field
• Providing design courses in the area of sustainability.
• Giving importance to students’ sustainable design proposals and ensuring that their

design is implemented in the campus

5 Conclusions

This paper has analysed general tendencies, behaviours and consciousness about sus-
tainability studies and behaviours among universities’ students. The findings can be
summarized as it follows:

• Consciousness level of the sample on CO2, energy, water, and waste and recycling
aspects ranged between 3 and 3.5 in the Likert scale revealing moderate and
homogenous consciousness level in these aspects. Consciousness level of students
needs to be further enhanced especially in the field of waste and recycling.

• Pro-enviromental behaviors of the European and Turkish students in the sample
showed similar patterns. They differed mainly in the usage of electronic resources
for study and of energy mode of appliances. Correlation analysis between conscious
level and behavior of students in the sample revealed that students tend to prefer
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print-out resources for their study and that they tend not to pay attention to throw
their recyclable wastes into fragmented bins despite their high consciousness.

• The importance of courses on sustainability has been emphasized. Majority of the
students agreed that sustainability education should be given as a part of university
education and that the sustainability course provided them has contributed to their
knowledge of sustainability.

• Sustainability performance of the universities and sustainability consciousness of
the students are recommended to be enhanced with the help of courses and sus-
tainability practices in the campus including application of new technologies in the
campuses, information boards and articles on sustainability, student clubs, project
competitions, waste disposals, interdisciplinary collaboration among departments.

As the awareness about sustainability should be improved through education,
universities play an important role in the fight against climate change especially with
the help of courses on sustainability, sustainability practices and their green campuses.

As today’s university students are the future’s professionals, their consciousness
about sustainability and their pro-environmental behaviors are important. Student
exchange programs play an important role due to the need for international collabo-
ration in the fight against climate change. Further research is recommended to be
carried out on how to enhance collaboration among universities, industries, and politics
globally in transforming the society into sustainable one.

References

1. The EU website: Sustainable Growth-for a Resource Efficient, Greener and More
Competitive Economy. http://ec.europa.eu/europe2020/europe-2020-in-a-nutshell/priorities/
sustainable-growth/index_en.htm

2. Turaga RMR, Howarth RB, Borsuk ME (2010) Pro-environmental behavior. Ann NY Acad
Sci 1185:211–224

3. Brown ZB, Dowlatabadi H, Cole RJ (2009) Feedback and adaptive behavior in green
buildings. Intell Build Int 1:296–315

4. Gatersleben B, Steg L, Vlek C (2002) Measurement and determinants of environmentally
significant consumer behavior. Environ Behav 34:335–362

5. Fransson N, Garling T (1999) Environmental concern: conceptual definitions, measurement
methods and research findings. J Environ Psychol 19:369–382

6. Hei C, Yu LSS (2014) Determinants of residential building occupants’ behavior in
sustainable living: a questionnaire survey in Hong Kong. In: ECSEE—the European
conference on sustainability, energy and the environment, UK

7. Steg L, Vlek C (2009) Encouraging pro-environmental behavior: an integrative review and
research agenda. J Environ Psychol 29:309–317

8. Erten S (2003) 5. sınıf öğrencilerinde çöplerin azaltılması bilincinin kazandırılmasına
yönelik bir öğretim modeli. Hacet Üni Eğitim Fak Derg 25:94–103

9. Abdalla G, Maas G, Huyghe J, Oostra M (2011) Criticism on environmental assessment
tools. Int Proc Chem Biol Environ Eng 6:443–446

An Investigation into University Students’ Perceptions … 345

http://ec.europa.eu/europe2020/europe-2020-in-a-nutshell/priorities/sustainable-growth/index_en.htm
http://ec.europa.eu/europe2020/europe-2020-in-a-nutshell/priorities/sustainable-growth/index_en.htm


10. Wang Y, Shi H, Sun M, Huisingh D, Hansson L, Wang R (2013) Moving towards an
ecologically sound society? Starting from green universities and environmental higher
education. J Clean Prod 61:1–5

11. UNESCO (2005) UN decade of education for sustainable development 2005–2014.
UNESCO education for sustainable development (ED/PEQ/ESD). http://unesdoc.unesco.
org/images/0014/001416/141629e.pdf

12. Cotton D, Shiel C, Paço A (2016) Energy saving on campus: a comparison of students’
attitudes and reported behaviors in the UK and Portugal. J Clean Prod 129:586–595

13. Müller-Christ G, Sterling S, van Dam-Mieras R, Adomßent M, Fischer D, Rieckmann M
(2014) The role of campus, curriculum, and community in higher education for sustainable
development: a conference report. J Clean Prod 62:134–137

14. Jones P, Selby D, Sterling S (2010) Sustainability education: perspectives and practice
across higher education. Earthscan Ltd., London. ISBN 978-1-84407-877-6

15. Isiaka A, Siong HC (2008) Developing sustainable index for university campus. In: EASTS
international symposium on sustainable transportation incorporating Malaysian universities
transport research forum conference 2008 (MUTRFC08). Malaysia

16. Abd-Razak MZ, Mustafa NKF, Che-Ani AI, Abdullah NAG, Mohd-Nor MFI (2011)
Campus sustainability: student’s perception on campus physical development planning in
Malaysia. Procedia Eng 20:230–237

17. Harvard University Sustainability Plan (2015–2020). https://green.harvard.edu/sites/green.
harvard.edu/files/Harvard%20Sustainability%20Plan-Web.pdf

18. Waddell J. Resident dean of Freshman, Elm Yard. https://green.harvard.edu/campaign/our-
plan

19. Green Campus 2020: A strategy for resource efficiency and sustainability. http://greencampus.
ku.dk/strategy2020/english_version_pixi_GC2020_webversion.pdf

20. Cheni DM, Tucker B, Badami MG, Ramankutty N, Rhemtulla JM (2016) A
multi-dimensional metric for facilitating sustainable food choices in campus cafeterias.
J Clean Prod 135:1351–1362

21. Alfieri T, Damon D, dan Smith Z (2009) From living building to living campuses. Plan High
Educ 38:51–59

22. Schaltz T (2016) Green efforts save DKK 35 million a year at the University of Copenhagen
Denmark. https://nordicsustainablecampusnetwork.wordpress.com/

23. China Green University Network. http://www.cgun.org/en/content.aspx?info_lb=107&flag=1
24. Li X, Tan H, Rackes A (2015) Carbon footprint analysis of student behavior for a sustainable

university campus in China. J Clean Prod 106:97–108
25. International Sustainable Campus Network. http://www.international-sustainable-campus-

network.org/
26. International Alliance of Research Universities. http://www.iaruni.org/sustainability/10y-

green-campus/
27. Nordic Sustainable Campus Network. https://nordicsustainablecampusnetwork.wordpress.

com/
28. Kurisu K (2015) Pro-environmental behaviors. Springer, Japan. ISBN 978-4-431-55832-3

346 B. Sertyeşilışık et al.

http://unesdoc.unesco.org/images/0014/001416/141629e.pdf
http://unesdoc.unesco.org/images/0014/001416/141629e.pdf
https://green.harvard.edu/sites/green.harvard.edu/files/Harvard%20Sustainability%20Plan-Web.pdf
https://green.harvard.edu/sites/green.harvard.edu/files/Harvard%20Sustainability%20Plan-Web.pdf
https://green.harvard.edu/campaign/our-plan
https://green.harvard.edu/campaign/our-plan
http://greencampus.ku.dk/strategy2020/english_version_pixi_GC2020_webversion.pdf
http://greencampus.ku.dk/strategy2020/english_version_pixi_GC2020_webversion.pdf
https://nordicsustainablecampusnetwork.wordpress.com/
http://www.cgun.org/en/content.aspx%3finfo_lb%3d107%26flag%3d1
http://www.international-sustainable-campus-network.org/
http://www.international-sustainable-campus-network.org/
http://www.iaruni.org/sustainability/10y-green-campus/
http://www.iaruni.org/sustainability/10y-green-campus/
https://nordicsustainablecampusnetwork.wordpress.com/
https://nordicsustainablecampusnetwork.wordpress.com/


Properties of Mortars Produced with PKF
Press Filter Waste

İlker Bekir Topçu(&) and Taylan Sofuoğlu

Department of Civil Engineering, Faculty of Engineering and Architecture,
Eskişehir Osmangazi University, Eskişehir, Turkey

ilkerbt@ogu.edu.tr, taylansofuoglu@hotmail.com

Abstract. The limestone is used in different stages of the sugar industry. In a
phase of the sugar manufacturing process, limestone, approximately 36 h after
loading the top of a limestone quarry, which is cylindrically shaped with lime
coke is taken as the bottom of a limestone quarry. Lime obtained by quenching
hot water, is filtered and used in the production slurry treatment. At given
temperature, the raw juice obtained from sugar beet lime is mixed in the
apparatus. Some of the muddy slurry of mud here is precipitated in the decanter.
The precipitated sludge is filtered by means of filter presses portions. This land
including 70–80% dry material is called “PKF press filter waste soil”. The effect
of the waste material referred as PKF press filter waste soil that is used rather
than cement in mortar mixture by weight of cement in different ratios have been
investigated on mortar properties. In the scope of this aim, the results obtained
from the experiments carried out with reference mortar produced in laboratories
and compressive strength values are compared with mortar samples containing
waste material. Cement weight of waste, PKF waste used in the mixture of 5, 10,
15, 20% sand, water and CEM I 42.5, CEM II 32.5 type of cement were
obtained from mortar mixture and was poured into prismatic molds with in size
4 � 4 � 16 cm and 2 in size 4 � 4 � 8 cm samples were prepared. Samples
are over 7 and 28-day compressive strength tests were performed. 5% by weight
of the cement that is used PKF waste in mortar samples 7-day average com-
pressive strength is determined as 29.25 MPa for CEM I 42.5. These strength
values; in the framework of the ongoing research process of mortars, have been
shown to have the appropriate standards.

Keywords: Industrial waste � PKF filter press waste � Pozzolanic materials
Mortar � Compressive strength

1 Introduction

Many studies on the components of concrete have been carried out with the help of the
improvements of concrete technologies nowadays. In accordance with these studies,
concrete components, which are used in concrete production, can be different compared
to the traditional usage in order to be more economical and provide more quality
according to where it is used. For example, another material having pozzolanic
property can be added providing that the binder ratio in concrete is fixed.
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In recent years, industrial wastes with the result of development of industrial
technology in the world have been quite a lot and when nature damages were analyzed,
this made these wastes to be examined. In industry, it is quite important for production
waste to be eliminated in a safe, reliable and economical way [1]. The subject of reuse
of waste materials has gained much attention recently. Effective utilization of these
conditioned materials for reuse needs some new investigations [2].

Concrete has been the most commonly used material for many years in the con-
struction industry [3] and it consists of cement, aggregates, water and admixtures. A lot
of energy and raw material are needed to manufacture cement, which is a concrete
component. In addition, the large amount of CO2 released into the atmosphere in the
cement production leads to environmental problems [4]. The contribution of cement
production worldwide to the greenhouse gas emission is estimated to be about
1.5 million tons annually or about 8% [5]. For this reason, when it is evaluated within
the framework of economy, technology and ecology, ecofriendly binder materials play
an important role in the construction industry. Not only a good workability, an
excellent mechanical properties and durability of the concrete, but also its environ-
mental impact and economic profitability must be taken into consideration [6]. Use
developing technologies let waste materials arisen from industrial processes in the
mixture of concrete rather than cement by reforming them [7]. From the perspective of
environment, the use of binding materials instead of cement in the mixture of concrete
has two main advantages:

• Reducing the energy during the process, the fall of the value of CO2 emission,
• Wastematerials can be used actively in recycling rather than be stored and disposed [8].

The benefit of this solid and ongoing recycling waste can considered as both the
reduction of environmental harmful effects legally and the positive contribution to the
economy [1]. Due to pozzolanic materials partially used in the concrete mixture,
the damages in the inner and outer layers of concrete, caused by the heat resulting from
exothermic reactions observed in the process of hydration, can be also reduced [9].

The limestone provided from the market contains at least 90% of CaCO3. In a phase
of sugar manufacturing process, limestone is taken as lime from the bottom of lime-
stone quarry approximately 36 h after being loaded with lime coke into limestone
quarry, which is cylindrically shaped, from above. Lime obtained is quenched with hot
water, filtered and used in the production of slurry treatment. Hydraulic lime is
obtained in whitewash consistency. Raw juice, which is obtained from sugar beet at a
certain temperature, is mixed with lime in the apparatus. It is precipitated with colloidal
substances in raw juice. Excess lime added into juice is removed from the juice with
CO2 in the saturation tanks. Muddy part of muddy juice received from here is pre-
cipitated in the decanters. The precipitated sludge part is filtered by means of filter
presses. The soil containing almost 70–80% dry matter, which is removed from filter
presses, is called “PKF Press Filter Waste Soil”.

In this study, the effect of mortar properties on compressive strength has been
investigated by using the waste material referred as waste PKF press filter waste soil as
a replacement of cement by weight at different ratios and compressive strength values
evaluated which is obtained by the use of PKF press filter waste soil which is non-
hazardous waste in the mortar mixture.
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2 Materials and Methods

2.1 Methods

In the scope of this study, the effect of the mortar properties on compressive strength
was investigated by using PKF press filter waste soil, which is a nonhazardous waste of
sugar factory in the mortar mixture at certain ratios. Experimental study firstly started
with obtaining a control mortar according to specified standards. In the study, mortar
mixtures obtained by using PKF press filter waste soil by weight cement at certain
ratios together with standard sand, water, CEM I 42.5R, CEM II 32.5R types of cement
and the compressive strength behavior examined by stabilizing values such as
water-binder ratio, standard sand apart from PKF press filter waste soil which used as a
replacement of cement.

After the ratio of PKF press filter waste soil to be used rather than cement was
determined, fresh concrete test was done. Compressive strength tests were performed
on the 7 and 28-day samples relatively. The strength values were determined by doing
compressive strength experiments on two pieces of samples with size of 4 � 4 �
nearly 8 cm. In this experimental study, the mixture was prepared by changing PKF
waste at certain ratios in the mortar mixture. The values of PKF waste soil to be used in
the mixture was determined after being evaluated. Three pieces of samples must be
produced in order to determine the 7 and 28-day strength for each ratio and to make a
statistical analysis. According to determined mixture ratios, required number of sam-
ples have been produced and have been subjected to all experiments.

In this experimental study (7 and 28-day compressive strength) compressive
strength behavior of cement evaluated with experimental analysis and data upon the
mortar samples obtained from the mixture of two pieces of different cement and PKF
press filter waste soil at certain ratios. The mortar mixtures containing two different
types of cement and PKF press filter waste soil obtained within the framework of ratios
determined by weight of cement. According to the 7 and 28-day periods, the samples
removed from molds and the compressive strength behaviors of hardened molds
assigned with a variety of experiments. The compressive strength experiments were
done on two pieces of 4 � 4 � nearly 8 cm sized samples, which are obtained from
hardened mortar samples. Thus, the compressive strength values of samples having
different mixtures ratios were determined.

2.2 Materials

In the study, for preparing control mortar and mortars which containing PKF press filter
waste soil; at certain ratios two types of cement (CEM I 42.5R, CEM II 32.5R),
standard sand, water and PKF press filter waste soil were used.

In other mortar mixtures, Type CEM II 32.5R cement were used. Table 1 shows the
chemical properties of cement, the physical and mechanical properties of cement are
shown in Table 2. The chemical properties of PKF press filter waste soil used as a
replacement of cement in mortar mixtures at certain rates are also shown in Table 3.
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Table 1. Chemical properties of cements

Components Percentage of components
CEM I 42.5R CEM II 32.5R

Total SiO2 20.11 20.52
Insoluble residue 0.57 0.63
Al2O3 4.90 4.85
Fe2O3 2.83 2.87
CaO 64.37 64.45
MgO 1.49 1.52
SO3 2.98 2.98
K2O 0.72 0.75
Na2O – –

LOI 2.40 2.42
Free CaO 0.67 0.69
Chloride 0.02 0.02
C3S 61.41 61.43
C2S 11.33 11.33
C3A 8.20 8.20

Table 2. Physical and mechanical properties of cements

CEM I 42.5R CEM II 32.5R

Strength day (MPa)
7-day – –

28-day � 42.5 � 32.5
Specific gravity 3.14 3.14
Setting time
Initial 150 min 150 min
Final 180 min 180 min
Volume stability (Le Chatelier) total (mm) 0.5 0.5
Fineness
Specific surface (Blaine) cm2/gr 3490 3490
200 µm percentage of remain on the sieve (%) 0.1 0.1
90 µm percentage of remain on the sieve (%) 1 1
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2.2.1 Binders
Type CEM I 42.5R cement has been firstly used in the mortar mixtures. The chemical
properties of used cement types are in Table 1 and the physical and mechanical
properties are shown in the Table 2.

2.2.2 Aggregate
Standard sand has been used in the study and its loose density and specific gravity are
indicated in Table 4.

2.3 Mortar Mixtures

As CEM I 42.5R cement used in mortar mixtures is indicated in Table 5, at ambient
temperature, by stabilizing water-binder ratio and standard sand amount, PKF press
filter waste soil has been used as a replacement of cement in proportions of 5, 10, 15
and 20% respectively.

As to other mortar mixtures, CEM II 32.5R cement was used, which is shown in
Table 5. At ambient temperature, by stabilizing water-binder ratio and standard sand
amount, PKF press filter waste soil was used as a replacement of cement in proportions
of 5, 10, 15 and 20% respectively. As it is indicated in Table 5, in the experimental
study, After PKF press filter waste soil used as a replacement of cement in a determined
ratio by stabilizing 450 g binder content had been mixed with primarily 1350 g
standard experiment sand and 225 g water in the mortar mixer sufficiently in a required
consistency, it was poured into three pieces of mortar molds. Mortar mixtures poured
into their molds were left to wait for their setting. Two pieces of 4 � 4 � 8 cm sized

Table 3. Chemical composition of PKF waste soil

Component Mass (%)

MgO 2.0242
Al2O3 1.2064
SiO2 3.7480
P2O5 0.1948
SO3 0.2142
K2O 0.0910
CaO 56.3714
TiO2 0.0783
Cr2O3 0.0392
Fe2O3 1.0255
BaO 0.2331
LOI 34.7740

Table 4. Loose unit and specific gravity of standard sand

Loose unit weight (kg/m3) Specific gravity

Standard sand 1350 2550
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samples gained from mortar mixtures poured into a mold with the size of 4 � 4 � 16
cm were removed from mold 7 days later and they were subject to compressive strength
tests. Other mortar mixtures were left to wait in the curing pool by being removed from
their molds. After 28 days, four pieces of 4 � 4 � 8 cm sized mortar mixtures gained
from two pieces of 4 � 4 � 16 cm sized samples were broken and their 28-days
compressive strength were determined.

3 Results and Discussion

Mortar mixtures, which had been prepared with PKF press filter waste soil as a
replacement of cement at certain ratios, CEM I 42.5R and CEM II 32.5R types of
cement, were subject to compressive strength tests and the compressive strength values
of mortar mixtures having different PKF press filter waste soil ratios were obtained.

3.1 Mortars Prepared with Type CEM I 42.5R

3.1.1 Mortar Mixtures Containing PKF Waste Soil
When the 7 and 28-day compressive strengths of the mortar mixtures containing 5%
PKF press filter waste soil and 95% cement were examined, the values given in Table 6
were determined. The 7-day average compressive strength value is 29.25 MPa and the
28-day compressive strength value is 40.76 MPa. When Table 6 and Fig. 1 were
evaluated, it was seen that there was a similarity between the compressive strength
values gained from mortars containing 5% PKF press filter waste soil and the 28-day
compressive strength value of the control mortar mixture given in Table 2. However, it
was also seen that the mortar samples containing 5% PKF press filter waste strength
value could not reach the 28-day control mortar’s strength.

When the 7 and 28-day compressive strengths of the mortar mixtures containing
10% PKF press filter waste soil and 90% cement were examined, the values given in
Table 6 were determined. The 7-day compressive strength value is 27.97 MPa and the

Table 5. Mortars prepared with two types cement and PKF

Sample
code

Cement
weight (g)

PKF press filter soil
weight (g)

Standard sand
weight (g)

Water
weight (g)

Control42.5 450.0 0.00 1350 225
42.5PKF5 427.5 22.5 1350 225
42.5PKF10 405.0 45.0 1350 225
42.5PKF15 382.5 67.5 1350 225
42.5PKF20 360.0 90.0 1350 225
Control32.5 450.0 0.00 1350 225
32.5PKF5 427.5 22.5 1350 225
32.5PKF10 405.0 45.0 1350 225
32.5PKF15 382.5 67.5 1350 225
32.5PKF20 360.0 90.0 1350 225
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28-day compressive strength value is 39.51 MPa. When Table 6 and Fig. 1 were
evaluated, it was seen that there was a similarity between the compressive strength
values gained from mortars containing 10% PKF press filter waste soil and the 28-day
compressive strength value of the control mortar mixture given in Table 2. However, it
was also seen that the mortar mixtures containing 10% PKF press filter waste soil
strength value could not reach the 28-day control mortar’s strength value. Besides, it
was observed that the mortar samples containing 10% PKF press filter waste soil
strength values were under the mortar samples containing 5% PKF press filter waste
soil strength values.

When the 7 and 28-day compressive strengths of the mortar mixtures containing
15% PKF press filter waste soil and 85% cement were examined, the values given in
Table 6 were determined. The 7-day average compressive strength value is 26.88 MPa
and the 28-day compressive strength value is 37.91 MPa. When Table 6 and Fig. 1
were evaluated, it was seen that the compressive strength values gained from mortars
containing 15% PKF press filter waste soil started receding from the 28-day

Table 6. Compressive strength of waste PKF, MPa

Sample code 7-day 28-day

42.5PKF5 29.25 40.76
42.5PKF10 27.97 39.51
42.5PKF15 26.88 37.91
42.5PKF20 26.09 35.97
32.5PKF5 16.38 30.86
32.5PKF10 14.22 29.60
32.5PKF15 13.25 27.45
32.5PKF20 12.47 25.77

Fig. 1. Strength change CEM I 42.5 with PKF with days
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compressive strength value of the control mortar mixture given in Table 2 and it could
not reach the 28-day strength value of the control mortar. However, it was also seen
that the mortar samples containing 15% PKF press filter waste soil strength values were
under the mortar samples containing 5 and 10% PKF press filter waste soil strength
values.

When the 7 and 28-day compressive strengths of the mortar mixtures containing
20% PKF press filter waste soil and 80% cement were examined, the values given in
Table 6 were determined. The 7-day average compressive strength value is 26.09 MPa
and the 28-day compressive strength value is 35.97 MPa. When Table 6 and Fig. 1
were evaluated, it was seen that the compressive strength values gained from mortars
containing 20% PKF press filter waste soil started receding from the 28-day com-
pressive strength value of the control mortar mixture given in Table 2 and it could not
reach the 28-day compressive strength value of the control mortar. However, it was
also seen that the mortar samples containing 20% PKF press filter waste soil strength
values were under mortar samples containing 5, 10 and 15% PKF press filter waste soil
strength values.

3.2 Mortars Prepared with Type CEM II 32.5R

3.2.1 Mortar Mixtures Containing PKF Waste Soil
When the 7 and 28-day compressive strengths of the mortar mixtures containing 5%
PKF press filter waste soil and 95% cement were examined, the values given in Table 6
were determined. The 7-day average compressive strength value is 16.38 MPa and the
28-day compressive strength value is 30.86 MPa. When Table 6 and Fig. 2 were
evaluated, it was seen that there was a similarity between the compressive strength
values gained from mortars containing 5% PKF press filter waste soil and the 28-day

Fig. 2. Strength change CEM II 32.5 with PKF with days
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compressive strength value of the control mortar mixture given in Table 2. However, it
was also seen that the mortar samples containing 5% PKF press waste strength value
could not reach the 28-day control mortar’s strength value.

When the 7 and 28-day compressive strengths of the mortar mixtures containing
10% PKF press filter waste soil and 90% cement were examined, the values given in
Table 6 were determined. The 7-day average compressive strength value is 14.22 MPa
and the 28-day compressive strength value is 29.60 MPa. When Table 6 and Fig. 1
were evaluated, it was seen that there was a similarity between the compressive
strength values gained from mortars containing 10% PKF press filter waste soil and the
28-day compressive strength value of the control mortar mixture given in Table 2.
However, it was also seen that the mortar samples containing 10% PKF press filter
waste soil strength value could not reach the 28-day control mortar’s strength value.
Besides, it was observed that the mortar samples containing 10% PKF press filter waste
soil strength values were under the mortar samples containing 5% PKF press filter
waste soil strength values.

When the 7 and 28-day compressive strengths of the mortar mixtures containing
15% PKF press filter waste soil and 85% cement were examined, the values given in
Table 6 were determined. The 7-day average compressive strength value is 14.22 MPa
and the 28-day compressive strength value is 29.60 MPa. When Table 6 and Fig. 2
were evaluated, it was seen that the compressive strength values gained from mortars
containing 15% PKF press filter waste soil started receding from the 28-day com-
pressive strength value of the control mortar mixture given in Table 2 and it could not
reach the 28-day strength value of the control mortar. However, it was also seen that
the mortar samples containing 15% PKF press filter waste soil strength values were
under the mortar samples containing 5 and10% PKF press filter waste soil strength
values.

When the 7 and 28-day compressive strengths of the mortar mixtures containing
20% PKF press filter waste soil and 80% cement were examined, the values given in
Table 6 were determined. The 7-day average compressive strength value is 12.47 MPa
and the 28-day compressive strength value is 25.77 MPa. When Table 6 and Fig. 2
were evaluated, it was seen that the compressive strength values gained from mortars
containing 20% PKF press filter waste soil started receding from the 28-day com-
pressive strength value of the control mortar mixture given in Table 2 and it could not
reach the 28-day compressive strength value of the control mortar. However, it was
also seen that the mortar samples containing 20% PKF press filter waste soil strength
values were under the mortar samples containing 5, 10, 15% PKF press filter waste soil
strength values.

When Fig. 3 was evaluated, it was determined that the mixtures containing type
CEM I 42.5R of cement with 5% PKF press filter waste soil strength met control
mortars strength in proportion of 96%. When PKF press filter waste soil was used as a
replacement of cement at 10% in the mortar mixture, it was seen that the average
compressive strength of samples met up to 93% value of compressive strength of the
control mortar. When PKF press filter waste soil was used as a replacement of cement
at 15% by cement weight, the strength of samples met up to 89% value of compressive
strength of the control mortar containing CEM I 42.5R cement.
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When the ratio of PKF press filter waste soil was replaced with 20% as a
replacement of cement in the mortar mixture, it was seen that the average compressive
strength of samples reached up to 85% of compressive strength of the control mortar
containing CEM I 42.5R cement. Because of experimental studies, it was concluded
that increasing PKF press filter waste soil at certain ratios by using it as a replacement
of cement, the 7 and 28-day strength values of samples decreased. Consequently, it has
been inferred that the samples gained from the mortar mixtures containing PKF waste
less than 5% can be more advantageous in obtaining intended strength.

When Fig. 4 was evaluated, it was determined that the mixtures containing type
CEM II 32.5R of cement with 5% PKF press filter waste soil strength met control
mortars strength in proportion of 95%. When PKF press filter waste soil was used as a

Fig. 3. Strength change CEM I 42.5R with PKF ratio

Fig. 4. Strength change CEM II 32.5R with PKF ratio
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replacement of cement at 10% in the mortar mixture, it was seen that the average
compressive strength of samples met up to 91% value of compressive strength of the
control mortar.

When PKF press filter waste soil was used as a replacement of cement at 15% by
cement weight, the average compressive strength of samples met up to 85% of com-
pressive strength of the control mortar containing type CEM II 32.5R cement.
When PKF press filter waste soil was used as a replacement of cement at 20% in the
mortar mixture, it was seen that the average compressive strength of samples reached
up to 80% of compressive strength of the control mortar containing type CEM II 32.5R
cement.

As a result of experimental studies, it was concluded that increasing PKF press
filter waste soil at certain ratios by using it as a replacement of cement, made the 7 and
28-day compressive strengths of samples decreased. Consequently, it has been inferred
that the samples gained from the mortar mixtures containing PKF press filter waste soil
less than 5% can be more advantageous in meeting intended compressive strength.

When Fig. 1 was evaluated, the compressive strength values of mortar samples
containing PKF press filter waste soil as a replacement of cement in proportions of 5,
10, 15 and 20% and type CEM I 42.5R cement under the 7 and 28-day curing con-
ditions were seen. It was determined that as the ratio of waste increased in samples
containing PKF press filter waste soil, the strength values decreased. It was also seen
that at the end of the 28-day curing period, samples containing PKF press filter waste
soil with type CEM I 42.5R cement meet at most 96% and at least 85% of compressive
strength of control mortar samples.

When Fig. 2 was evaluated, the compressive strength values of mortar samples
containing PKF press filter waste soil as a replacement of cement in proportions of 5,
10, 15 and 20% and type CEM II 32.5R cement under the 7 and 28-day curing
conditions were seen. It was determined that as the rate of waste increased in samples
containing PKF press filter waste soil, the compressive strength values decreased. It
was also seen at the end of the 28-day curing period samples containing PKF press
filter waste soil with type CEM II 32.5R cement meet at most 95% and at least 80% of
compressive strength of control mortar samples.

4 Conclusions

The 7 and 28-day compressive strength values of the mortar samples gained by use of
PKF press filter waste soil at different ratios and type CEM I 42.5R and CEM II 32.5R
were determined under curing conditions. Accordingly;

• It was determined that the 28-day compressive strength values of the mortar con-
taining 5% PKF press filter waste soil and also prepared with type CEM I 42.5R
cement were quite close (96%) to the control mortar.

• It was seen that the 7 and 28-day compressive strength values of the mortar mix-
tures containing PKF press filter waste soil in proportions of 10, 15 and 20% and
type CEM I 42.5R cement started receding from the compressive strength value of
the control mortar because of the increase of waste in the mortar samples.
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• It was determined that the 28-day compressive strength values of the mortar mix-
tures containing 5% PKF press filter waste soil and type CEM II 32.5R cement were
quite close (95%) to the control mortar. It was seen that the 7 and 28-day com-
pressive strength values of the mortar mixtures containing PKF press filter waste
soil in proportions of 10, 15 and 20% and type CEM II 32.5R cement started
receding from the compressive strength value of the control mortar because of the
increase of waste in the mortar samples.

In a study on high-performance/self-compacting concrete, it was seen that as the
cement kiln dust used in the mixture increased, the compressive strength values, which
were gained from the samples containing cement kiln dust used as a replacement of
cement at certain ratios by weight cement, decreased. This decrease in the compressive
strength was because of the increase in porosity [10].

In addition, in a study done with limestone, the increase of porosity during
hydration was because of running out of calcium carbonate [11]. In another study, the
mortar compressive strength values of concrete samples, gained with lime and fer-
rochrome ash used instead of cement at certain ratios by cement weight, were evaluated
by being conserved between the 28 and 91-day in curing conditions. Because of this
evaluation, that the hydration process continued after 28-day and the increase was
observed in the strength of samples [12].

In this study, the compressive strength of samples can also be evaluated under
curing conditions for the ages over 28 by producing more sample. In a study done with
PKF press filter waste soil, the low of the compressive strength of samples gained by
PKF press filter waste soil containing different chemical wastes causes the more P2O5

compound, forming a-C2S by converting C3S compound into C2S compound and
occurring C2S.0.5C3P2 phase. This phase affects the compressive strength of samples in
a negative way [13]. In another study on the compressive strength of samples prepared
with sugarcane bagasse ash, it was shown that required strength could be gained more
than 28-day due to the pozzolanic reaction period between silica and CH compounds
[14]. Thus as the ratio of PKF press filter waste soil in the mortar mixtures increases,
the pozzolanic reaction slows down and hydration reaction does not occur usually as a
result of porosity. These affect the strength of samples in a negative way at the least.

As a result of experimental study, it has been stated that as the use of waste
increases in the mortar mixtures gained by mixing PKF press filter waste soil at
different ratios with two types of cement, the 7 and 28-day compressive strength values
decreases according to the compressive strength values of the control mortar. Since the
compressive strength values of samples containing PKF press filter waste soil is close
to the compressive strength values of the control mortar, this waste will be able to use
in different fields of construction industry. In accordance with these ongoing studies, it
is considered that this waste material can be used as a raw material of cement in
ceramic and construction chemicals sectors. Thus;

• It has been seen that as the ratio of PKF press filter waste soil used in mixtures
increases, the duration of cement hydration takes long.

• It has been determined that as long as it is used as a cement raw material, the
required energy will decrease due to the high of the waste heat value.
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• It has been known that since it is a nonhazardous waste, it does not have a chemical
damage to the nature on recycling and transporting.

• It has been seen that since it is used as raw material in cement production, there are
not any changes in the value of CO2 emission released into the nature as a waste
gas.

• It has been considered that as long as it is used in ceramic and construction
chemicals sectors, it will be an easily provided, low-cost and valuable waste.
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Abstract. Construction sector is one of the sectors where occupational-work
accidents are highest. A way to minimize accident ratio in this sector is to
manage the subject of occupational health and safety beyond the legal neces-
sities. In this study, necessary precautions that company management has to take
are explained for the development of safety culture in construction sector and
they are evaluated.
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1 Introduction

Turkey is a developing country and therefore its requirements are increasing. As in the
case of other developing countries, construction sector is the main sector.

All infrastructure and life sustaining structures like dams, energy producing plants,
roads, hospitals, airports, city spaces, and factories are built by construction activities.
It can be stated that the share of construction sector is about 30% in gross national
product if all construction sector and related sectors taken into account. Construction
sector is the demand creating sector for sub sectors which are more than 200. Con-
struction sector is the main locomotive sector of economy because no other sector than
construction sector can create this much direct or indirect effects [1].

One of the most important problems of construction sector is occupational work
accidents. Every year about 1.2 million people lost their lives doe to occupational work
accidents around the world. Occupational work accidents continue to be one of the
main problems in Turkey [2].

In Turkey, a total of 241,547 number of accidents occurred and 1252 people have
lost their lives due to these accidents in 2015 according to statistics of Social Security
Institution (Table 1) [2].

A lot of legal and institutional arrangements have been made to present occupa-
tional work hazard from past to today. However it can be understood from statistics that
these arrangements are not successful enough. This situation implies that it is not
enough to take occupational accidents as a technical issue alone. It is inevitable that
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human factor should be taken into account as much as technical issues in working life.
It is stated that 80–90% of occupational accidents are occurred due to unsafe behaviour
of working personal. For this reason, in addition to legal necessities, development of
safety culture should be considered as an important factor for the prevention of
accidents [3].

2 Theoretical Foundations

2.1 Occupational Safety Culture

Concept of occupational safety culture was first used in a report which was prepared
after the nuclear accident occurred in Chernobyl in 1986. This report indicates orga-
nizational errors and infringement of working personal play important role [4]. Either
in Chernobyl accident or in other important accidents “safety culture” arise as a key
factor to explain the role of human factor for providing security especially where risk is
high [5–8].

There are a lot of definitions related with safety culture done by various scientists
and researchers. However this concept was defined as a product of behavioural,
competence, attitude, value patterns of individuals and groups who decide to institu-
tion’s efficiency of health and safety programs and their persistence in practices,
according to International Atomic Energy Agency in 1991 [9].

According to Cooper [10] safety culture is a product of interaction between indi-
vidual, work and organization. Uttal [11] defines safety culture as “The interaction
between control systems which produce behavioural norm and organization”.
According to these definitions safety culture has two dimensions. These are values,
attitudes believes related to safety; controls, applications structures which are used to
improve safety of organization [12].

Aytaç [13] in her study handled occupational safety as a cultural subject and she
remarked the importance of the development of safety culture for the development of
safety culture for the prevention of occupational accidents.

Table 1. Occupational accidents and death tolls in Turkey in 2015 [2]

Activity
code

Groups of activity Work accident number Number of death
tolls

Number of work
accident

Male Female Total Male Female Total

41 Building construction 14,980 85 15,065 239 0 239
42 Construction of structures other

than buildings
7861 42 7903 124 0 124

43 Special construction activities 10,301 92 10,393 110 0 110
Total of construction activities 33,142 219 33,361 473 0 473
Total of all sectors 206,922 34,625 241,547 1219 33 1252
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Although many companies organize trainings to increase occupational safety and to
assign responsible personal they could not reach intended occupational safety stan-
dards. Authorities have attributed the reason of not reaching intended-safety levels to
lack of safety culture [14].

There are a lot of factors affecting the safety culture. One of these factors is the
social culture in which companies are living in. Interest of workers to occupational
safety and their sensitivity are affected from the properties of social culture. Creation of
organizational culture can be easy or difficult depending on the social cultural prop-
erties [15].

If it is thought that occupational accidents create important losses for both country
and organizations, one of the most important subject is to develop a safety culture.
However there are a lot of factors which should be firstly actualized before developing
safety culture in organizations [16].

Basis of creating a safety culture in organizations is the perspective of management
to safety culture. According to the article number 5 of “Regulations related with the
methods of training of working personal related with occupational health and safety”
which was entered into force in 05.13.2013 at 28,648 numbered Official Gazette,
management is supposed to take necessary precautions to generate healthy and safe
working environment [17].

2.2 Requirements of Management to Improve Occupational
Safety Culture

Construction companies in the sector should adopt an understanding in which orga-
nizational standards are continuously developed in their applications. Informing
employees, sharing information about the changes in legislations using an effective
communications system, objectives of occupational health and safety should become a
company culture.

Occupational health and safety system should be supported by giving information,
control and improvement efforts. Structure of occupational health and safety comities,
employee representatives, assignment of occupational health and safety experts and
workplace medical doctor, risk analysis, fire drill, emergency action plan issues should
be managed according to legal regulations. Aims of occupational health and safety and
performance results should be controlled periodically and these should be evaluated in
occupational health and safety board’s collective agreements signed in union should
cover occupational health and safety subjects because of the importance of personal
health and safety. Protective measures, reporting of illnesses and accidents, occupa-
tional safety rules to be followed should be organized within the scope of collective
agreements. Employer should organize training activities to increase the level of
knowledge and consciousness.

Employer should aim zero accident and should aim its sustainability. The most
important tool to achieve this goal is systematic site controls. A methodology should be
developed for foreseeing employees to take precautions when there a danger in
working environment during site control. Improvement methods should be developed
against the inconsistencies defected at the end of site controls and they should be
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applied as soon as possible. Number of control teams should be determined according
to the size of construction site. In this context, it will be important to monitor and
record personal occupational safety performance.

Tools and activities such as verbal instructions, training and warming signs must be
used, near miss events should be reported, reporting culture should be wide spread, and
it must not be forgotten that the creation of safety culture is a long strategy requiring a
constant effort and dedication, for developing safe behaviours. It is necessary to clearly
explain to all employees the necessity of recording not only accidents but also near
miss events. It would be possible to develop a personal profile that shows and sustains
exemplary behaviour in environmental and occupational health issue that achieve
targets that exceed these set by values that respect environment and environmentally
friendly standards that comply with legal legislations.

Employer should be evaluate new practices arising from technological develop-
ments in the context of occupational health and safety culture. He has to perform
necessary studies in order to remove the risks and he has to adopt corrective and
preventive actions against risky situations by evaluating the results. Employer must
make analyses for the accidents from occurring according to the results of the accident
analysis.

Management should provide a safe, secure and motivating working environment. It
has to be proven that it has been acted with the aim of being fair and equitable work
place where the best standards are applied in occupational health and safety, where
employee rights are protected and supervised, skills are developed.

Management should arrange end of year meetings, should consider the expectations
and thoughts of the employees at these meetings. Management should constantly
monitor and improve occupational health and safety application by making necessary
improvements in line with management organizational needs, technological develop-
ments, changing regulations and employees’ expectations.

Management has to carry out a series of in house training and education programs
to improve talents and skills of employees. These programs should be organized
according to defined procedures and policies and employee needs. The program should
improve occupational health and safety, improve workforce productivity and should be
sustainable. New employees are required to adapt quickly to the organization and be
able to get the information they need in a fast and accurate manner with the help of
effective guidance process.

A risk management unit should be established to identify and manage the potential
risks that companymay face. This unit should identify risks related to occupational health
and safety as well as investment and business based risks under the context of risks
management. Risk analysis should be performed in the context of occupational health and
safety, risky subjects should be identified and this process should be managed.

3 Results

Construction companies must ensure that both the employees and the subcontractors
contribute to this process by making security cultures as an indispensable part of their
working life. Security culture should be made sustainable by integrating employees
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into decision making, implementation and business process. Apart from all the efforts
that the management has taken to create a security culture in the company and the goals
it has taken, it is also very important for the employees to take contribution and
responsibility. All personal working in the company will be more interested and
involved in health and safety studies in the workplace when they are aware of their
responsibilities for preventing accidents and injuries.
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Abstract. In this study, various properties and the alkali silica reaction
(ASR) of mortars containing borogypsum were investigated. In the first stage a
complete physical, chemical, mineralogical, molecular characterization of the
borogypsum and cement were performed. In the second stage, the alkali silica
reaction, mechanical and porosity properties of mortars, replacement 0, 1, 2, 3
and 4% borogypsum by weight were determined. According to experimental
result, from a mineralogical perspective, the borogypsum was observed to have
a sharp crystal structure and possess a mineralogical composition of calcite,
colemanite and celestine. Looking from a molecular perspective, the similar OH,
CaO, B–OH and H–OH bonds were displayed in the close wavenumbers. As the
results of 14 days measurements were analyzed, the average maximum length
extension was detected to be in the control mortar bars and at the detrimental
zone from the ASR perspective. The average minimum length extension at the
borogypsum with a additive rate of 3 and 4%, was observed to be at the control
zone from ASR perspective. The lowest strength loss in mortars exposed to ASR
effect occured in those with substitution level of 3% borogypsum. When the
flexural strength of mortars exposed to ASR effect was examined, the increase in
strength was observed for borogypsum with all substitution levels (1–4%). The
maximum recovery concerning the minimum volume of mercury intruding the
sample and vacancy rate was observed for the substitution level 3%
borogypsum.

Keywords: Porogypsum � Alkali silica reaction
Mineralogical-mechanical property � Porosimetry

1 Introduction

Its use as aggregate in materials may in certain circumstances lead to alkali silica
reaction (ASR) related problems. ASR is one of the most studied deleterious degra-
dation mechanisms of concrete, which is particularly harmful. Once detected in a
concrete structure, ASR is very difficult to stop. It is nowadays possible to use mineral
additions like natural pozzolans or sub-products with pozzolanic reactivity to inhibit
ASR in new concrete [1].

Alkali silica reaction (ASR) is one of the degradation process and refers to chemical
reaction between the reactive silica phases in the aggregates and the alkali hydroxides
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in the pore solution of cement-based materials. The reaction results in the formation of
alkali–silica gels and/or alkali–calcium–silica gels. These gels which absorb water and
swell can lead to the formation of micro cracks [2–10].

Adjustments and improvements to the present concrete making methods are
essential in order to address environmental and economic issues. This has encouraged
researchers in the area of concrete engineering and technology to investigate and
identify supplementary by-product materials that can be used as substitutes for con-
stituent materials in concrete production [11]. Borogypsum is formed by reacting
colemanite with sulphuric acid in the production of boric acid and is obtained by
filtering the reaction mixture on the filter presses. The material mainly consists of
gypsum, B2O3 and some impurities and causes various environmental and storage
problems. B2O3 is dissolved by rain water and mixed with soil. High amount of boron
content, which has toxicological effect, leads economic losses and also causes envi-
ronmental pollution [12–14].

Boron is one of the most important ores in Turkey which possesses 72% of the
world boron reserves. The most important boron minerals in Turkey are colemanite,
ulexite and tinkal. The amount of Borogypsum waste is approximately 550,000 tons
per year. Therefore, its positive effects on concrete properties borogypsum have
recently been drawn attention by some researchers [15].

There are a number of studies in the literature which investigated the use of bor-
ogypsum as a cement additive [15–18].

Some studies focused on the use of borogypsum in mortar production as a cement
replacement [19–22]. On the other hand, some researchers studied leaching kinetics of
borogypsum by leaching with water [20–25]. However, only a few studies investigated
the effect of borogypsum on the properties of concrete specimens [26, 27]. It is believed
that has an effect borogypsum on the strength and consistency properties of concrete
warrants further research.

There are a number of studies in the literature which investigated the use of pore
size distributions which were measured using mercury intrusion porosimetry (MIP).
Mercury intrusion porosimetry (MIP) is a widely used technique for characterizing the
distribution of pore sizes in cement-based materials. It is a simple and quick indirect
technique, but it has limitations when applied to materials that have irregular pore
geometry [28–31].

The primary objective of this study is to investigate the usability of borogypsum in
cementbased mortars a mineral additive and its effect on XRD analysis, FT-IR analysis,
expansion test, compressive and flexural strength and mercury intrusion porosimetry
(MIP) tests.

2 Materials and Methods

In this study, standard Portland Cement CEM I (PC 42.5 N/mm2) with a specific
gravity of 3.17 g/cm3 was used. Initial and final setting times of the cement were 160
and 210 min, respectively. The blaine specific surface area was 3625 cm2/g.
Borogypsum used in the experiments was supplied by Etibor Bandırma Borax and
Boric Acid Plants in Turkey. The specific gravity of Borogypsum was 2.25 g/cm3.

370 K. Yildiz



Blaine specific surface area was 19170 cm2/g. The remaining of the borogypsum on 50
and 20% sieves were 5 and 1.3 lm respectively. Elemental analyses of samples were
carried out by X-ray fluorescence (XRF) spectrometry technique. Chemical, physical,
XRD, FT-IR and Porosimetry analyses were conducted for the samples used in the
experiments. Chemical analyses of cement and borogypsum are performed on ARL
8680 S X-ray diffraction. Surface areas are determined as Blaine values by Toni
Technic 6565 Blaine and specific weights are determined by Quantachrome MVP-3.
The mineralogical properties are determined by Rikagu miniflex XRD device using Cu
Ka (k = 1.54 Å) radiation. FT-IR analyses are conducted using Bruker Vertex 70 in
the wave number range of 400–4000 cm−1. Pore size distributions were measured
using mercury intrusion porosimetry (MIP) [32].

The chemical compositions of cement and borogypsum are presented in Table 1.
The grain distribution of borogypsum is shown in (Fig. 1).

Table 1. Chemical composition of cement and borogypsum

Materials Cement Borogypsum

Chemical composition: wt%
SiO2 20.01 4.55
Al2O3 5.15 1.30
Fe2O3 3.51 0.35
CaO 62.97 27.72
MgO 2.25 1.48
SO3 2.95 37.75
Na2O 0.47 –

K2O 0.87 0.77
B2O3 – 4.30
Loss on ignition 2.17 21.78
CaO free – –

Fig. 1. The grain distribution of borogypsum
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Dry and clean natural crushed stone aggregates were used with a maximum size of
4 mm. The absorption value and relative density at saturated (A-RD-SSD) condition of
aggregate were WA24 = 1.2% and qa = 2.71, qrd = 2.65, qssd = 2.66 respectively.
The methylene blue value of aggregate was MB = 0.75 g/kg. Other characteristics of
the aggregates are provided in Table 2. The compositions of each aggregate group are
illustrated in Table 3. City water of the province of Ankara was used.

In this study, the cement was used for the preparation of reference samples. Bor-
ogypsum was blended in this cement at rates of 0, 1, 2, 3 and 4%. Therefore, a total of
five different cements were used and those were codified as (Boron Gypsum-BG) BG0,
BG1, BJ2, BG3 andBG4. The compositions of eachmortar sample (25 � 25 � 285 mm3)
mixture are illustrated in Table 4. Mortar bar were prepared according to the

Table 2. The characteristics of the aggregates

Characteristics Standards Results

Very fine material TS EN 933-1 %9
Bulk density (mg/m3) TS EN 1097-3 1.65
Chlorides (%) TS EN 1744-1 0.0042
Acid-soluble sulfate (%) TS EN 1744-1 AS0.2 � 0.2
Total Sulfur (%) TS EN 1744-1 0.009
Organic matter TS EN 1744-1:15.1 –

Fulvo acid content TS EN 1744-1:15.2 –

Lightweight organic pollutants TS EN 1744-1:14.2 MLPC = 0.0%

Table 3. Aggregate gradation

Sieve size The remaining material between of the
two sieve (%)

4.75 mm (no: 4)–2.36 mm (no: 8) 10
2.36 mm (no: 8)–1.18 mm (no: 16) 25
1.18 mm (no: 16)–600 lm (no: 30) 25
600 lm (no: 30)–300 lm (no: 50) 25
300 lm (no: 50)–150 lm (no: 100) 15

Table 4. Mortar samples mixture ratio for ASR (g)

Mixture Borogypsum Cement Aggregate Water W/C

BG0 0 440 990 206.8 0.47
BG1 4.4 435.6 990 206.8
BG2 8.8 431.2 990 206.8
BG3 13.2 426.8 990 206.8
BG4 17.6 422.4 990 206.8
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ASTM C 1260-07 standard [33]. They were demoulded 24 h after casting, and after
were immersed in water at 23 °C and stored in a climatic chamber at 80 °C for 24 h. After
this period, the initial length of each prism was measured (zero point or initial point), after
which the prisms were immersed in a NaOH 1 M solution at 80 °C for 14 days. During this
period of time, regular lengthmeasurementswere taken at various ages to check the progress
of the expansion. According to the test limits amix that has an expansion at 2, 7 and 14 days
below 0.10% are considered non-reactive (harmless zone) and are considered reactive
(harmful zone) if that expansion is higher than 0.20%.

The prepared mortar samples were poured into the (40 � 40 � 160 mm3) pris-
matic formworks for flexural and compressive strength tests. The compositions of each
mortar sample mixture are illustrated in Table 5 [34]. These mortar specimens were
shaken for one minute on a shaking table then settled into the formworks. These
specimens were kept in a laboratory environment for 24 h. At the end of this duration,
the specimens were taken out of the formworks and kept in the half ASR cure other half
water curing pool. The specimens were taken from the water and ASR pool after
28 day and were tested for flexural and compressive strengths in accordance with [35].

3 Experimental Results and Discussion

3.1 Chemical Analysis

According to the chemical analysis results, cement consists of CaO and SiO2 with
higher proportion and Al2O3, Fe2O3 and SO3 compounds with lower proportion. The
main component of borogypsum is SO3 and CaO the ratio of SiO2/Al2O3 (S/A) is 3.50
in weight. The total of SiO2 + Al2O3 + Fe2O3 is 6.20 in weight. To be accepted as a
mineral pozzolan S/A > 4 and SiO2 + Al2O3 + Fe2O3 > 70 should be. Therefore, the
use of borogypsum is not true as a pozzolan [36].

3.2 Mineralogical Analysis

XRD analyses are conducted to determine the mineralogical structure of cement and
zeolite (Figs. 2 and 3). According to the XRD patterns, the main components of cement

Table 5. Mortar samples mixture ratio for flexural and compressive strength tests

Mixture Borogypsum Cement Aggregate Water W/C

BG0 0 660 1485 310.2 0.47
BG1 6.6 653.4 1485 310.2
BG2 13.2 646.8 1485 310.2
BG3 19.8 640.2 1485 310.2
BG4 26.4 633.6 1485 310.2
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CEM I (PC 42.5 N/mm2) are [C3S-Alite (3CaOSiO3), C2S-Belit (2CaOSiO3),
Cc-Calcite (CaCO3), CH-Portlandite (Ca(OH)2) and brownmillerite (Ca2(Al,Fe2

3+)O5].
The XRD results indicate that the structure of cement is regular (crystal) (Fig. 2)
Borogypsum consists of [Calcite –(CaCO3), Colemanite-(Ca2B6O11�5H2O), Celestine-
(SrSO4)]. The XRD results indicate that the structure of borogypsum is sharp (crystal)
(Fig. 3) [37].

3.3 FT-IR Analysis

FT-IR analyses are available to characterize molecule groups in a particle. In the FT-IR
studies are related to cement and pozzolan, the infrared spectrum to be regarded as in

Fig. 2. The mineralogical structure of cement

Fig. 3. The mineralogical structure of borogypsum
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mainly 4 wide band regions. They are consisting of peaks corresponding to the devi-
ations in Si–Al, S, C and OH bonds [38]. Surface structures of the molecules are
determined from the FT-IR results indicated from the analyses and shown in (Figs. 4
and 5) in the manner of a schematic.

Fig. 4. FT-IR spectrum of cement

Fig. 5. FT-IR spectrum of borogypsum

The Investigation of Alkali Silica Reaction of Mortars … 375



In FT-IR spectroscopy, vibration of the atoms forming solid cages and molecular
vibrations are observed in 400–1600 and 1600–4000 cm−1 region, respectively.
Vibration peaks are displayed at 461, 516, 601, 669, 873, 915, 1125, 1410, 3402 and
3642 cm−1 wave numbers from FT-IR analysis of cement (Fig. 4). Si–O bonds present
with Al–O give vibration peaks of 461 and 516 cm−1. Si–O bonds in cage structures
are in the form of a vibration peak at 872 cm−1 wave number. S–O bonds which show
the plaster in cement is seen at 601, 1125 and 1623 cm−1. Vibration peak of water ions
and molecules in the structure is at 3302 and 3642 cm−1 wave number [39, 40].

FT-IR spectra can obtain advantageous information on borogypsum mineral
structure. The spectrum of borogypsum over the 500–4000 cm−1 spectral range is
displayed in (Fig. 5). Vibration peaks are displayed at 451, 597, 727, 825, 876, 986,
1424, 1660, 1816, 3352 and 3627 cm−1 wave numbers from FT-IR analysis of boro-
gypsum. The absorptions at 1660, 1816, 3626 and 3352 cm−1 are due to intermolecular
and weakly H bonded OH because of water of crystallizations [41]. CaO vibrations are
observed in 451 cm−1 region. The spectrum of borogypsum is dominated by a strongest
vibration band at 986 cm−1. This peak is attributed to the bending mode in the shape of
trigonal symmetric vibration. Symmetric vibration peak at 876 cm−1 wave number
tetrahedral the presence of boron in the structure, a strong peak at 1424 cm−1 wave
number in the trigonal structure indicates the presence of boron. The vibration peaks at
727 and 825 cm−1 may be assigned to the out-of-plane B-OH bending modes [42].

3.4 Expansion Results

CEM I and borogypsum were determined of equivalent alkaline value as (1.04) and
(0.50) respectively. These values were calculated with equation of state (Na2O +
0.658K2O). Figure 6 shows the evolution of the average expansion of (BG1, BG2,
BG3 and BG4) mortar and (BG0) mortar.

Fig. 6. The expansion of borogypsum
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When the longitudinal elongation values depending on time were evaluated in 2, 7
and 14 days of periods;

At the end of 2 days measurements, while the control mortar bar with no boro-
gypsum replacement took part in BG0 controlled zone (harmful-harmless zone) BG1
mortar bar with 1% borogypsum replacement (although staying in the controlled zone)
exhibited maximum value in the 2 days group. This situation, depending on the
increase of borogypsum replacement, stayed at limit values in BG2, stayed at the
harmless zone in BG3 and BG4 mortar bars from the point of longitudinal elongation.
When generally taking a look at at the 2 days measurement group, it is thought that the
usage of 2, 3 and 4% replacement ratios will provide positive results in the first years of
service period of cement mortars from the point of ASR.

At the end of 7 days measurements, while the control mortar bar with no boro-
gypsum replacement took part in BG0 controlled zone (harmful-harmless zone) BG1
mortar bar with 1% borogypsum replacement stayed in the harmful zone and exhibited
a maximum longitudinal elongation value in the 7 days group. Depending on the
increase of borogypsum replacement ratio BG2 and BG4 took part in the controlled
zone. BG3 exhibited optimal value in the 7 days measurement group and took a
0.105% value which is very close to the harmless zone. When taking a look at the
7 days measurement group, as in the 2 days measurement group, it is thought that the
usage of 2, 3 and 4% replacement ratios will provide positive results from the point of
ASR at the middle ages of the service life of cement mortars and the usage of 3%
borogypsum will exhibit optimal result.

At the end of 14 days measurements, it was observed that the control mortar bar
BG0 with no borogypsum replacement took part in the harmful zone from the point of
ASR. Depending on the increase of borogypsum replacement ratio, the harmful zone
could not be overcome at the BG1, BG2 and BG3 mortar samples. During the service
life of cement mortars, it was observed from the point of ASR that 4% borogypsum
replacement could be used for all of the three age group.

3.5 Flexural and Compressive Strengths of Bandirma Borogypsum
Replacement Mortars Under the Effect of Alkali–Silica Reaction

For the purpose of determining the mechanical strength loss in the mortars due to ASR
effect, flexural and compressive tests were applied to the control species kept in the
water curing pool for 28 days and to the mortars subjected to ASR effect. The
experimental data was evaluated at the 95% confidence band among each other in each
group containing three species in different replacement ratios and was observed to be
statistically reasonable. The scatter plots belonging to this statistical analysis are given
in Figs. 7 and 8.

From the point of Compressive Strength;
When the mortars with Bandırma borogypsum replacement (not subjected to ASR

effect) were evaluated among each other, BG0 control mortar sample with no boro-
gypsum replacement exhibited maximum compressive strength. Depending on the
increase of replacement ratio, BG1 and BG3 mortars samples and BG2 and BG4
samples exhibited similar behavior from the point of compressive strength. When these
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groups were considered, BG2 and BG4 mortars groups showed higher compressive
strength compared to BG1 and BG3 mortars groups. When the samples with no ASR
effect were evaluated, it was observed that increase of borogypsum replacement caused
compressive strength loss.

When the mortars with borogypsum replacement (subjected to ASR effect) were
examined among each other, control mortar sample exhibited maximum compressive
strength, whereas BG1mortar sample showedminimum compressive strength.While the

Fig. 7. The compressive strength of borogypsum

Fig. 8. The flexural strength of borogypsum
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BG2 andBG4 sampleswere exhibiting values close to each other,maximum compressive
strength in the group with replacement was observed in the BG3 mortar sample.

When the samples with ASR effect and with no ASR effect were compared with
each other, compressive strength loss was observed in all of the samples under ASR
effect. This loss occurred at an acceptable level in BG3 mortar group.

From the point of Flexural Strength;
When the mortar samples having no ASR effect were examined, a flexural loss was

observed in all of the replacement ratios compared to control group BJ0 mortar samples
at different levels. This loss occurred in BG1, BG2, BG4 and BG3 mortar groups from
the highest to the lowest respectively.

When the mortar samples (subjected to ASR effect) were examined, no flexural loss
was observed in all of the replacement ratios compared to BG0 mortar samples. On the
contrary an increase in the flexural strength was seen in BG2, BG4, BG1 and BG3
mortar groups from the highest to the lowest respectively.

When the samples which were subjected and not subjected to ASR effect were
compared with each other a serious flexural loss was observed in the control mortar
group with no replacement, whereas in the other, replacement ratios at different levels a
flexural strength increase was observed. Like in the compressive strength, the closest
flexural strength was observed in the BG3 replacement ratio.

3.6 Porosity Volumes of Mortars with Bandırma Borogypsum
Replacement

The relationship between the porosity diameter belonging to Bandırma borogypsum
and mercury volume (intruding cumulatively) is given in in the graphs of Fig. 9. From
the graphic, it is seen that the cumulative mercury volume intruding to samples is
observed in the control group BG0 mortar sample in the highest amount. Whereas in all

Fig. 9. Pore size distribution of mortars
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of the replacement ratios less mercury intrusion was realized compared to control
group. This can be accepted as an indication of Bandırma borogypsum mortar samples
reducing the porosity volume in various portions. Because mortar samples exhibited
different porosities at various borogypsum ratios. This occurred in the BG2, BG4, BG1
and BG3 mortar groups from the highest to the lowest respectively. BG2, BG4 and
BG1 mortar samples exhibited very close values from the point of cumulative intruding
mercury volume. Whereas BG3 provided a maximum improvement from the aspect of
porosity ratio with minimum mercury intrusion.

4 Conclusions and Suggestions

Longitudinal elongation, compressive strength and flexural strength tests were carried
on for the determination of alkali silica reaction behavior of borogypsum in mortars.
Besides, mineralogical and molecular analyses of the used materials were made. Fur-
thermore, the effect of borogypsum containing mortars on the porosity ratio was
analyzed.

From the point of mineralogical and molecular structure;

• When the XRD analysis result of borogypsum was examined, it was observed that it
was formed by [Calcite–(CaCO3), Colemanite–(Ca2B6O11�5H2O), Celestine
(SrSO4)]. It was a sharp crystal from the point of general structural view.

• From the molecular point, it exhibited –OH, B–O and B–OH bonds.

From the aspect of ASR;

• When a general look was taken at the 2 days measurement group it was observed
that the 2, 3 and 4% usage of replacement ratios could provide positive results in the
first years of cement mortar service life from the point of ASR.

• When the 7 days measurement group was considered, as in the 2 days measurement
group, the 2, 3 and 4% usage of replacement ratios could provide positive results in
the middle ages of cement mortar service life from the point of ASR and 3% usage
of borogypsum could exhibit optimal results.

• During the service life of cement mortars, from the point of ASR, it was observed
that 4% borogypsum replacement could be used in all of the three age groups.

The optimal replacement amount for ASR must be determined not only according
to the length elongation but also be made by considering the mechanical strengths.
From the point of mechanical properties;

• When the samples that were not subjected to the effect of ASR were evaluated, it
was observed that the increase in the borogypsum replacement caused compressive
strength loss.

• When the samples that were subjected and not subjected to ASR effect were
compared with each other, a compressive strength loss was observed in all of the
samples subjected to ASR effect. This loss was at an acceptable level in the BG3
mortar group.
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• When the samples that were subjected and not subjected to ASR effect were
compared with each other a serious flexural loss was observed in the control mortar
group with no replacement whereas in all of the other replacement ratios an increase
in the flexural strength was observed at various levels. As in the compressive
strength the closest flexural strength was determined with the BG3 replacement
ratio.

From the point of porosity volume;

• The cumulative mercury volume intruding to samples was observed in the control
group BJ0 mortar sample in the highest amount.

• Mortar samples exhibited different porosities at various borogypsum ratios. This
situation occurred in the BG2, BG4, BG1 and BG3 mortar groups from the highest
to the lowest respectively.

• Whereas in the BG3 replacement ratio, maximum improvement was obtained from
the point of porosity ratio with minimum mercury intrusion.
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Abstract. Owing to the developments in computer aided structural analysis
methods in the last two decades, it has been possible to realize structural analysis
of historic masonry structures in a very detailed and precise way. Besides the
structural analysis package programs, special software have also been developed
based on the characteristics of the case in question. While concentrating on the
advanced methods of mathematics and mechanics, it might be possible to
overlook the main point, which is the relationship between structural stability
and the natural events. In this study, structural stability issues and the conse-
quent structural damages on the fortification walls of Sinop Castle under the
effects of sea waves have been explored. Sinop Castle is known to have been
built by the immigrants who settled in the region at eighth century BC. The
fortification walls that were destroyed by the attacks of Cimmerians in seventh
century BC were fixed during the reign of King Mithridat IV and they were
expanded to the present day limits. Having undergone constant maintenance
during the periods of Romans and Byzantines, the castle was invaded the Sel-
jouks between 1214 and 1261. During this period, an inner castle was built to
fortify the defense of the repaired castle. The fortification walls of the Sinop
Castle completely surround the narrowest pass of the peninsula. The northern
walls are 1800 m, northern walls are 400 m, eastern walls are 500 m and the
western walls are 273 m long. The walls reach a height of 30 m with a thickness
that varies between 3 and 8 m. The northern walls have sustained excessive
deterioration due to the sea waves and only the Kumkapi and Lonca gates have
survived. In this study, stability analysis has been performed by using the finite
element method on a partial analytical model of the northern walls of the Sinop
Castle. The erosion caused by the waves at the bottom of the walls have been
taken into consideration in a gradual manner to identify the origin of the
damage, which has been caused by the excessive stress due to balance degra-
dation in the massive walls; and consequently, appropriate strengthening
methods have been proposed.
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1 Introduction

Protecting historic structures and monuments is a responsibility that should be
acknowledged without monetary concerns and regardless of the country, culture or
religion that they represent. The primary concern in structural protection of historic
structures should be preventing collapse. Scientific and technological developments on
this topic have rapidly been improved over the last 25 years. Especially the possibility
of realizing the structural analysis methods more accurately and the striking develop-
ment of repair techniques and materials have inspired the researchers and professionals
in protecting historic structures and monuments.

Structural analysis of historic structures usually differs from the analysis performed
for the design of modern structural systems. Structural analysis of historic buildings are
performed to determine the stress and internal forces in the structural members due to
the loads caused by the self-weight of the structure, wind, earthquake, foundation
settlements and occupational use. This kind of calculations and comparisons are called
elastic approach. However, the structural members of historic masonry structures do
not display linear elastic material behavior. There are analysis methods that are based
on nonlinear material properties; however, they take considerable amount of time.
Besides, any small error made in the assumptions related to material properties might
lead to more serious mistakes and errors during the iterations.

Based on the principles of mechanics it is easy to understand the structural behavior
of a building that has a regular structural layout. However, understanding structural
behavior of historic structures that have their own spatial geometry is not an easy task.
It becomes especially difficult in structures that is composed of domes, vaults, pen-
dentives and arches, of which the shear force diagrams, bending moment diagrams and
axial force distributions cannot easily be determined by using approximate methods.

The finite element analysis is a numerical method used to solve problems that can
be formulated with partial differential equations. It is appropriate for structures with
complex geometries and large masses under various loads and with various boundary
conditions. In this study, a finite element model of Sinop Castle, which has a massive
geometry has been prepared and analyzed under various loads and environmental
factors.

2 Sinop City Walls

2.1 The City of Sinop and Its History

The city of Sinop is settled at the north of Turkey, on a 1.5 km long tombolo at the
junction of the mainland and Boztepe Peninsula, which is a ridge as a result of tectonic
movements. The narrowest part of the tombolo is 300 m and it is 15–20 m above the
sea level [1]. Figure 1 shows the city of Sinop at the narrowest part of the coastline that
connects the island to the mainland. On the east and west of the peninsula are the
Interior Harbor (Sinop Harbor) and the Exterior Harbor (Ak Harbor), respectively. The
archaeological ruins are an evidence to prove that the region was inhabited in the very
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old times. This can be attributed to the fact that Sinop was the most sheltered natural
harbor in the Black Sea region [2, 3].

Based on the archaeological evidence, inhabitance in the region dates back
5000 years to the Chalcolithic Age. The town of Sinop was first settled by a Miletus
colony in eighth century BC and became one of the most important cities of the Black
Sea in the Archaic Age [2]. Between 546–547 and 340 BC, it was dominated by the
Persians, who built various monuments and hosted important scholars and philosophers
in the region. Right after the Persians, the town was taken by the Pontus Empire, and
had its peak in history until 30 BC. Then it was conquered and dominated until 395 AD
by the Roman Empire, who built aqueducts to sustain the primary needs of the com-
munity [3]. After the Romans, the region was dominated by the Byzantines for almost
eight centuries and was conquered by the Seljuk Empire in the early thirteenth century.
After having been governed by several principalities, between thirteenth and fifteenth
centuries, it was annexed by the Ottoman Empire in 1461. During all those years
throughout its history, Sinop had retained its identity as a cultural and trade center and
became the most important naval base in the region [2].

2.2 The History of the Sinop Castle

The date of construction of Sinop Castle is unknown. Demir [5] suggests that the castle
was built after the colonization period. According to Demir [5] the castle walls pro-
tected the city from being conquered even though it was surrounded in 220 BC. The
walls were fortified during the Pontus Empire and new additions—along with various
maintenance and repairs, were made during the time of the Romans, Byzantines,
Seljuks, Principalities, and Ottomans. The Seljuk Empire Izzeddin Keykavus I added a

Fig. 1. Settlement of the city of Sinop [4]
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keep by means of new walls and bastions at the western part of the city. In order to
obtain better control over the harbor, eleven bastions were added along the north–south
axis. The bastions on the southern side are 22 m high while the 3 m thick castle walls
have 18 m height. Today, the northern castle walls are 880 m, southern walls are
400 m, eastern walls are 500 m, and western walls are 273 m long and the castle has
one main gate for each one of these walls. The northern keep and the southern keep,
respectively, cover 16,875 and 9500 m2 [2].

With effect from 1568, the keep served as the dungeon. The castle was kept well until
the Constitutional Period [6]. Having witnessed various battles between the Ottomans
and Russians, the castle sustained the most severe damage during the raid in 1853
(Fig. 2). Figure 3 displays the continuity of the castle walls during the World War 1.

However, during the first years of the Turkish Republic, the western walls of the castle
and the western and eastern walls of the keep were demolished to create the main access
to the city. The majority of the keep is still visible today, while a significant part of the
castle walls is gone.

Fig. 2. Ottoman–Russian battle 1853, after the raid (taken from Cengizhan Ersoy archive)

Fig. 3. 1915–1920 World War 1, picture taken by the German planes
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3 Structural Damages Observed in Sinop City Walls

3.1 Eastern City Walls and Bastions of the Castle

The major part on the northern side of the 500 m long eastern city walls were
demolished and replaced by buildings. The bastions, which are over these walls, were
made of rubble and ashlar stone with mortar as the binding material. The stairs that lead
to the two-story bastion consist of 35 steps. The first floor has two vaulted walkways at
the eastern and western sides. These walkways have arched openings. The western
walkway leads to the second floor and also involves arched openings. There is a clock
tower over the western walkway. A 20 m part of the city walls on the southern side of
the bastion was demolished to build a road in Fig. 4 [7].

3.2 Southern City Walls and Bastions of the Castle

The southern city walls of the castle were entirely destroyed. There is a sound looking
bastion at the southern end of the castle walls that run in the north–south axis as can be
seen in the Figs. 5 and 6.

Fig. 4. Clock tower of the Sinop Castle eastern bastions (from Mustafa Cambaz Archive)
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3.3 Western and Northern City Walls and Bastions of the Castle

Almost all of these 270 m long city walls have been destroyed. The western city walls,
which are the main entrance to the city were demolished in order to provide road
access.

The northern city walls, which are approximately 880 m long, run between the
northwestern and northeastern bastions along the coastline. As it can be seen in Fig. 7,
parts of these walls collapsed in the sea because of strong waves while some other parts
leaned towards the sea [6].

Fig. 5. Southern walls and bastions of the Sinop Castle from 1935 to 1940 (from Zeynel Zeki
Özcanoğlu archive)

Fig. 6. Southern walls and bastion of the Sinop Castle in 2014 (from Çetin Tek archive)
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3.4 The Keep, Northern City Walls, Eastern City Walls and Bastions

The keep is at the western part of the city, the Seljuks, right after they conquered Sinop,
built two separate inner walls that constitute the keep. One of these inner walls run on
the north–south axis between the northern and southern city walls while the other is at
the north. These additions were made when the castle was enlarged to include the
western part of the city. The keep, which hosts several Seljuk inscriptions, consist of
two parts. The northern and southern parts cover areas of 16,875 and 65,000 m2,
respectively. The southern part, which hosts the old prison, is lower in elevation than
the northern part and is used as a museum today.

At the northwestern corner of the keep, a bastion, which was constructed of rubble
and mortar inside and covered with ashlar stone at the surface, takes place. This
bastion, once started to collapse, was repaired close to its original characteristics as it
can be seen in Fig. 8.

Fig. 7. Northern city walls (www.sinopthk.com)

Fig. 8. The keep-northern city walls, 1930 (from Zeynel Zeki Özcanoğlu archive)
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The eastern walls of the keep, on the other hand, run as two city walls parallel to
each other between the ends of the northern walls and southern walls by the coast
(see Fig. 9).

4 Structural Analysis of Sinop City Walls

4.1 Finite Element Analysis and Main Considerations for Calculation

Finite element model of Sinop City Walls has been prepared according to modeling
rules of SAP2000. All the geometrical dimensions and other related measures were
obtained from the building survey conducted. The parameters for calculations and the
model are given below:

• Majority of the structure is suitable for the definition of 3D solid elements.
• As shown in Fig. 10, the finite element model consists of 11,280 joints and 7248

solid elements.
• Material properties of the structure have been obtained from the literature on the

similar type of structures and suggested values of the masonry material properties of
the current earthquake code.

• Material properties are shown in Table 1.
• For the determination of the elasticity modulus and unit weight of the material,

masonry units and the mortar have been assumed as one single material.
• On the model, spectrum has been applied in two fundamental directions as EQx and

EQy.

For the easiness in the evaluation of the results, two different load combinations
have been made as G + EQx and G + EQy.

Fig. 9. The keep-eastern city walls (www.sinopthk.com)
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4.2 The Results of Finite Element Analysis

Structural analysis of Sinop City Walls was carried out with SAP2000 using the load
combinations provided above. Since the evaluation of displacement, forces and stresses
at every single joints and load carrying elements is not efficient, interpretation of results
is based on the graphs of stress distribution and deformed shape considering the
unfavorable case. Base shear and vertical reactions are provided for load combinations
in Table 2.

Total weight of the structure is seen to be 44,154 kN while total base shear is 6205
and 4193 kN in x direction (north–south) and in y direction (west–east), respectively.
According to these results, base shear force that the structure is subjected is 14% of the
total weight in x-direction and 1% of the total weight in y-direction.

In the evaluation analysis results among the stresses calculated for solid elements,
stresses that are vertical to the local axis of each element (in SAP 2000, S33) is used.
The stresses S33 for the load combinations G + EQx and G + EQy are evaluated walls.

Fig. 10. Finite element model of Sinop Castle with remarkable point for the evaluation of the
analysis results

Table 1. Material properties of the masonry

Structural elements Modulus of elasticity
(kN/m2)

Specific weight
(kN/m3)

Mass
(t/m3)

Stone walls (including the
mortar)

450,000 (450 MPa) 30 3.06
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Maximum stress distribution on the structural elements for G + EQx and G + EQy

load combinations is provided in Figs. 11 and 12 respectively. Similarly, Table 3
points out the maximum tensile and compressive strength values for remarkable points
in the structure.

Table 2. Base shear and vertical reactions

Loading
type

Analysis type Base shear in x-dir.
(kN)

Base shear in y-dir.
(kN)

Vertical reactions
(kN)

G Linear static 44,154
EQx Linear

spectrum
6205 1493 457

EQy Linear
spectrum

1493 6798 967

G + Ex Combination 6205 1492 44,612
G + Ey Combination 1493 6798 45,122

Fig. 11. Vertical stress distribution for G + EQx load combination
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5 Conclusions

The aim of this study is not creating the most realistic and accurate simulation of the
actual structural behavior and structural capacity of Sinop City Walls but to acquire an
overall understanding of the interval in which this structure could behave during
prospective environmental disturbances. A detailed repair and restoration history of the
structure must be known to assess the local variations of the material properties. As a
result, to use approximate material values and analytical methods to understand the
seismic behavior of the structure as accurately as possible with the available means.
This study can be considered as the foundation or a starting point for a possible future
restoration or strengthening works.

Fig. 12. Vertical stress distribution for G + EQy load combination

Table 3. Maximum stresses on remarkable points in the structure

Location G + EQx (kN/m
2) G + EQy (kN/m

2)

A 92 400
B −338 −182
C 63 28
D 134 54
E 272 338
F −215 −29
G 118 78
H 27 31

394 R. Kılıç Demircan and A.İ. Ünay



Following observations are made on the behavior of the structural elements of the
building:

The structural system of Sinop City Walls has high rigidity. Largest displacements
(Dx) in the x direction is observed as Dx = 12 mm; under combined gravity and
spectral loading (G + EQy) in y direction, largest displacements (Dy) in the y direction
is observed as Dy = 14 mm.

The high rigidity level of Sinop City Walls is verified by the values obtained for the
periods of the seismic modes. The value of the period for the first mode is equal to
T1 = 0.44 s.

The finite element analysis of Sinop City Walls has demonstrated that Turkish
Earthquake Code’s allowable compressive or shear stress levels for masonry materials
were not exceeded anywhere under the applied load cases.

Allowable tensile stress levels were only locally exceeded near the corners of the
openings and lower corners of the walls. Such local stresses are expected and allowable
due to the mesh structure of the finite elements and used support conditions.

It should be kept in mind that the material properties used in the finite element
model were not actual values obtained from the testing of the material samples from the
actual structure but values taken from scientific literature. As a result of this, it is
possible for certain partial damages to happen due to the non-homogenous behavior of
the actual structural elements or material deterioration. However, since the obtained
maximum stress levels are well within safety intervals, it is very unlikely that Sinop
City Walls will be subjected to major damage during several possible environmental
disturbances.

The analyses reveal that the structure is not under a serious stability threat, how-
ever, it should be remembered that in the study the effects of current damages, probable
material deteriorations, and the probable foundation failures are not taken into account.
Moreover, the material properties used are the common values and might greatly
change in the actual case. Within this context, the structure seems to need some
precautions to prevent any further damage.
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Abstract. The early prediction of column shortening during the design of
high-rise concrete buildings is of high importance to allow for shortening com-
pensation measures to be proposed and taken in the construction. However, a
column shortening that consists of elastic, creep and shrinkage shortening can be
very complex to predict influenced by many uncertainties, such as inelasticity and
non-homogeneity of the concrete structures and highly affected by the chosen
method for time-dependent effects. In this paper, the ACI 209R-92 method (ACI
Committee 209 in Prediction of creep, shrinkage, and temperature effects in
concrete structures (ACI 209R-92). American Concrete Institute, Farmington
Hills [1]) for predicting creep and shrinkage effects is evaluated by comparing its
results to actual site readings taken during the construction of a high-rise building
presented as a case study in this research. For that purpose, an Excel (Microsoft
Corporation in Excel (computer program), https://www.office.com/, [2]) spread-
sheet including all the factors of this method is developed to provide a simple
interface to predict the elastic and time-dependent column shortening and settle-
ment. Furthermore, the presented case study building was analyzed using a finite
element software, Etabs (Computers and Structures in Etabs 2015 ultimate, ver-
sion 15.0.0 (computer program), http://www.csiamerica.com/, [3]) where column
shortening and settlement were predicted based on the CEB-FIB 90 method
(Comite Euro-International Du Beton in CEB-FIB model code, Thomas Telford,
London, [4]) for time-dependent effects. By comparing the twomethods’ results to
the actual readings, it was found that both methods overestimated column settle-
ment in all floors. Whilst the average overestimation of the developed Excel sheet
based on theACI 209R-92modelwas 630%,Etabs analysis based on theCEB-FIB
90 model had more accurate results with average overestimation of 258%.

Keywords: Column shortening � Creep � Shrinkage � Modulus of elasticity

1 Introduction

A concrete column under sequential construction loading exhibits two types of
shortening, elastic due to immediate loading and inelastic as a result of creep and
shrinkage effects. Prediction of elastic effects includes less variables than those of
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time-dependent (creep and shrinkage) since it’s related directly to the applied load and
modules of elasticity which can be directly predicted by experimental tests on speci-
mens taken from the casting concrete. On the other hand, predicting creep and
shrinkage effects is highly affected by the prediction model.

1.1 Research Significance

The accumulation of elastic and time-dependent effects due to sequential loading
during the construction of tall buildings leads to considerable columns shortening
which affects the overall serviceability of the building and may destruct the non-
structural members such as services ducts, finishes and curtain walls which are installed
prior to end of construction.

In tall buildings, the difference in the applied loads and the axial stiffness between
vertical members is significant leading to considerable differential shortening between
those members, more precisely between columns and shear walls. Ignoring this defer-
ential shortening in tall buildings compromises in addition to the non-structural members,
the structural elements due to the induced additional forces in the connecting horizontal
members.

This study provides a simple and easy-to-use interface using Excel sheet to predict
the elastic, time-dependent and total column shortening. The prediction depends on
information available during the design for practicing engineers, so the effects of this
phenomena can be accounted for in the design and proper measures and compensations
can be specified.

1.2 Research Challenge

Although the prediction of column shortening behavior is sophisticated and accom-
panied with much uncertainties, a good prediction can be based on estimated infor-
mation during the design stage. Creep and shrinkage, elastic modulus, construction
method and environmental conditions are all affecting the accuracy of columns
shortening prediction.

A sequential analysis based on the construction method and schedule rather than
the total loading conventional analysis is essential to predict this behavior more
accurately and realistically. For this purpose, the proposed Excel sheet is developed to
predict the elastic, creep and shrinkage shortening of any concrete column or wall
during a particular construction stage (after casting a certain floor) using the ACI
209R-92 method for time-dependent effects prediction.

It’s essential to this research, in addition to provide column shortening prediction
individually, to present the results of settlement in the same way that were provided in
the presented case study building records to compare and assess those values. That is
where the settlement is surveyed each five floors at chosen levels during the con-
struction. Thus, the column shortening is incorporated with complex effects of the
previous and the following floors which were considered in the developed excel sheet.
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1.3 Research Objectives

This research intends to obtain the following targets:

1. To assess the reliability of the ACI 209R-92 method in predicting column short-
ening in high-rise concrete buildings.

2. To predict both elastic and time-dependent column shortening in high-rise buildings
and provide a spreadsheet for that purpose.

3. To provide a simple procedure for engineers to predict the columns shortening at an
early stage of the design.

1.4 Case Study

In order to evaluate the theoretical results of the considered ACI 209R-92 method, a
case study of 360 m high vertically asymmetric building was considered to compare
the site readings of columns shortening taken during the tower construction with the
theoretical results. The building is a 71 floors office tower located in Dubai, UAE. The
typical plan shapes into two intersecting ellipses which, after floor 52, only one ellipse
continues to floor 64. A reinforced concrete central core wall with peripheral frame
connected by spine beams at each floor form the main structural systems of the tower.
The floor is hollow core slab with 320 mm thickness and 80 mm topping slab.
A typical structural plan is shown in Fig. 1.

Fig. 1. Typical structural plan of the tower
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A monitoring system was specified to allow for site readings of the column
movement during the construction work. The monitored points were set at each floor
for lateral movement and at different floors at peripheral columns and the core wall to
monitor the vertical movement. The survey was done by laser device with reference to
a benchmark located outside the building. Reading results was done after each 5 floors
construction.

2 Axial Column Shortening

In reinforced concrete buildings, the effects of columns shortening increase in high-rise
buildings and hence, need special attention during the design and construction. Col-
umns shortening is a cumulative procedure of elastic and inelastic strains which are
produced during the construction and extend over the life time of the building. The
prediction of columns shortening is a complex task including the elastic and
time-dependent strains with all the influencing factors. The deformation of axially
loaded vertical members due to time dependent effects takes place from the moment the
member is cast for shrinkage effects and the moment it is loaded for creep effects. It
was reported [5–7] that creep and shrinkage effects have the most proportion of the
total effect (represented as column strain) occurs during the first few months of the
member age. As well, creep effects due to loads applied at later ages have much less
effects than those applied at early age. As a consequence, the consideration of columns
shortening in tall buildings during the construction stage is of higher concern compared
to those caused by sustained loads applied at later stages (imposed loads). Fintel and
Khan [8] firstly originated a model to quantify the axial shortening of a concrete
column. The model was proposed in [6] as the PCA method for prediction and com-
pensation of columns shortening in tall buildings. The method is based on numerous
tests and formulations to calculate the elastic and inelastic post-slab installation
deformations caused by the sequence of tall buildings construction. In the proposed
procedure, it was suggested that columns shortening can be accurately predicted during
the preliminary design while the designer has some control over the specifications and
enough information about the construction sequence. Although that procedure suggests
a compensation work by adjusting the slab form vertically, it has no limits to the
columns shortening or slabs tilt due to differential shortening at which the slab cam-
bering is cost effective and convenient. The method presented by Ghosh [9] is a
refinement of Fintel and Khan method [8] which gives according to Jayasinghe and
Jayasena [10] almost the same results. Swamy and Arumugasaamy [7] researched the
complexity of reinforced concrete columns behavior in buildings by observing the
movement of an eight-story building during construction and six years later in service.
The study was based on separating the three components of the total strain, elastic,
shrinkage and creep strains. The elastic strain was computed by knowing the stress
history and the elastic modulus from laboratory control tests. The shrinkage and creep
strains were predicted using tests on unreinforced concrete specimens which were
under the same environmental conditions of the building. The good agreement between
measured and predicted values reflected the accurate and precise procedure of the latter
study utilizing controlled experiments. In addition to column shortening, a very recent
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study [11] investigated the effects of creep on the whole behavior of RC columns
including geometric nonlinearity, cracking and aging.

3 Procedure of Excel Sheet Calculation

The procedure for creep and shrinkage strain prediction presented in this paper is a
direct application of the ACI 209R-92 model. The ACI formulas were used to develop
spreadsheets in order to predict the final settlement of a considered column in any floor
caused by casting floors above as following:

1. An Excel sheet was developed to estimate the total axial shortening (elastic, creep
and shrinkage) of any column caused by adding one single floor and get the value
Sih: Where Sih: shortening of a column in floor (i) caused by the instantaneous and
time-dependent effects of adding one single floor (h).

2. The spreadsheet was prepared to sum up all the column shortenings of that par-
ticular column caused by adding a group of floors to get the value TSkj, the total
shortening of a column in floor (k) below floor (n) caused by adding number of
floors (j − n + 1).

TSkj ¼
Xj

h¼n

Sih ð1Þ

3. The spreadsheet was replicated to calculate the value TSkj for each column below
the considered column caused by adding the same group of floors.

4. Another Excel sheet was prepared to sum all the column shortening values TSkj to
get the final value Dnj, the total displacement of a column in floor (n) after casting
floor (j).

Dnj ¼
Xn

k¼1

TSkj ð2Þ

5. Steps 3 and 4 were repeated for each required group of floors to get the final
settlement of that particular column after each five floors construction above that
column.

6. Displacement charts were constructed to represent the column displacement for
each stage similar to the actual site reading charts taken during the construction of
the case study building.

An example of the developed Excel sheet is shown in Fig. 2.
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4 Case Study Results

The developed spreadsheet in Sect. 3 is used to estimate the columns and walls
shortening in each floor and then accumulate them to predict the settlement of the
considered column in the same survey results style for comparison between actual and
theoretical values.

Fig. 2. Developed excel sheet for column shortening prediction
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4.1 Shortening of Monitored Column Below 4th Floor

The previous procedure in Sect. 3 is used to calculate the settlement of the monitored
column and wall in 3rd, 10th, 21st, 29th, 4th, 50th and 60th floor. Those columns are
the ones which were monitored during the tower construction. Below are the steps for
the monitored column in 3rd floor and similarly used for other columns floors:

• The added floors are divided into groups, 3rd to 8th, 3rd to 13th, 3rd to 18th,…, 3rd
to 63rd. Each group is used to calculate the shortening of the 3rd floor column after
casting this group. The resulted values are similar to those of monitoring points
survey used in the case study.

• The developed Excel sheet was replicated to estimate the shortening of each column
below 4th floor for each of the twelve groups of floors, 3rd to 8th, 3rd to 13th, 3rd to
18th, …, 3rd to 63rd.

The total shortening of columns below 4th floor for the first floors group (3rd to
8th) are plotted as a chart in Fig. 3 for each shortening component.

To eliminate the influence of column length on the shortening and for a better
understanding of this behavior, the shortening charts are transformed into strain charts
by dividing each shortening component by the column length (Fig. 4).

The strain charts show a more regular pattern than shortening charts when elastic and
creep strains keep increasing fromB5 to 3rdfloor. The shrinkage strain has a peak value in
the 1st floor decreasing then for both fresher and older columns. The total strain is thus in
line with the dominant pattern by increasing from B5 to 3rd floor except for one decrease
in the 2nd floor for both column andwall strains. By examining the elastic strain, it can be

Fig. 3. Shortening of monitored columns below 4th floor due to adding floors 4th–8th
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noticed that the increase in elastic strain is much less than of creep and shrinkage. For
further examination of the results, the differences in strain between floors are expressed as
a percentage of column strain in floor B5 as shown in Table 1.

By examining the results in Table 1, it’s possible to see the leap in all column
strains in ground floor (108–152% for creep, 158–230% for shrinkage and 103–141%
for elastic). However, the elastic strain revealed a very slight increase until the jump in
ground floor.

Fig. 4. Strain of monitored columns below 4th floor due to adding floors 4th–8th

Table 1. Difference between columns/walls strain below 4th floor due to adding floors 4th to
8th

Floor B5 B4 B3 B2 B1 G 1 2 3

Creep per. (%)
Col. 100 101 102 105 108 152 160 170 228
Wall 100 102 104 105 109 112 118 126 184
Shrinkage per. (%)
Col. 100 111 124 140 158 230 241 201 176
Wall 100 131 146 164 186 213 223 187 189
Elastic (%)
Col. 100 100 101 102 103 141 144 148 186
Wall 100 100 101 102 103 104 106 109 149
Total (%)
Col. 100 103 107 111 116 164 169 164 190
Wall 100 107 111 116 121 129 133 128 163
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4.2 Settlement of Monitored Column in 3rd Floor

For each group of floors, the shortenings of all the columns below 4th floor were
accumulated to get the final settlement of the monitored column in 3rd floor after
casting that considered group of floors. The resulted settlements of each added group of
floors are used to construct settlement charts similar to the actual results style plotted on
the same chart for comparison (Fig. 5).

By studying all the charts individually, it can be observed that elastic and creep
charts tend to have linear relation between settlement and adding floors. In contrast,
shrinkage chart starts linear after adding the first few floors, then the effect of shrinkage
starts to disappear in the horizontal segment of the chart. It’s obvious that elastic
settlement is highly overestimated before casting the 28th floor since it exceeds the
actual settlement which includes the three settlement components. The elastic settle-
ment is then deviated decreasingly from the actual settlement chart till the end of

Fig. 5. Actual and theoretical settlement of monitored column in 3rd floor
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construction. By comparing the total theoretical settlement chart and the actual chart, it
can be seen that in all construction stages the settlement is overestimated, however a
consistent relation is maintained by the parallelism between the theoretical chart and
the approximated linear line of the actual chart.

4.3 Settlement of Monitored Columns in All Monitored Floors

The procedure presented in Sects. 4.1 and 4.2 to predict the total settlement of monitored
column in 3rd floor is repeated for the same monitored column in the other considered
floors, 10th, 21st, 29th, 41st, 50th and 60th. The building was analyzed using Etabs
software as a 3D finite element model using the CEB-FIB 90 model to predict the
time-dependent settlement and the results were compared with the previous ACI model
results and the actual site readings as well. The same inputs for the developed excel sheet
are used in the Etabs model. The monitored column settlement charts are plotted for both
ACI and CEB-FIP model with the actual settlement chart (Figs. 6, 7, 8, 9, 10 and 11).

Fig. 6. Actual, theoretical and ETABS settlement of monitored column in 3rd floor
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In the 3rd floor column settlement, the CEB-FIP model results extrapolated from
the Etabs model analysis show identical results to the actual ones in the first casted 20
floors. After that, the results start to deviate continuously underestimating the settle-
ment until the end of construction where the Etabs settlement becomes around 57% of
the actual one. Unlike the ACI model chart, the CEB-FIP chart shows inconsistent
relation with the actual chart where parallelism is maintained between the ACI and
actual charts but not between CEB-FIP and actual charts. However, overestimation by
the ACI model is maintained during all construction stages.

By studying the 10th floor column settlement, it can be noticed that both models
(CEB and ACI) overestimate the settlement in all construction stages. On the contrary
to 3rd floor, the ACI chart gradually varies from the actual chart until the end of
construction where the theoretical settlement reaches 280% of the actual one. In the
contrast, the Etabs chart now is, unlike the 3rd floor, parallel to the actual chart with
average overestimation of 120%. The continuous linear chart of the Etabs model
(CEB-FIP method) represents the consistency with the actual results despite the
overestimation of the total settlement.

Fig. 7. Actual, theoretical and ETABS settlement of monitored column in 10th floor
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Fig. 8. Actual, theoretical and ETABS settlement of monitored column in 21st floor

Fig. 9. Actual, Theoretical and ETABS settlement of monitored column in 29th floor
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Fig. 10. Actual, theoretical and ETABS settlement of monitored column in 41st floor

Fig. 11. Actual, theoretical and ETABS settlement of monitored column in 50th floor
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By examining the charts for the other floors (21st, 29th, 41st and 59th) it can be
noticed that both charts (ACI and CEB-FIP) start to deviate significantly from the
actual chart reaching 1174 and 546% for ACI and CEB-FIP charts respectively for the
total settlement of the 50th floor column after casting the 63rd floor. Another notice
from the previous charts is that both models charts start close to the actual charts, that is
with the first additional floors and then the different inclined slope represents the
significant difference between the actual measurements and the predicted values.

4.4 Final Settlement of Monitored Column

The final settlement of the monitored column after completion of construction work
(after casting floor 63) are derived from the previous charts and plotted on charts for
theoretical, actual and Etabs results (Fig. 12).

Fig. 12. Total settlement of monitored column after completion of construction
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In the total settlement actual chart, the settlement has almost a linear relation with
floors decreasing continuously from 24 mm in the 3rd floor to only 1 mm in the 60th
floor. Both theoretical and Etabs charts show a totally different relation between floors
and total settlement where the settlement increases when going up in floors until it
reaches a maximum value near the building mid height and then decreases until the last
floor. Where the actual and theoretical (ACI) settlement of 3rd floor are too close (24
and 25.7 mm), the other floors settlement differ significantly except for one intersection
which reveal identical settlement between the two intersecting charts (actual and Etabs
in the 9th floor as 20 mm). In general, the theoretical settlements are the highest, the
actual settlements are the least where Etabs settlements are between those values.

5 Conclusions

Prediction of column shortening is a complex task associated with many uncertain
factors that may not be available during the design stage. Also, prediction of
time-dependent effects is an important part of column shortening estimation and is
highly affected by the chosen method of prediction. The ACI 209R-92 method for
predicting creep and shrinkage effects was evaluated by comparing its results to actual
site readings of the case study presented in this research. That comparison led to the
following conclusions:

• Theoretical elastic settlement of the monitored column in the 3rd floor was in the
range of 60–65% of the total theoretical settlement.

• Theoretical total creep settlement keeps increasing with construction progress but
with less effect for loads applied at later stages than those applied earlier.

• The effect of shrinkage on the total theoretical settlement of the 3rd floor column
almost disappeared after the 33rd floor (about 90 days column age), only 0.4 mm
additional settlement is caused by shrinkage for the remaining 90 days of the
construction time.

• The proposed approach of this research based on developed Excel sheet program of
the ACI 209R-92 method was able to predict the 3rd floor column settlement with
reasonable accuracy compared to site measurements.

• The overestimation of settlement by the proposed theoretical approach increased
steadily after the 3rd floor reaching 1174% of the actual settlement in the 50th floor.

• The average overestimation of the developed Excel sheet based on the ACI
209R-92 model was 630%.

• In any monitored floor, the proposed theoretical approach was able to predict the
settlement in good accuracy only for the first added floors. The more added floors,
the more deviation from the actual results takes place.

• In general, the proposed approach was unable to provide reliable prediction of the
column settlement after the 3rd floor.

• Etabs analysis using CEB-FIP method was able to predict the settlement better than
the theoretical approach of the ACI model.

• The average overestimation of Etabs analysis based on the CEB-FIB 90 model was
258%.
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• Due to the many variables and uncertainties of the two proposed methods (theo-
retical and Etabs), it was difficult to compare the ACI and CEB-FIP models on
which is better in predicting the time-dependent effects.

• The developed simple excel sheet program associated with the proposed method of
this research is found suitable for predicting shortening of individual columns and
the total settlement of low-rise buildings up to ten stories.

• By representing the compensation technique, staged construction analysis
(sequential loading) done by Etabs provided a realistic scenario on how the building
was constructed, and thus the obtained results had more reliability than those of
normal analysis.

• A reasonable accuracy of predicting settlement of high-rise building can be
achieved with a three-dimensional computer analysis where the restraining effects
of all the structural members and the steel–concrete interaction are considered.

• The accuracy of column shortening and settlement prediction can be greatly
enhanced by firm knowledge and information about the materials, environmental
conditions and construction method that are involved in the building construction.

Design Recommendations
The design stage should extend during the construction of the building to ensure

that design results are well met. The following steps are general outlines on how to
overcome the uncertainties in this type of buildings:

• After the strength design and member sizing are finalized, the column shortening
verification should initiate.

• A prediction method of creep and shrinkage should be chosen to account for
time-dependent effects.

• A three dimensional software model to be developed and all the parameters and
concrete properties required by the chosen method to be inputted into the model.

• Based on shortening results, a compensation method to be specified to be adopted in
the construction.

• During the construction, tests are necessary on concrete specimens taken from the
concrete patch used in the construction to determine all relevant concrete properties,
such as elasticity modulus, concrete specified strength and creep and shrinkage
strain.

• The design model inputs are then to be modified to account for the results of those
tests. A modification to the compensation method to be done if needed.

• A monitoring survey system for settlement is a very effective and helpful way to
assess the design results.
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Abstract. The formation of plastic shrinkage crack increases on the fresh
concrete placed in hot and windy conditions. The cracks affect the durability of
the concrete in a negative way. This type of cracking is mostly seen on slabs,
pavements, beams and other flat concrete surfaces. Many factors influence
evaporation, which is the main source of cracks. Evaporation is the function of
climatic variables like relative humidity, temperature and speed of wind. In this
study, experimental results of plastic shrinkage obtained from the literature are
examined and compared to predict the effect of environmental conditions on
evaporation and bleeding of concrete.

Keywords: Concrete � Evaporation � Bleeding � Humidity � Temperature

1 Introduction

Main factors that accelerate the evaporation on the surface of fresh concrete are climatic
ones; such as, low relative humidity, high temperature, high wind speed or sunbeams.
Evaporation occurs when thermal energy like sunbeams affects liquid or pressure on
the surface of liquids is less than the pressure inside the liquid. Evaporation takes place
as active water molecules move away from liquid. Evaporation is accelerated if the
wind that provides ongoing motion of water molecules is available. On the other hand,
if surface water temperature decreases, evaporation slows down. It is necessary to
know what the degree of water temperature on the surface is in order to set the
difference of pressure between water surface and air. Temperature of concrete is taken
as the temperature of bleeded water [1]. The formula that Dalton drew the main features
of evaporation in 1802 is shown with the Eq. (1).

E ¼ eo � eað Þf uð Þ ð1Þ

In this equation, E, (eo − ea), and f(u) are respectively defined with evaporation speed,
the difference of pressure, and function of wind (Dalton, 1802) [2]. In 1950–1952,
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broad researches were carried out around Hefner Lake. As a result of these researches,
the Eq. (2) was introduced by Kohler.

E ¼ eo � eað Þ0:88 0:37þ 0:0041uð Þ ð2Þ

E, evaporation speed; u, wind speed; and (eo − ea), the difference of pressure is
respectively defined as in/day, miles/day, and in/Hg (Kohler, 1955) [3]. Menzel
obtained Eq. (3) by using Kohler formula.

E ¼ 0:44 eo � eað Þ 0:253þ 0:096vð Þ ð3Þ

In this equation, E represents weight of water that evaporates from 1 ft2 surface in 1 h
as (lb/ft2/h); eo indicates vapor pressure on surface that evaporation occurs as psi; ea
represents vapor pressure of the weather as psi; and v represents wind speed that is
measured 50 cm above from the evaporation surface as mile/h. Number (3) equation is
presented in an article that was published by Menzel in Portland Cement Association
(PCA) in 1954 (Menzel, 1954) [4]. This is the evaporation equation that is known as
Menzel’s equation. It is necessary to know vapor pressures in order to detect evapo-
ration speed from these formulas. In 1960, Bloem points out temperature that is
measured in the concrete and relative humidity of the air as variables, so he finds a
solution for this problem. This solution takes place in an article for the name of
National Ready Mixed Concrete Association (NRMCA) in a monograph form (Bloem,
1960) [5].

Uno creates formula (4) by using variables of concrete and air temperature without
counting vapour pressures by putting Menzel’s equation into consideration.

E ¼ 5 Tc þ 18½ �2:5�r: Ta þ 18½ �2:5
� �

vþ 4ð Þ10�6 ð4Þ

E, evaporation speed, with kg/m2/h; Tc, concrete temperature, with °C; Ta, weather
temperature, with °C; r, rate of relative humidity, with %; and v, wind speed, with km/h
are represented in this equation [1, 6]. Evaporation speeds calculated using these
formulas give different values from experiment results.

2 Experimental Results

As it is understood in the formulas, environmental factors that play a role in evapo-
ration are air temperature, relative humidity, wind and water surface (concrete) tem-
perature. Evaporation is the phenomenon that liquid becomes vapor or gas. In other
words, evaporation is the penetration of thermal energy to the inside of the water, and
the situation that pressure on the surface of liquid is less than the pressure that the water
has. As a result of this, active water molecules move away from liquid by evaporating.
If the wind that changes its place continuously and water molecules is available,
evaporation gains momentum. The loss of energy on the surface of evaporated water
means decrease in the temperature of water on the surface. In these conditions,
evaporation slows down. The measurement of air temperature variable is certain and
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easy. The only condition is to be measured away from direct sunbeams and to reduce
direct solar radiation. Relative humidity is the proportion of actual humidity that is
available in the unit volume of the air (kg/m3) to the amount of saturated air humidity,
and it is assigned by percentage. When relative humidity accesses to 100 out of 100,
evaporation ceases if other factors such as wind do not change saturated air with
unsaturated air. The temperature of bleeded water (or the temperature of the surface) is
necessary to be measured in order to set the difference of vapor pressure between water
surface and air.

It is considered that the temperature of the bleed water is same with the temperature
of the concrete. Therefore, what is obtained at the end is the temperature of concrete
[1–3]. While Berhane [4] reaches to the maximum evaporation speed in a hot and dry
environment half an hour later from its casting, it reaches to this speed in a hot and
humid environment after 4–7 h later. Although values that are measured at the
beginning of experiment are the same with the results of Menzel equation, values that
are obtained in the latter phase of the equation are less than values got in the equation.
Hasanain et al. [5] conduct some experimental studies on evaporation of concrete
specimens that are produced for a building in clear weather, under the shade and on the
conditions that concrete surface is closed with polyethylene plate. The graphic method
shows almost the equal results in evaporation speed that is measured in the specimens
that are kept in the clear weather in the beginning hours with experimental results.
However, it does not indicate the right predications in evaporation speed 3–5 h latter
after its casting. Özkul and Öztekin [7] compare the evaporation speeds that they have
obtained from the experiential results at the end of their study on plastic shrinkage with
the values that are drawn according to Menzel’s correlation in graphic method. They
also stated that graphic method gives lower values.

Saman et al. [8] state that concrete mixtures which have low resistance and contain
high level of water show the maximum evaporation speed, but loss of water and
evaporation speed is higher in the concretes that have high resistance because of low
water content.

Furthermore, that the amount and speed of evaporation increase as the rate of
mineral admixture increases in the specimens of concrete that have mineral additives is
stated at the end of another experiment. It is also pointed out that evaporation speed in
concrete specimens kept under conditions which 95% relative humidity is available is
far less than in concrete specimens kept under the conditions which have 25% relative
humidity [9].

The aggregates in fresh concrete decompose in cement paste and particles inside the
cement paste are dissolved in the water. This distribution is up to a certain extent
depends on attractive and repulsion force between these particulars. This dissolved
situation occurs while concrete is being mixed. The particulars are under the effect of a
downward force. This gravitational force causes the particulars to precipitate by
decreasing the distance between the particulars in verticular axis. Because of precipi-
tation, volume of the hardened concrete is less than the volume that the concrete gains
right after being put the concrete to its place. Nonetheless, this change in volume
cannot be restricted only to gravitational force. There is also the effect of internal forces
such as change in temperature and hydrostatics tensile excessive that affects all of the
volume. Aggregate and concrete particles exert pressure to the mixture of water.
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Throughout this process, concrete particulars hold too much water in the concrete, but
they throw out the extra water by flocculating. In the course of observation, bleeded
water seems as if it rose on the surface or boil over occurred on the surface of concrete.
Yet, any kind of rising in the level does not take place actually [10]. Powers claims that
bleeding speed is low not only because it is dependent on the type of concrete, but also
because distribution of aggregate is random [11]. Steinour makes some experiments on
various concrete with the same water levels and high water level. According to his
observations, if the speed of chemical reaction is high at the beginning, the amount and
speed of the perspiration is low in various materials that contain same amount of
concrete [12]. Öztekin and Özkul [7] record, in their studies, increased concrete dosage
lessens the amount of bleeding by increasing water bond of concrete. The effects of
superplasticizers on the properties of new concrete are examined in a study conducted
by Akman. At the end of the experiments, it is stated that bleeding increases with the
participation of the admixtures. This increase occurs by the help of retarder admixtures
in a more obvious way [13]. Özkul et al. [14] point out in their studies that bleeding is
correlated with the plug timeframe, and the longer the plug timeframe is, the more the
amount of the bleeding is. Tamimi [15] stated that the mixture of concrete that is
prepared in the respect of two-tier phase method shows much less the amount of
bleeding the mixture of concrete prepared in respect the of common method.

3 Evaluation of Experimental Results

In the results of evaporation experiments conducted in four different environmental
conditions, it is extracted that low rate of relative humidity and the amount of evap-
oration in the specimens that are kept under the windy conditions. Maximum amount
and speed of evaporation observed in the specimens that are kept under the 50%
relative humidity conditions are 28 °C and 15 km/h wind speed. On the other hand,
minimum amount and speed of evaporation observed in the specimens that are kept
under the 80% relative humidity conditions are 28 °C. The amount of evaporation that
is obtained at the end of 5 h triples because the speed of the wind rises to 15 km/h from
0 under the permanent ambient temperature, and doubles as the rate of relative
humidity decreases from 80 to 50%. When the amounts of evaporation are examined,
the specimens that have the maximum amount of evaporation at the end of the 5 h are
the ones that have C 25/30 quality. It is also observed under four different environment
conditions that the concrete specimens in C 25/30 quality that are produced by using
CEM II/B-M 32.5 and CEM I 42.5 concrete have much more the amount of evapo-
ration than the specimens of concrete in C 35/45 quality. Why less amount of evap-
oration occurs in the specimens in C 35/45 quality can be related to the idea that
bleeding water on their surfaces is less. In the experiments that are conducted with two
different types of concrete, it is noticed that the type of concrete does not have a direct
effect on the amount and speed of evaporation.

Evaporation speeds of concretes of C 25/30 and C 35/45 under 28 °C and 50%
humidity are given in Figs. 1 and 2. Experimental evaporation speeds are bigger than
the ones that are obtained in Menzel and Uno’s correlations. At the end of the
experiment, maximum evaporation speeds that are measured in the C 25/30 and C
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35/45 concrete specimens kept on the level of 28 °C and 50% relative humidity; and
produced with both types of the concrete according to Menzel and Uno’s correlations
are obtained after 60 min. While the experimental values for C 25/30 concrete change
between change between 0.350 and 0.125, the ones for C 35/45 concrete change
between 0.325 and 0.125.

In Figs. 3 and 4, evaporation speed of C 25/30 and C 35/45 concrete specimens
under 28 °C, 15 km/h and 50% humidity are given. Experimental evaporation speeds
that are bigger than the evaporation speeds got in Menzel and Uno correlations are
obtained. The evaporation speeds for C 25/30 concrete specimens that are kept under
28 °C temperature, 15 km/h speed of wind and 50% the rate of relative humidity
change between the values 0.900 and 0.525. In addition to this, the values for C 35/45

Fig. 1. Evaporation speeds of concretes of C 25/30 under 28 °C and 50% humidity

Fig. 2. Evaporation speeds of concretes of C 35/45 under 28 °C and 50% humidity
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concrete specimens change between 0.875 and 0.475. It gives very close results with
evaporation speeds obtained in Menzel and Uno’s correlations.

In Figs. 5 and 6, evaporation speed of C 25/30 and C 35/45 concrete specimens
under 28 °C and 80% humidity are given. Experimental evaporation speeds that are
bigger than the evaporation speeds got in Menzel and Uno’s correlations are obtained.
The evaporation speeds for C 25/30 concrete specimens that are kept under 28 °C
temperature and 80% the rate of relative humidity changes between the values 0.200
and 0.125. In addition to this, the values for C 35/45 concrete specimens change
between 0.175 and 0.075. It gives very close results with evaporation speeds obtained
in Menzel and Uno’s correlations.

Fig. 3. Evaporation speeds of concretes of C 25/30 under 28 °C, 15 km/h and 50% humidity

Fig. 4. Evaporation speeds of C 35/45 under 28 °C, 15 km/h and 50% humidity
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In Figs. 7 and 8, evaporation speed of C 25/30 and C 35/45 concrete specimens
under 28 °C, 15 km/h wind, and 80% humidity are given. Experimental evaporation
speeds that are bigger than the evaporation speeds got in Menzel and Uno’s equations
are obtained. The evaporation speeds for C 25/30 concrete specimens that are kept
under 28 °C temperature, 15 km/h wind speed, and 80% the rate of relative humidity
changes between the values 0.475 and 0.275. In addition to this, the values for C 35/45
concrete specimens change between 0.175 and 0.075. It gives very close results with
evaporation speeds obtained in Menzel and Uno’s correlations.

Relations that can change according to environmental conditions are observed in dif-
ferent cement concrete specimens that are in the same concrete category. If evaporation
experiment results of concrete specimens in C 25/30 quality under the conditions that same
rate of temperature and relative humidity exist are analyzed, while C 25/30 concrete made
of CEM II/B-M 32.5 cement indicates bigger amount of evaporation under the conditions
that there is nowindC 25/30 concretemade of CEM I 42.5 cement shows bigger amount of

Fig. 5. Evaporation speeds of C 25/30 under 28 °C and 80% humidity

Fig. 6. Evaporation speeds of C 35/45 under 28 °C and 80% humidity

A Review on the Effect of Environmental Conditions on Concrete … 419



evaporation when 15 km/h wind speed is available. On the other hand, if evaporation
experiment results of concrete specimens in C 35/45 quality are analyzed under the same
wind speed and temperature conditions, bigger amount of evaporation is observed in C
35/45 concrete made of CEM II/B-M 32.5 cement under the condition that 50% relative
humidity is available; however, under the conditions that high relative exists, much more
amount of evaporation speed is observed inC35/45 concretemadeofCEMI42.5 cement at
the end of 5 h. The amount and speed of evaporation that are measured at the end of the
evaporation experiments state that evaporation shows much bigger values in the existence
of low rate of relative humidity and wind speed. Menzel and Uno’s equations give lower
values than evaporation speeds calculated bymeasuring in the experiments in four different
environmental conditions including stable ambient temperature, variable wind speed, and
the rate of relative humidity. ACI nomograph that is prepared in the respect of Menzel’s
equation used in the prediction of evaporation speed on the surface of new concrete does not
provide the realistic values in these conditions that evaporation experiments are conducted.
Furthermore, coefficients of correlation are supplied in the Table 1.

Fig. 7. Evaporation speeds of C 25/30 under 28 °C, 15 km/h wind, and 80% humidity

Fig. 8. Evaporation speeds of C 35/45 under 28 °C, 15 km/h wind, and 80% humidity
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Table 1. Variation of evaporation speeds with and time

Cement
type

Environment
conditions

Concrete
type

Equations (y = a.lnx + b)
a b R2

CEM
II/B-M
32.5

28 °C temperature
50% humidity

C 25/30 Experimental −0.075 0.352 0.992
C 35/45 −0.090 0.321 0.991
C 25/30 Menzel −0.017 0.080 0.871
C 35/45 −0.013 0.082 0.883
C 25/30 Uno −0.017 0.079 0.873
C 35/45 −0.013 0.081 0.884

28 °C temperature
50% humidity
15 km/sa Wind

C 25/30 Experimental −0.153 0.816 0.959
C 35/45 −0.252 0.886 0.993
C 25/30 Menzel −0.083 0.229 0.791
C 35/45 −0.023 0.191 0.900
C 25/30 Uno −0.087 0.234 0.792
C 35/45 −0.025 0.196 0.900

28 °C temperature
80% humidity

C 25/30 Experimental −0.051 0.203 0.968
C 35/45 −0.042 0.155 0.862
C 25/30 Menzel −0.013 0.045 0.986
C 35/45 −0.015 0.047 0.970
C 25/30 Uno −0.012 0.044 0.986
C 35/45 −0.013 0.046 0.970

28 °C temperature
80% humidity
15 km/sa wind

C 25/30 Experimental −0.092 0.433 0.961
C 35/45 −0.104 0.425 0.824
C 25/30 Menzel −0.056 0.081 0.968
C 35/45 −0.060 0.095 0.887
C 25/30 Uno −0.055 0.090 0.970
C 35/45 −0.059 0.103 0.889

CEM I
42.5

28 °C temperature
50% humidity

C 25/30 Experimental −0.108 0.353 0.747
C 35/45 −0.081 0.292 0.794
C 25/30 Menzel −0.012 0.084 0.948
C 35/45 −0.015 0.088 0.891
C 25/30 Uno −0.011 0.082 0.949
C 35/45 −0.015 0.086 0.893

28 °C temperature
50% humidity
15 km/sa wind

C 25/30 Experimental −0.213 0.919 0.933
C 35/45 −0.207 0.833 0.927
C 25/30 Menzel −0.076 0.221 0.885
C 35/45 −0.094 0.286 0.931
C 25/30 Uno −0.080 0.227 0.887
C 35/45 −0.098 0.294 0.930

28 °C temperature
80% humidity

C 25/30 Experimental −0.025 0.174 0.802
C 35/45 −0.042 0.180 0.862
C 25/30 Menzel −0.013 0.046 0.975

(continued)
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The results of evaporation experiments that are carried out in four different envi-
ronmental conditions are analyzed in terms of the relation between evaporation speed
and time that are obtained in Menzel and Uno’s equations such as y=a.lnx+b. R2 values
that are obtained at the end of the regression analysis are in general terms found
reliable.

Bleeding experiments are carried out in three different groups composed of type of
concrete, the ratio of water–concrete, and dosage. In the results of the bleeding
experiment that is made by choosing four different type of concrete, maximum amount
of bleeding emerging at the end of the first hour is seen in the specimen of C 16/20
concrete made of CEM I 42.5 cement. However, minimum amount of bleeding is
observed in the specimen of C 35/45 concrete made of CEM II/B-M 32.5 cement.
Maximum and minimum amount of bleeding in the concrete specimens that are pro-
duced with both types of cement are respectively seen in the specimen of C 16/20 and
C 35/45 concretes. The amount of bleeding increases as water and cement ratio
increases at the end of the bleeding experiments that are carried out by changing water
and cement ratio. Yet, an hour’s amount of bleeding stays at the same values at the end
of the bleeding experiment whose cement dosage is analyzed. The results of bleeding
experiment are shown in Figs. 9, 10 and 11.

Table 1. (continued)

Cement
type

Environment
conditions

Concrete
type

Equations (y = a.lnx + b)
a b R2

C 35/45 −0.011 0.044 0.924

C 25/30 Uno −0.012 0.045 0.975
C 35/45 −0.010 0.043 0.925

28 °C temperature
80% humidity
15 km/sa wind

C 25/30 Experimental −0.109 0.474 0.999
C 35/45 −0.073 0.405 0.911
C 25/30 Menzel −0.067 0.101 0.895
C 35/45 −0.048 0.077 0.981
C 25/30 Uno −0.066 0.110 0.896
C 35/45 −0.047 0.086 0.982

Fig. 9. The variation of amount of bleeding with time in different types of concrete
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The direct proportion between the amount of perspiration and time in four different
types of concrete composed of C 16/20, C 20/25, C 25/30 and C 35/45 is analyzed, and
their correlation coefficients are shown in the Table 2. It is seen that correlation
coefficients of all direct relations are high. Direct proportion between three different
types of water and cement ratios including 0.67, 0.57 and 0.50 is analyzed, and their
correlation coefficients are given in the Table 3. The direct proportion between the
amount of bleeding and time in three different types of cement dosages as 275, 375 and
450 kg/m3 is analyzed, and correlation coefficients are given in the Table 4. CEM I
42.5 cement indicate much more amount of bleeding than CEM II/B-M 32.5 cement in
all conditions at the end of the results of bleeding experiment carried out in three
groups by applying different concrete types, water/cement ratio, and cement dosage.

Fig. 10. The variation of amount of bleeding with time in different water/cement ratios

Fig. 11. The variation of amount of bleeding with time in different cement dosages
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4 Discussion

In hot airs, the crack of plastic shrinkage sticks to the concrete pouring in arid climates.
The crack occurs in the concrete that is set in an open place. The amount of water that
rises by the help of bleeding initially in the flat elements, beams, foundations and on the
surface of the concrete occurs in the other climatic conditions that much more amount
of evaporation is available. Plastic shrinkage crack always sets an anxiety in the
concrete technology. It is very important to know the possibility that to what extent the

Table 2. The equations amount of bleeding with time in different types of concrete

Concrete types Cement type Equations (y = a.x + b)
a b R2

C 16/20 CEM II/B-M 32.5 0.317 0.154 0.988
CEM I 42.5 0.359 0.328 0.981

C 20/25 CEM II/B-M 32.5 0.272 0.219 0.957
CEM I 42.5 0.311 0.328 0.961

C 25/30 CEM II/B-M 32.5 0.163 0.098 0.954
CEM I 42.5 0.192 0.072 0.969

C 35/45 CEM II/B-M 32.5 0.162 0.0001 0.978
CEM I 42.5 0.184 0.015 0.991

Table 3. The equations amount of bleeding with time in different water/cement ratios

Water–cement ratio Cement type Equations (y = a.x + b)
a b R2

0.67 CEM II/B-M 32.5 0.310 0.215 0.997
CEM I 42.5 0.315 0.397 0.996

0.57 CEM II/B-M 32.5 0.296 0.144 0.995
CEM I 42.5 0.302 0.309 0.997

0.50 CEM II/B-M 32.5 0.281 −0.004 0.994
CEM I 42.5 0.247 0.388 0.987

Table 4. The equations amount of bleeding with time in different cement dosages

Cement dosage Cement type Equations (y = a.x + b)
a b R2

275 CEM II/B-M 32.5 0.236 0.212 0.991
CEM I 42.5 0.269 0.324 0.986

375 CEM II/B-M 32.5 0.260 0.193 0.991
CEM I 42.5 0.277 0.287 0.993

450 CEM II/B-M 32.5 0.238 0.234 0.974
CEM I 42.5 0.306 0.223 0.987
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shrinkage crack can occur in terms of the problems that will be encountered in the
future. High level of temperature and low relative humidity accelerate the plastic
shrinkage of concrete [16]. According to ACI, it is suggested to take precautions when
evaporation speed comes closer to the value 1.0 kg/m2/h (0.2 lb/ft2/h). While Aus-
tralian Codes note the value that has the potential plastic shrinkage occurs as
1.0 kg/m2/h and the value that necessary precautations are taken as 0.5 kg/m2/h,
Canadian Codes points 0.75 kg/m2/h as the critical value. When the experiment results
in the Table 1 are examined, a kind of danger is not visible according to ACI report.

5 Conclusions

At the end of the evaporation and bleeding experiments that are carried out on the
concrete specimens prepared by using two different types of cement, high correlation
coefficients are obtained. Therefore, it is observed that the amount of bleeding
throughout 1 h and the amount of evaporation throughout 5 h on the new concrete
provide nearly realistic results. As a result of this, the suggestions and the conclusions
below are submitted.

In the bleeding experiments made by the help of different quality of concrete,
water/cement ratio, and cement dosages, the concrete specimens prepared with CEM I
42.5 cement show much more amount of evaporation than the concrete specimens
prepared with CEM II/B-M 32.5 cement at the end of 1 h. That the concrete specimens
that are prepared with CEM I 42.5 cement show much more amount of evaporation
than the concrete specimens prepared with CEM II/B-M 32.5 cement can be connected
to smaller surface area of CEM I 42.5 cement. One hour’s bleeding amount of new
concrete decreases since the water/cement ratio decreases as being dependent on
cement dosage in concrete combination. Bleeding decreases since growing in the
cement dosage increases water bonding of concrete because of cement particles’ water
bonding features.

In evaporation experiments that are carried out in four different conditions of
environment and in two different concrete quality as C 25/30 and C 35/45, more
amount of evaporation is measured in the C 25/30 concrete specimens than in the
concrete specimens that are prepared with CEM I 42.5 and CEM II/B-M 32.5 cement at
the end of 5 h. This situation occurs because more amount of bleeding occurs in the
specimens in C 25/30 concrete category compared to the specimens in C 35/45 con-
crete category. The effects of the environmental conditions to the amount and speed of
evaporation are more important than the concrete combination. The amounts and
speeds measured at the end of the evaporation experiments point out that evaporation
shows bigger values in the existence of low relative humidity and wind speed. Menzel
and Uno’s equations that are used in the prediction of evaporation speed occurring on
the surface of new concrete cannot provide realistic values in evaporation speed.
Evaporation speeds found in an experimental way are bigger than the estimated
evaporation speeds that are obtained from the equations. It is necessary to work on
providing the validity of these equations by increasing the number of the experiment
groups. If they are not valid, equations should be reviewed.
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Abstract. This research primarily aims to investigate experimentally the
mechanical behavior and the crack pattern of the perforated brick block masonry
specimens under shear stresses before and after reinforcing procedure with
seismic textile. The reinforcing system is a combination between an inorganic
matrix made with natural hydraulic lime and white cement and a hybrid mul-
tiaxial seismic textile made from Alkali Resistant (AR) glass and polypropylene
fibers. The effect of the single-sided application of the sand plaster on the
non-strengthened wall specimens is also tested to compare with both reference
and retrofitted specimens. The obtained results of the triplet shear tests are given
in the manner of force-displacement curves comparatively for all specimens
considered without/with textile reinforcement. The shear strength for each triplet
specimen investigated is also obtained. The effect of the presence of seismic
textile as well as the applied sand plaster on the mechanical behavior of the
triplet specimens is emphasized. It is concluded that the shear resistance and the
ductility highly influenced by using the seismic textile and relevant plaster.

Keywords: Triplet shear tests � Retrofitting � Seismic textile � Masonry wall
Insulation plaster

1 Introduction

Due to the lack of the ductility, low shear and tensile stress capacity of the masonry
components, traditional brick masonry structures have been badly affected in the rural
region by the recent strong earthquakes. The cause of most of the deaths and fatal
injuries after severe earthquakes is the consequential heavily damage and collapse of
the masonry buildings. The earthquake resistant, stability and the ductility capacity of
the shear walls of the existing masonry buildings can be increased by employing
efficient retrofitting methods. The external application of seismic composite textile to
the surface of the walls is one of the most effective methods applied in strengthening
masonry buildings. The idea of an earthquake hybrid multiaxial fabric consisting of AR
glass and polypropylene fibers have been developed in the Karlsruhe Institute of
Technology (KIT) laboratory in the results of a 10-year study [1, 2].

For better understanding the cracking behavior of the masonry units as well as the
load-bearing walls of the retrofitted masonry walls under applied loads, many different

© Springer International Publishing AG, part of Springer Nature 2018
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experimental setups and arrangements have been adopted by researchers. The experi-
mental programs involve small test series as well as experiments on small scaled wall
specimens and on real sized walls [3, 4].

Within the scope of small scale tests, different shear test methods have been
developed to determine the strength parameters and to study of the failure behavior of
masonry joints under shear stresses [5–7].

This study is concerned with revealing experimentally the mechanical behavior and
the shear performance of the perforated brick block masonry/mortar interface under
static vertical loading before and after strengthening with seismic composite fabric. The
effect of the single-sided application of the traditional sand plaster on the
non-strengthened wall specimens was also investigated by the triplet shear tests to
compare with both reference and strengthened specimens.

The obtained test results were given in the manner of force-displacement rela-
tionships and shear strength parameters comparatively.

2 Experimental Setup

All experimental tests involved in this research was conducted at the structural
mechanics laboratory of Sakarya University. The vertical load-controlled cylinder
having loading speed of 1.5 mm/min. is applied perpendicular to the triplet specimens
produced to obtain accurate information about the cracking behavior of the two mortar
joints under shear stressing.

Triplet shear tests on perforated brick block (Fig. 1) with and without seismic
retrofitting were performed. Steel base plate is placed on the middle brick of the triplet
specimen for reducing the influence of the bending moment and transmitting the
applied vertical load to the mortar joints. The outer bricks are held by two rigid L steel
profiles at the edges of the triplet specimens. The results of the experimental test are
recorded by an internal inductive displacement transducers integrated in the load
cylinder with vertical force capacity of 50 kN.

The technical properties of the perforated brick block are given in Table 1.

Fig. 1. Brick
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Each produced test set consists of a triplet of perforated brick blocks shown in
Fig. 2 where two specimens were non-strengthening and on the other one was
strengthened by using seismic textile and its special mortar. The reinforcing system is a
combination between an inorganic matrix (plaster made with natural hydraulic lime and
white cement) and a hybrid multiaxial seismic textile (AR glass and polypropylene
fibers) shown in Fig. 3. Alkali resistant glass fibers containing a high percentage of
zirconia (ZrO2) provide high tensile strength and modulus for the hybrid fabric. The
average values of tensile strength in vertical, horizontal and diagonal direction (60° to
the vertical) are 2680 N/50 mm, 2100 N/50 mm and 1222 N/85 mm, respectively. The
inorganic matrix has the following mechanical properties indicated on the technical
datasheet of the product as given in Table 2.

The mortar applied with thickness of 2 cm for the non-retrofitted specimen has the
volumetric cement-sand ratio of 1/4. The sand plaster and seismic textile are applied
only on single side of the triplet specimens.

The goal of this experimental study is to obtain information on the shear response
and the crack pattern of the perforated brick block masonry specimens under shear
stresses before and after retrofitting application with seismic textile.

Table 1. Properties of brick

Dimension (w*l*h) cm 19*29*13.5
Consumption pcs/m2 22–35
Gross dry unit vol. mass kg/m3 700
Net dry unit vol. mass kg/m3 1800
Pressure strength N/mm2 10
Thermal conductivity factor W/mK 0.32
Fire resistance – A1
Tolerance category – T1

Fig. 2. Triplet specimen
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The scheme of the triplet shear test is illustrated in Fig. 4. The relevant parameters
used in the triplet shear test are ts1 = 30 mm, ts2 = 12 mm and ts3 = 6 mm,
respectively.

All the experimental tests are performed by the test device, which is depicted in
Fig. 5.

Fig. 3. The hybrid multiaxial seismic textile [1, 2]

Table 2. Properties of the inorganic matrix

Compressive strength (28 days) 14 N/mm2

Flexural tensile strength (28 days) 4 N/mm2

Elasticity modules 7500 N/mm2

Adhesion to the substrate 0.5 N/mm2

Fig. 4. Scheme of the triplet shear test
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3 Experimental Program and Test Results

The shear capacity of the non-retrofitted masonry specimen without applying any sand
plaster defined as reference specimen was investigated in the first phase of this
research. The Table 3 shows the names of the applied experimental tests.

Triplet specimen without sand plastered built with masonry perforated brick is
coded for test as D1R00. Both Initial and final state of failure the reference specimen
under triplet shear test are given in Fig. 6.

The value of the maximum horizontal force of the non-retrofitted specimen without
any plaster is achieved as 12,200 N under triplet shear experiment. The obtained
force-displacement relationship is illustrated in Fig. 7.

The shear strength fv for this specimen is calculated with respect to the norm EN
1052-3 [8] as follow:

Fig. 5. Test device

Table 3. Names of the triplet test specimens

Name Strengthening situation Plaster type

D1R00 Reference Without plaster
D1R01 No/unilateral Sand plaster
D1G02 Yes/unilateral Inorganic matrix
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fv ¼ Fmax
2A

fv ¼ 12200
2 � 290 � 190ð Þ ¼ 0:11MPa ð1Þ

where Fmax is the maximum value of the shear force and A is the cross sectional area of
the joint (Eq. 1). In the second stage of this research, the effect of the 2 cm layered sand
plaster on the shear capacity of load bearing units of masonry walls are investigated
experimentally.

The sand plaster is applied only on single side of the triplet specimen coded as
D1R01. The cracking behavior of the central brick under shear stressing is depicted in
Fig. 8.

The performance of the unreinforced specimens with sand plaster is given by means
of force-displacement relationship (Fig. 9).

In this case, the shear strength fv is evaluated as 0.260 MPa from the obtained
maximum force of 28,700 N.

Fig. 6. Initial state (left) and final state (right) of D1R00
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Fig. 7. Force-displacement diagram of the D1R00

432 B. Istegun and E. Celebi



In the third stage of this experimental study, the effect of the seismic textile on the
shear capacity of the mortar joints is tested. The crack pattern of this third specimen can
be seen from the Fig. 10. Hereby, the one-sided retrofitted specimen with 20 mm
reinforcing layer is coded as D1G02 for triplet shear test. It has observed from the final
state of the experiments shown in Figs. 6 and 8 that all the specimens without retro-
fitting had a slide failure along the mortar joints. It is easy to see the strength and the
ductility increased by applying of seismic textile.

The value of the maximum force (Fig. 11) for the strengthened specimen is equal to
31,900 N. The strength parameter is estimated as 0.290 MPa for this specimen.

Comparison of the shear strength parameters obtained from the triplet shear test is
given in Table 4.

The results of all experimental tests performed were compared in Fig. 12.

Fig. 8. Initial state (left) and final state (right) of D1R01

0
5000
10000
15000
20000
25000
30000
35000

0 2 4 6 8

Fo
rc

e 
(N

)

Displacement (mm)
D1R01

Fig. 9. Force-displacement diagram of the D1R01
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The damage pattern in the reinforcing system occurred with tilted cracks and with
fairly large deep vertical cracks in the outer pumice blocks. When initial cracks occur,
the maximum shear force achieved in the strengthened system is about 2.6 times higher
than that of the non-strengthened specimen.

Fig. 10. Initial state (left) and final state (right) of D1G02
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Fig. 11. Force-displacement diagram of the D1G02

Table 4. Shear strength values of three specimens

D1R00 (MPa) D1R01 (MPa) D1G02 (MPa)

fv 0.111 0.260 0.290
fvk 0.088 0.208 0.232

fv Shear strength
fvk Characteristic value of the shear strength
fvk = 0.8fv
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4 Conclusions

The triplet shear tests on perforated brick blocks with and without the seismic retro-
fitting textile were investigated to evaluate the mechanical behavior and the crack
pattern of these specimens. The shear capacity of the non-strengthened specimens
with/without applying any sand plaster is also tested in this study.

The results of the experimental study are given with respect to force-displacement
curves comparatively for all considered test specimens. The shear strength for each
specimen investigated is also obtained. It is concluded that the shear resistance and the
energy dissipation highly influenced by using the seismic textile and the relevant plaster.
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Abstract. The use of fiber reinforced plastic (FRP) composite materials in the
construction industry increases with each passing day. In recent years, these
materials are used as carrier material or reinforcement material in the structure.
Glass fiber reinforced plastic (GFRP) profiles are among the most preferred FRP
composite materials. GRFP profiles stand out with their high tensile strength,
light weight and high corrosion performance. The hybrid use of these materials
with classical construction materials offers new advantages. The buckling
behavior of the hybrid material formed by placing concrete in plastic state into
GFRP box profiles with high tensile strength was investigated in this study. The
buckling performance of hybrid columns formed using GFRP profile, normal
concrete or reactive powder concrete (RPC) was studied. To this end, normal
concrete-GFRP profile and RPC-GFRP profile hybrid columns were produced
and buckling testing was performed at different slenderness values. Charts were
created after buckling experiments to examine differences in the behavior of the
material. As a result of the examinations, the effect of RPC and column slen-
derness on the buckling performance hybrid columns was identified.

Keywords: Buckling � GFRP � Concrete � RPC � Slenderness

1 Introduction

Fiber reinforced plastic (FRP) composites are preferred due to their high strength and
good performance against environmental factors as well as their producibility in dif-
ferent combinations. These new generation of composites are becoming popular due to
properties such as high tensile strength, light weight, corrosion performance, resistance
against chemicals and electrical insulation [1–3]. However, these materials are not
employed in many cases where they can be used instead of other materials because they
are not well known by users and designers. FRP composites are estimated to be a good
solution in a large part of the available applications [4]. The use of FRPs together with
traditional construction materials offer various advantages. These materials are par-
ticularly used for strengthening of reinforced concrete construction elements, as profile
for carrier building elements and reinforcement in concrete (Figs. 1, 2 and 3).
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There has been many studies on hybrid use of concrete-filled FRP pipe elements or
FRP profiles with different dimensions together with concrete [8–16].

Researchers have studied various combinations regarding the hybrid use of con-
crete and FRP profiles, as can be seen in the literature. Concrete-FRP-steel hybrid
construction elements can be seen in Figs. 4 and 5.

Fig. 1. FRP strengthening [5]

Fig. 2. GFRP eyecatcher building [6]

Fig. 3. FRP bars [7]
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Fig. 4. Hybrid beam sections [17]

Fig. 5. GFRP-steel-concrete hybrid columns [18]
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2 Experimental Studies

2.1 Materials and Method

Various experiments were carried out in order to determine buckling performances of
hybrid FRP-concrete columns at different slenderness values. Normal concrete with
25 MPa compressive strength within GFRP profile was used in some of the hybrid
columns and RPC concrete with a compressive strength of 200 MPa was used in the
remaining samples. The dimensions of the GFRP box profile was 4–75–75 mm. The
column lengths of 75–100–150–200–250–320 mm were used to determine the
behavior of the material at different slenderness values.

In preparation of hybrid samples, the mixed concrete was filled in GFRP box
profile in fresh form and the necessary curing treatment was performed. Once the
concrete reached sufficient strength, hybrid columns were cut at aforementioned
lengths for testing. Figure 6 shows concrete-filled hybrid columns at different lengths.

Horizontal and vertical displacements were recorded using data logger after the
setup of additional assemblies on the axial pressure machine (Fig. 7).

After completing the experimental setup, the samples were placed and the buckling
performance was tested as shown in Fig. 8. Horizontal and vertical displacement values
against loads applied during tests were obtained via the Lvdt measuring instrument
(Fig. 9).

Fig. 6. Buckling test specimens
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Fig. 7. Test equipment

Fig. 8. Buckling tests
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2.2 Test Results

As a result of buckling tests, horizontal and vertical displacement values of 75–100–
150–200–250–320 mm GFRP-concrete and GFRP-RPC hybrid columns under loading
were determined and load-displacement curves were drawn. Horizontal and vertical
displacement graphs against loads applied during tests are given in Figs. 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20 and 21.

Fig. 9. Horizontal and vertical displacement measurement

Fig. 10. Hybrid column (normal concrete, L: 75 mm)
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Fig. 11. Hybrid column (RPC, L: 75 mm)

Fig. 12. Hybrid column (normal concrete, L: 100 mm)

Fig. 13. Hybrid column (RPC, L: 100 mm)
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Fig. 14. Hybrid column (normal concrete, L: 150 mm)

Fig. 16. Hybrid column (normal concrete, L: 200 mm)

Fig. 15. Hybrid column (RPC, L: 150 mm)
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Fig. 17. Hybrid column (RPC, L: 200 mm)

Fig. 18. Hybrid column (normal concrete, L: 250 mm)

Fig. 19. Hybrid column (RPC, L: 250 mm)
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Strength and slenderness values obtained for each hybrid column from graphs are
given in Tables 1 and 2.

Fig. 20. Hybrid column (normal concrete, L: 320 mm)

Fig. 21. Hybrid column (RPC, L: 320 mm)

Table 1. Slenderness and stress values for hybrid columns with normal concrete

Length (mm) P (kN) A (mm2) r (N/mm2) I (cm4) Lk = 1*L k

75 283 5625 50.3 263.7 7.5 3.46
100 253 5625 44.9 263.7 10 4.62
150 221 5625 39.3 263.7 15 6.93
200 195 5625 34.7 263.7 20 9.24
250 198 5625 35.2 263.7 25 11.55
320 197 5625 35.0 263.7 32 14.78
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75 � 75 mm hybrid columns filled with normal concrete reached a strength of
50.3 N/mm2 at 75 mm, which corresponds to a slenderness of 1. The strength
decreased with increasing slenderness and dropped to 35 N/mm2 for 32 mm hybrid
columns. The strength decreased by approximately 30% compared to the initial value
with increasing slenderness.

The strength of 32 mm RPC concrete hybrid columns decreased from 141.3 to
112 N/mm2 at a slenderness value of 1. The loss in strength for these columns was
approximately 21%.

The stress-slenderness diagram of hybrid columns was drawn and the slenderness
equation and the R2 value were found from this diagram (Figs. 22 and 23).

An examination of the strength-slenderness graph for the hybrid columns with
normal concrete shows that the R2 value was 0.90 and the logarithmic curve equation
of y = −1.102ln(x) + 6.2096 was obtained with increasing slenderness.

The strength-slenderness graph for the hybrid columns with RPC concrete showed
that the R2 value was 0.70 and the logarithmic curve equation of y = −1.783ln
(x) + 16.416 was obtained. It was found that the hybrid columns with normal concrete
had a more compatible behavior at different slenderness values.

Table 2. Slenderness and stress values for hybrid columns with RPC

Length (mm) P (kN) A (mm2) r (N/mm2) I (cm4) Lk = 1*L k

75 795 5625 141.3 263.67 7.5 3.46
100 740 5625 131.5 263.67 10 4.62
150 793 5625 141.0 263.67 15 6.93
200 675 5625 120.0 263.67 20 9.24
250 695 5625 123.6 263.67 25 11.55
320 632 5625 112.4 263.67 32 14.78

Fig. 22. Stress-slenderness graphic (normal concrete)
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3 Conclusions and Recommendations

The results obtained from buckling testing of hybrid columns with normal concrete and
RPC concrete are as follows:

• The hybrid column system offers many advantages such as permanent mold for
concrete, hear and water insulation, corrosion strength and improved mechanical
performance.

• The strength of 32 mm RPC concrete hybrid columns decreased from 50.3 to
35 N/mm2 at a slenderness value of 1. The strength of hybrid column at slenderness
of 1 taken as reference, the strength decreased with increasing slenderness by 11–
22–31–30–30% respectively.

• The strength decreased from 141.3 to 112.4 N/mm2 for hybrid columns with RPC
concrete. The decrease in strength compared to the hybrid column at a slenderness
of 1 was 7–0.2–15–13–20.5%.

• A good fit was observed in stress-slenderness graphs of the hybrid columns with
normal concrete. The R2 value was 0.90 and the logarithmic curve equation was
y = −1.102ln(x) + 6.2096.

• The R2 value of the hybrid columns with RPC concrete was 0.70 and the loga-
rithmic curve equation was y = −1.783ln(x) + 16.416.

• The strength of the RPC concrete hybrid columns with high strength increased and
the decrease in strength of columns with increasing slenderness occurred only
slightly for RPC columns.

• The hybrid construction systems formed by combining traditional construction
materials and new generation composites improve inadequate aspects of available
construction materials. The use of these new generation composites as alternative
materials may provide a solution for many problems related to construction
materials.

Fig. 23. Stress-slenderness graphic (RPC)
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Abstract. The hybrid use of concrete and Glass Fiber Reinforced Plastic
(GFRP) profiles in construction material technologies in recent years offers
many new opportunities. Filling fresh concrete into GFRP profile allows for
obtaining superior advantages compared to component materials. The purpose
of this study is to investigate the change in the strength of concrete in hybrid
material exposed to high temperatures. To this end, hybrid compressive samples
were prepared by filling GFRP composite box profiles with concrete and plain
concrete samples were prepared for comparison. The cubic samples were
exposed to high temperatures at 25–200–400–600–800 °C. Strength losses of
the plain concrete and the concrete in the hybrid material, which had the same
dimensions, under the effect of heat were determined.

Keywords: GFRP � Concrete � Heat � Hybrid materials
Compressive strength

1 Introduction

In recent years, Fiber Reinforced Plastic (FRP) composites, which are increasingly used
as building materials, have many positive qualities. These materials are popular
especially due to their corrosion performance, lightness and high tensile strength and
can be produced in different fiber types. These materials are primarily produced as
fabric to strengthen structures, as column or beam to be used as support components
and finally as FRP reinforcement material to be used instead of steel reinforcement.
Among FRPs, the use of GFRP composites in the form of profile is more common
compared to other fiber types due to their inexpensiveness.

The subject of hybrid construction components prepared by filling FRP profiles or
pipes with concrete attracts the interest of many researchers and several studies have
been conducted on the subject in recent years [1–6]. Scientific studies show that
researchers will focus on the hybrid use of traditional construction materials and FRP
composites in the upcoming years [7]. Many studies have shown that the hybrid use of
FRP composites and traditional materials such as concrete offers solutions to eliminate
certain disadvantages of construction materials manufactured solely from FRP [8–11].

The use of concrete within FRP profiles presents many advantages such as area
reduction, rigidity, increased strength, prevention of local fractures, improved curing
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and permeability. Hybrid use may mitigate or completely eliminate the disadvantage
arising from the concrete or the GFRP profile. In the traditional concrete production,
forming small parts in order to prepare the mold takes a lot of time and causes
additional costs. In the hybrid system, on the other hand, a second mold component is
not required since the GFRP box profile serves as a mold. Thus, the hybrid system
allows for saving time and reducing mold costs largely and this property referred to as
permanent form [12–19] in the literature provides great convenience.

Also, regional and local fractures occur in GFRP profiles due to bending [20, 21].
Since GFRP profiles are filled with hardened concrete, these local fractures are reduced.
Thus, the hybrid material is expected to show a better performance under bending
loads. GFRP box profiles do not let external water and moisture in and also prevent the
concrete with plastic consistency in the profile from losing its water and moisture, thus
provide great advantages for this operation which is vital for the curing of concrete. In
this way, the hydration process of the concrete, which is desired to be cured at 100%
relative humidity for 28 days, is completed without any issues [21]. Other advantages
of GFRP profiles include good impermeability and water-moisture insulation, allowing
for production of construction components with smaller dimensions compared to
component materials and increased strength and rigidity values.

Apart from these advantages, the purpose of this study is to determine the effect of
GFRP profiles, which protects the concrete in hybrid system against external effects
and shows high performance particularly against tensile stresses, on the strength of
concrete in case of high temperature or fire.

2 Experimental Studies

Concrete, which is a basic constructionmaterial, is only used against compressive stresses
in material design since it is quite weak against tensile and bending stresses. GFRP
composite material, on the other hand, stands out with its high tensile strength. In the
hybrid material design produced by filling GFRP box profile with concrete, concrete is
expected to handle compressive stresses and GFRP is expected to handle tensile stresses.

This study examines differences in compressive strength of the concrete in hybrid
material caused by high temperature. The room temperature was accepted as the ref-
erence point and compressive samples kept at 200–400–600–800 °C were tested to
calculate weight loss and compressive strength values under the effect of heat.

2.1 Materials and Method

The effects of the hybrid use of concrete in GFRP box profiles having the same
dimensions on heat deformation of concrete were investigated experimentally. To
this end, plain concrete samples and hybrid samples were produced by filling GFRP
box profiles having the same dimensions with fresh concrete. In axial compression
tests, plain concrete samples were tested by exposing the samples to temperatures of
25–200–400–600–800 °C, whereas hybrid samples were tested by exposing the
samples to same temperatures, taking the concrete in the GFRP profile out and then
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applying the compression test. Thus, the changes in compressive strength of profile
concrete and concrete taken out from GFRP profile were determined after axial
compression tests.

The GFRP box profile had the dimensions of 5 � 74 � 74 mm (Fig. 1).
Mechanical and physical properties of the GFRP box profile determined as a result of
the tests can be seen in Table 1.

Table 2 shows the components of the concrete, which was produced in a single
strength class according to TS 802 [22] using only sand and crushed stone grade 1.

Fig. 1. GFRP box profiles

Table 1. Properties of GFRP box profile

Properties Values

Specific gravity 1.80
Unit weight 1.78 g/cm3

Tensile strength 550 MPa
Modulus of elasticity (E) 30,000 MPa

Table 2. Concrete mix design

Material Volume (dm3)

Aggregates I (5–12 mm) 379
Sand 336
Cement 105
Water 170
Air 10
Total 1000
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Hybrid materials were prepared together with the plain concrete in a single strength
class. The concrete with plastic consistency was filled in 74 mm cubic molds and the
remaining was filled in GFRP box profile. All samples were kept at 23 °C for 28 days
for curing. Then, open parts of the hybrid samples were closed using the same material.
Hybrid and plain concrete cubes before and after the effect of heat can be seen in
Fig. 2.

Figure 3 shows the exposure of the cubic samples to heat in the furnace and Fig. 4
shows the concrete compressive samples.

Fig. 2. Before and after the heat effect of the samples

Fig. 3. Samples exposed to high temperature in furnace
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Compression tests were applied to plain concrete and concrete in hybrid samples
exposed to different temperatures including the room temperature (Fig. 5).

2.2 Test Results

Compression tests were performed after heating plain concrete and hybrid samples up
to temperatures of 25–200–400–600–800 °C. Weight and strength losses after the
performance of the tests were determined. Table 3 shows the results of the compression
test performed at room temperature, which was accepted as the reference point.

Fig. 4. Concrete samples

Fig. 5. Breaking of the samples
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The average compressive strength was found to be 255.58 kg/cm2 in tests per-
formed at room temperature, approximately 25 °C.

Table 4 shows weight losses and Table 5 shows compressive strengths of plain
concrete and concrete in hybrid samples at 200 °C.

The weight loss of concrete in hybrid samples exposed to 200 °C was 0.94% and
the compressive strength was 259.40 kg/cm2. These values were 1.68% and
271.17 kg/cm2 for plain concrete. Compared to the reference concrete, no strength loss
occurred in both plain concrete and hybrid samples. In contrast, slight increases were
observed due to hot curing (Fig. 6).

Table 6 shows weight losses and Table 7 shows compressive strengths of samples
exposed to 400 °C.

The weight loss was 7.66% for concrete in hybrid samples and 7.13% for plain
concrete at 400 °C. Compared to 200 °C, the weight loss increased 8 times for plain
concrete and 4 times for hybrid samples. The compressive strength of concrete in
hybrid samples was 304.60 kg/cm2 and the compressive strength of plain concrete was
250.62 kg/cm2. The comparison with the reference concrete at room temperature can
be seen in Fig. 7. Compared to the reference concrete, the strength loss was 2% for
plain concrete and the increase in strength was 19% for concrete in hybrid samples at
200 °C.

Table 3. Compressive strength (25 °C)

Sample Compressive strength (kg/cm2)

1 278.65
2 220.08
3 268.03
Average 255.58

Table 5. Compressive strength (200 °C)

Sample Hybrid (kg/cm2) Plain concrete (kg/cm2)

1 248.98 267.46
2 230.76 276.32
3 298.46 269.75
Average 259.40 271.17

Table 4. Weight Losses (200 °C)

Sample Hibrit (%) Plain (%)

1 1.41 1.65
2 0.31 1.55
3 1.11 1.84
Average 0.94 1.68
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Fig. 6. Comparison of compressive strengths (200 °C)

Table 6. Weight losses (400 °C)

Sample Hybrid (%) Plain (%)

1 11.48 6.91
2 4.97 7.33
3 6.53 7.14
Average 7.66 7.13

Table 7. Compressive strength (400 °C)

Sample Hybrid (kg/cm2) Plain concrete (kg/cm2)

1 279.34 255.78
2 302.63 286.65
3 331.82 209.42
Average 304.60 250.62

Fig. 7. Comparison of compressive strengths (400 °C)

An Investigation of Concrete Strength of Hybrid Construction … 455



The GFRP profile on the sample surface was deformed in hybrid material after
keeping the sample in the furnace at 400 °C for 1 h, but the profile managed to protect
the concrete inside (Fig. 8).

The temperature was raised to 600 °C during experiments and weight loss values
shown in Table 8 and compressive strength values shown in Table 9 were obtained.
With the increase in the temperature, the GFRP profile completely was deformed, the
matrix of the profile burned and only glass fibers remained. Thus, the weight loss value
was calculated only for plain concrete samples due to deformed surface in hybrid
samples (Fig. 9).

Fig. 8. Samples after 400 °C heat

Table 8. Weight losses (600 °C)

Sample Plain (%) 600 °C

1 8.08
2 8.74
3 8.12
Average 8.31

Table 9. Compressive strength (600 °C)

Sample Hybrid (kg/cm2) Plain concrete (kg/cm2)

1 257.78 210.58
2 229.72 222.22
3 227.27 234.81
Average 238.25 222.53
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The weight loss of plain concrete was 8.31% at 600 °C. The weight loss at 600 °C
increased approximately 5 times compared to the weight loss at 200 °C.

After exposure to 600 °C, the compressive strength of concrete in hybrid samples
was 238.25 kg/cm2 and the compressive strength of plain concrete was 222.53 kg/cm2.
The strength loss rate increased for plain concrete samples with increasing temperature
(Fig. 10). The strength loss of concrete in hybrid samples was about 7% at 600 °C,
whereas this value was 13% for plain concrete.

The temperature was raised to 800 °C and weight loss values shown in Table 10
and compressive strength values shown in Table 11 were obtained. Figure 11 shows
the final state of materials once the temperature reached 800 °C. GFRP profile matrix
completely burned and only glass fibers remained. Considerable losses were observed

Fig. 9. Samples after 600 °C heat

Fig. 10. Comparison of compressive strengths (600 °C)
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in both plain concrete and hybrid samples since the concrete was no longer protected at
high temperatures (Fig. 11).

The weight loss of plain concrete was found to be 9.66% at 800 °C. The weight
loss at 400 °C increased approximately 6 times compared to the weight loss at 200 °C.

After the effect of heat at 800 °C, the compressive strength of concrete in hybrid
samples was 142.71 kg/cm2 and the compressive strength of plain concrete was
151.26 kg/cm2. The comparison between strength values of plain concrete and concrete
in hybrid samples can be seen in Fig. 12.

Compared to the reference concrete, the strength loss of plain concrete was found to
be 44% at 800 °C. This rate was 44% for hybrid samples. Thus, it should be considered
that the concrete exposed to 800 °C may lose almost half of its strength.

Table 10. Weight losses (800 °C)

Sample Plain (%) 800 °C

1 7.68
2 10.84
3 10.45
Average 9.66

Table 11. Compressive strength (800 °C)

Sample Hybrid (kg/cm2) Plain concrete (kg/cm2)

1 142.66 164.03
2 139.47 140.04
3 146.01 149.73
Average 142.71 151.26

Fig. 11. Samples after 800 °C heat
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A slight increase in strength was observed for plain concrete at 200 °C compared to
room temperature due to the effect of curing. The compressive strength continued to
decrease with increasing temperature. For hybrid samples, the effect of curing was
evident at 400 °C and the compressive strength increased. With increasing temperature
and burning of the GFRP profile, the concrete lost its protection and considerable
strength losses were observed (Fig. 13). The critical temperature value was found to be
200 °C for plain concrete and 400 °C for concrete in hybrid samples. Strength losses
increasingly continued after the temperature values mentioned.

3 Conclusions and Recommendations

The results obtained in this study investigating the compressive behavior of hybrid
compressive components formed by filling square-shaped GFRP box profiles with
concrete at high temperatures are summarized below:

Fig. 12. Comparison of compressive strengths (800 °C)

Fig. 13. Decrease in strength under heat effect
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• The weight loss of concrete in hybrid samples was calculated to be 0.94% at 200 °C
and 7.66% at 400 °C. The weight loss of concrete in hybrid samples at 400 °C
increased approximately 8 times compared to the weight loss at 200 °C.

• The weigh loss of plain concrete was 1.68% at 200 °C, 7.13% at 400 °C, 8.31% at
600 °C and 9.66% at 800 °C. The weight loss increased with increasing tempera-
ture as expected. Compared to the weight loss at 200 °C, plain concrete’s weight
loss increased 4.2 times at 400 °C, 5 times at 600 °C and 5.7 times at 800 °C.

• The average compressive strength of the reference concrete was 255.58 kg/cm2.
Plain concrete’s compressive strength was 271.17 kg/cm2 at 200 °C,
250.38 kg/cm2 at 400 °C, 222.53 kg/cm2 at 600 °C and 151.26 kg/cm2 at 800 °C.
The strength loss in plain concrete was 13% at 600 °C and 41% at 800 °C.

• The hybrid material’s average compressive strength was 259.40 kg/cm2 at 200 °C,
304.60 kg/cm2 at 400 °C, 238.25 kg/cm2 at 600 °C and 142.71 kg/cm2 at 800 °C.
The strength loss of concrete in hybrid samples was about 7% at 600 °C. Compared
to the reference concrete, the strength loss of concrete in hybrid samples was 44% at
800 °C.

• It was determined that GFRP profile matrix completely burned at temperatures over
400 °C and only glass fibers remained. The concrete was no longer protected in
hybrid samples once the temperature reached 800 °C. Considerable losses were
observed in both plain concrete and hybrid samples since the concrete was no
longer protected at high temperatures.

• The critical temperature value at which plain concrete started to lose strength was
200 °C, whereas this value was 400 °C for hybrid samples. GFRP profile delays the
strength loss of concrete at low temperatures. Similar strength losses are observed
for both concrete types at temperatures over 400 °C.

References

1. Mirmiran A, Shahawy M (1997) Behavior of concrete columns confined by fiber
composites. J Struct Eng 123:583–590

2. Fam AZ, Rızkalla SH (2001) Confinement model for axially loaded concrete confined by
circular FRP tubes. ACI Struct J 98(4):251–461

3. Becque J, Patnaık AK, Rizkalla SH (2003) Analytical models for concrete confined with
FRP tubes. J. Compos Constr 7–1:31–38

4. Yu T, Wong YL, Teng JG, Dong SL, Lam ESS (2006) Flexural behavior of hybrid
FRP-concrete-steel double-skin tubular members. J Compo Constr ASCE 10(5):443–452

5. Ozbakkaloglu Togay (2013) Compressive behavior of concrete-filled FRP tube columns:
assessment of critical column parameters. Eng Struct 51:188–199

6. Mostafa F, Genda C (2016) Compressive behavior of FRP-confined concrete-filled PVC
tubular columns. Compos Struct 141:91–109

7. Hong WK, Kım HC, Yoon SH (2002) Experiment of compressive strength enhancement of
circular concrete column confined by carbon tubes. KCI Concr J 14(4):19–144

8. Schaumann E (2008) Hybrid FRP-lightweight concrete sandwich system for engineering
structures. Ph.D. thesis

460 F. Aydın et al.



9. Aydın F (2011) Investigation of mechanic performance of hybrid structural element
produced using glass fibre reinforced plastic (GFRP) composite and concrete. Ph.D. thesis,
Sakarya University, Science Institute, Sakarya, Turkey

10. Aydın F, Sarıbıyık M (2013) Investigation of flexural behaviors of hybrid beams formed
with GFRP box section and concrete. Constr Build Mater 41:563–569

11. Aydın F (2016) Effects of various temperatures on the mechanical strength of GFRP box
profiles. Constr Build Mater 127:843–849

12. Keller T, Schaumann E, Vallée T (2007) Flexural behavior of a hybrid FRP and lightweight
concrete sandwich bridge deck. Compos A 38(3):879–889

13. Hall J, Mottram J (1998) Combined FRP reinforcement and permanent formwork for
concrete members. J Compos Constr 2(2):78–86

14. Cannıng L, Hollaway L, Thorne AM (1999) An investigation of the composite action of an
FRP/concrete prismatic beam. Constr Build Mater 13:417–426

15. Rıbeıro MCS, Tavares CML, António JMF, Marques AOT (2002) Static flexural
performance of GFRP-polymer concrete hybrid beams. Key Eng Mater 230–232:148–151
(Advanced Materials Forum I)

16. Tianhong L, Peng F, Lieping Y (2006) Experimental study on FRP-concrete hybrid beams.
In: Third international conference on FRP composites in civil engineering (CICE 2006),
Miami, Florida, USA, December 13–15

17. Fam A, Schnerch D, Rızkalla S (2005) Rectangular filament-wound glass fiber reinforced
polymer tubes filled with concrete under flexural axial loading: experimental investigation.
J Compos Constr ASCE 9(1):25–33

18. Hamdy MM, Radhouane M (2010) Flexural strength and behavior of steel and
FRP-reinforced concrete-filled FRP tube beams. Eng Struct 32:3789–3800

19. Mirmiran A, Shahawy M, Samaan M (1999) Strength and ductility of hybrid FRP-concrete
beam-columns. ASCE J Struct Eng 125(10):1085–1093

20. Aydın F, Sarıbıyık M (2010) Compressive and flexural behavior of hybrid use of GFRP
profile with concrete. In: International symposium on sustainable development (ISSD 2010),
Sarajevo, Bosnia and Herzegovina

21. Aydın F, ve Sarıbıyık M (2011) Investıgatıon of cure effect in hybrid use of GFRP box
profiles with concrete. e-J New World Sci Acad 6(4), Article Number: 1A0211:991–1000

22. TSE 802 (2009) Design of Concrete Mix, Turkish Standards Institute, Turkey

An Investigation of Concrete Strength of Hybrid Construction … 461



Electrical Curing Application on Cement-
based Mortar with Different Stress Intensity

Tayfun Uygunoğlu1(&), İsmail Hocaoğlu1, and İlker Bekir Topçu2

1 Civil Engineering Department, Engineering Faculty, Afyon Kocatepe
University, 03200 Afyonkarahisar, Turkey

uygunoglu@gmail.com
2 Civil Engineering Department, Engineering Faculty, Eskişehir Osmangazi

University, 26480 Eskişehir, Turkey
ilkerbt@ogu.edu.tr

Abstract. In this study, the effects of different stress intensity on the
electrical resistivity of hardening (setting) cement-based mortar were investi-
gated. In experiments, four different mould (5 � 5 � 10 cm, 5 � 5 � 15 cm,
5 � 5 � 20 cm and 5 � 5 � 25 cm) were used. Different combinations of
stress intensity (7.5, 15, 22.5 and 30 V) were used on mixtures. The mea-
surements were done at room temperature. Electrical resistivity and setting
time of the specimens with and without electric current application were also
investigated. Moreover, specific setting hydration temperature was measured
by using thermocouple. As a result, electric current application can be used for
obtaining to rapid setting time on the mortar with high volume stress intensity.

Keywords: Electrical resistivity � Mortar � Stress intensity � Hydration time

1 Introduction

Concrete’s gaining strength at an early time and it’s being used immediately are the
results of developing industry [1]. In order to reach these results, there are several cure
methods and through these methods, the concrete can get early strength. However, the
accelerated cure methods which are applied during pouring the concrete is very limited.
Depending upon the hydration time, accelerated cure at the buildings in which ready
mixed concrete used is important in terms of the project’s being carried out in a
predicted time since concrete compressive strength reaches the target level in a short
time [2]. Moreover, the prediction of the level of strength in an early time is very
crucial in terms of building’s both performance and economy. Concrete is not con-
ductive but it can show a conductive feature until its final setting time since it includes
water. Furthermore, additive minerals in concrete can change in terms of electrical
resistivity of concrete. Different methods have been developed to measure electrical
conductivity of mortars and various researches and applications which examine
cement’s micro structure developments have been carried out [3]. In monitoring of the
entire hardening process of a cement paste, electrical resistivity can be used as a
parameter. The durability and service life of cement-based materials strongly depends
on its transport properties [4]. Electrical conductivity process occurs primarily due to
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ion transport through the pore solution in a cement-based system and it is an important
parameter to study the hydration process of cement pastes at early stages [4, 5]. During
the hydration of cement paste after mixing, calcium (Ca) and hydroxyl (OH) ions go
into solution within the first 10 min [6]. Then, little happens except for a slow pre-
cipitation of semi-crystalline calcium silicate hydrate gel (C–S–H) while the calcium
and hydroxyl ion concentrations continue to rise slowly [7, 8]. The degree of hydration
describes the process of hydration, and directly relates to the fraction of the hydration
products or porous structure in a hydration system in cement-based materials [9]. The
variation of resistivity as function of time can indeed reflect internal changes of the
pore solution of cement paste with time [10]. As it is well known, the hydration process
in cement paste results in the formation of C–S–H, calcium CH, ettringite and other
compounds. During hydration, the capillary pores in hardening cement paste are
gradually filled up with hydration products and the solid phases form a rigid
microstructure with increasing strength. Then, electrical resistivity of cement paste
increases with time [11].

Most of the articles in the literature deal with the electrical resistivity of cement
paste. Some work has been published on various aspects of electrical measurement of
setting and hardened cement paste. Xiao et al. used electrical resistivity measurement
and Marsh cone used it for providing a fast way to evaluate and select suitable
superplasticizer in concrete [4]. In another study, Xiao et al. [12] measured the electrical
resistivity of the concrete mixes and the pore solution within the mixes by a non-contact
electrical resistivity apparatus. They reported that electrical resistivity measurement
reflects the hydration kinetics of fresh concrete. Abo El-Enein et al. [13] investigated the
electrical conductivity of concrete containing silica fume. The results of their study
showed that the electrical resistivity can be used as an indication for the setting char-
acteristics of pastes made with and without silica fume. Tamaás et al. [14] have shown
that the time dependence of the electrical response of cement pastes is complex and
influenced by a number of variables such as water content, temperature, clinker fine-
ness, gypsum and admixture content. Topçu et al. [4] applied current to cement pastes
which have different water/cement ratio (0.40, 0.45, 0.50, 0.55), different mineral
admixtures (fly ash, silica fume, and blast furnace slag) and different ratio (0, 10, 20,
30%). As a result, applying electric current can be used for obtaining rapid setting time
on the cement paste with high volume mineral admixture [4]. Backe et al. [3] researched
the relation between conductivity, porosity, cement chemistry and ion content.
According to their theory when porosity increases, conductivity increases too and thus
they concluded that it is in relation with hydration degree. As a result, when setting time
becomes shorter stripping time becomes shorter too [15]. This research is important for
the structures which require rapid repair or fast production such as prefabricate.

2 Experimental Study

In experimental study crushed sand have been used in order to show the impact of
electrical resistivity on mortars. Specific gravity of crushed sand is 2.64 and the
maximum grain size is 4 mm. In the experiments, CEM 1 42.5 R cement which is
suitable to TS EN 197-1 [16] standards have been used.
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2.1 Production of Specimen

The mortars whose water/cement ratio is 0.70 are produced with cement dosage of 350.
The 5 lt capacity mixer is used to mix admixture. Then the mortars put in electrically
isolated wooden moulds whose sizes are 5 � 5 � 10, 5 � 5 � 15, 5 � 5 � 20 and
5 � 5 � 25 (in cm). Unit volume component of 350 dosage mortar has shown in
Table 1.

Initially for the mixture of mortars, aggregate and cement were used for 1 min in
order to have dry mixture. Then almost 2/3 of mixture water were added to the admixture
Finally chemical admixture in the remainder (1/3) of water were put into the admixture
and the process of mixing were continued for 3 min. Prepared mortars were put into
wooden moulds which has different sizes as 5 � 5 � 10, 5 � 5 � 15, 5 � 5 � 20 and
5 � 5 � 25 (cm � cm � cm). Then some of mortars were applied to 7.5, 15, 22.5 and
30 V stress by direct current (DC) power- supply source during 24 h and some of them
were used to control specimen at laboratory conditions. For applying stress intensity to
specimens, two copper electrodes were used and put in head end of moulds.

2.2 Preparation of Experimental Setup

For applying stress intensity to the specimens a DC power-supply source Hioki mark
which has 30 canal and 60 V capacity has been used. Firstly power supply was con-
nected to a port (“+” pole and “−” pole separately), then data logger was connected to
the port. Then direct connection from the port to the specimens was made to apply DC
current. In order to measure the temperature of specimens to which stress applied, K
type thermocouple were connected. Finally the data from data logger were saved and
their graphics were drawn. A view of mortar which electrical current applied to has
shown in Fig. 1.

3 Results and Discussions

For measuring temperature of mortars, K type thermocouple was used and in every
2 min the temperature values were recorded by data logger. The comparison of specific
hydration temperature of hardening specimens which 7.5, 15, 22.5 and 30 V stress are
applied in terms of the setting time is shown in Fig. 1.

From the beginning of hydration time, temperature of cement based mortars have
been measured and saved. The mortars whose sizes are 5 � 5 � 10 and 5 � 5 � 15
(in cm) are chosen because the temperature is higher when it is compared with other
size of mortars. It is observed that as the stress intensity increases, temperature values
get lower, except for 5 � 5 � 10 (Fig. 2).

Table 1. Component of mortar per cubic meter

Sample Code Cement (kg/m3) Water (lt/m3) Crushed sand (kg/m3)

M350 350 175 2104
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The conductor between two electrodes in mortar mixture was initially the water in
the mixture which is in the liquid phase. At the beginning, all the pores in the mixture
have connections among themselves. Therefore, the electrolysis between the electrodes
has arisen from the free water of these pores. However, hydrated products occur in the
course of time because of the reaction of the main components in the cement paste with

Fig. 1. A view of mortar which electrical current applied to

Fig. 2. Specific hydration temperature of mortars (a 7.5 V, b 15 V, c 22.5 V, d 30 V)
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water, and the pores which were once connected to each other have been separated.
Accordingly, electrical resistivity of cement paste increase in time and when the cement
completes its hardening time, its electrical resistivity amount reaches the maximum
value. Consequently, the electrical resistivity of cement is directly associated with the
hydration of the cement. The mortar having different size have been investigated during
the time until the setting time of the mortar has taken (one day at the laboratory having
suitable conditions). The resistivity results are presented in Fig. 3 for different voltage.

The conduct of electrical current on the mortar is directly associated with distance
of plates in mortar. Due to the electrical conductivity of mortar, it can be seen in
Fig. 3 that the mortar which has low distance (5 � 5 � 10 cm) conducts much more
electrical current when compared to high distance plates (5 � 5 � 25 cm) in mortar.
Therefore, the temperature of low distance mortars was increased and mortar hydrated
faster than mortars with high distance. Consequently, resistivity has higher values in
small size moulds (5 � 5 � 10 cm) than high distance plates (5 � 5 � 25 cm). When
the distance of plates is increased, the resistivity values of mortar were reduced under
all the voltage values. On the other hand, the voltage has higher effect on low distance
of plate than high distance. The relative compressive strength values were also
determined after 28 days of electrical curing process. It can be seen in Fig. 4.

It was interestingly found that when the superposed graphics are examined, it is
seen that when the stress intensity is increased (up to 15 V) and the sizes of specimens
are made taller (5 � 5 � 20 and 5 � 5 � 25), compressive strength of the specimens
are getting higher.

Fig. 3. Electrical resistivity of hardening mortars (a 7.5 V, b 15 V, c 22.5 V, d 30 V)
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4 Conclusions

In this study, the effect of stress intensity as a result of applying 7.5, 15, 22.5 and 30 V
stress at 5 � 5 � 10, 5 � 5 � 15, 5 � 5 � 20 and 5 � 5 � 25 (in cm) sizes have
been investigated. Several conclusions can be drawn from this study:

– When the stress intensity applied to mortars increase (7.5–30 V), specific hydration
temperature becomes higher.

– As electrodes approach each other, electrical resistivity becomes higher due to
increasing of temperature. The resistivity has higher values in small size moulds
(5 � 5 � 10 cm) than high distance plates (5 � 5 � 25 cm). When the distance of
plates is increased, the resistivity values of mortar were reduced under all the
voltage values.

– It can be interpreted that a relationship between measuring temperatures related with
hydration time of mortars and resistivity. The electrical resistivity of cement paste
increase in time and when the cement completes its hardening time, its electrical
resistivity amount reaches the maximum value.

– It is concluded that, 15 V stress application and 20 cm plate distance is the
optimum values for the highest strength. When the stress intensity is increased (up
to 15 V) and the sizes of specimens are made taller (5 � 5 � 20 and 5 � 5 � 25),
compressive strength of the specimens are getting higher.

Consequently, DC electrical curing of cement based mortar can be modified by the
applying of voltage at 15 V with distance of 20 cm. Furthermore, the hydration
duration of mortar can be accelerated as a result of applying electric current.

Fig. 4. Relative compressive strength of mortar after DC electrical curing
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Abstract. In this study, the characterization and microstructure observation of
the sintering behaviour of F (from Seyitömer Thermal Power Plant) and C (from
Soma Thermal Power Plant) types fly ashes, red mud and red mud–fly ash
mixtures at 4 and 8 h milling times with a mortar type ball are investigated. The
particle size distribution (PSD) was carried out by laser technique. The PSD
analysis revealed that the particle size decreased with increasing milling time.
After milling, the samples were pressed into a cylindrical form without using
any additive or binder. The formed samples were sintered at 1050 °C. Phase
evolutions and microstructures of the formed samples were carried out by using
X-ray diffraction method (XRD) and scanning electron microscope (SEM)
method, respectively. The water absorption and compressive strength were
tested to determine some physico-mechanical properties. The results of miner-
alogical analysis as well as the microstructural observations reveal that phase
transformations occurred during the sintering treatments. The results showed
that at the chosen optimum conditions (F type fly ash-red mud mixture with 1:1
ratio, sintering temperature of 1050 °C and milling time of 4 h), the best
characteristics of sintered glass ceramic could be obtained. Values obtained from
mechanical testing showed that the fly ash–red mud sintered ceramic materials
had increased strength compared to other sintered ceramic materials. The sin-
tered materials from red mud have the highest water absorption value.
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1 Introduction

The disposal of waste material is an issue of ever-increasing concern. Recently, fly ash
and red mud are regarded as hazardous industry waste that causes environmental
pollution all over the world. The objective of effectively utilize these industrial wastes
is to reduce raw material consumption, thus minimizing disposal crisis and treatment
costs. These waste materials obtained from the alumina industries and thermal
coal-fired power plants.

Red mud, also known as bauxite residue, is a side-product of the Bayer process
during the treatment of bauxite with sodium hydroxide for alumina extraction. This
slurry contains 15–40% solids and is highly alkaline (pH 11–12.5) [1–2]. Its major
constituents are crystalline hematite (Fe2O3), which gives it its reddish appearance,
boehmite, sodalite, quartz, alumina silicate, with a minor presence of calcite, goethite
and gibbsite [3]. Depending upon the quality of the raw material processed and alumina
extraction efficiencies, between 1 and 2 tonnes of red mud is generated per ton of
alumina produced. Every year more than 120 million tonnes of red mud is discharged
to the landfill in the world, which has brought major problem for environmental pro-
tection. For instance, only in Eti Aluminium Plant (Seydisehir, Turkey) approximately
260,000 tonnes of red mud generated annually. The red mud landfill which has 10
million m3 capacity has been currently almost filled up. Although 6 million m3 capacity
is available in another pond, it seems appropriate to consider for a new one in this
region [4]. However, only a small amount of this waste about 1% is re-used in the
metallurgical as a source for iron and various other purposes [5]. Globally, although
there have been multiple attempts to utilize these residues, less than 2% of residues are
currently re-used or further processed. Consequently, the vast majority of the residue
remains in disposal areas all over the world at present. In recent years, many
researchers have been focused on utilization of red mud as the recycling material to
produce building materials (such as bricks, glass ceramics, concrete, cements and
composite materials) [6–10], coagulants [11], catalysts as agents for neutralizing acidic
waste [12] and metal extraction [13] etc.

Similarly, fly ash, a type of solid waste that results from coal fired thermal power
plants, which is classified as class F and C ashes according to ASTM C618. The ash
containing more than 70 wt% SiO2 + Al2O3 Fe2O3 and being low in lime are defined
as class F, while those with a SiO2 + Al2O3 + Fe2O3 content between 50 and 70 wt%
and high in lime are defined as class C. The annual production of fly ash is 900 million
tonnes globally that makes its disposal a great challenge [14]. Even though, about 15
million tons of ashes per year are generated in Turkey (production is expected to reach
50 million tons per year by 2020), only small percentage of them are being utilized for
application as an ingredient in cement and various other construction products. Many
researches have been performed in order to find out application, or process for the
disposal of fly ash as an alternative to another industrial resource. The industrial
applications of fly ash are grouped into following main categories: construction
materials (as a cement additive and as a concrete aggregate) [15], geotechnical appli-
cation (for asphalt and pavement filler materials) [16–19], agricultural [20], water
pollution [21], composite and sintered materials (glass, glass-ceramic and ceramic)
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[22], and geopolymer [23]. Among these, especially glass-ceramic materials have
shown some promise, which converts industrial wastes product by sintering at high
temperatures.

Glass ceramics, which have unique mechanical properties such as high mechanical
strength, good dimensional stability and abrasion resistance, are not only suitable for
replacing more traditional materials in many applications, but also they can be used in
entirely new fields where no alternative material can satisfy the technical demands [24].
Traditionally, the glass-ceramics have been made from pure raw materials, and the
products are expensive. Manufacturing glass ceramics with solid waste could recycle
the waste and produce commercial products. Red mud contains valuable mineral
resources such as CaO, Al2O3, SiO2, Fe2O3, and TiO2. The chemical composition of
red mud is quite suitable for producing glass ceramics. Recently, many researches are
carried out on producing glass-ceramics with red mud. The mineralogical composition
of red mud is particularly close to fly ash. The CaO–SiO2–Al2O3 glass ceramic has
been obtained from mixing red mud and fly ash successfully [25]. However, there are
several researches on red mud and fly ash reuse. As one of the few works, Samal et al.
[26] explored the suitability of using red mud and fly ash in order to produce ceramic
bodies with satisfactory mechanical properties. In the previous study, the suitability of
fly ash with red mud for the development of paving blocks has been evaluated [27].
To utilize both these wastes together by using lead-zinc mine tailings, Liu et al. carried
out a research [28] to develop a process for the manufacture of lightweight-foamed
ceramics. Those researches, focused in development of fly ash with red mud mixtures
in order to obtain commercial building materials, have some advantages, e.g., con-
servation of resources, which means lower raw materials cost and greater environ-
mental benefits due to use of the waste materials in the process.

The aim of this study is recycling of F (F-FA) and C (C-FA) type fly ashes from
two different thermal power plants and red mud (RM) investigating the suitability of
glass-ceramics using raw material based on milling, powder compaction and at rela-
tively high temperatures of 1050 °C without any additives or nucleating agents.

2 Experimental Procedures

2.1 Raw Materials

Two different fly ashes were obtained from Seyitömer (Kütahya) and Soma (Manisa)
Thermal Power Plants, in Turkey. Additionally, the red mud (slurry) was provided
from the Eti Aluminium Inc. Seydişehir, Turkey. Red mud sample was dried in oven at
100 °C for 24 h. A Bruker S8 Tiger XRF spectrometer in standardless mode under
helium atmosphere with 18 mm mask was used for determining the chemical com-
position. Powder samples were loaded into an XRF sample cup to make the mea-
surement by Li2B4O7 fusion bead oxide method. For the measurement a 4 KW, Rh
anode X-ray tube was used to generate X-rays. The methods “Best analysis” and
“Oxides” were chosen for the analysis. SpectraPlus Eval2 V2.2.454 was used for data
interpretation.
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The particle size analysis of red mud and fly ashes was carried out using a laser
particle size analyzer (Malvern-Mastersizer 2000). The phase composition of the raw
materials was performed with a X-ray diffraction (Bruker, D8 Advance), using CuKa

radiation (k = 1.54 Å) at 40 kV and 20 mA, with a 2h range of 10°–70°. The samples
were scanned with a step of 0.02° (2h). A software package program was utilized to
analyze the resulting patterns. Field emission-scanning electron microscopy (FE-SEM)
analyses were performed in a ZEISS EVO 50 EP, at 10 kV to observe the changes in
microstructure properties of all samples. Table 1 indicates that the main chemical
components of the fly ashes are SiO2 and Al2O3, and the other significant amounts of
oxides are Fe2O3, CaO, MgO and SO3. Loss on ignition (LOI) of the fly ash mainly
results from the unburned carbon content. According to ASTM C618, which considers
basically the chemical components, fly ash from Seyitömer (SiO2 + Al2O3 + Fe2O3

70 wt%) can be classified as type F (F-FA) and fly ash from Soma (SiO2 +
Al2O3 + Fe2O3 is between 50 and 70 wt%) as type C (C-FA).

As shown in Table 1, Fe2O3 and SiO2 are the major components of the red mud
(RM). The both chemical and particle size analysis results are in generally agree with
previous studies in literature [3, 4].

Table 1. Chemical composition and some physical properties of fly ashes and red mud (as
received)

Component Fly ash (Seyitömer) Fly ash (Soma) Red mud

Chemical composition (wt%)
SiO2 53.41 36.37 14.10
Al2O3 19.41 19.24 24.55
Fe2O3 10.90 4.92 31.91
CaO 4.44 33.52 1.58
MgO 4.64 1.96 0.34
K2O 2.13 1.44 0.39
Na2O 0.79 0.30 11.06
TiO2 0.69 0.50 4.65
MnO 0.12 0.06 0.03
Cr2O3 0.11 0.16 0.16
SO3 0.64 3.34 0.24
Others 0.16 – 0.02
LOI 2.56 1.29 10.94
Physical properties
Specific surface area (m2/g) 4.87 3.74 18.32
Density (g/cc) 1.88 2.02 3.05
Particle size (µm)
d(10) 16.63 3.09 0.35
d(50) 66.72 37.7 1.58
d(90) 96.03 128.6 56.85
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2.2 Preparation of Sintered Samples

The raw samples were ground using laboratory ball-mill (FRITCH-Pulverisette 6).
First, 40 ml of dry powder was measured with a graduated cylinder. Later, this powder
was wet milled in a zirconium mortar containing 40 balls of zirconium for 4 and 8 h, at
a water-to-ash ratio of 2. After the grinding process is completed, about 10 ml of
sample was taken from each milled suspansion and their average particle size distri-
butions were determined. The milled suspension was filtered and it was dried in an
oven at 100 °C for 12 h. The cylindrical shaped samples having a diameter of 13 mm
and height of 14–16 mm were produced by uniaxially pressing under the load of
10 MPa using an automated hydraulic press. The pressed samples of F-FA, C-FA, red
mud and red mud with fly ashes mixtures (1:1) were placed inside a ashing furnace
(Nobertherm) and sintered in air atmosphere at 1050 °C. The heating rate was
6 °C/min and a dwell time at the maximum temperature of 1 h for all samples. After
sintering was over, all samples were cooled down in the furnace and then the sintered
samples were characterized with techniques like XRD and SEM.

2.3 Characterization of the Sintered Samples

X-ray diffraction (XRD) technique was used to determine the mineralogical changes in
crystalline phases of all the sintered samples. SEM analyses were performed to observe
the changes in microstructure properties of sintered samples by varying milling time
and temperatures. The fractured surfaces of sintered samples were coated with Au prior
to examination. Compression tests were performed on cylindrical specimens using an
automated Instron 5581 50 kN Tensile Test Machine (Tailored Test).

3 Result and Discussion

3.1 Characterization of Raw Materials

Table 2 shows the particle size distribution of raw materials of two different fly ashes
and red mud. As shown Table 2, milling caused a reduction in particle size throughout
the range. Even during the 4 h milling process, D(0.9) reduced from 92.03 to 41.7 µm
and median particle size changed from 66.72 to 1.96 µm while D(0.1) had a reduction
from 16.63 to 1.04 µm for F-FA. These are all large reductions considering the per-
centage size reductions. In the fine milling process of fly ash and red mud, the network
structure would be destroyed by mechanical force, resulting in the breaks of chemical
bonds such as Si-O-Si, Al-O-Al and Si-O-Al.

The main components of F-fly ash (Seyitömer) are SiO2, Al2O3 and Fe2O3, which
constitutes about 84% and C-fly ash (Soma) is SiO2, Al2O3 and CaO, which constitute
94% of total composition. The red mud is Fe2O3, SiO2 and Al2O3, which constitute
89% of total composition.

XRD diffraction pattern of as-received, F-fly ash, C-fly ashes and red mud are
shown in Fig. 1. In F-fly ash, the main mineralogical phases were identified as quartz
(SiO2) and magnetite (Fe3O4). In addition, peaks of anorthite (CaAl2Si2O8) and
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anhydrite (Calcium sulfate, CaSO4) were found, mostly overlapping with each other
(Fig. 1a). In C-fly ash, the main peaks were quartz and free lime (CaO). Few minor
peaks of dolomite (CaMg(CO3)2) and mullite (Aluminum silicate, Al24Si84O204) were
also reported (Fig. 1b). From the XRD and XRF results, there are some differences
between the chemical and mineral compositions of F-FA and C-FA. The XRD data of
red mud displays a complex pattern indicating a mixture of metal oxides and complex
minerals (Fig. 1c). The dominant phase in red mud is hematite (Fe2O3) displaying
features at 18.83°, 35.6°, 40.9°, 49.5°, 54.1°, 62.5°, and 64.0°. Besides hematite,
quartz, calcite (CaCO3), and ilmenite (FeTiO3) were also present in the as received
form of red mud.

Figure 2a–c are SEM micrographs of the fly ashes samples, showing predominantly
spherically shaped powder particles, a typical particle morphology for fly ash powders.
F-FA comprises individual particles and agglomerates consisting of spherical or
irregular shaped particulates, which were also expressed by a former study [29–31].
These spherical particles are glasses produced from melt droplets during incineration of
the coal. Some separate hollow spheres were observed in the range between 2 and
30 lm, many of which have diameters less than 15 lm (Fig. 2b). The spherical par-
ticles might in turn be hollow sphere filled with smaller spheres, Fig. 2c. In fact, C-FA
similar to F-FA based on the morphological structure. However, the shape of C-FA
particles are more spherical than that of F-FA and its particle size varies between about
5 and 100 µm. That is, a wide variation in particle size was observed. This result is
compatible with the particle size distribution of C-FA given in Table 1. Whereas the
particle size varies between 3 and 128 µm, the average particle size is about 38 µm.
Such different in the fly ashes of microstructure are ordinary due to variety of fired coal
mineralogy and chemistry, coal particle size of and coal combustion conditions of the
power plants.

The SEM morphology of the red mud at 30 K magnification is given in Fig. 2d.
The red mud composed of very fine particle size where the particle size ranges from
1 µm to over a few microns. Red mud has a variety of different morphology, some
individual particles look like flake and prism.

XRD patterns of glass ceramic samples produced from F-FA by grinding treatment
are given Fig. 3. At 1050 °C, the anorthite component of the F-FA disappeared. With
sintering temperature and increasing milling time up to 8 h, the quartz peak intensities
decreased due to signify damages in crystal structure and increasing the amount of
amorphous phase.

Table 2. Particle size distribution of milled materials

Milling time Particle size (µm) F-FA (Seyitömer) C-FA (Soma) Red mud

4 h d(0.1) 1.04 0.73 0.26
d(0.5) 2.80 2.46 5.02
d(0.9) 6.63 4.87 36.85
d(0.1) 0.70 0.42 0.08

8 h d(0.5) 1.96 2.65 3.48
d(0.9) 4.70 3.87 21.82
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Fig. 1. XRD patterns of raw materials a F-FA, b C-FA, c RM
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(a)

(c) (d)

(b)

Fig. 2. Scanning electron micrograph of raw materials a F-FA-Mag:300x, b F-FA-Mag:6Kx,
c C-FA-Mag:3Kx, and d RM-Mag:20Kx

Fig. 3. X-ray diffraction pattern of unmilled, milled for 4 and 8 h of F-FA at 1050 °C
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XRD analysis reveal that the samples C-FA, RM, F-FA/RM and C-FA/RM sintered
at 1050 °C, Fig. 4. RM and F-FA/RM samples are hematite structure. More quartz
peaks in structure are seen in XRD pattern of C-FA/RM sample. RM sample shows the
best crystalline. This result is compatible with SEM image of C-FA/RM given in
Fig. 6d.

The microstructures of unmilled, 4 and 8 h milled and sintered F-FA samples at
1050 °C temperatures were examined by SEM (Fig. 5a–c). The surface of the sample
milled for 8 h is rough and homogeneus microstructure. Increasing the milling time, a
much density sample that has a much smoother fracture surface. The unmilled F-FA
sample was clearly showed that spherical pores were found in the formation.

SEM micrograph of the sintered C-FA the presents of a different morphology than
original form (Fig. 6a). There are tiny crystals of about 1 µm size in a glassy structure
and the spherical particles have been disappeared. This is due to the fact that when
calcite and dolomite break down into CaO and MgO, the Ca and Mg are incorporated
into the new mineral phases, principally in high temperature silicates such as gehlenite,
wollastonite and diopside, which tend to obstruct the melting process [26].

Figure 6b shows the surface morphology of the sintered red mud. The darker
phases represent the quartz, whereas the lighter region represents the magnetite, very
small size of iron particles throughout the microstructure. The fired specimens show a
homogenous microstructure composed by isolated pores, irregular shapes, and size
crystals and ceramic matrix surrounding the former phases. It was observed that red
mud contains very irregular spherical particles whereas treated fly ash (F-FA/RM and
C-FA/RM mixture) have agglomerated structure. These agglomerated structures may
be due to binding of particles with the organic compounds (Fig. 6c, d). The main
difference is the amount and size of pores (Fig. 5d) which are more in red mud with
50 wt% of fly ash mixtures. The irregular crystals were composed mainly of quartz,

Fig. 4. X-ray diffraction pattern of milled C-FA, RM, F-FA/RM and C-FA/RM for 8 h, at
1050 °C
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which has been identified by the main crystalline phase. Darker regions are quartz
crystals. Small lighter region particles are related to glassy phase distributed throughout
the ceramics [26].

Compressive stress tests showed that increasing the milling time higher strength the
samples. The best compressive stress values were obtained for F-FA/RM sample
specimen. The results in shown Table 3.

Glass ceramics prepared from the F-FA/RM mixture without adding additive and
binder with a pressure strength of 155.30 MPa have been observed to have good
specifications in comparison with the literature [23] found that the highest pressure
strength of fly ash-based geopolymer bricks containing sodium hydroxide/sodium
silicate additives at various ratios was 47.6 MPa which was considerably higher than
the limit values given in national and international standards. The reason why C-FA has
lower compressive strength than F-FA is that C type fly ash reacts with alkaline
chemicals very quickly due to the high content of calcium oxide components. For this
reason, experiments with C type of fly ash appears to be stabilized when glass ceramics
are produced, but within a few hours, capillary cracks are formed. They can break
down before and after the heat treatment. Another possible reason might be the pres-
ence of high levels of free calcium oxide in the C type fly ash.

Fig. 5. Scanning electron micrograph of sintered materials at 1050 °C a unmilled F-FA, b 4 h
milled F-FA, c 8 h milled F-FA
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4 Conclusions

The characterization in terms of both phase evolution during sintering and
microstructure for milling time have been investigated on the ceramic bodies obtained
from F type fly ash, C type fly ash, red mud and red mud-fly ashes mixtures.

Fig. 6. Scanning electron micrograph of sintered materials at 1050 °C and milled during 8 h
a C-FA, b RM, c F-FA/RM mixture, d C-FA/RM mixture

Table 3. Compressive strength of sintered materials at maximum compressive load

Sintered samples Milling time (h) Compressive stress (MPa)

F-FA 4 0.441
8 0.688

C-FA 4 0.211
8 0.256

RM 4 108.61
8 120.20

F-FA/RM mixture 4 147.87
8 155.30

C-FA/RM mixture 4 63.47
8 86.08
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The mineralogical evolution of F-FA examined by XRD revealed that quartz and
magnetite are the main crystalline phase in the original material. In C-fly ash, the main
peaks were quartz and free lime. Few minor peaks of dolomite and mullite were also
reported. The pattern of red mud displays a complex pattern indicating a mixture of
metal oxides and complex minerals. The dominant phase in red mud is hematite.
Besides hematite, quartz, calcite and sodalite were also present in the as received form
of red mud. In addition, new phases such as sodium aluminium silicate, calcium
aluminum silicate, hematite, hercynite appear as a result of different chemical reaction
between red mud and fly ash during sintering. The glassy phase is formed due to the
partial dissolution of quartz and combination of other minor phases during sintering
process. Increasing milling time gives to reduce a partial dissolution of quartz and
therefore, the amount of amorphous phase increases. The silicate bonded phases
developed at sintering temperature 1050 °C in the ceramic bodies red mud and fly ash
mixtures. Scanning electron microscopy showed a homogenous microstructure com-
posed of isolated pores, irregular shape, size crystal and ceramic matrix surrounding the
formed phase. Detailed characterization and microstructure investigation opens up the
possibilities of processing the materials in sintering stage for future materials
production.
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Abstract. Purpose Several Former researches has been concerned with the
Innovation concept, however, to the extent of authors knowledge, there are less
literature concerned the application of Innovation concept in construction projects
in United Arab of Emirates, with a clear identification of the exact role of each
member of the participants in UAE innovation process, The purpose of this
research is to investigate and identify the critical factors which influence and
enable innovation in UAE construction projects. Also, identify responsible party
for each factor application. Design/methodology/approach The research took
form of qualitative approach first, which rely on critical analysis of relevant lit-
eratures focused on innovation in construction projects and similar industries,
either in UAE or similar Contexts, which have been found to be applicable in UAE
construction projects, aiming to identify the critical factors influencing the inno-
vation in construction industry in UAE, and extend the research to classify the
ownership of each factor among all parties involved in the process. Then, the
findings have been examined using the quantitative approach though a designed
survey to validate the finding andmeasure the Impact of each factor on the success
of UAE innovative construction projects, as well as the correlation and regression
between the different identified factors with each other. FindingsAccording to the
study results, three major players has been identified as a main influencer to the
innovation process in UAE construction project which are: Government, R&D
institutions & organizations. Also a set of ten factors categories has been identified
as a critical for innovation success which are: Support of R&D investment,
Commitment, Vision & Policies, advanced procurement systems, Leadership
style, market oriented researches, Flexibility of experts’ movement, knowledge
exchange, In-house testing facilities and Decentralized university system.
Application of those ten factors categories found to be different base on the scope
of each player of the three key playerswhich resulted into thirty key success factors
for innovation in UAE construction projects. Furthermore, the study identified the
impact strength of each factors in order to identify the scope of each key player to
focus and involve as a form of scope matrix. Also, types of innovation has been
identified as the “technical innovation” and “organizational innovation”, the study
result suggest that both of them required to be developed simultaneously in order to
deliver the targeted “successful innovation inUAE construction project”Research
limitations/implications The identified factors are considered as a main factors but
not an all-inclusive list, further research may add more factors which might be
directly or indirectly impact the innovation in UAE construction projects. Prac-
tical implications The concluded list of critical factors influencing the innovation
inUAE construction projectswith its scope demarcationmatrixwill help themajor
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players involved in innovation process to recognize the contribution expected
from each, and then can be considered as a base for any socio-economic initiatives
can be introduced in present of near future to support the process of innovation in
UAE construction projects.Originality/value The study generate its value through
integration of partial knowledge gained by previous various study into a com-
prehensive focused analysis on the innovation in construction projects in the
country of UAE, which to extent of authors knowledge, never been discussed that
precisely before.

Keywords: Innovation � Construction � UAE � Vision & policies
R&D investment

1 Introduction

Background
The construction sector is the main economy sector in gulf region, where more than
$570 billion is the budget of the construction projects awarded since 2005 only in gulf
region. Meanwhile UAE market is the major player in the gulf region and that was
really obvious when the gulf region market impacted after Dubai real state crisis in
2009 [1]. The call for innovation was essential for the UAE construction market in
order to survive and sustain with stable improvement and growth, which will have
positive influence to attract the foreign investment to the country [2].

In fact the call for innovation mentioned above had full support from the country
government because it was in the same direction with the strategic plan and leadership
vision of H.H Sheikh Mohammed Bin Rashid Al Maktoum. Moreover, it was declared
that the year of 2015 will be “Innovation Year”. Also, the government declared its
willingness to achieve its goal for innovation future of UAE as the most innovative
nation in the world after only seven years [3].

Therefore, organizations will have to improve the ability and competence to
introduce projects that are efficient of producing innovative products and services,
which is robust to the above mentioned risks. Such firms need to review how to
consider, introduce, design and apply its projects to provide successful innovation.

The Study Question
What are the factors could enhance the innovation of construction industry in UAE?

The Aim of the Study
The study is aim to spot on the critical factors which impact the innovation in UAE
construction projects, which could help the construction firms and specialists to
enhance the construction innovation within the country.

The Objectives of the Study

1. To conduct a literature review to introduce the concept of innovation and its impact
on general practice.

2. To determine the factors which impact the innovation in construction.
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3. To determine the critical factors which impact the innovation in construction
business in the UAE.

To propose a framework for UAE construction practitioners for improving the
innovation process within the project life cycle.

2 Literature Review

2.1 Definition of Construction Innovation

As per Ozorhon [4] Innovation is complex and dynamic even if it is not a technical
innovation. Innovation is the application of the new brilliant ideas at any aspect or field
[5]. In regards of construction industry context, Construction industry is totally dif-
ferent than the manufacturing and service industries because of the project base type of
construction business, which makes each project unique. That also, reflects on the
innovation behaviour [6]. Construction innovation focus on the project and considering
the achievement of its goals, the process of construction innovation covers many of
project elements such as, human resources, cost, management, problem solution and
implementation etc. [7].

2.2 The Characteristics of Construction Innovation

(1) Project-based cooperative innovation; there are two levels of cooperation; project
and strategic. In other words, there is cooperation between parties involved in the
project and there is long-term cooperation between different construction orga-
nizations in the industry [4].

(2) Integrative innovation; the integration in Construction is essential not only for
technological aspects but also needed from society, management, etc. [8].

(3) Open innovation; due to the diversity of construction project activities and phases
there are many parties involved such as; contractors, suppliers, consultants, etc.
every party of these parties consider as a source for innovation that makes the
construction innovation a kind of open innovation [9].

(4) Dynamic innovation; the construction projects are complex, dynamic, and non-
linear, so that the construction innovation has the same characteristics, because
each project is unique than the others [8].

2.3 Historical Development of Innovation Concept in UAE

Last decade has witnessed a huge impact on innovation due to technology rapid
development. Moreover, the worldwide market became more competitive and fast
growing, the innovation power has been focus on demand rather than the production
especially after the widely use of the internet [10].
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Among the Gulf region countries, The United Arab Emirates (UAE) is the country
featured with fast growing and innovative economy market. Also, UAE’s innovation is
share 30% of business activities [11]. Although the UAE is classified as
hydrocarbon-rich country, the government realized the importance of economy trans-
formation from relying on hydrocarbon exports to diversity in income sources and
sustainable economy in order to have long-term economic development, so the gov-
ernment set up its vision 2021 with ambition goals [12]. In October 2014, His Highness
Sheikh Mohammed bin Rashid Al Maktoum, Vice President and Prime Minister of the
UAE, has announce that there are seven development sectors named; renewable
energy, transport, education, health, technology, water and space, will be taken the
focus under the government innovation strategy of the same year [3]. In November
2014, the UAE government has approved the title of 2015 to be the year of innovation,
also the government gave the direction to establish the National Innovation Committee
(NIC), it will gather the UAE’s efforts and supervise the process to lead the country
toward the top of the list of innovative countries over the world with challenged
duration of seven years only to achieve its goal [3]. In Feburary 2015 a
seven-dimension program announced by the government, South Korea was the
example of innovative country that UAE aim to implement especially in education
sector, schools and universities [12].

Major funds in UAE has directed to serve key industries, for example hydrocarbon
services, semiconductor, space, clean energy and construction, in the same line of UAE
vision to take the lead of knowledge-based economy [13]. According to Al-Jundi [14],
UAE enterprises, especially construction business, required innovation. Notwith-
standing, some examples of construction firms have effectively innovating and chal-
lenging in the worldwide markets, most of small and medium construction
organizations does not have a high level of innovation while the international firms
have more innovation as the small and medium firms usually operate in traditional
manner [3]. One of the ways to push for innovation is the international competition.
Although, to push the innovation in construction business it is a must to reflect the
firm’s business model. Plus, the general climate to make the innovation possible [15].
As per Blayse et al. [16] the construction innovation should be seen as ‘product system’
innovation, this perspective includes all the parties usually involves in construction
industry such as; contractors, consultants, suppliers, manufactures, clients and technical
support providers.

2.4 Widely Used Forms of Innovation

Abbot et al. [17] has defined three types of innovation; firstly, product innovation or
technical innovation, which related to specific construction products and could be
drawn-out to include the whole construction system. Moreover, design of the product,
product material and manufacturing process of the product also considered in the
product innovation. Secondly, procurement innovation or organizational innovation,
which related to the way that the project was procured, new forms of contract and
supply chain management are considered as samples of procurement innovation.
Thirdly, process innovation, which related to the process itself and how the work is
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going to be achieved. Although, the type of information for steel frame building and
cast in situ concrete building can be similar. But the participating firms and supply
chain could be totally different [18]. The study will focus only on the first and second
types of innovation as the process innovation was found more related to the manu-
facturing rather than construction. Abbot and Behrens [19] has proposed five levels of
innovation related to technical and construction organizations as below:

• Generic innovations, which is aiming to have a new paradigms like the improve-
ment of the concrete characteristics.

• Epochal innovations, it is a sub-degree of generic innovations. It is about
improvement of certain sector of the activity.

• Altering innovations, it is promote to alter at the high level of the organization.
• Entrenching innovations, it is only a modification to the existing methodology in

align with the strategic direction.
• Incremental innovation, it is how to use the same collected input to improve and

enhance the output.

2.5 Key Success Factors of Innovation in UAE Construction Projects

The following section will brief the identified factors which counted responsible of the
success of innovation in UAE construction project through deep review of relevant
literatures

• Support of R&D investment

A positive and strong relationship has been found between the development of national
innovation and level of local R&D in that particular country [20]. Government reports
Conducted in recent years indicated that low interest in R&D Investment in UAE is one
of the key factors which negatively impact the innovation in Local construction market
[21]. Accordingly, reducing its contribution share in economic growth in the country
[22]. Schilirò [3] has promoted that Link between the innovation in UAE and
investment on R&D and highlighted that it is not only a matter of the investment
amount on R&D, but also on the correct deployment of that investment to be aligned
with the innovation strategy. Supporting of R&D investment needs to be done by
government’s through different mechanisms like rewards system, tax relief … etc. [23].
Also, through organization by allocation of certain amount of Business development
for in-house R&D [24]. As well as, R&D institutes independent institutes and uni-
versities which needs to find marketing mechanisms to raise funds for supporting their
research’s [25].

• Commitment

Commitment has been identified in various literatures as very crucial factor for the
success of construction industry innovation in UAE. Since the Innovation process will
require to go through various administrative and technical challenges, the commitment
of organization top management on innovation will enhance the integration between
team members and support them to come over those challenges [26]
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That commitment will require extending from the government and authority leaders
through the main organization leaders up to supply chain leaders and managers [27].

Rahman et al. [28] highlighted the importance of leader commitment on promoting
the team work concept, trust, conflict resolution and respect, which all considered as
enabler for innovation.

• Vision & policies

Innovation in UAE has been initiated and strongly backed by the vision of the Country
leadership, as the government has realized the role of innovation to reform the econ-
omy into a sustainable economy, which relies on wide range of knowledge rather than
consumable resources [12, 14]. Recently on late of 2014, the Government of UAE
under leader ship of H.H Sheikh Mohammed Bin Rashid al Maktoum has lunched the
“National Innovation strategy “which determined the sectors to be under focus of
Innovation and development, such sectors includes the transport, renewable energy,
space, health, water & education, eventually most of those sectors require the support
of construction industry which consequently will call for innovation in construction
industry itself [3], Such vision is translated in reality into a set of polices which include
new regulations, direction of investment, engorgement of private sector and modifi-
cation of education curriculums to include motivation concept in its core and methods
[29].

• Advanced procurement systems

Procurement systems has been identified as a major factor affecting the innovation in
construction activities. Blayse and Manley [22] highlighted that the adoption of
non-traditional procurement and contracting method such as partnership, PPP, joint
ventures … etc. Abuelmaatti and Ahmed [30] facilitate the cooperation and problem
solving through un-traditional solutions. Akintoye et al. [31] have seen the innovation
process in construction more successful when the integration between the various
stakeholders and supply chain became more effective, and the advanced procurement
system will be a vital enabler for such effective integration.

Albaloushi and Skitmore [32] focused suppliers and Supply chain management
(SCM) in the context of construction projects in UAE. They have concluded that the
SCM will positively facilitate the collaboration among project parties when strategic
and innovative procurement concepts have been adopted, which will unify the goals
and will keep the team focus on innovation targets.

• Leadership style

Leadership style found to be linked to organization innovation ability according to
various literatures, teams leaders play an essential role in fixing and implementing the
require policies and procedures to achieve innovation ([33]; Fig. 1).

There are two main styles of leadership identified in literatures: “transactional
style” which developing the relationship between the team members and their leader
through clear communication on what exactly is required from them, with cutting edge
objectives and goals [34], such style of leadership found with positive impact on team
innovation when the emotion factor among team member is low, and it has a negative
impact when the emotion factor goes up.
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The other style of leadership is the “transformational style” which can be defined as
motivating team members to go beyond their nominated capacity through changing
their thoughts and perceptions [35]. Such style found to be opposite to previous style,
as it will support and enable team innovation abilities whenever the emotional factors
are high, while if the emotion factor goes down the innovation opportunity will be shut
down. [36].

• Market oriented researches

A detailed study conducted by Alam [37], to explore the relationship between the firm
innovation and firm market orientation, the study was a quantitative research based on a
questioner survey and the study results suggested a strong positive relationship between
firm innovation capacity and firm market orientation, furthermore, the study promoted
the customer orientation as a competition strategy to survive in high competitive
environment, and the innovative solution which will be generated accordingly will be
highly expected by market as it represents its real needs.

That study is supported by another study conducted by Al-Abd et al. [38] but with
more focus on UAE context, and they have suggested that organization and research
centres need to be more focus in developing and responding to market demands in
order to enhance innovation system in UAE.

• Flexibility of experts movement

Movement of skilled labours, specialist and experts between organizations will allow
new solution to generate through mixture of different working cultures and knowledge
[39]. Alinaitwe et al. [20] stated that policies and regulation which hindering the
flexibility of specialist movements between companies are considered as a barrier for
national innovation in UAE.

The same concept has come across the study conducted by Randeree [39] which
aims to measure the perception of expats workers towards their organizations in UAE,
the result finding mention that although the skilled labour movement restrictions would
be positively support organization stability, however it negatively affect skilled labours
motivation and innovation ability.

• Knowledge exchange

Shortage of professionals, experts and skilled labours are always counted as main
challenge for construction industry in UAE, and has been marked as one of major risks
responsible for projects delay [40]. UAE government has realized that fact, and they
have launched a strategy in February 2015 composed of seven initiatives to support the
national innovation in the country, among those initiatives are to held annual exhibi-
tions for innovation by the participation of schools, universities, government entities

Fig. 1. Team leader role in achieving team innovation [33]
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and private sectors. Those exhibition will be a potential attraction of global experts to
follow and participate. Another, initiative was about holding training programmes for
potential innovators by world leading experts under the fund of UAE government [3].

Same concept will be achieved through encouragement of foreign investment in
innovative construction projects in UAE. Especially, for world industry leaders, who
will be having their own R&D centres, and they will be coming to country along with
their knowledge and experts, a live example to that is Masdar City in Abu Dhabi [41]

• In-house testing facilities

An important study carried out by Castellani et al. [42] attempting to measure the
impact of the distance between R&D institution and their testing laboratories on the
value of the R&D process output, and the results indicated that although common
culture, language, and even religious back ground are strongly impacting the output,
and according to data collected from more than 6000 R&D firm located in 59 country;
close geographic proximity of R&D institute and the testing laboratory will positively
enhance the R&D process output [42].

Al Hallami et al. [43] have come across the same topic while analyzing the chal-
lenges and obstructions that R&D centers in UAE are currently facing, and according
to their analysis, the have recorded the shortage of local and in-house testing facilities
as main barriers affecting the construction innovation development in UAE [43].

• Decentralized university system

Creating a decentralized high education system in UAE has been identified by Al-Abd
et al. [38] as part of comprehensive strategy proposed to be adopted by UAE gov-
ernment to support local innovation development.

The relationship between the decentralization concept and innovation has been
explained by Pamuk et al. [44] as the decentralization concept will reflect diversity in
cultures, priorities, and solution methodology, which consequently will enable inno-
vation development. And since Universities are considered as main R&D institution
where Innovation will be generated and Founded [25], decentralizing the university
systems will ensure broader and faster innovation development [38].

3 Discussion

By analysing the data collected above through the Literature review, we can identify
that there are three main key players held responsible for innovation in UAE con-
struction projects, those key players are:

(1) Government,
(2) R&D institutions (i.e. universities, independent research centres … etc.)
(3) Construction organizations (i.e.: clients, developers, consultants, contractors and

suppliers).

Those three key players are in charge of ten factor categories identified as enabler
for innovation in UAE construction project.
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Each of the ten numbers of factors categories found to be with different application
base on the scope of each player of the three major players and its relation to the factor
categories. Accordingly the 10 factors categories could be translated into thirty factors
impacting the Innovation in UAE construction project (ten factors categories, each
contain three factors as the application of factor category from the perspective/
involvement of each player of the three key players identified above). As per the following
table:

According to the identified factors and their grouping via Table 1 above, the fol-
lowing hypotheses can be concluded:

Table 1. Key success factors of innovation in UAE construction projects

Factor
category

Government factors Organization factors R&D institute factors

Support R&D
investment

Support investment on
R&D through
Government initiatives

Budget allocation for R&D
within organization
financial plans

R&D institutes
self-funding strategies

Reference [3, 20–25]
Commitment
on innovation

Government
commitment for
innovation

Organizations top
management commitment
to innovation adoption

R&D institutes
development of new
procurement systems

Reference [26–28]
Visions &
policies

Support innovation
through Government
vision and policies

Alignment of organization
strategy with government
innovation policy

R&D institutes
leadership style

Reference [3, 12, 14, 29]
Advanced
procurement
system

Government policy
acceptation of new
procurement system

Organizations generation
of new procurement
systems

R&D institutes;
Flexibility of experts
movement

Reference [22, 30–32]
Leadership
style

Government
leadership style

Construction organizations
leadership style

R&D institutes
establishment of
in-house testing
facilities

Reference [34–36]
Market
oriented
research

Government response
to market needs

Customer oriented
organization strategy

Universities diversity in
curricular and education
methodologies

Reference [37, 38]
Flexibility of
experts
movements

Flexibility experts
movement within
labour law

Organization human
resource policies

Allowance for experts
movement between
R&D institutes

Reference [20, 39]
International
knowledge
exchange

Cross governments
knowledge exchange

Cross organization
knowledge exchange

Cross universities
knowledge exchange

(continued)
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H1: government key success factors group are significantly support the success of
innovation in UAE construction projects
H2: construction organization key success factors group are significantly support
the success of innovation in UAE construction projects
H3: R&D Institutes key success factors group are significantly support the success
of innovation in UAE construction projects
H4: Integration of Key success factors groups of Government, organization and
R&D institute will result in higher success rate of innovation in UAE construction
projects.

The above Hypotheses will be tested for validity and significance in the next
section using quantitative research approach.

4 Methodology

This section of the paper represents the verification of the Hypotheses through ana-
lysing the data collected via designed Questionnaire (Appendix 1).

This methodology have been selected and design to measure practical applicability
of theoretical research finding within two dimension in actual projects known as
innovative projects, first dimension is measure the occurrence of each key success
factor in the project, and second dimension is to measure the success rate of innovation
in the project. And through analysing the relationship between both dimensions, then
the relationship between variables can be concluded. And since actual data collection is
base of analysis, then the survey questionnaire method with projects experts found to
be the most appropriate method for this research.

The survey has two sections; the first section is designed to collect personal
information to represent the candidate suitability for the survey in terms of Age, Level
of education, years of experience … etc. And the second section is designed to collect
data related to the research parameters. Second section is composed of 4 scales, first 3
scales are collecting data about the Independent variables (critical success factors of

Table 1. (continued)

Factor
category

Government factors Organization factors R&D institute factors

Reference [3, 40, 41]
In-house
testing
facilities

Government support
for local testing
facilities

Organization dependency
on local testing facilities

R&D institutes
development of new
procurement systems

Reference [42, 43]
Decentralized
university
system

Government
Education system
support for
Decentralization

Organization acceptance of
different education
curricular graduates

R&D institutes
leadership style

Reference [25, 38, 44]
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innovation in UAE construction projects) and the last scale is measuring the dependant
variable (success of innovation in UAE construction project).

The relative occurrence of the identified thirty critical success factors has been
assessed using Likert rating system on five levels starting from “strongly agree” which
represent the strong occurrence up to strongly disagree which represent the complete
absence of the factor. Candidate has been selected from participants in various Inno-
vative projects, their organization also has a verity between contractors, clients and
consultant.

A pilot test has been carried oud on a sample of 5 persons, and according to the
pilot result a minor adjustment has been made to the questionnaire and then floated to
participants for survey.

Questionnaire has been circulated by means of hard copy handed over by hand, or
electronically by means of email for some participants who is currently located out of
country.

A total of forty (40) invitations to survey have been sent out, and total of twenty
eight (28) filled questionnaire returned with a response rate of 70% which is considered
acceptable [45].

The results has loaded on SPSS statistics software, and the items has been grouped
in four factors, first factors is combining the items which is related to government
(independent variable), second factor is combining the items related to Organization
(independent variable), third factor is combining items related to R&D institutes (in-
dependent variable), and last factors is combining the items that measure the success of
innovation in UAE Construction project (dependent variable). The following tests has
been carried out with its correspondent values:

(a) Reliability test

There were thirty factors identified in the literature review as key success factors for
innovation of construction projects in UAE. However, the reliability test was done also
for the same factors. Cronbach’s alpha technique was applied to measure the internal
consistency and was found with value of 0.891 (Table 2) which is above 0.7 and
accordingly the collected data for the identified factors could be considered as highly
reliable [46].

The test has been repeated for all items not including factors nor global using the
half split Model, the value of the half split resulted was 0.823 (Table 3) which is very
close to the alpha value, and accordingly confirm the high reliability of the collected
data [46].

Table 2. Reliability statistics using alpha method

Reliability statistics
Cronbach’s alpha N of items

0.891 34
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(b) Factor analyses

Principal components analysis (PCA) has done for 30-question survey related to
independent variables to figure out the KSFs of innovation in construction projects on
28 individuals. The suitability of PCA has evaluated before start the analysis. Corre-
lation analyses was done and found that all factors have one or more correlation
coefficient more than 0.3. PCA found out five components that had correlation bigger
than one and which translated 26.9, 13.4, 11.6, 8.1 and 4.2% of the total variance,
respectively. Visual check of the screen plot presented that five components could be
taken [47]. Moreover, the five-component taken encountered the interpretability cri-
terion. However, there are six factors has been eliminated out of total thirty factor
concluded from the literature review.

The five-component taken explained 59.9% of total variance. Rotated technique
was run to explain the survey statistics, the rotation technique represent the ‘simple
structure’ [48]. The explanation of the information was according to the factors pointed
out from the questionnaire which was expected to have strong loadings of government
and R&D institutes items on Component 1, government, organization and R&D
institute’s items on Component 2 and 5, organization items only on Component 3 and
government and organization items on Component 4. Component loadings of the
rotated technique can be shown on Table 4.

• Factor Group 1

That Principal component represent 26.9% of the total variance of key success factor.
There are seven factors in that group as below:

– Government policy acceptation of new procurement system; it is important for
government to adopt non-traditional method of procurement system such as Joint
Venture, Partnership … etc. in order to enhance the innovation in construction
industry [22].

– Government leadership style and R&D institutes leadership style; Leadership style
is essential for any organization aims to improve its innovation ability through the
well understanding of teams leaders to the implementation of polices that make the
team achieve the required innovation [33].

Table 3. Reliability statistics using half split method

Reliability statistics

Cronbach’s alpha Part 1 Value 0.809
N of items 17

Part 2 Value 0.828
N of items 17

Total N of items 34
Correlation between forms 0.702
Spearman-Brown coefficient Equal length 0.825

Unequal length 0.825
Guttman Split-Half coefficient 0.823
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Table 4. Rotated component matrix

Rotated component matrix

Component
1 2 3 4 5

Non-traditional procurement system used in the
project were accepted by law/codes and
authorities

0.636 0.206 0.003 0.192 0.255

Leadership style of governmental leaders
positively impacted innovation in my project

0.662 0.075 0.173 0.162 0.002

Project representatives participated in
international events sponsored by government
(exhibition/seminars/conferences)

0.622 0.102 0.378 0.072 0.449

Education system in UAE accept diversity and
allow for decentralization

0.708 0.213 0.214 −0.055 −0.112

R&D institutes in UAE are able to raise fund for
their research through marketing strategies

0.756 0.022 −0.056 0.025 −0.172

Leadership style of R&D institutes involved in
my project supported the teamwork and
facilitated the innovation environment

0.570 0.461 −0.241 −0.407 0.008

R&D institutes policies allows for experts transfer
and movement within local market

0.658 0.223 −0.051 0.037 −0.043

Government initiative supported the Investment
in R&D related to innovation in my project

0.345 0.616 0.227 −0.144 0.150

My organization strategy is inline with
government innovation policy

0.295 0.849 −0.053 0.150 −0.047

R&D institutes in UAE are working on evaluation
and analyzing of the new procurement systems

0.295 0.849 −0.053 0.150 −0.047

R&D institutes in UAE their own in-house testing
facilities required to carry on their researches

−0.030 0.630 0.401 0.293 0.070

There are diversity & variety Universities’
curricular and education methodologies in UAE

−0.032 0.673 0.143 −0.127 −0.241

There is an allocated budget within my
organization for R&D and new technologies
researches.

0.184 −0.108 0.575 0.056 −0.086

Leadership style for my project leaders facilitate
the teamwork and enhanced personal output of
team members

0.214 0.206 0.556 −0.146 0.049

My organization adopt and implement a customer
oriented strategy

0.227 0.167 0.662 −0.072 −0.008

Human resource policies within the project
organization strictly follow labor laws.

−0.235 0.040 0.717 −0.108 0.147

Participating organizations were more preferring
to carry out the required tests in local facilities

−0.200 0.140 0.596 −0.197 −0.346

Authorities and government monitor and
response to market demands and challenges

0.033 −0.043 0.164 −0.521 0.351

(continued)
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– Cross governments knowledge exchange; UAE government realized the importance
of knowledge exchange. Therefore, it has encourage the international cooperation
and holding of international exhibtation related to construction innovation [3].

– Government Education system support for Decentralization; the UAE government
understand the importance of decentralization of education. In order to enhance the
construction innovation in UAE, so it was a part of the country strategy to support
the innovation [38].

– R&D institutes self-funding strategies; R&D institutes and universities are required
to find the means to fund its researches for innovation. It is important to have its
financial strategy to encourage the researchers to work on innovation topics [25].

– R&D institutes; Flexibility of experts movement; the movement of professionals
and experts between R&D institutes will let new ideas to come through mixture of
diverse working cultures and knowledge [39].

Table 4. (continued)

Rotated component matrix

Component
1 2 3 4 5

Locally generated test results were accepted and
accredited by local authorities

0.344 0.156 0.028 0.815 0.121

My organizations top management commit to
innovation adoption & support innovation trials

0.285 0.052 0.368 −0.609 0.199

There was an innovative procurement system
applied and used in my project (fully or partially
for some packages)

0.344 0.156 0.028 0.815 0.121

The Innovation in my project is in line with
government general vision and policy

0.008 −0.065 0.410 −0.145 0.649

My Organization is welcoming and accepting the
Hiring of different education curricular graduates

0.005 0.280 0.285 −0.128 −0.767

Local & international events allows knowledge
exchange between universities & R&D institutes

0.339 −0.130 0.128 0.200 −0.622

Governmental authorities committed to
success of innovation in my project

0.404 0.378 0.240 −0.005 −0.010

Current labours law allowed the project to
acquire the required experts and specialist
from local market

0.385 0.105 0.288 −0.491 0.058

There is a possibility of knowledge exchange
between organizations in local or international
market

0.137 0.470 0.144 0.421 0.438

R&D institutes in UAE committed to promote
innovation in Construction industry

0.438 0.378 0.185 −0.320 −0.276

Strategy of R&D institutes in UAE is in line
with government innovation policy

0.198 0.343 0.483 0.258 0.375

Researches made by R&D institutes in UAE
are tailored to fit construction market needs

0.430 0.468 0.032 0.349 0.165
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• Factor Group 2

That Principal component represent 13.4% of the toatl variance of key success factor.
There are five factors in that group as below:

– Support investment on R&D through Government initiatives; there is a positive
connection between the investment on the R&D and the level of the country
innovation [20].

– Alignment of organization strategy with government innovation policy; UAE
government has an innovation policy and strategy which needs to be implemented
by all public and private construction firms to achieve the required innovation in
construction industry [3].

– R&D institutes development of new procurement systems; Procurement systems
recognized as a main factor impacting the innovation in construction industry.
Therefore, the development of new procurement system will be highly required [30].

– R&D institutes establishment of in-house testing facilities; the availability of
in-house testing facilities will help the R&D institutes to accelerate the process and
reduce the time required to conduct such experiments [42].

– Universities diversity in curricular and education methodologies; the diversity in
curricular will allow many education establishments to participate and contribute in
the education system in the country which will enable and enhance the innovation
development [44].

• Factor Group 3

That Principal component represent 11.16% of the total variance of key success factor.
There are five factors in that group as below:

– Budget allocation for R&D within organization financial plans; each organization is
required to allocate certain amount of its budget for innovation development, In
order to be able to compete with the other firms in construction industry [24].

– Construction organizations leadership style; the teams leaders have a role to
motivate the team members to go afar their nominated capacity through changing
their views and opinions [35].

– Motivating team members to Customer oriented organization strategy; there is a
positive relationship between customer oriented concept and the firm’s innovation,
the customer oriented concept will allow the construction firms to survive in UAE
competitive market [37].

– Organization human resource policies; the restrictions on movement of skilled
workforce is impacting negatively the individual’s motivation for innovation [39].

– Organization dependency on local testing facilities; the construction organization
would save a lot of project time by rely on the local testing facilities, which will
enable the innovation [42].

• Factor grouping 4

That Principal component represents 8.1 of the total variance of key success factors.
There are four factors in that group as below:
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– Government response to market needs; the government needs to pay more attention
in responding to market requirements to enable and enhance the construction
innovation in UAE [38].

– Government support for local testing facilities; the shortage of local testing facilities
is UAE is defined as a barrier for innovation. Therefore, the government is required
to support such facilities in order to enhance the innovation in the country [43].

– Organizations top management commitment to innovation adoption; the obligation
of firm top management on innovation will increase the incorporation between team
individuals and support them to come over implementation challenges [26]

– Organizations generation of new procurement systems; the Supply chain manage-
ment of construction projects in UAE will certainly enable the association amongst
project parties once innovative procurement system take place, which will combine
the efforts to achieve the innovation targets [32].

• Factor grouping 5

That Principal component represents 4.2 of the total variance of key success factors.
There are four factors in that group as below:

– Support innovation through Government vision and policies; the government has
recognized the importance of innovation to transform the economy from normal to a
sustainable economy, that depends on diversity of knowledge instead of consum-
able resources [14],

– Organization acceptance of different education curricular graduates; acceptance of
the diversity in curricular will allow many individuals to join the organizations
which will enable and enhance the innovation development [44]

– Cross universities knowledge exchange; Universities are to held international
seminars and exhibitions in terms of innovation, which could be attraction point for
innovation leaders all over the world to share their knowledge [3].

(c) Correlation:

A Pearson’s product-moment correlation has been done to measure the relationship
between the key success factor for innovation in construction in projects and the
successful innovation. The test has run in two stages;

• First stage: before factor reduction procedure in order to examine the literature
review hypotheses, the correlation test has been carried out between the dependent
variable group (Group DV) and the three main groups of Independent variables:
governmental factors group, organizational factors group and R&D institutes factors
group. Each group represents once of the identified Hypotheses H1, H2 & H3.

• Second stage: after factor reduction procedure in order to measure the five group of
factors with the successful innovation in construction projects. Initial analyses
displayed the association to be linear with all variables normally dispersed, as
evaluated by Shapiro-Wilk’s test (p > 0.05), and there were no outliers. There was a
significant positive correlation between group factor number one 0.010, group
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factor number two 0.001, group factor number three 0.026 and group factor number
four 0.010, While there was a weak positive correlation with group factor number
five 0.230 (refer to Table 5).

Table 5. Correlation test

Correlations

Gov Org RnD G1 Gr2 G3 G4 G5 G-DV

Gov Pearson
correlation

1 0.558** 0.681** 0.874** 0.516** 0.387* 0.698** 0.256 0.563**

Sig. (2-tailed) 0.002 0.000 0.000 0.005 0.042 0.000 0.188 0.002
N 28 28 28 28 28 28 28 28 28

Org Pearson
correlation

0.558** 1 0.575** 0.407* 0.582** 0.903** 0.454* 0.539** 0.585**

Sig. (2-tailed) 0.002 0.001 0.032 0.001 0.000 0.015 0.003 0.001
N 28 28 28 28 28 28 28 28 28

RnD Pearson
correlation

0.681** 0.575** 1 0.758** 0.833** 0.262 0.427* 0.390* 0.650**

Sig. (2-tailed) 0.000 0.001 0.000 0.000 0.177 0.023 0.040 0.000
N 28 28 28 28 28 28 28 28 28

G1 Pearson
correlation

0.874** 0.407* 0.758** 1 0.487** 0.186 0.619** 0.188 0.478*

Sig. (2-tailed) 0.000 0.032 0.000 0.009 0.344 0.000 0.339 0.010
N 28 28 28 28 28 28 28 28 28

G2 Pearson
correlation

0.516** 0.582** 0.833** 0.487** 1 0.309 0.276 0.160 0.611**

Sig. (2-tailed) 0.005 0.001 0.000 0.009 0.110 0.156 0.415 0.001

N 28 28 28 28 28 28 28 28 28
G3 Pearson

correlation
0.387* 0.903** 0.262 0.186 0.309 1 0.259 0.434* 0.419*

Sig. (2-tailed) 0.042 0.000 0.177 0.344 0.110 0.184 0.021 0.026

N 28 28 28 28 28 28 28 28 28
G4 Pearson

correlation
0.698** 0.454* 0.427* 0.619** 0.276 0.259 1 0.120 0.478*

Sig. (2-tailed) 0.000 0.015 0.023 0.000 0.156 0.184 0.544 0.010

N 28 28 28 28 28 28 28 28 28
G5 Pearson

correlation
0.256 0.539** 0.390* 0.188 0.160 0.434* 0.120 1 0.230

Sig. (2-tailed) 0.188 0.003 0.040 0.339 0.415 0.021 0.544 0.238

N 28 28 28 28 28 28 28 28 28
G-
DV

Pearson
correlation

0.563** 0.585** 0.650** 0.478* 0.611** 0.419* 0.478* 0.230 1

Sig. (2-tailed) 0.002 0.001 0.000 0.010 0.001 0.026 0.010 0.238
N 28 28 28 28 28 28 28 28 28

**Correlation is significant at the 0.01 level (2-tailed)
*Correlation is significant at the 0.05 level (2-tailed)
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• The result of stage 1: found that there was a statistically significant relationship
between government, organization and R&D factors as independent variables and
successful project innovation as dependant variable. Correlation was significant at
the 0.01 level for all of three groups of factors. Therefore, we can accept the
literature review hypotheses [49].

• The result of stage 2: the total factors included in Group1,2,3&4 could be con-
sidered as critical factors impacting innovation, which the this test result couldn’t
proof the correlation between the factors in Group 5 and the dependant variable.
Accordingly the factors in group 5 could be excluded from this test result.

• The results of both stage 1 and stage 2 correlation test can be seen combined in
Table 5 above for reference.

(d) Regression:

Regression test has been conducted on the survey parameters to confirm the correlation
and predict the relation development between the dependant variable (success of
Innovation) and the various independent variables (KSF for innovation success) as per
the following steps:

Firstly, A linear regression between the global independent variable (all thirty
factors included) and the dependent variable (all items related to dependant factors) was
run and found that the global independent factors could statistically significantly pre-
dict successful innovation in construction projects in UAE, F (22,184) = 14.40,
p < 0.0005 the global independent factors accounted for 12.9% of the explained

variability in successful innovation in UAE (As per Table 6).
Secondly, A linear regression was run consequently between the dependent vari-

able and each group of the factor groups number 1, 2, 3, and 4 and found that the
ANOVA F value for each consequently as the Following: 7.682 (Group1), 15.492
(Group2), 5.547 (Group3) & 7.709 (Group4)—as per Tables 7, 8, 9 and 10.

From the above analysis, since the F value of the regression between the dependant
variable and the Global in table number 6 above found higher than the value of
regression between the dependant variable and each of the Independent variable
groups. It could be understood that the ultimate rate of Innovation success will be

Table 6. Regression test—global IV with DV

ANOVAa

Model Sum of squares df Mean square F Sig.

1
Regression 25.306 1 25.306 22.184 0.000b

Residual 29.659 26 1.141
Total 54.964 27

aDependent variable: groupDV
bPredictors: (constant), globalIV
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Table 7. Regression test—group1 with DV

ANOVAa

Model Sum of squares df Mean square F Sig.

1
Regression 12.536 1 12.536 7.682 0.010b

Residual 42.429 26 1.632
Total 54.964 27

aDependent Variable: group DV

Table 9. Regression test—Group3 with DV

ANOVAa

Model Sum of squares df Mean square F Sig.

1
Regression 9.664 1 9.664 5.547 0.026b

Residual 45.300 26 1.742
Total 54.964 27

aDependent Variable: groupDV
bPredictors: (Constant), Group3

Table 8. Regression test—Group2 with DV

ANOVAa

Model Sum of squares df Mean square F Sig.

1
Regression 20.522 1 20.522 15.492 0.001b

Residual 34.442 26 1.325
Total 54.964 27

aDependent Variable: group DV
bPredictors: (Constant), Group2

Table 10. Regression test—Group4 with DV

ANOVAa

Model Sum of squares df Mean square F Sig.

1
Regression 12.570 1 12.570 7.709 0.010b

Residual 42.394 26 1.631
Total 54.964 27
aDependent Variable: group DV
bPredictors: (Constant), Group4
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achieved when all the identified factors are implemented and integrated together.
Which by logic prove and verify the validity of the hypotheses Number H4 (Fig. 2).

5 Conclusions

The above analysis has concluded the following results:

• Data collected are highly reliable and could be trusted for study
• The tested hypotheses H1, H2 and H3 found valid due to high correlation between

each group of factors and the success of innovation (Table 5)
• The tested Hypothesis H4 found valid due to the achievement of Higher Anova F

value when testing the regression with the global Independent factor (which rep-
resent the whole factors groups) comparing to individual Anova F value which

Fig. 2. Conceptual model
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achieved when testing the regression of each group of factors with the success of
innovation. (Tables 6, 7, 8, 9 and 10)

• The factors rotated transformation using the CP dimensions reduction method and
further correlation test has highlighted the significant impact of total number of
twenty one factors out of thirty factors tested. As total of nine factors can be ignored
in this test (Six factors could be ignored due to low loading value and three factors
can be ignored due to non-correlation with the dependant variable.

• The final segregated twenty one factors can be again grouped in three groups as per
the following conceptual model:

6 Recommendations

According to previous finding and Conclusion, this section will provide a set of rec-
ommendation which can be taken as guide line for any adopted practice concerned with
enabling the Innovation in UAE construction projects:

• Government should support the Investment in R&D via various Initiatives, the
formal system should be flexible enough to accept new forms of procurements and
contracts, government also need to be very well responsive to market needs.

• Government should organize the events which allow for knowledge exchange like
competitions, and conferences on the governmental level with other countries.

• Government should support the establishment of laboratories and testing facilities
locally, and concerned authorities should be willing to accept and accredit the
locally generated test reports.

• The education system within the country should allow for diversity and
decentralization.

• The Construction Organization in UAE should allocate the sufficient fund to sup-
port R&D investment within organization and project budget, and top management
of the organization should commit on the Innovation success.

• Construction organizations need to align their strategy with governmental innova-
tion vision, they should generate and accept new forms of procurement and their
human resource policies should support the experts’ rotation within the local
market.

• Organization need to be customer oriented and operating base on market demand
• R&D Institutes and Universities in UAE should develop their marketing strategies

to raise funds to support their researches and their system should allow for expert
rotation within the local market

• Universities in UAE should develop research to evaluate and assess the new pro-
curement methods, and they should have their own testing facilities or at least
support and rely on the local testing facilities.
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Abstract. A steel-concrete composite beam is composed of a steel beam and
concrete slap connected with shear connectors. Composite beams are highly
efficient structural members in order to load carrying capacity because the
tension component of the force pair originating from bending is carried by the
steel profile and the compressive component is carried by the concrete slab in
composite beams. In this study, numerical and experimental analysis of
steel-concrete composite and strengthened steel-concrete composite beams is
presented. In experimental study, one strengthened and one un-strengthened
specimens are produced and tested in bending. Strengthening is produced
applying carbon fiber reinforced polymers sheet to the lower flange of the steel
beam and using steel fiber reinforced concrete in the concrete slab. Specimens
are tested under four-point loading test. During the tests, load, deflection and
strain values are collected by data acquisition system. In numerical study, the
finite element models of the steel-concrete composite beams are generated and
analyzed by Atena-GiD program. Comparison and evaluations are made in
terms of strength, applicability, stiffness and energy consumption about the
steel-concrete composite beams with carbon fiber reinforced polymers and steel
fibered concrete for both numerical and experimental results.

Keywords: Composite beam � CFRP � Steel fibered concrete
Strengthened composite beam � Four-point loading test

1 Introduction

The bearing system that produced with reinforced concrete slabs and the steel beam
connected with shear elements is called steel-concrete composite beam (Fig. 1). These
systems are more economical than steel beams that bear load alone by the concrete slab
that sits freely on them. This is because, in composite beams, the tension component of
the force pair originating from bending is carried by the steel profile and the com-
pressive component is carried only by the concrete slab or jointly with a portion of the
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steel component. Therefore, a steel profile that is weak to buckling is relieved entirely
or to a large extent from carrying the compressive component of bending.

Two types of composite beams can be fabricated, fully and partially; a
fully-composite beam has a sufficient number of shear connectors (headed studs) that
prevent the slip between the concrete and steel beam, after concrete crushing and steel
beam yielding. In a partially-composite beam, shear connectors fail before the concrete
crushing under compression and, the slip between the concrete and steel beam would
occur. Existing rules for the designing of composite structural members are given in
detail in the literature [1, 2].

In the literature, there have been many studies associated with composite beams.
Studies are typically based on strengthening concrete and steel with a variety of
materials. Some of the studies are summarized below:

In the study conducted by Çetin and Yelgin [3], composite beams were reinforced
with CarboDur plate elements. The behavior of reinforced composite beams was
investigated experimentally and numerically and the results were compared. A simple
beam experimental setup was established with the concrete slab at the bottom and the
steel profile at the top of the beam, and the load was applied from the middle point of
the beam because the behavior of the composite system in the negative moment region
was investigated in the study.

Değerli [4] formed a composite beam with a reinforced concrete slab and steel
profiles in his research and used bolts for shear connection. In the study, composite
behaviour, the separation of the slab from steel profile and the effect of loaction of bolts
at different distances and crack formation were investigated. The beams were loaded
with a single load from the middle point. It was confirmed that the bolts were very good
shear elements.

Gedik [5] stated in his study that enabling steel-concrete composite beam behaviour
provided significant reductions in construction costs of multi-story steel buildings. In
his study, the study was conducted analytically. The obtained results are compared with
available experimental results.

Teng et al. [6] investigated strengthened steel-concrete composite beams with
carbon fiber reinforced polymers CFRP under bending experimentally and numerically.
In the study they explained the moment capacity increase and the location of
de-bonding between CFRP sheets and steel under heavy loads.

In the study conducted by Ağcakoca and Aktaş [7], it was aimed to determine the
necessary CFRP amount to ensure designed behavior in steel-concrete composite
beams. In the study, they obtained reinforced beams by applying an HM-CFRP strip to

Fig. 1. Typical steel-concrete composite beam [2]
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the bottom flange of the steel beam that is forming a composite profile and the beam
was subjected to a four-point loading test. The collapse occurred with the rupture of
HM-CFRP strips.

As mentioned above CFRP materials are usually bonded to steel beams to increase
the elastic stiffness and ultimate capacity of steel-composite beams but there is limited
research into comparisons between experimental and numerical analysis of
steel-concrete composite beams in which both using strengthened concrete and steel
beam. In this study, experimental and non-linear Finite Element Method (FEM) anal-
ysis results of un-strengthened and strengthened steel-concrete composite beams were
compared.

2 Material Method

The 3000 mm steel-concrete composite beam is tested in a four-point loading test to
investigate the effect of CFRP and steel fibered concrete on bending capacity of beam
and compare it with numerical solutions. Headed studs are used to provide bonding
between concrete slab and steel beam. Steel beam is IPE 200 (S275). Effective rein-
forced concrete slab width is calculated as beff = 80 cm; reinforced concrete slab
thickness is calculated as d = 10 cm [1, 2]. Technical drawing of the composite beam
is given in Fig. 2. Strengthening of the composite beam is ensured by CFRP bonding to
the bottom of the lower flange of the steel.

2.1 Mechanical Properties of Concrete and Steel Fibered Concrete

The C25 concrete mixtures were prepared in the factory and brought to the laboratory
by a trans-mixer. Strengthening of concrete established by adding 3 cm hooked steel
fibres. The proportion of steel fibres was taken 2% by volume. Cube and cylindrical
samples were taken while concrete casting and tested on the same day as the experi-
ments done [8]. Test results are presented in Table 1.

Fig. 2. Drawing of test specimen steel-concrete composite beam
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2.2 Mechanical Properties of CFRP

Strengthening materials is CFRP sheets, brand named as SikaWrap 300C, and epoxy
Sikadur 330. Two layers of CFRP are applied to bottom surface of the lower flange of
the steel beam. Mechanical properties of CFRP and the epoxy resin are presented in
Table 2.

2.3 Preparation of the Composite Beam

Shear between upper flange of steel beam and concrete slab was calculated to deter-
mine number of headed studs (shear connectors) in order to have full bonding. The
biggest shear force that may occur in the beam before it reaches yielding was calculated
as 190 kN in computer analysis. Headed shear studs were calculated under a shear
force of 200 kN to ensure not to have slip between concrete and steel beam during the
experiment [1, 2, 9, 10]. According to this, 75 mm in length and 19 mm in diameter
headed studs were chosen and welded on IPE200 steel profile with 280 mm distance.
Stiffening plates were welded to the web of IPE 200 profile from both sides on the
supports and at loading point (Fig. 3). Mounting stiffening plates, headed studs and the
details of support system drawings are presented in Fig. 4. Then, a 100 � 800 � 3000 mm
concrete mold was prepared, a 2.5 cm concrete cover was created for welded wire
fabric Q131/131 and concrete casting was done by trans-mixer. Finally, CFRP sheets

Table 1. Mechanical properties of concrete

Property Un-strengthened Strengthened

Uniaxial strength (MPa) 28.26 29.3
Splitting tensile strength (MPa) 2.8 3.4
Modulus of elasticity (MPa) 30,026 29,896

Table 2. Mechanical properties of CFRP and epoxy

Properties of unidirectional CFRP Remarks of SikaWrap 300C

Fiber orientation 0°
Areal weight (g/m2) 300 ± 10
Density (g/m3) 1.78 � 10−6

Thickness (mm) 0.166
Tensile strength (MPa) 3900
Elastic modulus (MPa) 230,000
Ultimate tensile strain (%) 1.5%
Properties of resin Remarks of Sikadur 330
Tensile strength (MPa) 30
Elastic modulus (MPa) 3800
Properties of Lamina (1 mm for each layer) Remarks of Sika

Elastic modulus (GPa) 33
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were bonded to the lower flange of the IPE 200 (Fig. 5). The CFRP strengthening
procedure includes removing rust from steel with sand blasting, application of priming
adhesive layer Sikadur 330 and applying two layers of the SikaWrap 300C sheets. All
applications were performed at room temperature and specimens were cured for at least
28 days under laboratory conditions before testing, [10].

2.4 Experimental Setup

The 3000 mm beam was loaded as in Fig. 6, at the four-point loading test. The loading
was cyclic and, load was increased 25 kN in each cycle. Incremental cyclic loading was
continued until failure of the beam.

In the experimental setup, displacement controlled 500 kN loading capacity
hydraulic loading system and 8-channel Testbox 1001 data acquisition system was
used. A total of three potentiometers were placed to the l/4th and half of the beam.
Strain-gauges were placed on the upper and lower flanges of the middle of the IPE 200
profile to measure the strain values (Figs. 6 and 7). Thus, it could be identified when

Fig. 3. Headed studs

Fig. 4. Drawing of supports, headed studs and stiffening plates on IPE 200 profile [10]

510 E. Ercan et al.



Fig. 5. Mold, concrete casting and CFRP strengthened steel concrete composite beam

Fig. 6. Schematic view of test set-up

Fig. 7. Steel-concrete composite beam test set-up
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the yielding could have occurred in the steel beam. Load value was obtained with the
help of the 500 kN load cell. The data that received from all sensors were transferred to
the computer with the Testbox1001 data acquisition system which has a sampling rate
8 S/s.

2.5 Finite Element Model of the Composite Beams

Finite element model of the composite beam was prepared in the Atena-GiD program
[11]. The bonding between concrete and steel beam is constituted via “fixed contact” as
explained in Atena program documentation Par4–6 [11, 12] to ensure fully-composite
beam model. The finite element model of the un-strengthened beam consists of 27,818
tetrahedral elements and 7597 nodes (Fig. 8). CFRP are assigned as linear elements to
the flange of the steel beam as explained in the Atena program documentation part 11
for CFRP strengthened model [12]. The strengthened model has 300 additional line
elements and 315 nodes that represent CFRP (Fig. 9). The material properties of
concrete obtained as a result of the tests were attained to the program. Material
properties given by the manufacturers were used for steel and CFRP material. Dis-
placement values obtained in the experimental results were given as input data for the
numerical model. The Newton–Raphson method for non-linear analysis and LU
algorithm for the solution of the matrix team were chosen, and the models were
analysed.

Fig. 8. FE model of the un-strengthened composite beam

Fig. 9. FE model of the strengthened composite beam
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3 Results

3.1 Four-Point Loading Test Results of Un-strengthened Sample

Under increased cyclic loading, the first shear cracks occurred, in the concrete slab, in
the 9th load cycle at 225 kN. In the points where the load was applied the deflection
value was observed as 6.4 mm. Permanent deformations occurred after the 10th load
cycle at 250 kN and the rigidity of the system and slope of the load-displacement curve
began to decrease. A significant yielding in the steel beam was observed at the 320 kN
load and after this, the amount of deflection increased (Fig. 10). Shear cracks expanded
slowly in the region near the area of the applied load (Fig. 11). Brittle fracture in
concrete was not observed until the failure of the system. The obtained load deflection
graph is presented in Fig. 14.

3.2 Four-Point Loading Test Results of Strengthened Sample

Permanent deformations occurred after the 10th load cycle at 250 kN and the rigidity of
the system and slope of the load-displacement curve began to decrease. The first micro
shear cracks occurred in the 11th load cycle at 275 kN. In the points where the load
was applied, the deflection was observed as 7.7 mm. A significant yielding in the steel
beam was observed at the 378 kN load, because at this load, the CFRP began to
separate from the steel and the CFRP ruptured with a noise (Fig. 12). After this, the
amount of deflection increased. Shear cracks expanded suddenly in the region near the
area of the load applied, and the concrete slab crushed (Fig. 13). Brittle fracture in
concrete was not observed until the failure of the system. The obtained load deflection
is presented in Fig. 14.

Fig. 10. Deformed shape of the un-strengthened sample
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3.3 Finite Element Analysis of the Composite Beam

The maximum deflection-total load value graphics was obtained from the FEM anal-
yses and is presented in Fig. 15 for both models. The crack map and principle stress
contour graphs obtained for un-strengthened and strengthened composite beams as a
result of the analysis and the stress distribution are given in Figs. 16 and 17. As seen in

Fig. 11. Shear cracks near the loading point of un-strengthened sample

Fig. 12. Rupture of CFRP in strengthened sample
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the figures, the yielding value 275 MPa for S275 steel was exceeded in the lower flange
of the steel for both types of beams. Concrete was crushed by exceeding average
compressive value of 29.8 MPa. The maximum failure load of the strengthened model
was 380 kN that is higher than failure load of the un-strengthened model that is
350 kN. However, the rigidity of the strengthened beam was a little higher.

4 Discussion

The linear regions of the load-deflection graphs that were obtained as a result of
Nonlinear FE analysis and experiment were overlapped on linear region and very close
in non-linear region. The experimental rigidity of strengthened and un-strengthened
beams showed more rigid behavior when it was outside the linear region than FE

Fig. 13. Shear cracks near the loading point
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Fig. 14. Incremental circular load-deflection graph of strengthened composite beam
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Fig. 15. Load-deflection curves obtained from Atena-GiD FE program

Fig. 16. Principle stress contour and cracks in un-strengthened composite beam

Fig. 17. Principle stress contour and cracks in strengthened composite beam
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analysis results. The maximum load of the experimental and FE analysis results are
similar. The reason for the rigidity increase is that the modulus of elasticity of CFRP is
230 GPa and that of steel is 200 GPa, that they are very close each other. A detailed
comparison of the results is presented in Fig. 18.

5 Conclusions and Recommendations

As a result of the experiments performed in this study the following conclusions and
recommendations were obtained.

Experimental and numerical results of the composite beams have given the same
flexural rigidities in the linear region. However, experimental results indicate that
samples exhibit larger rigidity in non-linear region. Maximum load-carrying capacities
are similar for FE and experimental results.

CFRP have a small effect on rigidity but an 8% increase is observed in the max-
imum load capacity. Increasing the proportion of CFRP will increase the maximum
load carried. Steel fibered concrete decrease number of cracks in the concrete slab.

Embedding CFRP as linear elements into the steel simulates maximum loading
capacity very well. However, delamination cannot be seen. For this reason, if there is
no delamination, finite element analysis gives considerably good solution for CFRP
strengthened composite beams.

Acknowledgements. Author would like to thank Mr. Barış KURAL, Mr. Sahir CİLLO and
Mr. Selçuk ORAL for their support during the experimental study.
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Abstract. The goal of this study is to deal with the modelling and calculation
of the ground-borne vibrations and the effect of the wave propagation on
foundation response with emphasis on vibration screening systems. Herein,
ANSYS FEM software program was used to simulate vibratory source induced
wave propagation and dynamic foundation-soil interaction problem. Extensive
parametric investigations on the screening performance of open and in-filled
trench barriers have been done for both active and passive isolation cases. The
obtained results are important for structural engineers since provide practical
information and methods about the dissipation of the strong vibration energy.

Keywords: Wave propagation � Vibration isolation � Dynamic load
Finite element analysis � Absorbing boundary

1 Introduction

In problems associated with the soil-structure interaction and wave propagation it is
significant to know well the dynamic parameters and geotechnical engineering char-
acterization related to the underlying soil conditions of the engineering constructions to
be investigated of structural vibrations and also to have efficient software available for
the computational modelling of soil-structure coupled system, in which the site prop-
erties are required as input.

The Rayleigh wave plays an important role on the general behavior of the surface
wave propagation and on transmitting vibration energy because of its simplicity and the
close relationship of its velocity to the shear-wave velocity for soil materials. To
minimize the effects of strong ground vibrations induced by human made activities on
the nearby structures, vibration isolation measures are placed especially into poor soils
having bearing capacity problem. Because of low cost and without great difficulty to
construct, both open trench and concrete barriers can be useful methods in practical
civil engineering applications for reductions of ground-borne vibrations.

Depending on the rapid development of the numerical analysis techniques with the
significant progress of computer technologies, there has recently been a remarkable
scientific and engineering interest in evaluating the adverse effects of strong
ground-borne vibrations on environmental structures. In the past three decades,
numerous notable research studies based on numerical, analytical and experimental
methods focused on the shielding performance of both open trench and solid wave
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barriers considered under the dynamic behavior of soil-foundation-structure coupled
system [1–4]. In order to realistically idealize the unbounded region, various modeling
methods such as the finite difference method, finite element method (FEM), thin
layer-flexible volume method, boundary element method (BEM) and their coupling
procedures have been conducted for the analysis of interaction problems. Many
researchers have primarily dealt with the development of several modeling techniques
to efficiently simplify the analysis of the wave propagation problems in unbounded soil
media and to understand the screening mechanism of wave isolation barriers [5–9].

In this study, the computational simulation of ground vibrations generated by
dynamic load source and the effect of the wave propagation on foundation response
including the screening performance of open and in-filled trench barriers was directly
performed by employing 2D finite element model by assuming plane-strain condition
with Drucker–Prager failure criterion for plastic deformations and soil yielding. Herein,
the infinite soil medium was considered as a finite region by using absorbing
boundaries.

2 Computational Model of Soil-Foundation Interaction
Problem

To assess the response of the vibrating soil–foundation system under periodic sta-
tionary loads and to reveal the effect of the installed trench and concrete wall barriers
on wave propagation, parametric investigations for both passive and active screen cases
have been performed in the frequency domain by using two dimensional (2D) finite
element (FE) model under plane-strain conditions within the frame of ANSYS software
package [10] (Fig. 1).

To simulate adequately the response of the local soil medium to cycling loading
conditions and to evaluate the contribution of non-linear behavior of the soil on the
foundation vibration in the finite element procedure, the mechanical properties of the
underlying soil media is considered by an undrained elastic-plastic Drucker–Prager
model (Table 1).

In the considered problem the underground is regarded as a homogeneous layer on
the top of rigid bedrock. Viscous-spring dynamic artificial boundaries (combin 14) are
used at both right and left-hand side of the 2D infinite soil region to realistically
dissipate energy due to incoming waves. The bottom of the soil layer is idealized by
rigid boundary conditions.

In this numerical example, despite of the geometrical damping having main effect,
2.5% of the critical damping is chosen as the material damping value. The main
material parameters for underlying soil are given as shear wave velocity of cs = 220
m/s, total unit weight of qs = 15 kN/m3 and Poisson’s ratio of m = 0.42. The cohesion
and friction angle is to be assumed as c = 2 kN/m2 and h = 24°, respectively. The
properties of the concrete wall barrier and considered foundations are taken as cs =
2400 m/s, qs = 24 kN/m3 and m = 0.2. The FE mesh size is defined as the lateral
extent of Lf = 45 m and the total depth of Hf = 10 m. In the case of vibration isolation,
the depth Ht and its width Bt of the wave barrier are taken as 8 m and 1 m, respectively
for achieving an ideal vibration mitigation under financially and structural feasibility.
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Fig. 1. Problem statement and the mathematical model

Table 1. Constitutive material models in ANSYS [10]

Name Yield criterion Flow rule Hardening
rule

Material response

Bilinear isotropic
hardening

von Mises/Hill Associative Work
hardening

Bilinear

Bilinear kinematic
hardening

von Mises/Hill Associative Kinematic
hardening

Bilinear

Multilinear isotropic
hardening
Nonlinear isotropic
hardening

von Mises/Hill
von Mises/Hill

Associative
Associative
(Prandtl-Reuss
equations)

Work
hardening
Kinematic
hardening

Multilinear
Bilinear

Multilinear kinematic
hardening

von Mises/Hill Associative Kinematic
hardening

Multilinear

Nonlinear kinematic
Hardening

von Mises/Hill Associative Kinematic
hardening

Nonlinear

Anisotropic Modified von
Mises

Associative Work
hardening

Bilinear, each
direction (tens, and
comp.) diferent

Drucker-Prager Mises-dependence
on hydrostat.stress

Associative or
non-
associative

Non Elastic-perfectly
plastic
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The distance Lt between the trench and the foundation to be subjected to dynamic load
is 5 m in the case of active isolation. The clear distance between two concrete surface
foundations is 24 m. The dynamic source on the foundation is simulated by a fixed
sinusoidal point load for forcing amplitude of 2500 kN in a frequency range of prac-
tical importance of 0–100 Hz. Two dimensional four-node rectangular elements (plane
42) are used in the FE mesh generation of the soil region. This type of element consists
of two translational degrees of freedom at each node under plain strain condition.

3 Numerical Results

The effect of depth, material stiffness and location of the wave barrier on the vibration
screening efficiency under plane strain conditions has been investigated by employing
FE analysis in the frequency domain. For numerically investigations, the observation
points have been chosen centrically above the rigid foundations.

When the wave barrier is constructed nearby the dynamic load, such application is
named as active isolation. If the wave barrier is placed away from the applied load but
nearby the foundation of the building to be protected from incoming waves, such far
field isolation is named as passive isolation. At first, screening effects of installing
rectangular open trench and concrete trench barriers have been compared with the
original site for the active isolation case. The wave propagation patterns of the trans-
mitted waveform and the influence on the vibration amplitudes in the case of open
(Fig. 2c) and concrete in-filled trenches (Fig. 2d) are obviously different to the case of
no trench as shown in Fig. 2a.

Comparing the vibration shielding performance of open trench with concrete wall,
the open trench type wave barrier having with ideal construction depth (here Ht = 8 m)
gives better results with regard to obstruct the incoming waves. Furthermore, as shown
in Fig. 2 when comparing (a) and (b), the depth of the trench have significant effect on
the transmitted waveform and vibration reduction.

The discrepancy of the screening performance and transmitted waveforms depends
on dynamic properties of propagating wave which occur after hitting an obstacle such
as reflection, refraction and diffraction varied with the in-filled material stiffness of the
trench type wave barriers.

The comparison of the wave propagation patterns of the transmitted waveform
presented in Fig. 3 for both wave barriers demonstrates again that an open trench is
more effective on blocking the energy waves. In the same manner, open trench barrier
gives the best isolation effect in the passive isolation case. Because of traveling a longer
propagation path surrounding the trench barrier, there is a certain amplitude reduction
in the incoming waves from the vibratory source.

The observation point on the center of the foundation under loading is defined as
A1, the other foundation protected from the strong vibrations is specified as A2 for
active isolation. Vertical vibration amplitudes of the observation points on the con-
sidered foundations in the case of active isolation applied by both open and concrete
in-filled trench barrier are comparatively summarized in Table 2.

Table 3 presents the amplitudes of vertical foundation vibrations for passive iso-
lation case.
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(a) No trench

(b) Open trench (ht=2.5m) 

(c) Open trench (ht=8m)

(d) Concrete- infilled trench (ht=8m)

Fig. 2. Wave propagation pattern for active isolation by installing open trench and concrete wall
barrier
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(a) No trench

(b) Open trench (ht=8m)

(c) Concrete-infilled trench (ht=8m)

Fig. 3. Wave propagation pattern for passive isolation by installing open trench and concrete
wall barrier

Table 2. Response of the foundations for active isolation

Vertical displacement
(mm)

Without
trench

Open trench
(Ht = 8 m)

Concrete wall
(Ht = 8 m)

A1 point 23.3 31.3 26.2
A2 point 10.7 2.81 6.83

Table 3. Response of the foundations for passive isolation

Vertical displacement
(mm)

Without
trench

Open trench
(Ht = 8 m)

Concrete wall
(Ht = 8 m)

A1 point 23.3 23.6 23.2
A2 point 10.7 2.88 6.87
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4 Concluding Remarks

In this study, computational simulation of the soil-foundation interaction problem and
the effects of wave propagation on the response of wave barriers were directly
accomplished by employing 2D finite element model under plane-strain condition with
Drucker–Prager failure criterion for plastic deformations and soil yielding. Herein,
viscous-spring dynamic artificial boundaries were considered for modeling of the
infinite soil medium. The effects of depth, material stiffness and location of the trench
type wave barrier on the vibration isolation were numerically investigated.

Applying open or in-filled trench type wave barriers such as concrete wall can
mitigate the foundation vibrations significantly. The use of an open trench is more
effective than using an in-filled trench. The installing depth and location of the trench
type barriers plays an important role on the screening performance.

The most efficient vibration method is to place an open trench in the close vicinity
to the foundation to be protected (passive vibration isolation). On the other hand, there
is a no considerable amplification in the response of the load applied foundation for the
investigated passive isolation cases by using wave barriers.
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Abstract. The steel corrosion phenomenon could reduce the durability and the
serviceability of concrete structures reinforced with steel bars. Moreover, the
repair cost of these structures is very expensive. Consequently, it seems nec-
essary to substitute steel bars by fiber reinforced polymer (FRP) bars, in concrete
structures, because of their high properties, particularly, their excellent corrosion
resistance and high tensile strength-to-weight ratio. Nevertheless, the use of FRP
bars in concrete structures, built in hot regions, may cause splitting cracks within
concrete at the interface of FRP bars-concrete, and eventually the failure of the
concrete cover. This paper presents a nonlinear finite element investigation
using ADINA software to analyze the effect of concrete strength variations on
thermal deformation distributions in the concrete cover surrounding glass FRP
(GFRP) bars for reinforced concrete beams under high temperatures up to
70 °C. The main results show that the concrete strength variation has no big
influence on the transverse thermal deformation of FRP bars-reinforced concrete
beams for thermal loads less than the cracking thermal load DTcr, producing the
first radial cracks in concrete at the FRP bar-concrete interface, varied from 20 to
35 °C depending on the ratio of concrete cover thickness to FRP bar diameter
(c/db) and the compressive concrete strength f 0c varied from 1 to 3.2 and 25 to
90 MPa, respectively. However, for thermal loads greater than DTcr, the
transverse thermal deformations decrease with the increase in the concrete
strength. Comparisons between analytical and numerical results in terms of
thermal deformations are presented.
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1 Introduction

The use of fiber reinforced polymer (FRP) in civil engineering constructions is
becoming as an effective solution to eradicate the steel corrosion problem. Furthermore,
FRP bars have a high tensile strength, low density, and high stiffness. However, the
transverse thermal behavior of FRP bars embedded in concrete should be well
understood. The thermal incompatibility between FRP bars and concrete in the trans-
verse direction may cause radial cracks within concrete at the interface of FRP
bars-concrete under high temperatures, and consequently, the reduction of the dura-
bility and the serviceability of concrete structures. Although, many researches were
carried out on thermal behavior of concrete structures reinforced with FRP bars taking
into account different parameters such as the concrete cover thickness, FRP bar
diameter, temperature variation, humidity, shape of concrete elements, spacing between
FRP bars, and combined temperature and mechanical loadings [1–7]. The nonlinear
numerical analysis of concrete strength variation effects on the distribution of thermal
deformations in the concrete cover surrounding FRP bars, when the confining action of
concrete is asymmetric, need more investigation. This paper presents a nonlinear finite
element study, using ADINA software, to analyze transverse thermal deformations in
concrete beams reinforced with glass FRP (GFRP) bars submitted to high temperatures
up to 70 °C varying the compressive concrete strength f 0c from 25 to 90 MPa and the
ratio of concrete cover thickness to FRP bar diameter (c/db) from 1 to 3.2.

2 Analytical Models Background

The transverse thermal deformations are predicted using analytical models established
by Zaidi and Masmoudi [4], Masmoudi et al. [3], Aiello et al. [2], and Rahman et al. [1]
for a concrete element reinforced with FRP bars submitted to a temperature variation
ΔT. The radial pressure P exerted by FRP bar on concrete cover at the interface of
bar-concrete when the temperature increases is due to the difference between the
transverse coefficient of thermal expansion of FRP bars and concrete. This pressure is
given by the following equation:

P ¼ að t�acÞDT
1
Ec

r2 þ 1
r2�1 þ mc

� �þ 1
Et

1� mttð Þ ð1Þ

where r = b/a is the ratio of concrete cylinder radius (b = c + db/2) to FRP bar radius
(a = db/2); Ec is the modulus of elasticity of concrete; mc is Poisson’s ratio of concrete;
ac is the coefficient of thermal expansion of concrete; Et is the modulus of elasticity of
FRP bar in the transverse direction; mtt is Poisson’s ratio of FRP bar in the transverse
direction and at is the transverse coefficient of thermal expansion of FRP bar.

The transverse thermal deformation in concrete (ect) and in FRP bar (eft), at the
interface of FRP bar-concrete, due to the radial pressure P and the temperature vari-
ation DT, are given by the following equations:
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ect að Þ ¼ P
Ec

r2 þ 1
r2 � 1

þ mc

� �
þ ac DT ð2Þ

eft að Þ ¼ at DT � 1� mttð Þ
Et

P ð3Þ

The transverse thermal deformation of concrete ect(b), at the external surface of
concrete cover of prismatic concrete beams reinforced with FRP bars, due to the radial
pressure P and the temperature variation DT, is given by:

ect bð Þ ¼ 2P
Ec r2 � 1ð Þ þ acDT ð4Þ

3 Nonlinear Numerical Investigation

3.1 Reinforced Concrete Beams Description

The detail of concrete beams reinforced with glass FRP (GFRP) bars used in this study
is presented in Fig. 1. The cross-sections of concrete beams (b1 � h) were 76 � 100,
100 � 125, and 100 � 150 mm2. The ratio of concrete cover thickness to FRP
diameters c/db was varied from 1 to 3.2. The concrete used in this study has been
considered to have a non-linear behavior. The concrete properties such as the com-
pressive concrete strength (f 0c), the tensile concrete strength (fct), the modulus of
elasticity (Ec), are reported in Table 1. The coefficient of thermal expansion ac, Pois-
son’s ratio mc, concrete density cc, were equal to (11.6 ± 2.1) � 10−6/ °C; 0.17;
2.4 g/cm3, respectively. The elastic modulus and the tensile strength of concrete have
been evaluated using equations recommended by ISIS Canada (2007) [8].

The mechanical properties of the GFRP bars determined experimentally by Zaidi
and Masmoudi [4] are reported in Table 2. GFRP bars had a linear elastic behavior.
The average values of the transverse and the longitudinal coefficients of thermal

Fig. 1. Modeled concrete beam reinforced with GFRP bar
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expansion (CTE) of GFRP bars for five FRP bar diameters tested were found to be
equal to at = 33 � 10−6/°C and al = 9 � 10−6/°C, respectively. While the modulus of
elasticity (Et) and Poisson’s ratio (mtt) of GFRP bars in the transverse direction were
found to be equal to 7.1 GPa and 0.38, respectively.

3.2 Finite Element Model

A nonlinear numerical model was established using ADINA software, for a concrete
rectangular cross-section reinforced with GFRP submitted to a temperature variation, to
investigate the concrete strength variation effect on the distribution of transverse
thermal deformations in concrete cover and GFRP bars (Fig. 1). The cross-section of
concrete has been modeled by means of two dimensional plane stress elements since
the axial deformations are constant. The finite element analysis has been performed
only for the half of the concrete rectangular cross-section because of the symmetric of
the cross section with respect to z-z axis. The temperature variation (DT) increased with

Table 1. Mechanical properties of concrete

Compressive strength, f 0c
(MPa)

Tensile strength, fct
(MPa)

Modulus of elasticity, Ec

(MPa)

25 3.0 24,944
30 3.3 26,621
35 3.5 28,164
40 3.8 29,601
45 4.1 30,951
50 4.2 32,227
55 4.4 33,441
60 4.6 34,601
65 4.8 35,713
70 5.0 36,784
75 5.2 37,817
80 5.4 38,816
85 5.5 39,784
90 5.7 40,724

Table 2. Mechanical properties of GFRP bars used

Bar diameter,
db (mm)

Ultimate tensile
strength, ffu (MPa)

Longitudinal modulus of
elasticity, El (GPa)

Longitudinal
poisson’s ratio, vlt

9.5 627 ± 22 42 ± 1 0.28 ± 0.02
12.7 617 ± 16 42 ± 1
15.9 535 ± 9 42 ± 1
19.1 600 ± 15 40 ± 1
25.4 N/a N/a
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an increment of +5 °C up to 70 °C was applied statically over all the cross-section of
the GFRP bar-reinforced concrete beam. The meshing of both concrete and GFRP bar
was carried out using triangular elements with 6 nodes, as shown in Fig. 2. GFRP bar
material was modeled to have a linear elastic behavior, however the concrete was
assumed to have a nonlinear behavior (the concrete and elastic models defined by
ADINA were used for concrete and GFRP, respectively). A perfect bond was con-
sidered at the interface between GFRP bar and concrete. These both materials share the
same nodes at the interface. In this study, splitting cracks appear when the maximum
tensile stress in the circumferential direction reaches the tensile strength of concrete.

3.3 Numerical Results and Discussions

Figures 3 and 4 present transverse thermal strain curves as a function of the temper-
ature variation and the compressive concrete strength, at the interface of FRP
bar-concrete, for concrete beams reinforced with GFRP bars having a ratio of concrete
cover thickness to FRP bar diameter (c/db) equal to 1.0 and 3.2, respectively. These
figures show that the thermal strain curves are linear until the cracking thermal load
DTcr, producing the first radial cracks in concrete at the FRP bar-concrete interface
(Fig. 5), varied from 20 to 35 °C depending on the ratio c/db and the compressive
concrete strength f 0c varied from 1 to 3.2 and 25 to 90 MPa, respectively. From DTcr
thermal loads, the strain curves become nonlinear and exhibit important values because
of the development of a circular crown of radial cracks in the concrete surrounding
GFRP bar, as shown in Fig. 5. Also, it can be noted that the concrete strength variation
has no big influence on the transverse thermal strains for thermal loads less than DTcr.
However, for thermal loads greater than DTcr, the transverse thermal strains decrease
with the increase in the concrete strength.

Fig. 2. Meshing of half of cross-section of concrete beam reinforced with GFRP bar
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Fig. 3. Transverse thermal strains at the interface for concrete beams reinforced with GFRP
having c/db = 1 and different concrete strength f 0c varied from 25 to 90 MPa

Fig. 4. Transverse thermal strains at the interface for concrete beams reinforced with GFRP
having c/db = 3.2 and different concrete strength f 0c varied from 25 to 90 MPa
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4 Comparisons Between Numerical and Analytical Results

Figures 6 and 7 show the comparison between analytical and numerical curves in terms
of transverse thermal strains at the interface of FRP bar-concrete as a function of the
temperature variation and the typical compressive concrete strength (25 and 90 MPa)
for a ratio of c/db = 1 and 3.2, respectively. From these figures, it can be seen that the
transverse thermal strains values predicted from the numerical model, at FRP
bar-concrete interface, are in good agreement with the analytical results until the
thermal loads values (DTcr), producing the first cracks in concrete at the interface,
ranging from 20 to 35 °C (Fig. 5), depending on the compressive concrete strength (f 0c)
and the ratio c/db. From these cracking thermal loads DTcr, the non-linear numerical
model exhibits high values because of the presence of cracks in the concrete which has
not been considered in the analytical model based on the theory of elasticity. The same
observation can be noted for transverse thermal strains at external surface of concrete
cover for concrete beams having a ratio c/db = 1 (Fig. 8) where the thermal strain
curves predicted from numerical and analytical models are almost linear and similar
until the thermal loads, producing the failure of concrete cover or profound radial

(b) Rupture of concrete 
for fc’=25MPa c/db = 1.2,  
ΔTsp = 35°C

(d) Rupture of concrete 
for fc’=90MPa c/db = 1.2 
ΔTsp= 50°C

(a) First cracks in concrete 
for fc’=25MPa c/db = 1.2, 
ΔTcr = 20°C

(c) First cracks in concrete 
for fc’=90MPa c/db = 1.2 
ΔTcr = 30°C

(e) First cracks in concrete 
for fc’=25MPa c/db = 3.2 
ΔTcr = 20°C

(f) Crown of cracking concrete 
for fc’=25MPa, c/db = 3.2       
ΔT = 70°C

(h) Crown of cracking concrete 
for fc’=90MPa, c/db = 3.2       
ΔT = 70°C

(g) First cracks in concrete 
for fc’=90MPa c/db = 3.2 
ΔTcr = 35°C

Fig. 5. Typical cracking concrete patterns for GFRP bars-reinforced concrete beams having
c/db = 1.2 and 3.2; f 0c = 25 and 90 MPa
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Fig. 6. Transverse thermal strains at FRP bar/concrete interface for prismatic concrete beams
reinforced with GFRP bar having c/db = 1 varying concrete strength f 0c—comparison between
numerical and analytical results

Fig. 7. Transverse thermal strains at FRP bar/concrete interface for prismatic concrete beams
reinforced with GFRP bar having c/db = 3.2 varying concrete strength f 0c—comparison between
numerical and analytical results
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cracks, ranged from 30 to 50 °C corresponding to the compressive concrete strength of
25 and 90 MPa, respectively, as shown in Fig. 8.

5 Conclusions

– The transverse thermal strain curves are linear until the cracking thermal load DTcr,
producing the first radial cracks in concrete at the FRP bar-concrete interface, varied
from 20 to 35 °C depending on the ratio of concrete cover thickness to FRP bar
diameter c/db and the compressive concrete strength f 0c varied from 1 to 3.2 and 25
to 90 MPa, respectively. From DTcr values, the thermal strain curves become
nonlinear and present high values because of the development of the circular crown
of radial cracks in the concrete surrounding GFRP bar.

– The concrete strength variation has no big effect on the transverse thermal strains
for thermal loads less than DTcr. However, for thermal loads greater than DTcr, the
transverse thermal strains decrease with the increase in the concrete strength.

– The transverse thermal strains values predicted by the numerical model, at FRP
bar-concrete interface, are in good agreement with the analytical results until the
thermal loads values (DTcr), producing the first cracks in concrete at the interface,
ranging from 20 to 35 °C, depending on the compressive concrete strength (f 0c) and
the ratio c/db. From these cracking thermal loads DTcr, the non-linear numerical

Fig. 8. Transverse thermal strains at external surface of concrete cover for prismatic concrete
beams reinforced with GFRP bar having c/db = 1 varying concrete strength f 0c—comparison
between numerical and analytical results
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model exhibits important values because of the presence of cracks within concrete
which has not been considered in the analytical model based on the theory of
elasticity.

– The transverse thermal strains, at external surface of concrete cover of GFRP
bar-reinforced concrete beams, predicted from numerical and analytical models are
almost similar until the thermal loads, producing the failure of concrete cover or
profound radial cracks, ranged from 30 to 50 °C corresponding to the compressive
concrete strength of 25 and 90 MPa, respectively.
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Abstract. Historic structures are social and cultural heritage for the land they
are built on. To protect this heritage and to preserve it for the generations to
come are among the most important responsibilities of nations. However
numerous historical structures are found in Turkey, the awareness around
nondestructive maintenance processes which will keep the identity of the
structure intact is not developed as required. Historical structures require
preservation, and necessary maintenance and reinforcement measures to be
taken in order to survive damages arising from several reasons. Such work must
be designed by multidisciplinary professionals and must be applied adhering to
the original form of the structure. Among the limiting factors involved in an
intervention to a structure is the knowledge on the strength and material prop-
erties of the structural elements used. Structural elements of a historical building
must be subjected to measurements based on a number of assumptions made for
parameters such as compressive strength, shear strength and elasticity modules.
As a result of practices based on such assumptions, historical structures may
face unnecessary repair and reinforcement processes. With the advancement
made in technology now it is possible to obtain the necessary data from his-
torical buildings without causing damage or causing minimal damage using
nondestructive or semi-destructive test methods. Therefore, it is important and
necessary to use and popularize the use of nondestructive testing methods for
historical structures. This study investigates the following nondestructive testing
methods and reports on the results obtained in a comparative manner: concrete
rebound hammer method; flat-jack method; penetration resistance method;
ultrasonic method; impact-echo method; and magnetic and electrical methods.

Keywords: Nondestructive testing methods � Historic structures � Restoration

1 Introduction

It is of utmost importance to protect and ensure they are safely offered to the
generations to come in order to maintain the data for the development of the humanity.
These structures offer information on the building techniques used, and the culture,
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beliefs and sociologic structure of that period. It is important for the humanity to further
such an information flow [10].

The main purpose of maintenance and restoration of historic cities must involve
historic and cultural sustainability, protection of the identity of such historic structures
for the generations to come, assessment of historic structures in the structure inventory,
and maintenance of the traditional settlement model. Thus, extensive protective efforts
are of importance for the sustainability of physical and social structure in a historic
environment where change and transformation are underway [17].

In addition to the protective efforts, repairment and strengthening are also important
aspects for the survival of historic structures. Repairment and strengthening is an area
of expertise and must be conducted by qualified people using right materials, equip-
ment and techniques. It is a must to gather information about the condition of the
structure before initializing repairment and strengthening process. If damaged, the
reasons behind the damage must be investigated and these reasons must be eliminated.
The strength of structural material, material properties and physical conditions must be
known. And such data must be obtained without damaging the structure. Historic
structural elements must be subjected to measurements for parameters such as com-
pressive strength, shear strength and elasticity module. As a result of practices based on
such assumptions, historical buildings may face unnecessary repair and reinforcement
processes. In order to eliminate such damage, it is possible to obtain the necessary data
from historic structures without causing any damage or causing minimal damage with
the use of nondestructive or semi-destructive test methods. Among these tests are
infrared thermal imaging, superficial hardness test, in situ pressure test, ultrasound test,
radioactive method, penetration resistance, and endoscopic method.

This study aims to communicate information about the damages in historic
structures and their reasons and the techniques used in order to obtain information
about structures before the repairment-strengthening work. A number of examples are
provided from previous use of test techniques in historic structures.

2 Damages in Historic Structures and Their Reasons

Historic structures are the most important sources of information about the era they
were built. Built with the technology and materials available in a period of the past and
defying the damage of the years, historic structures are exposed to damages today due
to a number of reasons which may lead to their destruction. It is of utmost importance
to know the reasons behind such damages in terms of the repairment and strengthening
efforts. Among these damages are;

Damages Due to the Ground: Impaired or heterogeneous soil strength leads to
movement of the structural elements in time which result in visible failures in the
structure [1].

Ground Movements Such as Earthquakes: often able to merely bear the load of
pressure strains, historic structures are damaged extensively due to earthquakes which
create a great tensile stress on the structure. Such damages may cause even demolition
when necessary measures are not taken.
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Fires, Wars, and Vandalism: However fire’s impact on stone or brick buildings is
limited when compared to wooden buildings, fire impairs the architectural properties of
the structure while high temperatures during a fire hazard lead to cracks and collapses
affecting the material properties. Historic structures are receiving extensive damage
during wars as the destructive power of modern warfare increases. This kind of a
damage may even lead to complete destruction of a historic structure. Vandalism is an
intentional act of destruction and is a commonly used term to define destruction of
monuments by random people [1]. Drawing graffitis on historic monuments, littering,
and causing destruction, which are commonly seen in historic structures today are
examples of vandalism.

Air Pollution and Traffic: A number of polluting gasses and solutions damage the
facades of buildings resulting in wear and loss of material properties in time. Any
vibrations due to vehicle traffic and their impact on the structure’s foundation lead to
damages in historic structures.

Long-Term Natural Causes: Historic structures may be damaged under different
natural conditions, if necessary measures are not taken. Among these natural causes are
temperature differences, freeze-thaw cycles, exposure to continuous humidity.

Structural Design Faults: If there are any dimensional faults in the carrier systems
of the buildings due to their original design, in other words, if carriers such as walls,
pillars, supports, etc. are not able to carry vertical and horizontal loads, then serious
damages may occur. A wall yields when it is unable to support cross-sectional loads,
and when this is the case for the pillars, it may lead to dislocation of arches, vaults, and
domes it supports, which in return may result in collapse [1].

Structural Material’s Strength Loss: Deterioration of the structures accelerate
when the materials used (stones, bricks, adobe bricks, wood, etc.) are not of good
quality. For example, wear of the material is accelerated when the clay content of the
stones used in construction increases. In the case of brick structures, structural strength
increases when the bricks used are cured properly. Damages such as rapid wear,
breaking off, indent formation, surface losses, disintegration, etc. occur when poor
quality bricks are used.

Poor Workmanship: The combination of proper construction technique and good
workmanship along with good quality materials is ideal. Any faults such as using
insufficient amounts of binding material and use of faulty techniques used in bonding
may lead to damages in masonry buildings.

Sinking, settling, cracks, dislocations observed in historic structures due to afore-
mentioned reasons are especially common in masonry structures. Masonry structures
are heavy and rigid structures due to the material properties. However their com-
pressive strength is relatively higher, they offer low strength in terms of tensile strength
and shear stress. Cracks, dislocations and disintegration may be observed in the
structure due to above-mentioned effects. Cracks in the structure and their location give
us the information on the stress distribution needed to deduct the reasons behind such
damages. Knowing the reason behind the formation of cracks is of utmost importance
in order to take appropriate repairment and strengthening decisions.

Sinking and/or settling of bearing elements is common in historic structures due to
the differences in the ground. Different kinds of sinking and settling in bearing walls
are manifested in inclined cracks which generally occur in the wall plane. Which side
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the sinking and/or settling is inclined to can easily be defined if the direction of the
crack is detected [26].

Any covering elements such as dome, vaults and aches are exposed to joint dis-
locations in time due to ground movements and earthquakes when they are not able to
withstand the tensile stress created by the inclination moments. These structures may be
demolished if necessary measures are not taken.

Repairment and strengthening of historic structures is a field of expertise. Infor-
mation such as material properties, mechanical properties and physical conditions must
be obtained before any restoration effort is initiated for a structure damaged due to the
reasons listed above. When obtaining such data, the condition of the structure must be
considered. Today’s technology made it easier to obtain such information. It is now
possible to obtain the desired information with no or minimal damage to the structure
using nondestructive or semi-destructive test methods.

3 Nondestructive Testing Methods

3.1 Infrared Thermal Imaging Method

Infrared thermal imaging is commonly used for efforts related to fuel and energy
preservation. Today, this method is used extensively in fields such as military, industry,
medicine, meteorology, architecture and engineering [30]. Moreover, many scientists
have preferred this method for their studies especially focusing on the detection of
materials and structural issues in historic buildings. This method is used to detect
especially heat loss, humid regions, gas escape, thermal bridge and the status of thermal
insulation [14, 18, 28, 30, 31]. In addition, infrared thermal imaging is also used for
failures in historic structures, rainwater and waste water drainage system issues, and
structural cracks [29]. Thermal cameras are used for infrared thermal imaging (Fig. 1).

This nondestructive test method which uses thermal cameras provides thermal map
of the material used in accordance with the color scales at threshold value defined with
the detection of the radiation emitted by the material. Thus, the area to be examined is
defined. This method allows for the detection of thermal issues, humid areas, gas

Fig. 1. Examples of thermal cameras
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escape, heat bridges, etc. in the areas examined [18, 31]. In other words,
problematic/unproblematic areas of the structure being investigated are revealed in a
nondestructive manner [15, 16, 29, 30].

The emissivity coefficient must be known (generally between 0.90 and 0.95 for
structural material) when examining a structure using infrared thermal imaging method.
Lower or higher emissivity coefficients is a factor influencing the accurate temperature
measurement with thermal cameras [21, 23]. Thermal cameras are also affected by
other parameters along with emissivity. Among these parameters are the environmental
temperature of the place thermal camera is used, wind velocity of the environment,
relative humidity, the distance between the camera and the object to be tested, the angle
of the camera, the time and season the test will be conducted [6, 30]. Infrared thermal
imaging is used in three different methods. The first one is used to detect the heat
transfer from a medium where a heater is used to the outer medium; while the second is
used where there is a heat flow between two surfaces with different ambient temper-
atures. Finally, it is also used to inspect the heat differences with the application of heat
radiation to both sides of the object where there is no temperature differences or heaters
in place [29, 30]. It is possible to obtain both qualitative and quantitative data using
thermal cameras. Analysis can be conducted using relevant software [30].

3.2 Superficial Hardness/Concrete Test Hammer Method

One of the oldest nondestructive test methods, concrete test hammer method is used to
measure the hardness of the material. Hardness is one of the most important mechanical
properties when it comes to distinguish materials. Hardness is the resistance of the
material against an object which tries to penetrate the material surface. Superficial
hardness was developed by Ernst Schmidt in 1948 and is recognized as Schmidt test
hammer after the scientists name [32]. The working principle of this method involves
the measurement of the rebound of a spring-loaded mass impacting on a surface. The
hardness of the material increases as the rebound increases [12].

3.3 Flat-Jack Method

Also known as in-situ stress test, the Flat-jack method allows for identification of a
number of mechanical properties of a structural wall. Compressive strength, elasticity
modulus and poisson ratio are among the mechanical properties measured with the
flat-jack method [19]. Flat-jack testing tool allows for the measurement of the change
of length (Dl, mm) in response to the power (P, kN) applied to an element as per ASTM
C1196–92 [5]. Flat-jack test mechanism involves two measuring methods. The first
method uses a double flat-jack and is able to define compressive strength, elasticity
modulus and poisson ratio; while the second method uses a single flat-jack and is able
to define the current compressive stress of the wall [19]. The mechanism involves a
compressor, manometers, flat-jacks, comparators and pins. Flat-jacks are used in order
to apply compression to the surface, while comparator measures the replacement and
pins locate the comparator [5, 12].
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3.4 Ultrasound Test Method

Ultrasound velocity test method is a nondestructive method which gives information on
the quality of the concrete, its internal structure, its porosity, and its compressive
strength, cracks and the depth and orientation of these cracks when necessary corre-
lations are applied. It operates with the principle of the measurement of ultrasonic pulse
velocity through a material. It is calculated using the equation below (Eq. 1) [8, 32].

V ¼ L=DT ð1Þ

Here V is ultrasonic pulse velocity (km/s), while L is the length of the material and DT
is the difference in time for ultrasonic pulse travel.

In the ultrasound test, material surface is contacted with two piezoelectric trans-
ducers without any void between them and the surface. The first transducer sends the
ultrasound waves and the second received these ultrasound waves. The time of
transmission and velocity of the ultrasound waves are then measures [24].

If the density of the material is poor and/or the material has cracks, then the
diffusion of the soundwaves, therefore, the ultrasound pulse velocity is low [12]. When
the material is robust, in other words, when it has reduced amount of pores and it offers
a better strength, then the ultrasound pulse velocity is higher. However, this test is not
sufficient by itself to define the strength and must be combined with other techniques.

3.5 Radioactive Method

Radioactive test method was developed in 50s in order to examine materials. This test
mechanism consists of an electromagnetic radiation source and a sensor. The sensor
measures the time required for the radiation to reach the other side of the material.
When the sensor is in the form of a special photographic film then it is called radio-
graphy, and when the sensor converts the radiation into electrical waves then it is called
radiometry [9, 12].

3.6 Penetration Resistance Method

This is a test method operates with the principle of the measurement of penetration
depth of a probe or a nail shot at the concrete using a gun developed in the USA in
1964. Windsor probe is similar to the concrete test hammer. It is used in order to have
an idea about the strength of the concrete and identifies the concretes resistance against
penetration. This test method is affected by the aggregates used in the concrete due to
its operating principle [32].

3.7 Endoscopic Method

The elements of the bearing system used in structures are rather large and hard to
investigate. This is a method preferred when the material used in a bearing system is to
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be defined where such material cannot be visually inspected or identified using a
borehole sample. This method involves drilling a hole of 1 cm in diameter in the
structure and obtaining images of the structure with the use of a cable and a camera
attached to it, thus, making it possible to identify the material used. This method is
especially important for the diagnosis of the bearing system of historic structures [3].

3.8 Ground Penetrating Radar Method

In ground penetrating radar method, electromagnetic waves are sent through a medium,
the times between receiver and transmitter are recorded and the target area is scanned.
Thus, it is possible to reveal unknown characteristics due to the physical discontinuity
of the medium. This method does not allow for the exploration of mechanical prop-
erties of the material, however, it is able to define the physical characteristic which
cannot be identified with visual inspection or with the use of borehole sample [13].

4 Examples of Application

1. Tavukçuoğlu et al. [28] investigated the Şengül Bath, a fifteenth century Ottoman
structure, using infrared thermal imaging in combination with microclimatic mea-
surements in order to explore the thermal problems in the material due to wrong
repairments along with the material properties and thermal properties of Historic
Turkish Baths.

2. Çiçek [11] published a postgraduate thesis, titled “A Study on the Thermal Per-
formances of Historic Turkish Baths”, which focused on the thermal and physical
properties of Historic Turkish Baths, the original microclimate properties of the
structure, thermal insulation properties and detection of thermal issues using
infrared thermal imaging. The study used nondestructive methods such as micro-
climatic analyses, infrared thermal imaging, thermal transfer analysis methods and
vapor transfer analysis methods and it was supported with lab analyses in order to
assess the results obtained.

3. Akevren [2] conducted a postgraduate study to make it possible for investigating
historic stone walls without destructing the structure in order to improve the use of
infrared thermal imaging under field conditions. The study focused on the Cenabi
Ahmet Pasha Mosque located in Ankara and built in sixteenth century. Material
decay of the current structure, humidity problem and cracks formed in the structure
were investigated using infrared thermal imaging and ultrasound test methods. It
was found that infrared thermal imaging allows the researcher to distinguish the
depths of the cracks.

4. Noland et al. [22] made a study on the masonry structures available in the USA and
used flat-jack test method in order to obtain information on such structures and
assessed the results.
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5. Qinglin and Xiuyi [25] improved the thick flat-jack equipment with the high
capacity of dislocation and used it on the soft wall material found in China.

6. Kuran and Dabanlı [19] employed the flat-jack method for the Sultan Alaaddin
Mosque located in the Inonu district of Eskişehir and defined the compressive
strength and elasticity modulus of this structure. Figure 2 shows the application of
the flat-jack test for Alaaddin Mosque.

Test results showed that the compressive strength of the masonry wall is 1.5 MPa.
In the interior of the mosque, compressive strength of the brick arch located in the north
of the sanctuary was also 1.5 MPa [19].

7. Simões et al. [27] employed flat-jack test for an old masonry structure (circa
eighteenth century) located in Lisboa. The test mechanism of the flat-jack test is
given in Fig. 3.

Flat-jack test results showed that the compressive strength of the wall is 0.91 MPa.
According to the Secant method, the elasticity modulus is found to be 1817.4 MPa and
the poisson ratio is measured as 0.31.

8. Bianco [7] has conducted investigations of the Saint Domenico Monastery located
in Naples using the endoscopy method. Figure 4 shows the images from the
endoscopy conducted in the monastery. Existence of macro cracks was identified as
a result of the endoscopy conducted in the internal parts of the structural element.

9. Assunçao et al. [4] employed Ground Penetrating Radar and tomography methods
on the columns of Hospital de Sant Pau i la Santa Creu located in Barcelona and
built in 1905. The ground penetrating radar image of the structure is given in Fig. 5.

As seen in Fig. 5, there are vertical radar lines on the column. There were strong
and irregular reflections between the radar lines. Figure 5b shows the change in the
stress distribution on the exterior part due to the brick thickness. On the other hand, due
to the asymmetrical surface distribution of the internal surface parts of the bricks, the
reflection curves here are even more irregular. However the exterior surface of the

Fig. 2. Flat-jact test conducted by Kuran and Dabanlı

A Study on the Use of Advanced Nondestructive Testing Methods … 543



column seems to be regular, it was found that the bricks available in the exterior surface
are not that uniform. Figure 5c shows that the middle parts of the column have a more
regular structure. It is believed that the reason behind such a regularity is the existence
of metallic material [4].

Figure 3 shows the radar images of the column in horizontal plats of 3 cm thick-
ness. As seen in Fig. 6, the middle parts of the column have a more homogenous
structure. The results of the radar and tomography tests showed the existence of
metallic material in the middle parts of the column. The velocity was higher in these
parts. Existence of metallic material in the middle part of the column was visually
inspected with radar lines and was proved as seen in Fig. 7 [4].

10. Maierhofer and Roellig obtained tomographic images from masonry walls using IR
cameras. Figure 8 shows the tomographic images of the cracks formed on the wall
surface in a stepwise manner. Light and dark areas are detected on the image. Light

Fig. 3. The flat-jack test mechanism used by Simões et al. and the relevant stress–strain curves

Fig. 4. Damage assessment using the endoscopy method
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areas indicate the rocks used in the wall construction while the dark areas are the
joints. It was found that cracks are formed in the joints between bricks/rocks [20].

Wall joints of the northern part of the church were investigated using tomographic
images (Fig. 9). The image in the middle explores the joint properties with respect to
the changes in the temperature. It was found that joints have very high and low

Fig. 5. Ground penetrating radar test conducted on Hospital de Sant Pau i la Santa Creu [4]

Fig. 6. Ground penetrating radar test conducted on the column and relevant radar diagrams [4]
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Fig. 7. Metallic material available in the middle parts of the column [4]

Fig. 8. Damage assessment using IR camera [20]

Fig. 9. Damage assessment in the brick wall using IR camera [20]
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temperature values. The white joints indicate that the material do not fill the gap
between brick fully and that it is where the material loss will start [20].

As shown in Fig. 10, the humidity content of the wall surface can be defined using
tomographic methods. The dark areas available in the tomographic images show that
the humidity content is higher [20]. A water movement was found to affect the structure
from the ground as seen in Fig. 10.

5 Results

It is an important concept for nations to preserve historic monuments and to conduct
necessary repairment and strengthening practices in order for their survival for the
generations to come. Damaged structures must be analyzed before any
repairment-strengthening application takes place. The reasons behind the damage must
be studied and eliminated and technical information about the structure must be
available. Such information can be obtained without damaging the structure or altering
its original conditions.

Concrete hammer test and ultrasound test methods are now insufficient nonde-
structive test methods given the technological advancements. Therefore, the use of
advanced nondestructive test methods are gaining widespread use in the structural
investigations. Among the advanced nondestructive test methods are flat-jack, ground
penetrating radar, endoscopy, infrared thermal imaging and tomography methods.

Flat-jack test is a very strong nondestructive test method used for identifying the
mechanical properties of historic structures. Mechanical properties such as compressive
strength, elasticity modulus and poisson ratio can be measured with the flat-jack
method. It is possible to detect the existence of metallic material in the bearing ele-
ments using radar images. The use of IR cameras for tomographic images allows for
data on the cracks and humidity content of the structural elements. Endoscopy method,
on the other hand, does not offer detailed information when compared to the other
methods.

This study investigated the nondestructive test methods used in the assessment of
historic structures and examined the previous studies. The results of this study showed
that it is possible to obtain data on the material decay, invisible cracks formed in the
structure, humidity problems and thermal properties along with values such as elasticity
modulus, poisson ratio and compressive strength using nondestructive test methods.

Fig. 10. Damage assessment using tomographic methods [20]
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Thus, it shows that it is possible to conduct repairment/maintenance practices on the
historic structures, which are the representatives of the historic identity, preserving their
natural conditions and without causing any further damage.
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Abstract. Historical structures which are like a bridge between past and future
are the social and cultural heritage. One of the most important responsibilities of
society is that this heritage must be preserved and transferred to future gener-
ations safely. Historic structures were damaged by natural hazards, originating
from soil, earthquakes and human impacts. These structures of lives can be
extended to make repairment and strentghening. Prestudy must be done to
decide type of the repairment and strentghening. Firstly, historical structure
situation must be specified and determined hazards assessment after that the type
of the hazards must be stated so repairing and strengthening must be done.
These processes should be done to historical structures by experts in a way to
least interference. Soil damage can affect negatively to historical structure. In
this study, soil damage for historical structures was approached. Settlement,
swelling, segregation, rupture, crack and sliding are hazards due to soil effects.
These damages which include in the specific historical structure are viewed and
then, recommended retrofit and reparing works are researched.

Keywords: Historical structures �Damage due to soil �Repairment-strengthening

1 Introduction

Any formation built in the past by the people to meet their needs and sustain their lives is
now carrying a historic value for us. One of the most important is the historic structures.
Historic structures are significant cultural assets which reflect the archeological, aes-
thetic, economic, politic, architectural and technical properties of the land they are built
on. To protect and maintain such a cultural heritage is the responsibility of the nation.

With the destructive effects of the time, historic structures are being destroyed and
most commonly demolished due to several factors such as natural causes, human
impact, etc. It is possible to leave our cultural heritage to the generations to come with
the restoration efforts of specialists such as maintenance-reinforcement, provided that
necessary measures are taken.

One of the most important issues concerning historic structures is the damage to the
foundation soil of the structure. Issues such as sinking/settling, changing groundwater
levels, decaying foundation piling, adverse effects of the neighboring groundwork,
insufficient drainage, and earthquakes lead to different types of damages in structures.
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Cracks in the covering elements such as dome, arch, and vault and columns and
load-bearing walls, joint dislocations, uneven sinking/settling are the reflections of the
aforementioned foundation damage on the structure.

Such cases require the investigation of a specialist in order to define the reasons
behind the damage. Suitable repairment-strengthening technique must be used in order
to eliminate the causes of the damage.

This study addresses the ground-related damages on the elements of the historic
structures and gives examples of these damages using well-known historic structures. It
then discusses the suitable repairment-strengthening efforts for such buildings.

2 Damages in Historic Masonry Structures

Historic structures survive until today being damaged by several reasons such as
earthquakes, ground-related damages, structural material losing its strength, long-term
natural causes, abandonment of the structure, improper use and wrong restoration
practices, fire, war, vandalism, air pollution and traffic. Some types of the damages due
to aforementioned factors can be listed, as follows.

2.1 Damages in Load-Bearing Walls

Masonry structures are heavy and rigid structures. Thus, masonry structures receive the
power of an earthquake to the fullest. Tensile and non-ductile behavior under pressure
leads to sudden sinking/settling of the structure without having a significant plastic
strain. Weak connections between the walls and the covering system may cause the
damage occurring at a weak point of the structure to easily spread therefore causing
destruction. Large window and door openings and wall arrangement being unsym-
metrical lead to additional stress concentration which increases the damage [1].

Vertical loads and earthquake loads are compensated by load-bearing walls in
masonry structures. In general, tensile strength of the wall material and shear strength
of the mortar used are lower in masonry structures. The most important causes of
damage are cracks, dislocation and disintegration due to the tensile strength caused by
the impact of the earthquake building shear stress on the walls.

Crack formation is one of the most common types of damages forming on
load-bearing walls. Knowing the reason behind the formation of cracks is of utmost
importance in order to take appropriate repairment-strengthening decisions. Cracked
spots and their distribution on the structure will give an idea about the reason behind
the formation of cracks and stress distribution of the structure [2].

Another important type of damage is the one caused by the wall’s movement
shifting its axis. Cracks as well as shifting axis give indications in terms of the
movement of the load-bearing system. Another type of wall damage is the
sinking/settling of the wall due to the differences in the soil or large differences in the
vertical loads among the wall. Different kinds of sinking/settling in walls are mani-
fested in inclined cracks which generally occur in the wall plane in Fig. 1. Which side
the sinking/settling is inclined to can easily be defined if the direction of the crack is
detected [3].
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2.2 Damage in Arches and Vaults

Vaults are made of consecutive arches and any damage in the arches also applies for
the vaults. As the masonry material are not strong enough to absorb the tensile
strengths caused by the effect of bending moment, the arches need to be built in a way
to form only compression stress. A bending moment of zero at all profiles defines the
arch shape. This shape is the inverted version of the catenary which shows the natural
load transfer. Catenary is the shape of a chain or flexible cable hung from both ends
freely under the gravitational effect. Shaped like the inverted catenary under its own
weight, the bending moment of the arch at all of its profiles is zero and there is no
tensile force forming at none of these profiles. İnverted catenary is the ideal shape for
an arch under its own weight. Figure 2 shows two different arches, one low and one
high, represented using catenaries. Built in such manner, these arches are rather strong
and there are no disadvantages if they have thin profiles. As the shape of the arch draws
away from the inverted catenary tensile strength starts to build on the arch, which is
translated into cracks and deformations.

Joint dislocation can be observed to a degree in the arches and vaults of historic
structures on the arch/vault axis or perpendicular to this axis. The reason behind this is
the reduced thrust of the arch/vault spring line in time. Figure 3 shows the joint
dislocations in a damaged vault.

Fig. 1. Cracks visible on the main outer wall of a historic mosque [4]
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Fig. 2. Catenaries and their inverted arches, low and high [2]

Fig. 3. Joint dislocations in a vault [3]
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The location of the spring line in an arch, the weight of the arch, the shape of the
arch curve, width of the arch, width of the wall or pedestal the arch stands on, impact of
the load on the arch and the condition of the strainer which prevents the arch to spread,
all have an impact on the stability of the arch, therefore, on the arch deformations [2].

Damages in the arches and vaults are observed when the vertical and horizontal
loads on the arch profile reach the load carrying capacity, when tensile strength builds
on the arch profiles, when strainer bars are corroded losing their functionality, and
when the structural bearing of the strainers are moved or dislocated [4], in Fig. 4.

2.3 Dome Damages

Formed in a way to rotate an arch around its vertical axis, vertical loads of a dome are
transferred to the bottom of the dome starting from the keystone and gradually
transferring to the neighboring stones. The perpendicular force of gravity on individual
stones is transferred to the neighboring stones in a crosswise manner. Thus, the load at
the bottom of the dome has two components, horizontal and vertical. Damage in a
dome is most commonly a result of this horizontal force. Vertical component of the
load is transferred to the load-bearing elements such arches, walls, etc., while hori-
zontal force is offset by supports and strainers in order to prevent the dome from

(a) Buckling (Kitchens of Edirne Palace) (b) Rupture (Kitchens of Edirne Palace)

(c) Buckling (Vasat Atik Ali Pasha Mosque)

Fig. 4. Damage types in iron strainers [3].
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spreading. It is possible to counter the horizontal force with think main walls while it is
also possible to use thinner walls when counterweight towers are used. This horizontal
force creates tensile strength on the horizontal plane and shear stress on the vertical
plane of the frame which prevents the dome to spread acting as a support for the dome.

Tensile stress will build on the dome when the frame cannot carry the load of the
dome. Domes are units under pressure and any tensile stress which may build on the
dome may lead to crack formation on the vertical plane, therefore, damaging of the
dome. Figure 5 shows the crack formation from the top to bottom of the dome due to
the tensile stress built on the dome [2].

3 Ground Survey and Identification of Soil Properties

It is very important to look into the soil properties along with the structure itself when
examining the historic structures. In the assessment of soil parameters, it is necessary to
first conduct a number of surveys and observations on the land and then identify soil

Fig. 5. Dome crack [2]
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properties with lab tests. It will be the proper approach to interpret the structure and
damages after identifying the soil properties of historic structures.

Samples must be taken from observation holes and drills, the groundwater level
must be defined and a number of tests must be conducted on the soil in order for a
classification of the soil the structure is built on and identification of soil properties [5].

4 Ground Damages in Historic Structures

Possible damages related to the ground in historic masonry structures can be listed, as
follows:

• Sinking/settling
• Damages due to changing groundwater levels
• Damages due to decaying of foundation piles
• Damages due to excavations in the vicinity of the structure
• Damages due to insufficient drainage
• Damages caused by earthquakes [5].

Settlement
Settlement in a structure can occur due to various factors such as underground erosion,
structural collapse of soil, thermal changes, frost heave, vibration and shocks, landslide,
creep and mining subsidence, besides the inherent variable soil conditions [6]. In the
Fig. 6, settlements are showed schematically.

Fig. 6. Schematic of settlement examples [7]
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Even sinking/settling usually does not compromise the stability and lifecycle of a
structure and causes no damage due to sinking [8].

In the past, there were some examples of settlement of historical building such as
Naziresha’s Mosque. Naziresha’s Mosque is the only well-preserved historical struc-
ture in Elbasan, Albania in Fig. 7 [9].

Changing Groundwater Levels
Due to excavations in the vicinity of historic structures, decreasing groundwater levels
lead to decreased pore water pressure and as a result soil particle weight will be
increased, thus, soil in the lower levels of ground will be subjected to increased loads
[5]. Sinking/settling may occur due to the additional load. Damages and cracks will
occur in the structure when the sinking/settling is above the threshold, in Fig. 8.
Nevertheless, decreasing groundwater levels also cause retreat cracks in the ground.

Resulting decrease in the volume will lead to significant sinking/settling. Pore water
pressure increases with the increasing groundwater level, soil gets soft and the shear
strength of the soil is compromised. The result is insufficient bearing capacity of the
soil which may lead to sinking/settling.

Decaying of Foundation Piles
Historic structures used to be built on a foundation system involving wooden piles
driven in the soil where the soil is soft and containing high volumes of water [5]. As the
wooden piles do not contact with air and water, they are not subject to decay. In case of

Fig. 7. Cracks due to differential settlement (1 = 18 cm) in the south façade of Naziresha’s
Mosque [9]
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decreasing groundwater levels due to external factors piles are exposed to air which
may lead to decay and sinking/settling may occur due to decaying piles, in Fig. 9.

Excavations in the Vicinity of the Structure
Excavations around the historic structures may cause dislocation and damages. Any
void around the foundation due to excavation disrupts the balance of the foundation
causing structural damages in the structure and the foundation system.

Insufficient Drainage
In cases where the carrier soil layer is made of clay and silt, the water captured in the
soil will lead to transfer of silt and clay particles in the soil due to decreased perme-
ability if there is no sufficient drainage when the soil is wet due to rainfall or other
reasons and all of these lead to local collapses in the ground [10].

Earthquake Effect
Historic structures are generally heavy and rigid structures. As they are heavy and rigid
structures, they receive more earthquake force. Any change in the groundwater levels
and/or increased pore ratio due to the impact of the earthquake will lead to cracks in the
structure and structural damage.

4.1 Foundation Reinforcement in Historic Structures and Ground
Improvement Methods

Improving the foundation and soil behavior of historic structures is one of the methods
used to keep the sinking/settling at an acceptable level. These are:

Fig. 8. Retreat occurring due to decreased groundwater levels [10]
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1. Expanding the foundation using traditional foundation strengthening methods
and/or deepening foundation in order to improve foundation behavior.

2. Methods based on improving sub-foundation soil; foundation soil is improved using
cement injection, chemical injection or jet-grout columns.

3. Methods to transfer the foundation loads to deeper soil layers. Driven piles, poke
piles, mini piles, jet-grout columns are used for this purpose [15].

5 Some Historic Structures Which Were Subjected
to Ground-Related Damage

Konya Alaadin Mosque
Konya Alaadin Mosque is built on the Alaadin hill. However the mosque was built in
the twelfth century, it was enlarged in time. As the mosque towers on a filled soil and

Fig. 9. Partial foundation detail of the Diersfordt Church—Pile Damage [10]
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due to the increased pore ratio in the soil due to factors such as rainfall, a number of
sinking/settling processes have led to cracks in the structure [10]. Vertical deformation
due to a number of sinking/settling processes caused cracks in the structure. Figure 10
shows the cracks occurred after these sinking/settling processes. Vertical deformation
due to a number of sinking/settling processes confirms the vertical flexural cracks.

However the reinforcement work conducted in 1967 limited some of the settling/
sinking processes, ground settling/sinking continues. Concrete strainer located for the
purpose of reinforcement limits the vertical deformation, however, shear cracks still
form in the structure due to settling/sinking. Considering all the aspects noted above, it
was seen that the structure requires a foundation improvement along with foundation
reinforcement. As a solution, inside and outside of the mosque were improved with
injection and the carrier system was supported using mini piles [10].

Cenab-ı Ahmet Pasha Mosque
The only work of Sinan, the Architect, in Ankara, this mosque and sepulcher reflecting
the classic Ottoman architectural style is a masterpiece. It was built in 1565. Designed
in a rectangular geometry of 17.2 � 17.8 m, the mosque’s dome frame stands directly
on a main wall of 1.8 m thickness. Standing on a rectangular plan with its cubic frame
and single dome, the mosque’s southern wall height is higher than its northern wall
height due to the inclined land it was built on [12].

The mosque was built on clay and silt soil. The drought in recent years has changed
the groundwater profile at a great extent. Due to this change, a number of
sinking/settling processes were observed in the clay and silt soil. The mosque is now
closed due to the cracks occurred in the dome and walls as a result of the
sinking/settling, Fig. 11. It was recommended too use mini fore piles which will be
driven to the rock layer in order to prevent displacement due to settling, and use of a
steel sheet frame around the dome pedestal was recommended in order to prevent
further formation of cracks in the dome [13].

Konya Mevlana Museum
Passed away in 1273, the sepulcher of Rumi was built in 1274 by Bedrettin Tebrizi, the
architect, under the government of Alaaddin Kayserin of Seljuks. The original structure
of Rumi’s sepulcher included a dome standing on four pedestals while the structure of
the current sepulcher was built in the reign of Alaaddin Ali Bey of Karamanids.
Historical records provide documents on the restorations implemented by Alaaddin Ali
Bey of Karamanids [14].

Analyses showed that some of the pedestals and walls of the museum were
settled/sunk in different times which led to crakes in the dome joints, walls, and arches,
Fig. 12. The soil on which the museum was built on consists of a mix of clay, silt and
sand. An examination of the SPT values of the foundation level, it can be seen that the
foundation of the museum is driven into filling soil with varying concentrations. Offering
a loess structure, these filling soils have a higher load-bearing capacity when they are dry,
while they may lead to several settling/sinking processes when they are saturated with
water. The cracks occurred in the museum are a result of such sinking/settling.
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Fig. 10. Crack formation due to a number of sinking/settling processes in Konya Alaaddin
Mosque [11]
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Consisting of construction techniques and sections belonging to different periods,
Rumi Museum has been subjected to ongoing restorations and attempts to improve the
structure without foundation improvements proved to be insufficient. A durable
improvement and restoration also requires foundation improvement. When foundation
and the structure are assessed in combination, it can be seen that methods such as
jet-grout will be the ideal choice for improvement of such foundations. However, due
to the quality of the museum (including sepulchers, receiving visitors continuously,
etc.) such applications are not possible. As an alternative to the foundation improve-
ment, Uretek method can be applied as a new technique. This technique allows for
foundation improvement while the museum is still accepting visitors [14].

Fig. 11. Wall and dom cracks observed in the Cenab-ı Ahmet Pasha Mosque due to
settling/sinking at different times [13]
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6 Conclusions

The purpose of maintenance-restoration work on historic structures is to make it
possible for countries and nations to leave these historic treasures to the generations to
come in the proper way. The actual purpose of these practices conducted on historic
structures is to utilize the structure in its natural form and to prolong its lifecycle.

Fig. 12. a rear front wall-dome joint crack and b front arch-dome joint crack
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Historic structures are being damaged due to several reasons and many of them are
demolished due to neglect. Ground-related damages are one of the most common
damages. They lead to cracks, dislocations, and sinking/settling of the structural ele-
ments. These damages must be rehabilitated by specialists on time using the right
method. Maintenance-reinforcement work must be commenced after protective mea-
sures are taken without compromising the current condition of the structure. Sufficient
repairment-strengthening must be implemented if there are any damages in the flooring,
inner/outer walls and the roof sections of the structure. The soil on which the structure
was built needs to be improved using the proper improvement method and the foun-
dation must be reinforced, if necessary. Methods, which will allow for the preservation
of the historic structures without compromising their texture, must be selected. The
materials and methods selected for the repairment-strengthening processes of the his-
toric structures must be suitable to the historic texture of the structure.
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Abstract. The development of self-sensing (piezoresistivity) feature which is
one of the non-structural properties of cementitious composites to be multi-
functional is under focus in the present study. This capability is considered as
one of the best alternatives to continuously monitor the damage and deforma-
tions of infrastructures. The self-sensing behavior of cubic and prismatic spec-
imens under monotonic uniaxial compression and cyclic flexural loadings
respectively was investigated and compared with dielectric ECC materials. The
results showed that the incorporation of carbon-based electrically conductive
materials within the cementitious composites have a significant effect on mon-
itoring the damage and deformation of cement-based materials effectively.

Keywords: Self-sensing � Carbon-based materials � Multifunctional
cementitious composites (MCC) � Engineered cementitious composites (ECC)

1 Introduction

Concrete is one of the most commonly used construction materials in the world to build
the infrastructure facilities. It can be seen in the residential, industrial, commercial,
sports and agricultural facilities etc. It can be regarded that damage resulting from the
production of cement as a construction material, which is the main binding material in
concrete, of less damage compared to other construction materials such as reinforcing
steel. So, concrete is a tool of development and progress in various activities around the
world.

After the construction of concrete, it is rare that maintenance is performed on it, and
the performance of maintenance generally begins at the later ages when the
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serviceability index of concrete has reached low levels, which requires large amounts
of money in order to raise it by a few if it is possible. The early time sensing for the
need of concrete maintenance increases the safety situations and service life of the
concrete structures, reduces the amount of funds spent compared to the previous sit-
uation, as well as, provides multi-alternative techniques to carry out the maintenance.

As the necessity is the mother of invention, as has been said, a new technique
emerged in recent years made it possible to constantly monitor the concrete structures.
This is called structural health monitoring (SHM).

Thus, the SHM technology allows the evaluation of the current state and health of
public structures, can reveal progressive damage, and permit appropriate processes of
repair to be implemented before infrastructures become unsafe and unserviceable. In
addition to that, SHM technique has the ability to diagnose the distress position and its
intensity within the infected infrastructure. Moreover, by SHM technique, it is possible
to count the traffic flow and weight of the vehicles that use either bridges or highways.

The development of new property in concrete for SHM, which enables a contin-
uous monitoring of different distresses inside concrete structures, has begun in
concrete-related research in recent years [1]. Consequently, some additional research
works have been started to be performed recently to equip cementitious composites
such as concrete with non-structural properties in addition to its structural and per-
formance properties. Apart from structural and performance properties of cementitious
composites, the most important non-structural property of this kind of materials can be
counted as the ability to self-sense damage and strain formation. Cementitious com-
posites can be regarded as “multifunctional” in the cases where the materials exhibit
functional characteristics as described above along with the structural and performance
properties. In general, structural materials that do not contain any sensor but used for
sensor purpose is called self-sensing materials.

In other words, self-sensing (piezoresistivity) is the capability of cement-based
materials reinforced by electrically conductive fillers to sense the stress and strain
changes (i.e., by monitoring the effects of stress and strain changes on the electrical
resistivity) [2]. When the deformation or stress of the piezoresistive cement-based
materials is occurred, the contact state between the fillers and the matrix is changed,
which affects the electrical resistance of the cement-based materials. Strain, stress,
crack and damage can therefore be detected through measuring of the electrical
resistance [2–5].

2 Experimental Program

2.1 Materials

Cement is one of the common ingredients that was used in all mixtures. It was an
ordinary Portland cement (PC) CEM I 42.5R. Its properties are compatible with the
requirements of EN-197-1 [6] and ASTM-C150 [7] Type I cement. The chemical
composition and physical properties of Portland cement are provided in Table 1, while
the particle size distribution of it can be seen in Fig. 1. Fly ash (FA) of Class-F was
used as another ingredient. Chemical and physical properties of FA are presented in
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Table 1 in addition to the particle size distribution which is demonstrated in Fig. 1.
This type of FA is compatible with the requirements of ASTM-C618 [8]. For all
mixtures, normal tap water was used. To reduce the negative impact of air bubbles
within the mixtures, a defoamer was used in the production of multifunctional
cementitious composites. High range water reducing admixture (HRWRA) was used in
all mixtures. It is a polycarboxylic ether based superplasticizer concrete admixture. The
product is compatible with ASTM-C494/C494M [9], type F. It has an amber color. Its
density is 1.082–1.142 kg/l. In order to enhance the mechanical properties of the
fabricated cementitious composites [10] against the different loading scenarios, and
then getting the ability to monitor the changes in electrical resistivity more broadly at
different load levels, Polyvinyl Alcohol (PVA) fibers of 8 mm length, 39 lm diameter
and 1.3 specific gravity were used. The nominal tensile strength and elastic modulus of
these fibers were 1620 MPa and 42.8 GPa respectively. Fine silica sand with a max-
imum grain size of 400 µm, a specific gravity of 2.60 and water absorption capacity of
0.30% was incorporated with a saturated surface dry (SSD) condition. Chemical
composition and physical properties of silica sand are provided in Table 1. Moreover,

particle size distribution is shown in Fig. 1. Chopped pan-based electrically conductive
carbon fibers with the length of 12 mm and aspect ratio of 1600 were employed in this
study during the fabrication of CF-reinforced cementitious composites. The properties
of the fibers can be seen in Table 2. Multi-walled carbon nanotubes were utilized as
other conductive materials in the present study. Physical and chemical properties of this
product are given in Table 3.

Table 1. Chemical composition and physical properties of Portland cement, class-F fly ash and
silica sand

Chemical composition, % PC FA Silica sand

SiO2

20.77 52.22 38.40
Al2O3 5.55 16.58 10.96
Fe2O3 3.35 6.60 0.81
MgO 2.49 2.10 7.14
SO3 2.49 0.02 1.48
CaO 61.43 7.98 34.48
Na2O 0.19 0.86 0.18
K2O 0.77 1.53 0.86
Loss on ignition 2.20 10.36 3.00
Physical properties
Specific gravity 3.06 2.10 2.60
Blaine fineness
(m2/kg) [11]

325 269 –

BET (m2/kg) [12] – – –
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Fig. 1. Particle size distributions of Portland cement, class-F fly ash and silica sand

Table 2. Typical properties of chopped carbon fiber

Typical properties Unit Value

Carbon fiber content % 100
Fiber diameter µm 7
Fiber unit weight kg/m3 1700
Fiber length mm 12
Metal contamination – <0.1 g/1000 g
Tensile strength MPa 4150
Tensile modulus GPa 252

Table 3. Physical and chemical properties of MWCNT

Physical properties CNT

Diameter (nm) *10–30
Length (lm) *10–30
Surface area (m2/g) >200
Chemical properties
Purity >90%
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2.2 Mixing Methods and Mixture Proportions

The produced mixtures were mixed according to the suggested best mixing procedure of
the micro- and nano-scale electrically conductive materials that have been recommended
by Al-Dahawi, Öztürk [13]. These mixtures were poured in the oiled molds, placed in their
molds at 50 ± 5% RH, 23 ± 2 °C and covered with plastic sheets for 24 h.

After demolding process, the specimens were, then, moved into isolated plastic
bags to be cured at 95 ± 5% RH, 23 ± 2 °C. To remove the potential effects of the
internal moisture on the electrical measurements due to polarization, the specimens
were dried in an oven at 60 °C for 24 h before testing [14, 15]. Afterwards, all
specimens were tested at room temperature.

During the preparation of mixtures, water to cementitious materials (PC + FA)
ratio (W/CM), aggregate to cementitious materials ratio (aggregate/CM) and fly ash to
Portland cement ratio (FA/PC) were kept constant at 0.27, 0.36 and 1.2, respectively.
The mixtures were reinforced by CF or CNT with the dosages which were recom-
mended by Al-Dahawi, Sarwary [16] to create the electrically conductive network
which is responsible for the self-sensing issue. These dosages are 1% by vol. of mixture
and 0.55% by wt. of CM for CF and CNT respectively. In addition to the electrically
conductive material, the mixtures were, also, reinforced by 2.0% vol. of PVA as
recommended by many researchers [3, 10, 17–24]. A defoamer dosage of 0.3% by
weight of cementitious materials (PC + FA) was utilized to remove the undesirable air
bubbles as recommended by the manufacturer company and proposed by [25]. To get
the same workability and know the optimum dosage of HRWRA that should be used,
mini slump flow spread tests were carried out on these mixtures.

2.3 Testing Setup

50 mm-cubic specimens were prepared to measure the self-sensing ability of the
developed multifunctional cementitious composites under monotonic uniaxial com-
pression. A 2000 kN capacity compression machine was used to carry out the com-
pression test. Two brass plate electrodes of 70 mm in length and 10 mm in width were
embedded in the fresh mixtures very close to the top surface of the cubic specimen as
can be seen in Fig. 2. To interrupt the possible electrical contact during the tests and
minimize the mistakes of the recorded deflection by the loading machine to the
maximum extent, insulative plastic covers were inserted between the specimen and
compressive loading plates (Fig. 3). The loading rate was 0.36 MPa/s as recommended
by ASTM-C109/C109M [26].

A concrete resistivity meter with 2-probe was utilized to measure the electrical
impedance changes of the cubic specimens under the effects of the uniaxial com-
pression loads (Fig. 4).

The self-sensing capability of ECC beam specimens with different carbon-based
materials was evaluated under four-point bending test with repeated loading applica-
tions. To perform the cyclic flexural test, a 100 kN capacity universal testing machine
was used. The supports and contact points of the universal testing device were covered
with PVC cling film to cut any possible electrical connection with the testing device,
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which could affect overall results (Fig. 5). DC source meter with four-probe method
was utilized to measure the voltage (by the inner electrodes) due to the applied current
(by the outer electrodes) (Fig. 5). Flexural load was applied and released three times
until reaching 70% of the modulus of rupture level each time, at a loading rate
0.30 mm/min.

Fig. 2. Front view of the configuration setup for compression test (all dimensions are in mm)

Fig. 3. Closer view of specimen taken during testing under uniaxial compression test
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Fig. 4. Uniaxial compression and AC-2probe electrical resistance tests setup

Fig. 5. Four-point flexural test together with DC-4probe electrical test

572 M. Şahmaran et al.



3 Results and Discussions

Three 28-day-old cubic specimens from each mixture in addition to the reference
mixture (without conductive materials) were tested and average results were taken into
consideration. Fractional changes in ER measurements (FCER) of different ECC
specimens relative to bulk ER (without any loading) (Δq/qo) and deformation in
compression (mm) were plotted against testing time. Figure 6 shows the self-sensing
behavior.

The figure clearly demonstrates that application of compressive loading caused ER
results of ECC specimens to increase, as expected, due to brass electrodes being
separated from each other. Control ECC specimens without additional carbon-based
material were not responsive to deformation as in the case of CF- and CNT-bearing
specimens. The figure shows that ECC specimens with CF were able to sense even
relatively small deformation levels, starting at the beginning of loading. The changes in
relative ER results were slightly smoother during the initial stages of compressive
loading and became more pronounced after a certain level due to the changes in crack
characteristics of ECC specimens upon compressive loading. By comparing the FCER

Fig. 6. Mechanical and electrical behavior of ECC specimens with and without carbon-based
conductive materials under compressive loading
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at the end of the loading process for the different ECC carbon-based mixtures in
addition to the control dielectric mixture, it is easy to see the superiority of CF-bearing
specimens with around 200% FCER followed by CNT-bearing specimens with around
100% FCER. The incorporation of electrically conductive materials (CF and CNT) to
the ECC mixtures was not only created the self-sensing property to these mixtures but
also improved their mechanical properties [13].

Plot related to the self-sensing behavior of ECC specimens with and without (plain)
carbon-based materials upon three applications of loading and unloading is shown in
Fig. 7. All ECC mixtures produced in this study were able to sense damage in the

plastic range. Plain specimens with no carbon-based material additions were not very
successful in sensing repetitive unloading, due most probably to the inadequate dis-
charge of specimens upon unloading and polarization effects with the application of DC
current [27]. However, the plain specimens were responsive to increased levels of
deformation under bending loading; after three cycles of loading and unloading, FCER
results reached level about 5.8%. The beneficial effects of carbon-based material use
can be clearly visualized by looking at the graphs in Fig. 7. When specimens were
strained to certain deformation levels, applications of both loading and unloading were
successfully sensed for each repetition. On the other hand, this is not the case with
respect to the control specimens without carbon-based conductive materials. Concor-
dantly, upon gradual increases in loading, there were increments in electrical resistivity

Fig. 7. Self-sensing behavior of ECC specimens subjected to cyclic flexural loading
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due to the divergence of conductive filler, while decrements followed upon unloading
due to the convergence of conductive fillers. In other words, there was reversibility in
the FCER results with loading and unloading. This suggests that to be able to more
clearly sense damage in terms of changes in electrical properties, cementitious systems
should be highly electrically conductive.

4 Conclusions

The following conclusions have been obtained from the current study:

• The carbon-based materials, CF and CNT, proved themselves worthy in capturing
changes in compressive damage.

• All cyclic loading and unloading applications were successfully sensed by ECC
specimens with different types of carbon-based materials with the superiority of
CF-based ECC specimens; this was not the case for plain specimens, which did not
sense repetitive unloading. In other words, there was clear reversibility in the
electrical measurements with unloading. This therefore showed that in order to
properly detect damage, cementitious systems must be highly electrically
conductive.
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Abstract. Every bridge is subjected to a thorough inspection process every
other year at most. Nondestructive evaluation techniques, especially noncontact
methods, are gaining popularity to take part in structural health monitoring of
existing bridges for expediting the inspection process. Infrared thermography is
one of the noncontact testing methods; it is based on capturing and processing
the thermal gradient on a radiant surface which is highly affected by the ambient
environmental conditions. The objective of this study is to numerically search
for an appropriate time window to carry out infrared inspections. To this end, a
numerical model of a bridge deck with certain initial and boundary conditions
was used to numerically obtain temperature differentials at any nodes across the
model for a period of 24 h. A delamination with a constant thickness was
positioned in the concrete deck. The transient solutions of the nonlinear partial
differential equation were obtained by utilizing the finite element method. The
numerical results point to afternoon as the most favorable time window to
conduct infrared inspections; this result coincides with some of the experimental
research found in literature. Additionally, it was shown that the existence of
water in the defect greatly affected the heat conduction process.

Keywords: Infrared inspection � Bridge decks � Subsurface defects

1 Introduction

Efficiency of transportation networks is adversely affected by bridges showing signs of
deterioration. Various inspection techniques such as hammer sounding and chain drag,
core drilling if deemed necessary, are utilized to monitor the soundness of concrete
bridges. Since these techniques call for lane closures and experienced personnel, fast
and especially noncontact nondestructive evaluation techniques are desired by highway
agencies. A recent research report [1] devoted to nondestructive testing techniques to
identify concrete bridge deck deterioration lists 14 candidate methods. One of these 14
methods is infrared thermography. Researchers compared the efficiencies of different
inspection techniques; one such study by Vaghefi et al. [2] compared the detection
accuracies of infrared thermography and chain drag at 10 core sampling locations.
Chain drag yielded 80% of damage detection accuracy while infrared thermography
located the defects with 40% accuracy. However, another comparative study [3]
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conducted at a different bridge reports that both impact echo and infrared thermography
located the subsurface delaminations with 100% accuracy at 8 core sampling locations
while chain drag showed 75% accuracy. SHRP2 report [1] states that the accuracy of
infrared thermography might differ depending on the time window for conducting the
inspection work, ambient environmental conditions and surface conditions of a target
object.

Qualified engineers and inspectors have been using infrared thermography since
1980s to locate subsurface flaws and disintegration of concrete in roadways and
bridges. Infrared thermography devices capture electromagnetic waves in the infrared
wavelength [4]. These waves are radiations due to temperature variations on surfaces of
a target object. Basics of infrared thermography are provided as a separate section
given below in this study. Expected outcome of an infrared thermography inspection
work is to get locations of subsurface voids and delaminations in concrete. Even
though this inspection method promises good potential for delamination detection and
characterization, it has several downsides as well. It may be able to locate a subsurface
defect; however, it is not able to provide the depth information for the existing flaw [5].
In addition, deep delaminations that are beyond the thermal sensitivity of an infrared
camera available to an inspector will be missed and impair the quality of the inspection
work. Boundary conditions, surface anomalies, patches and stains on the surface of a
target object are also known to affect infrared measurements [6]. There is another
aspect to consider when conducting infrared inspections; Washer et al. [7] reported that
the accuracy of damage detection by infrared thermography is greatly affected due to
daily temperature variations, thus it is vitally important to choose a favorable time
window to carry out infrared inspections.

Since solar loading is an important parameter to include in the inspection process,
ASTM D4788-03 [8] stipulates a minimum of 3-h direct sunshine to create a tem-
perature difference of 0.5 °C and states that weather conditions must include sunshine.
Although the ASTM standard does not specify a time window, these requirements lead
to a day time inspection process; it is left to the inspection personnel to decide what
time window would be most favorable to conduct the inspection. The ASTM standard
also prohibits testing if the wind velocity exceeds 50 km/h (30 mph).

In some commercial applications [6], determining an appropriate time window is
accomplished by continuously monitoring the target structure and the ambient envi-
ronmental conditions for a predefined time period. This approach requires extra visits to
a target structure; in addition, access to the structure must be provided to perform data
collection, this may cause further difficulty to inspection personnel. Washer et al. [7]
devised an experiment to investigate the effects of solar loading on the ability of
locating subsurface flaws. They reported that there could be a substantial delay between
solar loading on a concrete structure and observation of subsurface defects and that
intermittent cloud cover could lessen the thermal contrast in the infrared images. The
authors concluded that a late afternoon inspection would be essential to offer optimized
conditions for deeper defects in a concrete structure. Other researchers [9, 10] reported
similar results stating that deeper flaw detection depends very much on ambient
environmental conditions as well as size of defects.
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2 Scope of the Study

Desired accuracy in detecting subsurface flaws using infrared imaging relies on seizing
the best time window to capture the highest temperature gradients on the surface of a
target object. Reports of experimental research mostly point to a late afternoon being
the most favorable time period for inspection purposes; however, there are also pub-
lications with contradictory outcomes. Since these experiments are designed for dif-
ferent purposes, it would not be fair to compare and judge their results since there are
too many variables to consider in each of these experiments such as size of defects,
locations of flaws in experimental specimens, ambient environmental conditions and
the thermal sensitivity of the infrared equipment used in the experiments. Therefore,
this study focuses on a numerical analysis rather than an experimental work to
numerically search for an appropriate time window to perform infrared inspection for a
concrete deck. It is deliberately kept relatively simple not to obscure the main objective
of the study. In addition, interested reader can repeat the analysis for his/her own
objectives with different weather conditions and material properties.

3 Basics of Infrared Thermography

There are three modes of heat transfer: conduction, convection and radiation. Heat
transfer takes place by one or a combination of these three modes. Thermal properties
of an object govern how heat transfers from and into that specific object. These thermal
properties are known as specific heat, mass density, heat capacity, thermal conductivity
and thermal diffusivity [4]. Infrared thermography is related to the radiation mode of
heat transfer since it builds on measuring the radiative heat flow. It is well known that
any object above absolute zero temperature radiates energy in the infrared zone of the
electromagnetic spectrum. These radiations from a target surface can be captured by
infrared scanning devices and then converted to temperature values according to the
Stephan-Boltzmann law [11].

W ¼ erT4 ð1Þ

where W = radiant flux emitted per unit area (W/m2), r = Stephan-Boltzmann con-
stant (5.67 � 10−8 W/m2/K4), e = emissivity value of the target (from available tables
and charts) and T = absolute temperature of the target (K).

This law states that W, radiant energy, of a target surface is equal to two factors
multiplied by the fourth power of the absolute temperature, T, of the target. An infrared
device measures W and then calculates T. The emissivity value (e) of a target is a
surface characteristic; it is a constant for a material in question over a given temperature
range and under specific measurement conditions. Emissivity value (e) is the ratio of
actual emission from an object to that from a hypothetical source called a “black body”
at the same temperature [12]; it is an influential parameter since, as the Stephan–
Boltzmann law indicates, the greater the value of emissivity, the higher the radiant flux
emitted.
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Radiant energy is energy of electromagnetic waves; each electromagnetic wave is
defined by its wavelength. An appropriate infrared capturing device must be utilized for
a specific measurement task so that the maximum wavelength of the emitted energy is
in the measurement range of the device. The Physics law that helps to determine the
wavelength of maximum radiation is known as Wien’s displacement law.

km ¼ b=T ð2Þ

where km is the wavelength of maximum radiation (lm), b is the Wien’s displacement
constant (2897 lm/K) and T is the absolute temperature of the target (K).

This equation contains a constant, Wien’s displacement constant (2897 lm/K),
leaving the other two terms being inversely related to each other. When one of them is
specified, the other is easily calculated. This equation is used to relate the surface
temperature of a target to the maximum wavelength of the emitted energy from the
same surface. As an example, for the 300 K ambient room temperature value, the peak
wavelength of infrared radiation would be 2897/300 � 10 lm. If the temperature
range of a target surface can be reasonably estimated, then Wien’s displacement law is
utilized to select the right infrared equipment for proper measurements. Appropriate
infrared sensors are able to detect those invisible wavelengths and allow us to deter-
mine surface temperature of an object [4].

Infrared thermography technique relies on the fact that subsurface flaws affect the
rate of heat flow. These subsurface flaws cause temperature differentials on the surface.
Measurements of these surface temperature differentials, along with proper analysis and
interpretations, help to locate subsurface anomalies. However, there are important
environmental factors to consider when the objective is to detect subsurface defects in
concrete; these factors are solar loading, wind speed, ambient temperature changes [12]
and relative humidity [13]. If the objective is to register an accurate temperature reading
of a specific point on a concrete object, then the temperature calculation process of an
infrared device must take all these factors into account precisely. On the other hand, if
the goal is to depict the temperature differentials on the surface of a concrete object,
then it would be sufficient to pick an appropriate time window such that environmental
factors are at their optimal levels for the object in question to emit infrared radiation.
There are studies focusing on determining favorable time windows experimentally for
concrete bridge decks [14, 6, 12]. In these studies, several variables such as ambient
temperature, pressure, wind speed and wind directions are measured and analyzed to
investigate their effects. They reported that the time of the day is an influential
parameter to include in the analyses since solar loading varies throughout the day. The
present study explores the versatility of numerical analysis to determine the best time
window so that measurable temperature differentials occur on the surface of a concrete
bridge deck. These temperature differentials are essential for infrared inspections to
reveal satisfactory results leading to capturing subsurface flaws in the concrete deck.
Ambient environmental temperature is represented by a sine function to characterize
the solar loading; other factors such as humidity and wind speed are assumed to be
included in the sine function representation. Any estimated or actual weather data with
preferred frequency might easily replace this sine function.
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4 Numerical Model of a Concrete Deck with Delamination

The numerical model is constructed for a two dimensional cross-sectional area of a
concrete deck. Since a typical deck thickness for a concrete bridge is 200 mm, the
height of the model is set to 200 mm. The width of the model is set to be twice as big,
400 mm, to keep the computational cost at a minimum as shown in Fig. 1. Side edges

are also assumed to be heat insulated to provide boundary conditions for the numerical
model. The delamination has a thickness (t) of 2 mm, 1% of the deck height; the width
is set to be 100 mm so that a big enough delamination can be positioned in the deck
and still have a symmetry along the vertical axis. The delamination is positioned with
respect to the deck soffit; these positions are denoted by “d” and take arbitrary values of
d = 187 mm, d = 177 mm, d = 167 mm and d = 157 mm. The numerical results are
obtained at the nodes located on the deck surface while the delamination is positioned
at these four predetermined locations.

The temperature varies with respect to the time of the day; the ambient temperature
(Ta) variation for a period of a day is represented by a sine function as given in Fig. 2.
The top surface of the deck is assumed to be warmer than the deck soffit since the top
surface is exposed to direct sun light during the day time. The temperature values at
different times of the day can be represented by Eq. 1 for the top surface and by Eq. 2
for the deck soffit as given below.

@the top surface : Ta ¼ 25� 10Cos p t� 240ð Þ=720ð Þ for 0� t� 1440 min ð3Þ

@the bottom surface : Ta ¼ 25� 10Cos p t� 480ð Þ=720ð Þ for 0� t� 1440 min ð4Þ

Fig. 1. Model geometry
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Heat energy between air and the deck surfaces is transferred in the form of convection.
The convective heat transfer coefficient of the air is taken as (hc)air = 20 W/m2K which
refers to a mild wind with a constant velocity of approximately 1.1 m/s blowing close to
the top and bottom surfaces of the deck.

5 Material Properties and Method

This study focuses on a concrete bridge deck that has delaminations. The test cases
considered are: (a) concrete deck without any delamination to represent sound concrete,
(b) the deck with air-filled delamination, and (c) the deck with water-filled delamina-
tion. Water-filled delamination case is included to investigate the effects of the content
of a delamination.

Material properties of concrete, water and the air is given in Table 1. Initial tem-
perature distribution is set to 18 °C uniformly throughout the model.

Although heat energy is transferred in the form of convection between the air and
the deck surfaces, heat transfer mode changes to conduction through the concrete deck
and the delamination. In the cases of water- and air-filled delaminations, the heat flows
only by conduction since the delamination thickness (t) is sufficiently small and the
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Fig. 2. Ambient temperature values throughout the day at the top and bottom surfaces

Table 1. Properties of the materials in the deck model

Materials Heat conductivity (k) [kcal/hr.m°
C]

Specific heat (cp) [J/kg°
C]

Density (q)
[kg/m3]

Concrete 2 880 2500
Water 0.58 4200 1000
Air 0.024 1000 1.2
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temperature difference is small enough between the top and bottom surfaces of
delamination such that convection does not initiate. The governing equation of the
problem, to solve the transient temperature variation inside the deck with the delam-
ination, is defined with the well-known heat equation but ignoring the radiation and
convection terms such that:

@T
@t

¼/ r2T ð5Þ

where r2 ¼ @2

@x2 þ @2

@y2

� �
is the Laplacian operator and /¼ k

qCp
is the thermal diffu-

sivity. The transient solution of the problem is performed on ANSYS Mechanical
Workbench. Geometry of the model is defined first in an APDL (ANSYS Parametric
Design Language) input file; then, a finite element mesh is generated with rectangular
elements subjected to a mesh size from 0.5 to 20 mm as shown in Fig. 3. The model
contains approximately 7500 quadrilateral finite elements. As seen in Fig. 3, the finite

element mesh becomes much denser around the delamination region. Convection
boundary condition is imposed to the top and bottom surfaces of the deck; side
boundaries are assumed to be heat insulated. Temperature data is collected from the
nodes located at the top surface.

6 Numerical Results and Discussion

The results of numerical analyses are presented in the following figures. The first thing to
notice in these figures is that the initial temperature which is set to 18 °C at the beginning
of each analysis is the same for all cases. Temperature values on the top surface change
gradually with respect to the time of the day; delamination locations significantly affect
these changes. The analyses conducted cover a period of 24 h since the temperature
variation trend becomes obvious in this time period for each case separately.

Fig. 3. Finite element mesh for the case when delamination is at d = 157 mm
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Variations of the temperature values on the surface of the concrete deck are more
pronounced as expected for the case when the delamination is positioned close to the
top surface, d = 187 mm from the deck soffit. Existence of a delamination close to the
top surface causes an extensive change of the temperature variation monitored on the
top surface especially for the case of air-filled delamination as shown in Fig. 4. There
are clearly observable time periods throughout the 24-h period where the temperature

differentials are obvious. Around 7 p.m. the temperature gradient is about 2.5 °C.
Commercially available infrared devices are able to detect very low temperature gra-
dients since they have a thermal sensitivity value of 0.04 °C [15]; however, researchers
and inspectors prefer somewhere around ten times the thermal sensitivity of the
available infrared camera as the threshold level for their measurements [16]. As seen in
Fig. 4, almost any day time after 10 a.m. is good to conduct infrared inspections to
detect air-filled delaminations because temperature gradients appear to be more than
0.4 °C in this time window. However, when the delamination is filled with water,
temperature gradient values are lower than 0.4 °C at any time of the day, causing the
inspections not to reveal the subsurface flaw. The reason is that the conductivity of
water is higher than that of air; in turn, heat energy is transferred a lot easier. In other
words, as a material; the water cannot block the heat transition from passing through
the delamination. However, air-filled delamination provides some insulation which
results in higher temperature gradients on the surface. Although the values are lower
than 0.4 °C for the case of water-filled delamination, the temperature gradients might
still be detectable depending on the capability of the available infrared camera; but this
would not be acceptable to warrant the adequacy of the inspection.

When the delamination is positioned away from the top surface, d = 177 mm, the
available time window to conduct infrared inspections reduces to a portion of after-
noon, starting from 3 p.m. to capture air-filled delaminations as seen in Fig. 5. As for
water-filled delaminations, there is no time window to capture this type of

Fig. 4. Temperature variation on the surface when the delamination is at 187 mm
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delaminations; in other words, when the delamination is positioned away from the top
surface and filled with water, infrared inspections would not locate the flaw at all.

The obvious temperature variations on the top surface of the concrete deck dis-
appear with deeper delamination locations at d = 167 mm and d = 157 mm for both
air-filled and water-filled delaminations as shown in Figs. 6 and 7. Commercially
available infrared cameras will not be able to detect these existing flaws whether it is
filled with water or not.

Since the objective is to determine a favorable time window to conduct infrared
inspections on concrete decks, the results of the numerical analyses will be more
informative if presented in a way that focuses on depths of delaminations with respect
to a specific hour of a day. In other words, the information presented in Figs. 4, 5, 6
and 7 should be reexamined on the basis of hours of a day. Consider an instance where
the temperature gradients are more pronounced on the surface of concrete deck around
7 p.m. as shown in Fig. 8. It is clear from the figure that water-filled delamination

Fig. 5. Temperature variation on the surface when the delamination is at 177 mm

Fig. 6. Temperature variation on the surface when the delamination is at 167 mm
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cannot be detected at any depths at this hour of the day since the temperature difference
is less than 0.4 °C whereas air-filled delaminations can be detected if the delamination
locations are closer to the sop surface; i.e., d = 177 mm and d = 187 mm. Delami-
nations located deeper than 170 mm will have a temperature difference of 0.4 °C and
be missed by commercially available infrared cameras.

Data presentation similar to Fig. 8 is given below for each hour separately in Fig. 9.
The first graph in the graph array shows that the delamination closest to the top surface,

d = 187 mm, becomes detectable at 10 a.m. if it is an air-filled flaw. If the delami-
nation is located at a deeper position, d = 177 mm, then it can be detected at 2 p.m.
A careful scrutiny of this figure would reveal that the best time window to conduct
infrared inspection for the given weather data is between 3 and 7 p.m. This result well
coincides with the experimental results found in literature [14, 6, 12, 16].

It should be obvious that graphical results of a preliminary numerical analysis for
different weather conditions will guide infrared inspectors to determine when to carry

Fig. 7. Temperature variation on the surface when the delamination is at 157 mm

Fig. 8. Temperature gradients on the top surface at 7 p.m.
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out their inspection works so that they would get the most out of their infrared
equipment (Figs. 10, 11, 12, 13, 14, 15, 16, 17 and 18).

Fig. 9. Temperature gradients @10 a.m.

Fig. 10. Temperature gradients @11 a.m.

Fig. 11. Temperature gradients @12 a.m.
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Fig. 12. Temperature gradients @1 p.m.

Fig. 13. Temperature gradients @2 p.m.

Fig. 14. Temperature gradients @3 p.m.
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Fig. 15. Temperature gradients @4 p.m.

Fig. 16. Temperature gradients @5 p.m.

Fig. 17. Temperature gradients @6 p.m.
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7 Conclusions

Infrared inspection of concrete bridge decks is a simple and practical nondestructive
evaluation technique since small temperature differences on the surface due to sub-
surface defects in the deck can be captured by commercially available infrared cameras.
The objective of this study is to numerically determine a favorable time window to
conduct infrared inspection to get the most out of available infrared equipment. To this
end, heat transfer through the deck for a duration of 24 h is investigated when a
delamination with a constant thickness is positioned at various depths in the deck. Two
cases regarding the delamination are considered: (a) the delamination is air-filled, and
(b) the delamination is water-filled. Air-filled delamination clearly presents its exis-
tence by creating a temperature gradient on the surface because it creates a disconti-
nuity for the conduction process. On the other hand, water-filled delamination induces
temperature differences lower than 0.4 °C; in turn, it becomes difficult for the infrared
devices to detect the delamination. The reason for the low values of temperature
gradient stems from the fact that the conductivity of water is higher than that of air;
thus, heat energy is easily transferred making it difficult to detect the existence of the
delamination. It is also observed that both the delamination depths and the time of a
day are influential parameters to consider before making a decision regarding when to
conduct an infrared inspection work. The results of this numerical analysis showed that
the time window between 3 and 7 p.m. is the most favorable duration to perform
infrared inspection under the weather conditions specified at the beginning of the study.
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Abstract. Global warming is a phenomenon that incontrovertibly affects daily
lives of human beings in almost all aspects. Definitely, construction industry,
especially concrete as most commonly used construction material, is not exempt
from the effects of global warming. Nevertheless, there is a lack of information on
how the change in atmospheric conditions influences self-healing behavior of
cementitious materials. This research examines the impact of increased CO2

concentrations in the atmosphere on the self-healing capability of cementitious
materials in terms of resonant frequency and crack opening measurements. For
this purpose, to clearly disclose the effect of tremendous increase in the envi-
ronmental CO2 concentration as a result of global warming, Engineered
Cementitious Composites (ECC) which possess advanced intrinsic self-healing
capability were employed. For this purpose, sound and pre-cracked ECC speci-
mens containing fly ash and ground granulated blast furnace slag were tested by
resonant frequency after 28 days of initial curing up to 28 + 90 days with
15 days intervals and crack openings were observed for each testing age.
Moreover, in order to accelerate the capture of CO2 from the environment, a third
ECC mixture was prepared by adding Ca(OH)2 to the ECCmixture incorporating
fly ash. The results showed that CO2 present in the environment can improve the
self-healing behavior of ECC mixtures, which is a promising finding in terms of
environmental concerns. Possibility of capturing and decreasing the CO2 from the
atmosphere by self-healing mechanism will make the ECC a more environmen-
tally friendly construction material additional to its superior technical properties.
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1 Introduction

Cracking in structural members is an important phenomenon on account of service life
given the fact that durability of cementitious materials is directly or indirectly related
with the issues regarding crack formation. Recently, many researchers have been
focused on developing cementitious materials for structural use that possess high
durability and extended service life. Although it is a known fact that achieving crack
free cementitious material is almost impossible, it has been well documented by the
researchers that materials such as Engineered Cementitious Composites (ECC) can be
considered as crack free due to their tight crack widths even under extreme loading
conditions. In many occasions it has been shown that ECC with self-controlled multiple
and micron sized tight crack formations in cracked state have better or at least com-
parable transport properties with respect to conventional sound concrete [1] This
property of ECC not only increases the service life but also can decrease the repair and
maintenance costs of the structures for a sustainable infrastructure.

Along with the extended service life and lower repair and maintenance costs,
multiple micron sized crack formation in ECC brings about superior mechanical per-
formance especially under tensile and flexural loading. ECC possesses compressive
strength values ranging between 30 and 100 MPa and under direct tensile load, it can
reach up to 8% strain with a strain hardening behavior [2]; yet, when tensile properties
are evaluated under flexural loads, it shows flexural hardening behavior [3]. Never-
theless, in many studies an intrinsic property of ECC which further decrease the need
for repair and maintenance has been emphasized namely self-healing. Self-healing is a
phenomenon that has attracted many researchers especially in the near past those
pioneered the development of different special techniques such as using hallow fibers,
microencapsulation, expansive agent and bacteria [4]. However, in order to artificially
initiate the self-healing process these methods necessitates the use of an external
material that is not typically used in concrete production. On the other hand besides
those aforementioned, an important self-healing mechanism which does not require any
additional material to process namely intrinsic or autogenous self-healing is potentially
inherent in all cementitious materials as the source of the self-healing is the ongoing
reaction of the previously unhydrated cementitious materials and the reactions of some
hydration products with water and atmospheric CO2. It has also been shown by
researchers that the crack widths significantly affect intrinsic self-healing as small
cracks have higher tendency to close by self-healing [5]. Due to the high amounts of
cementitious materials incorporated in ECC and the multiple and tight crack widths that
remain generally under 100 µm [6]. ECC is a perfect example of intrinsically
self-healing cementitious materials. Self-healing properties of ECC have been revealed
many times by numerous researchers and it is still a hot topic among materials scientist.

For the last several decades, there is a continuously growing attention placed on
reducing the emission of greenhouse gases as their detrimental effect on climate change
is obvious. In this context, CO2 emission which constitutes three quarters of the total
greenhouse gas emission seems to be primarily responsible for the climate change [7].
Concentration of CO2 in the atmosphere increased to 390 ppm from 280 parts per
million (ppm) between preindustrial period and 2010 which corresponds to an increase
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of 39% [8]. Furthermore it is predicted that the concentration of CO2 may rise up to
1000 ppm by the year 2100 [9].

For any type of ECC two main mechanisms of intrinsic self-healing are encoun-
tered in the literature. One of these mechanism is the healing of cracks by ongoing
hydration in which the preformed cracks are filled with the hydration products of the
previously unhydrated material. This type of self-healing is the dominant mechanism
when pozzolanic materials such as fly ash are used in ECC production with Portland
cement. The other mechanism is the carbonation in which the preformed cracks are
filled with calcium carbonates as calcium hydroxide formed during the hydration
reactions of Portland cement react with the CO2 in the atmosphere or as the Ca2+ ions
leached from hydration products react with carbonates or bicarbonates those formed a
result of reaction with CO2 and water. Carbonation mechanism can be observed in ECC
mixtures produced with either fly ash or ground granulated blast furnace slag (S),
however it is the dominant mechanism for the ECC produced with S [10–14].

In this respect, although carbonation is a potential cause of deterioration in rein-
forced structures, it has been shown that the same carbonation mechanism is beneficial
in terms of self-healing of cracks in ECC. In this paper, the effect of CO2 rich envi-
ronment on the self-healing behavior and capability of different ECC mixtures con-
taining fly ash and S is investigated in terms of changes in resonant frequencies and
crack widths. In addition to the conventional ECC mixtures produced with FA and S,
since it was previously shown by Yildirim et al. [15] that additional hydrated lime can
potentially enhance the self-healing behavior of fly ash incorporated ECC through
carbonation in order to increase the environmental CO2 uptake and enhance
self-healing simultaneously, as a third ECC mixture, additional hydrated lime was also
incorporated in ECC mixture containing fly ash.

2 Experimental Program

In order to investigate the effect of CO2 rich environment on the self-healing capability,
three different ECC mixtures were prepared with different pozzolanic materials (PM).
ECC 1 and ECC 2 were produced with Class-F fly ash (FA) and ground granulated blast
furnace slag (S), respectively with a PM to Portland cement (PC) ratio of 1.2 by weight.
Additional to these two mixtures, ECC 3 was produced by adding hydrated lime (CH) to
ECC1mixture by5%of totalweight of cementitiousmaterials (CM). For all ECCmixtures,
besides the PMs, CEM I 42.5 R type ordinary PC, silica sand with a maximum aggregate
size of 0.4 mm, water, polycarboxylic-ether based superplasticizier (SP) and polyvinyl
alcohol (PVA) type fibers with 39 µm diameter, 8 mm length and 1610 MPa nominal
tensile strength were used. Amount of SP was adjusted to achieve adequate fiber distri-
bution in each ECC mixture type. The mixture proportions and the chemical and physical
properties of PC, FA and S are given in Tables 1 and 2, respectively.

Table 1. Mixture proportions for different ECCs

Mix ID PC W/CM Sand/CM FA/PC S/PC CH (kg/m3) PVA (kg/m3)

ECC 1 1 0.27 0.36 1.2 – 26
ECC 2 1 0.27 0.36 – 1.2 26
ECC 3 1 0.27 0.36 1.2 – 62 26
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Cylindrical specimens with dimension Ø100 � 200 mm were prepared from each
ECC mixture to be tested for self-healing evaluation with and without CO2 environ-
ment. After keeping 24 h at 50 ± 5% RH and 23 ± 2 °C, all the specimens were
demolded and placed in isolated plastic bags at 95 ± 5% RH and 23 ± 2 °C and cured
till the end of 28 days. At the end of 28 days, Ø100 � 200 mm cylindrical specimens
were cut into Ø100 � 50 mm pucks by a diamond blade saw. Half of the specimens
were kept sound while the other half were pre-loaded up to 70% of the ultimate
deformation under splitting tensile test to introduce the microcracks. Ultimate defor-
mation capacities of mixtures were determined as the average of results obtained by
testing four Ø100 � 50 mm puck specimens from each ECC mixture under splitting
tensile test at 28 days. Ultimate deformation capacities were 1.7, 1.6 and 1.5 mm for
ECC 1, ECC 2 and ECC 3, respectively.

After the application of pre-loading and initial reference measurements at 28 days,
half of the total pre-cracked and sound specimens from each ECC mixture type were
placed in a CO2 incubator that can keep the environmental conditions constant at
90 ± 5% RH, 50 ± 5 °C and 3% CO2 level. The other half of pre-cracked and sound
specimens from each mixture were also placed in another environmental chamber at
90 ± 5% RH and 50 ± 5 °C; the only difference is the lack of high CO2 concentration.
Tests for self-healing evaluation were applied on the specimens at 28 + 15, 28 + 30,
28 + 45, 28 + 60, 28 + 75 and 28 + 90 days. As a result, the changes in the properties
of different ECC mixtures with time were obtained for both sound and pre-cracked
specimens with and without CO2 application.

Self-healing performance of ECC samples were evaluated by Resonant Frequency
(RF) and crack width measurements. Accordingly, for RF test 4 sound and pre-cracked
set of specimens were used for each mixture and average of measurements obtained
was recorded. For crack characterization at least 8 specimens were used and the crack
widths were measured by using a crack microscope.

RF test method was applied in accordance with ASTM C 215 [16]. Impact was
generated with steel balls having three different diameters (8, 12, 14 mm), and RF

Table 2. Chemical and physical properties of PC, FA and S

Chemical composition PC FA S

CaO 61.43 3.48 35.09
SiO2 20.77 60.78 37.55
Al2O3 5.55 21.68 10.55
Fe2O3 3.35 5.48 0.28
MgO 2.49 1.71 7.92
SO3 2.49 0.34 2.95
K2O 0.77 1.95 1.07
Na2O 0.19 0.74 0.24
Loss on ignition 2.20 1.57 2.79
Physical properties
Specific gravity 3.06 2.10 2.79
Blaine fineness (m2/kg) 325 269 425
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value (in terms of Hertz) was given by the device after analyzing the frequency
spectrums of impacts generated. The measurements were done perpendicular to cracks
in pre-cracked specimens and along a premarked direction in sound specimens.

3 Results and Discussion

Resonant frequency in terms of self-healing evaluation, was only used in limited
number of studies. Each ECC mixture used in this study is separately dealt in terms of
self-healing performance. Before the discussion of the test results it should be noted
that this study focuses mainly on the effect of incidental carbonation caused by the
increase in environmental CO2 concentration. For this reason, relative humidity,
temperature and CO2 concentration to which the specimens were exposed during the
experimental study were set forth in order not to effect the carbonation in an unnatural
manner. Thus, no effort was given to accelerate the formation or increase the amount of
carbonation products by trading off the nature of the reactions. Under normal envi-
ronmental conditions it is known that during carbonation reactions, CO2 reacts with
both Ca(OH)2 and CSH gel, however it is showed that CO2 reacts with CSH only after
all Ca(OH)2 present in the pore solution is used in carbonation reaction [17] and the
rate of carbonation is mainly dependent on two main factors namely humidity and CO2

concentration. Inside the cementitious composite, CO2 should be able to reach the
reactants of carbonation reaction which is more attainable in a dry environment since
the diffusion of CO2 is faster in air than in water, [18] however as carbonation reactions
need water, humidity is also required [19]. In this respect, it is shown that the optimum
relative humidity for carbonation is between 50 and 70% which is the main reason in
most of the publications relative humidity in between these values is generally used
[20]. However in this research, as the main concern is self-healing and since intrinsic
self-healing requires water, a relative humidity of 90% is implemented to evaluate
self-healing and carbonation simultaneously. As for CO2 concentration, when the
amount of CO2 is higher in the environment, the rate of carbonation is expected to be
higher. Although, increasing CO2 concentration seems to help augment carbonation
effect on self-healing, in the literature it is stated that the nature of carbonation reaction
differentiates from the normal CO2 environment of 0.03% when a threshold CO2

concentration is exceeded. It is demonstrated that when the CO2 concentration
increases to 3% (which is the value used in this study) the characteristics of CSH gel
does not differ much when compared to 0.03% natural CO2 concentration. Further-
more, as the concentration increases to 10 and 100%, CSH gel vanishes after car-
bonation which totally alters the nature of cementitious composite [21]. In addition to
this it was also shown that there is consensus between results of carbonation tests
conducted under natural and 4% CO2 concentration asserting that this type of accel-
erated test can be used to evaluate carbonation effect at long term [22]. For this reason,
in order not to compromise natural self-healing process and to stay inside the logical
limits, CO2 concentration is fixed to 3% in this study.

Results obtained from RF test for each ECC mixture at all testing days
(28, 28 + 15, 28 + 30, 28 + 45, 28 + 60, 28 + 75 and 28 + 90) are given in Figs. 1, 3
and 5 in normal and CO2 rich environment conditions.
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3.1 ECC Mixtures Containing Fly Ash

As shown in Fig. 1, resonant frequency results are affected majorly by crack formation
rather than CO2 amount in the atmosphere. This behavior is normal as resonant fre-
quency is mainly affected by dynamic modulus and the mechanical performance of the

material rather than materials porosity and pore chemistry. However when the resonant
frequency values for each testing age is considered to compare the effect of CO2 rich
environment, it is observed that after initial curing of 28 days, at almost all ages of
testing, for both sound and pre-cracked specimens, specimens cured under rich CO2

environment reached higher resonant frequency values. Higher resonant frequency
values may be indicators of advanced hydration as hydration is the main parameter that
affects the mechanical performance. Additional surface carbonation may also be
effective on the resonant frequency in the case of CO2 rich environment.

In order to better understand the effect of the CO2 concentration, a diagram was
plotted in Fig. 2. In this diagram vertical axis represents the initial crack opening
formed on the specimens at the age of 28 days while the horizontal axis represents the

Fig. 1. Resonant frequency results of ECC 1 specimens

Fig. 2. Crack closure diagram for ECC 1 specimen
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final crack width 90 days after the initial 28 days period. However in this diagram
some data points overlap which may vitiate the impact of the overlapping points. To
overcome this, data points were marked by circles with different diameters and also for
each set of data a trendline was also plotted so that both the number of cracks and the
amount of crack closure could be taken into account together. In this diagram data
points flocculating closer to the vertical axis or a trendline with a higher slope indicates
that the cracks are closed or healed better. As seen from Fig. 2, for pre-cracked
specimens, crack closure may also be attributed to the increase in resonant frequency
values which indicates a better self-healing performance. When percent change in
resonant frequency with respect to 28 days resonant frequency values of each specimen
is considered, it is clearly seen that for sound specimens cured under atmospheric CO2

concentration, the increase is measured 3.3% while for those cured under 3% CO2

concentration it is 4.5%. On the other hand, for pre-cracked specimens these ratios are
10.4 and 15.4% for atmospheric and rich CO2 environment, respectively. This gap
between the results is clear evidences of the beneficial effect of CO2 on self-healing.

3.2 ECC Mixtures Containing Slag

Resonant frequency test results revealed that there is no significant difference among
the sound specimens cured under normal and high CO2 concentrations. In the case of
sound specimens, surface carbonation probably may not contribute to mechanical
performance which is different than in the case of ECC 1 specimens, owing to the fact
that ECC 2 specimens already possess developed mechanical performance before
surface carbonation. As mentioned previously, resonant frequency is influenced by
crack formation extensively rather than curing duration and conditions. On the other
hand, the extent of the variation in the test results upon pre cracking varies largely
depending on the mineral admixture used. For instance, pre cracking yielded a drop in
the resonant frequency of about 11,600 and 7950 Hz for ECC 2 and ECC 1 specimens,
respectively. Although all specimens were pre-loaded to 70% of their ultimate defor-
mation, different mixtures may have different crack characterizations. This issue is
discussed earlier by Sahmaran et al. [23] and it was concluded that slag bearing ECC
specimens possess larger crack widths with smaller number of cracks while the fly ash
bearing ones possess smaller crack widths with large number of cracks which is also
consistent with this study as ECC 1 specimens have an average crack width of 112 µm,
while ECC 2 specimens possess an average crack width of 133 µm. The substantial
decline in resonant frequency upon pre loading in ECC 2 specimens can be attributed to
large crack widths resulted upon loading.

As seen from Fig. 3, although curing under CO2 rich environment has almost no
influence on sound specimens, this is not the case for pre cracked specimens. It is clear
that pre cracked ECC 2 specimens achieved higher resonant frequency values upon
curing under high CO2 concentration. This improvement in self-healing capability is
also evident in crack closure diagrams provided in Fig. 4 as crack closure performance
under CO2 rich environment is slightly better. This enhancement can be attributed to
faster and further carbonation reactions attained by abundance of CO2 that results in
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plugging of the cracks with CaCO3. When compared to ECC 1 mixtures, crack closure
performance upon CO2 rich curing is seen to be less pronounced in ECC 2 mixtures.

3.3 ECC Mixtures Containing Fly Ash and Calcium Hydroxide

Specimens containing fly ash with additional Ca(OH)2 are expected to attain higher
maturity and enhanced mechanical performance through additional CSH gel formation
as the pozzolanic capacity of the system is increased, whereas the naturally formed
Ca(OH)2 through hydration reactions may not be enough to react with all fly ash
available in the system especially for system that contains more than 30–40% fly
ash [24]. In addition, high amounts of Ca(OH)2 in the cementitious system may result
in breakdown of fly ash particles yielding them to be more reactive through exposing
the inner silicates for reacting to form CSH [25]. Moreover inside the cementitious
matrix, Ca(OH)2 addition provides an improved particle size distribution and structure
through microfiller effect as it fills the gaps between the cementitious materials.

According to the resonant frequency test results provided in Fig. 5, upon
pre-cracking average resonant frequency of sound ECC 3 specimens decreased
9285 Hz as a result of crack formation while the amount of drop is calculated 7960 Hz

Fig. 3. Resonant frequency results of ECC 2 specimens

Fig. 4. Crack closure diagram for ECC 2 specimens
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for ECC 1 specimens. This discrepancy due to additional Ca(OH)2 is an outcome of its
positive effect on hydration which yields higher matrix fracture toughness and thus
larger crack widths. For sound specimens, after 90 days of curing in moist cabinet,
average increases of 4.9 and 12.3% in the resonant frequency results are measured for
specimens cured under atmospheric and 3% CO2 concentrations, respectively. In order
to evaluate the effect of additional Ca(OH)2, if this values are compared with the ECC
1, changes in the resonant frequency values are found 3.3 and 4.5% for atmospheric
and high CO2 concentrations, respectively implying that regardless of curing condition
additional Ca(OH)2 yields better mechanical performance in which high CO2 con-
centration is also beneficial. This kind of behavior is also observed for pre-cracked
specimens, Ca(OH)2 addition resulted in 39.4% escalation in the results for atmo-
spheric and 38.7% for high CO2 concentration. These close results suggest that there is
no effect of CO2 concentration on the results, although significant improvements are
observed for pre-cracked ECC 1 specimens. However for ECC 1 specimens, average
percent increases are measured around one third of those measured for ECC 3 speci-
mens which reveals that Ca(OH)2 addition has a tremendous influence on self-healing
performance in terms of resonant frequency test. This improvement is attributed to the
fact that additional Ca(OH)2 fortifies self-healing through additional CSH formation
rather than carbonation, as CO2 concentration which may only benefit self-healing
through CaCO3 precipitation shows no or insignificant effect. In addition to this, crack

Fig. 5. Resonant frequency results of ECC 3 specimens

Fig. 6. Crack closure diagram for ECC 3 specimens
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closures in Fig. 6 shows that crack widths closures are worse than ECC 1, in ECC 3
possibly because of the larger crack width occurred during pre-loading and self-healing
through CSH gel formation rather than carbonation effect.

4 Conclusions

This study represents the results of an experimental investigation that aim to reveal the
possible effect of day by day accelerating global warming and greenhouse gas emission
in the broad framework by focusing specifically on the effect of high concentrations of
CO2, the major greenhouse gas, in order to project the long term impact on the
self-healing performance of Engineered Cementitious Composites. The following
conclusions are drawn from the study.

Sound specimens of ECC 1 mixture exhibit higher values of resonant frequency
upon CO2 rich curing. Self-healing performance also improved through CO2 rich
environment as a result of carbonation which in turn also supported by the crack
closure rates.

Crack closure rates of pre-loaded ECC 1 specimens showed that cracks visually
healed better under high CO2 concentration.

Resonant frequency result of ECC 2 specimens were lower compared to ECC 1
specimens mainly due to larger crack widths encountered upon pre-loading. Clear
benefit of CO2 rich curing is also revealed by resonant frequency results and also
supported with the crack closure rates.

Sound ECC 3 specimens yielded higher resonant frequency results while this
results became more pronounced with high CO2 concentration. For pre-cracked
specimens although curing condition did not influence the results much, Ca(OH)2
addition yielded extreme self-healing performance most probably due to additional
CSH formation.
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