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Introduction

The main issue of climate changes 
that the rapidly increasing of carbon 
dioxide emissions. Human activities re-
sults in emissions for four main green-
house gases (GHGs): carbon dioxide 
(CO2), methane (CH4), nitrous oxide 
(N2O), and hydrofluorocarbons (HFCs). 
These gases accumulate in atmosphere, 
then affecting the Earth’s energy bal-
ance (Shahzad, 2015). The main part 
of these emissions came from combus-
tion fossil fuel to use in transportation, 
electricity production, building heating 
and cooling, manufacture of cement and 
other goods. Annual average of NO2 
over Iraq increased as linear growth rate 
9.8 per year, because the anthropogen-
ic emissions, topography and weather 
conditions (Rajab, Hassan, Kadhum, 

Al-Salihi & San Lim, 2020). Carbon di-
oxide emission from fossil fuel combus-
tion and processes contributed about 78% 
of the total GHGs emission increase from 
1970 to 2010 (Blanco et al., 2014). Glo-
bal warming began from increased CO2 
concentration is widely considered as 
main risk for Earth life. The role of CO2 
emission in relationship with increased 
global surface temperature, that pointed 
out to debate on accuracy of temperature 
reconstructions as well as on the exact 
impact that CO2 has on global warming 
(Florides & Christodoulides, 2009).

Carbon dioxide emissions are the 
main results of burning fossil fuels, and 
given the important role it plays in cli-
mate change, that need to understand 
the uncertain spatial estimates of these 
emissions by relying on network data. 
This data has been studied in the United 
States, where a total estimate of emis-
sions is made in the states, based on large 
volume sources and locations of the size 
of the large points of that network as well 

Scientific Review – Engineering and Environmental Sciences (2021), 30 (3), 379–387
Sci. Rev. Eng. Env. Sci. (2021), 30 (3)
Przegląd Naukowy – Inżynieria i Kształtowanie Środowiska (2021), 30 (3), 379–387
Prz. Nauk. Inż. Kszt. Środ. (2021), 30 (3)
http://iks.pn.sggw.pl
DOI 10.22630/PNIKS.2021.30.3.32

Ahmed S. HASSAN, Hasan M. AZEEZ
Mustansiriyah University, College of Science

Relation between CO2 emissions and crude oil combustion 
in Iraq



380 A.S. Hassan, H.M. Azeez

as the distribution and size of the non-
-point sources, as there are other sources 
of greenhouse CO2 gases. In order to de-
termine spatial emissions, they are meas-
ured by fossil fuels and industrial pro-
cesses observed by Boden, Andres and 
Marland (2017). Energy data statistics 
can also estimate the time series of CO2 
emissions produced by the initial flow of 
fossil fuels, as the flow of CO2 increased 
in an unimaginable way during the World 
War I, however were represented by time 
series for the period from 1751 to 1950, 
represented by the total emission of CO2, 
even during the Industrial Revolution 
(Andres et al., 2012). The rate growth 
of total cumulative CO2 emissions con-
tinues to grow during present times, 
generating debate on the probability of 
enhanced greenhouse warming. China is 
largest energy consuming and CO2 emit-
ter, developed methods for constructing 
CO2 emissions for Chinese cities based 
on energy balance table. This construc-
tion, according to the regional emissions 
report of the Intergovernmental Panel on 
Climate Change (IPCC), as emissions in 
social and economic sectors reached 47, 
17 fossil fuels, and 9 primary industrial 
products, and examined uncertainties in-
ventories basis for many climate polices 
(Shan et al., 2017). The consequence of 
environmental changing, not only on 
climate but also on the ecosystems, it is 
urgent needed to improve the predictive 
skills of the models used for instance in 
the prediction models organized by the 
IPCC. Where total carbon emission was 
9 Gt in 2016 as result of fossil fuel com-
bustions. The comparisons between the 
different methods used to estimate the 
spatial and temporal air – sea interac-
tions of carbon substantial discrepancies 

both regional and temporal, this lead to 
understand the role played by these in-
teractions in the functioning of the eco-
systems (Aumont, 2016). Many publica-
tions about the carbon emission research 
domain, which has been more visible 
especially during 2016–2018. The most 
significant contribution to the domain 
was reported from China, United States, 
and England. While most prolific au-
thors and institutions of the domain were 
from China, reported the best connection 
links. It was revealed that evaluating 
greenhouse gas emissions and estimat-
ing the carbon footprint was well known 
among the researchers. Moreover, cli-
mate change and environmental effects 
of carbon emissions were also significant 
points of concern in carbon emission 
research (Udara Willhelm Abeydeera, 
Wadu Mesthrige & Samarasinghalage, 
2019). The carbon monoxide (CO) af-
fecting air quality and climate and acts 
as a serious indirect GHGs. The vertical 
distribution of CO over Iraq found that 
seasonal difference, where winter re-
corded higher value of CO than summer 
and autumn. The satellite measurement 
are able to determine the increased of at-
mospheric CO concentration over varied 
region (Abdulfattah, Rajab, Al-Salihi, 
Suliman & Lim, 2020).

Munn (2019) focus on global fos-
sil CO2 emissions had increased in 
last three years consecutively: +1.5% 
in 2017, +2.1% in 2018, and +0.6% in 
2019. Economic indicators and trends in 
global natural gas and oil use suggest a 
further rise in emissions in 2020. Global 
CO2 emissions from oil increased over 
the next decade or more. Stronger global 
commitments and carbon pricing would 
help implement such policies at scale 
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and in time. Moreover (Hassan & Zaki, 
2018) studied for three states of fossil 
fuel in Iraq, the analysis of CO2 emis-
sions and for three types of fossil fuels: 
gas, liquid, steel, gases emitted from 
these cases are considered greenhouse 
gases, which in turn affect the radiation 
balance of the Earth, where the emission 
density is the average rate of emission. 
Therefore, the burning of carbon since 
the Industrial Revolution increased the 
concentration of CO2 in the atmosphere, 
as results showed that the consumption 
of gaseous fuel increased by about 10 
times, up to 1,045.10 kt, the CO2 emis-
sion presented from the consumption 
of fossil fuels increased by 10.4 greater 
than it was, which reached to 86,759 kt. 
The per capita gross domestic produc-
tion (GDP) was main determinant of 
CO2 emissions in global panel, thereby 
carried out positive effect on CO2 (Shar-
ma, 2011). The relationship between to-
tal of CO2 emissions and GDP by using 
the environment Kuznets curve (EKC) 
model in Iraq. This relationship takes 
invert U-shape and CO2 emissions in-
creased more than five times after 2000 
than before, that’s refer to increased had 
damage environmental (Al-rukabie, Has-
san & Kadhum, 2020). When looking 
into global carbon intensity of crude oil 
production by developed the climate in-
tensity (CI) model identify major drives 
of these emissions, and estimation emis-
sions for 90 countries in 2015 from 8,966 
oil fields represent 98% of global crude 
oil condensation production with above 
of average global CI. The link between 
climate and sustainable development are 
strong. Poor and developing countries, 
particularly least developed countries, 
will be among those most adversely af-

fected and least able to cope with the 
anticipated shocks to their social, eco-
nomic and natural systems. The goal of 
this research is to calculate the annual to-
tal CO2 emissions from crude oil in Iraq, 
then compare the results with estimation 
of total CO2 emissions over Iraq. The ra-
tio between annual total CO2 emissions 
for Iraq and world found out. The annual 
CO2 concentration investigated over Iraq 
then calculated the percentage of this 
concentration to annual CO2 concentra-
tion over world. 

Methodology and dataset

Iraq is now the second largest pro-
ducer and exporter in world, and ex-
pected to grow its oil production capac-
ity over the next decade and account 
for a significant share of additional 
supply. In spite of all these positives 
have disadvantages; Iraq has faced en-
vironmental degradation over by rising 
CO2 emissions. The question that is ad-
dressed here is how many tons of CO2 
emissions are generated by the crude oil 
being burned. So that, it is necessary 
understanding CO2 molecules weight 
and the structure of it, beside more in-
formation about crude oil. The crude oil 
weight about 136 kg (159 l), the crude 
oil has on carbon ratio maximum and 
that equal 78%. The carbon ratio in 
one barrel is approximate to 118 kg. 
The molecular weight of carbon is 12, 
where molecular weight of oxygen is 
16, it has mass of ≈ 16 u, that’s mean 
molecular weight ratio of CO2 equal to 
44; the density of one barrel of oil is 
0.85 g·cm–3. The crude oil has on car-
bon ratio maximum and that equal 78% 
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that means the carbon ratio in one barrel 
is approximate to 118 kg, so that car-
bon ratio from total molecular weight 
is 27.27% of carbon in CO2. Carbon 
dioxide emission from one barrel equal 
433 kg. The calculation for CO2 emis-
sions that used in this paper is Eq. (1), it 
is simple equation depend on crude oil 
production only, as followed. 

 = 3.67 0.118
27.27

oil
2 oil

P
CO emission P= ⋅ ⋅

 

 (1)

where:
CO2 emission –  carbon dioxide emission 

from crude oil,
Poil – crude oil prediction.

The sources of datasets consist of 
three parts: first, dataset for crude oil pro-
duction in Iraq for period of 1980–2018. 
These datasets available from Trading 
Economics Application Programming 
Interface (TEAPI) provides direct ac-
cess to annual crude oil production for 
Iraq. The second source provides data 
was the Carbon Dioxide Information 
Analysis Center (CDIAC) annual data 
used in this study to compare between 
Iraq and global emissions (Andres et al., 
2012; Andres, Boden & Higdon, 2014). 
The CDIAC’ estimates of CO2 emissions 
from fossil-fuel consumption for annual 
total CO2 emissions data for Iraq and 
world sourced from CDIAC for long pe-
riod (1980–2014) to found out the ratio 
between of them (Andres et al., 2014). 
Third dataset was annual averaged of 
CO2 concentration observed data pro-
vide in parts per million (ppm), for Iraq 
from 2002 to 2016, while for world in 
1980–2018 (Friedlingstein et al., 2019).

Results and discussion

Carbon dioxide is continuously emit-
ted into the atmosphere through several 
processes, such as those from fossil fuel 
combustion, black oil refining, unstopped 
engines and even plants. The amount of 
this gas emitted from these sources var-
ies by location and time. Therefore, the 
CO2 emissions from fossil fuel for Iraq 
was calculated by using the Eq. (1) de-
pend on amount of crude oil production 
carbon thereby determined the amount of 
CO2 emitted from it. The results carried 
out the heights value of emission was in 
2018 that reach to 1.97 Mt, however the 
last four years begin this rise of emissions 
from 2012 (1.29 Mt) to end of study pe-
riod; that represented the highest period 
of emissions than whole period study as 
shown in Figure 1. The minimum value 
of CO2 emissions was 0.1 Mt in 1991, 
compatible with the lower crude oil pro-
duction was in 1992–1996 (0.2 Mt) be-
cause that Iraq was under economic em-
bargo of UN and the crude oil production 
was so limited. The next period witnessed 
fluctuation in production, and therefore 
the amount of CO2 emissions was fluc-
tuating, in contrast to the subsequent pe-
riod, which found that there was a slowly 
increase to reach maximum values at the 
end of the study period with oil produc-
tion more than 4 million barrels per day, 
then the emission activity returned and 
remained to this day without providing 
any clarifications or treatments.

The main common between CO2 
emissions for Iraq and world that have 
same behavior, rapidly increased, espe-
cially in last decade of this study as shown 
in Figure 2. There was a clear increased 
in the quantities of emissions gradually 
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FIGURE 1. Time series for calculated of total CO2 emissions from crude oil for period of 1980–2018 
of Iraq

FIGURE 2. Time series of annual CO2 emissions from fossil fuel production in 1980–2014 for Iraq (a) 
and the world (b)

and represented from 1980 to 2014 for 
both Iraq and the world, but there was a 
different slope of the average line, that 
was 0.5 for the world and 0.003 for Iraq. 
This means that the average global CO2 
emissions are 166.6 times higher than 
that of Iraq. The behavior of two curves 
were similar in Figure 2 except for the 
middle of the study period (1990–2008), 

where Iraqi emissions recorded a decline 
in 1991 and 2007 (0.042 and 0.061 Mt, 
respectively), while the world was emis-
sions during the same the period was be-
low the average slope line. Both world 
and Iraqi CO2 emissions were increased 
as exponential function from 2008 to end 
of study period (2014) to reach 36 and 
0.17 Mt, respectively.
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Considering that the converging be-
havior between CO2 emissions for Iraq 
and the world leads to divide the Iraqi 
CO2 emissions to total CO2 global emis-
sions, to achieve this goal calculating the 
ratio from fossil fuel between them as 
shown in the table from period 1980 to 
2008. This ratio explain that two differ-
ent periods have different variance; first 
period (1981–1997) that change approx-
imately 0.0001 each year, while second 
period (1998–2008) change 0.0001 each 
two–three years, and the high ratio found 
in 2008 (0.0034). These ratios for both 
periods were very small to refer CO2 
emission for Iraq was very low com-
pared to world’s emissions.

The atmosphere contains a range 
of greenhouse gases and the most im-
portant of these gases is CO2 emit-
ted to the atmosphere through several 
pro cesses and several ways where this 
emission can have concentrations vary 
from place to place because of GCM 
as the movement of the wind cycle in 
the atmosphere important in reducing 
or increasing CO2 concentrations over 
the duration of history. Where the re-
sults showed that the concentrations of 
CO2 gas, which existed since industrial 

 revolution in increasing till today as 
non-liner functions. 

Carbon dioxide concentration for 
Iraq as represented in Figure 3, show the 
growth rate of 1.875 ppm per year, with 
continuity increased from 375.93 ppm in 
2002 to reach highest value of 403 ppm 
was in 2016. Statistics indicated that Iraq 
is one of the countries in dealing with 
CO2 emissions according to international 
agreements, in spite of despite that; it is 
consistent with the concentrations when 
compared to the world concentrations.

The global CO2 concentrations 
shown slowly increased with slop the 
average line equal to 1.75 ppm per year, 
from minimum value of 338.6 ppm 
was in 1980, while maximum value of 
407.05 ppm was in 2018, that means 
three of the four highest annual increases 
have occurred in the past four years. It’s 
no coincidence that the last four years 
also had the highest CO2 emissions on 
record. Undoubtedly, there is no decrease 
in CO2 concentrations unless emissions 
are addressed. Compared to Iraq’s CO2 
concentrations, there is also an increase 
in concentrations due to emissions, con-
centrations increased approximately two 
times through study period.

TABLE. The ratio between CO2 emissions from fossil fuel for Iraq to world in 1981–2008 

Year Ratio Year Ratio Year Ratio Year Ratio

1981 0.002049 1988 0.002576 1995 0.002938 2002 0.003243

1982 0.002142 1989 0.002643 1996 0.00299 2003 0.003284

1983 0.002230 1990 0.002675 1997 0.00304 2004 0.003303

1984 0.002314 1991 0.002738 1998 0.003088 2005 0.003342

1985 0.002354 1992 0.002798 1999 0.003112 2006 0.003379

1986 0.002431 1993 0.002856 2000 0.003157 2007 0.003415

1987 0.002505 1994 0.002854 2001 0.003201 2008 0.003433
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Conclusions

1. Carbon dioxide emissions calculated 
from crude oil for Iraq was increased 
from 2012 (1.29 Mt) without any de-
cline to reach end of study period in 
2018 (1.97 Mt), while the minimum 
value was in 1991 (0.1 Mt).

2. Total observed CO2 emissions in-
creased with different slop of aver-
age line that was 0.5 for world, 0.003 
for Iraq. The behavior of two carve 
were similar except decline in 1991 
and 2007 in middle period study. 
The world and Iraq CO2 emissions 
were increased exponential function 
from 2008 to 2014 to reach 36 and 
0.17 Mt, respectively.

3. The ratio of Iraqi CO2 emissions to 
world CO2 emission divided into two 
periods: first period (1980–1997) 
was 0.0001 each year, while second 
period (1998–2008) was 0.0001 each 
two–three years. These results shown 

that Iraqi CO2 emissions very small 
compared with CO2 emissions.

4. The global CO2 concentrations 
slowly increased with slop the aver-
age line equal to 1.75 ppm per year, 
from minimum value was 338.6 ppm 
in 1980, while maximum value was 
407.05 ppm in 2018, that means three 
of the four highest annual increases 
have occurred in the past four years. 
Iraqi CO2 concentrations was in-
creased two times than before, where 
highest value of 403 ppm was in 2016. 
That’s mean no decreased in CO2 con-
centration unless emissions addressed. 
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Summary

Relation between CO2 emissions and 
crude oil combustion in Iraq. Fossil fuel 
is the main source for CO2 emissions that 
causes global warming. This fact is the 
starting point for this paper, that consider 
on three different sources of data: crude oil 
used to calculate CO2 emissions for Iraq for 
the period from 1980 to 2018; annual data 
of total CO2 emissions available from the 
Carbon Dioxide Information Analysis Cen-
ter (CDIAC) for Iraq and the world for the 
period from 1980 to 2014; and CO2 concen-
trations for Iraq for the period from 2002 to 
2006 and for the world for the period from 
1980 to 2018. The result is a multifaceted 
according to the dataset sources. Carbon di-
oxide emissions calculated from Iraqi crude 
oil was increased from 1.29 Mt in 2012 to 
1.97 Mt in 2018. The world and Iraq CO2 
emissions with different slop of average line 
that was 0.5 for world, 0.003 for Iraq, while 
increased exponential function from 2008 to 
2014 to reach 36 and 0.17 Mt, respectively. 
The highest value of Iraqi CO2 concentration 

was 403 ppm in 2016, while the global CO2 
concentrations slowly increased with slop 
line equal to 1.75 ppm per year, from mini-
mum value of 338.6 ppm was in 1980, while 
maximum value of 407.05 ppm was in 2018, 
that’s mean no decreased in CO2 concentra-
tion unless emissions addressed. 
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Introduction

Al-Tuwaitha site is one of the nuc-
lear places existing in Baghdad province, 
Iraq that was seriously damaged dur-
ing the Gulf War 1991. This facility as 
the source of radioactive rays has a po-
tentially significant amounts of wastes 
which cause radiological contamination 
of the site and surrounding areas around 
it by dispersing radionuclides attached on 
aerosols and water vapors (Interational 
Atomic Energy Agency [IAEA], 2012). 
Such contamination has adverse effects 
on human health, plants and animals 
especially when decaying radioactive 
materials which emit energetic charged 
particles such as alpha, beta, gamma or 
neutron radiation according to the radio-

isotope existing (Reiman, 2002; Shah-
bazi-Gahrouei, Gholami & Setayandeh, 
2013; Nassif, Wahab, Al-Jiboori & Ali, 
2020). Thus, their concentrations in sur-
face air is mainly affected by emissions 
fine particles resulting from the varia-
tions of atmospheric conditions: strong 
solar insulation, high wind speed, wind 
direction changes and air stability. 

In recent decade and based on the 
average bulk mass or surface concentra-
tion, some local and international studies 
were assessed the radioactive level at Al-
-Tuwaitha site by taking some samples 
for different places from its soil, plant 
and even air (Jarjies, Abbas, Fernandes, 
Wong & Coates, 2013; Mansour, Al-Ba-
khat & Karkosh, 2017; Salih et al., 2018; 
Nassif et al., 2020). In present research, 
we reanalyze alpha and beta activity 
concentration measurements published 
in the reference of (Salih et al., 2018) 
to explore the relationships between 
these concentrations and meteorological 
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 elements. Airborne radionuclides have 
high energy leading to large localized ra-
diation doses inhaled the body whereas 
meteorology has significant effect in dis-
persion and transport of pollutants (La-
zaridis, 2011; Al-Jiboori, 2015). 

There was a few studies that investi-
gated the quantitative relations between 
meteorological parameters and alpha and 
beta activity concentrations. For exam-
ple, Dueńas, Fernández, Liger and Car-
retero (1999), Arkian, Salahinejad, Bi-
dokhti and Meshkatee (2008), and Salih 
et al. (2018) showed that maximum con-
centration of alpha and beta were found 
during spring and summer seasons. Also 
these references illustrated that these 
concentrations were weakly inversely 
proportional with air temperature and 
wind speed while they were proportional 
with relative humidity. In this work, we 
focus to (1) study the variations of alpha 

and beta activity concentration with six 
meteorological elements: air tempera-
ture, solar radiation, wind speed, wind 
direction, air pressure, and relative hu-
midity; (2) find the correlation coeffi-
cient among them with p-value; and (3) 
calculate air stability classes with their 
frequencies and then examine their rela-
tions with the concentrations above.

Description of Al-Tuwaitha site

At 18 km southeast of Baghdad, 
Al-Tuwaitha site is located as the foun-
dation of Iraq’s nuclear research center 
from 1967 until its final damage in 2003. 
It covers an area 1.3 km2 and away about 
1 km east of the Tigris river (Fig. 1). It is 
extended with latitude 33°10ʺ – 33°15ʺ N, 
longitude 44°29ʺ – 44°35ʺ E and 32 m 
above mean sea level. 

FIGURE 1. Map of Baghdad city including study area with its aerial photograph
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There are large earthen beams that 
were placed around the key facilities to 
fortify them. In 1991, the Al-Tuwaitha 
had 90 buildings dedicated to nuclear 
fuel fabrication, radiochemistry, urani-
um enrichment, radioactive waste treat-
ment and biological research (Zaboon, 
Al Obaidy & Al Sharaa, 2013). The fa-
mous reactors were Osiraq, 5-MW IRT-
-5000, 40-MW Tammuz-1 and 500-KW 
Tammuz-2, which suffered substantial 
physical damage since 1991 and then 
displayed to secret operations combined 
with the bombing of nuclear facilities 
and subsequent looting by dwellers. 
Therefore, Al-Tuwaitha and nearby vil-
lages suffered widespread radioactive 
contamination (Chesser, Rodgers, Bond-
arkov, Shubber & Philips, 2009).

Material and methods

Two different datasets were used to 
execute this study: (1) counting alpha 
and beta rates and (2) meteorological ob-
servations, which were measured at the 
same time at 50 places within and outside 
the Al-Tuwaitha site for worked 39 days 
with date starting from 28 December 
2016 to 13 April 2017. The observation 
time was at daytime from 09:20 am and 
12:20 am and for approximately 1 h. 
Airborne dust samples and drawn from 
ambient air at flow rate 10–15 m3·h–1 
were daily collected in a glass-fiber fil-
ters with diameter 5.5 cm. To represent 
the radioactive contaminated air, the de-
vice was put 20 m far from the buildings 
with collection efficiency 99%. Later, 
using Ludlum 3030P scaler alpha/beta 
sample counter, the air filters analyzed 
to measure simultaneous alpha and beta 

particles. The structure and feature of 
this instrument can be found in more 
detail in reference (Ludlum Measure-
ments, 2017). The device was daily cali-
brated and checked the quality control 
before using it to ensure the validation of 
measurements.

The activity concentration of radio-
nuclides (alpha and beta) is the activity 
of these in a radioactive substance in an 
air divided by the volume of the air. The 
change in counting and background rates 
represents the number of spontaneous 
nuclear transformations taking place in 
the relevant number of radionuclides in 
a time interval (Δt) divided by this time.

counting rate (alpha/beta)
background rate (alpha/beta)

 = 
f

AAC/BAC
t V E

−

−

Δ ⋅ ⋅

 

(1)

where Ef is the filter efficiency. Thus 
the unit of activity concentration in 
SI system is the Becquered per cubic 
meter [Bq·m–3], whereas 1 Becquered 
equals 1 disintegration per 1 second. 
Becquered is a unit to express strength 
of radioactivity.

During the period of this study, me-
teorological parameters such as wind 
speed, wind direction, air pressure, and 
relative humidity were also recorded 
by portable devices at Al-Tuwaitha site, 
while only solar radiation measurements 
was supplied by the nearby automatic 
weather station located at Mustansiriyah 
University, which is far from the site with 
21 km. The latter parameter is required 
in calculating air stability, which was de-
termined using modified Pasquill–Turn-
er (Table 1).
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Statistical analysis

First, sometimes, at the values for 
air pressure and wind speed, there were 
several different values of alpha and 
beta activity concentration. Thus, means 
were calculated with standard deviation 
– represent the dispersion around the 
mean values – plotted as vertical lines 
in some figures of this study. Second to 
identify the variations of these concen-
tration affected by the meteorological 
parameters, linear and non-linear fit-
ting lines were performed using Origin 
software (version 9.3). Other statisti-
cal analyses including maximum and 
minimum values, frequencies, wind 
rose, Pearson’s correlation coefficients 

(R), and a significant level represented 
with p-value less than 0.05 were also 
computed.

Results and discussion

Daily alpha/beta activity concentra-
tions were analyzed to derive the statis-
tical relationships with meteorological 
elements measured at the same time. 
Table 2 displays their arithmetic means, 
standard deviation (SD), minimum and 
maximum values. AAC values were 
ranged from 0.42 to 4.18 Bq·m–3 and 
have a mean of 1.78 Bq·m–3 with SD = 
= 0.84 Bq·m–3. While BAC values that are 
always larger than AAC range from 0.93 to 

TABLE 1. Modified Pasquill–Turner stability classes

Wind speed [m·s–1]
Daytime solar radiation [W·m–2]

Overcast
> 600 300–600 < 300

< 2 A A–B B C

2–3 A–B B C C

3–5 B B–C C C

5–6 C C–D D D

> 6 C D D D

A – very unstable; B – moderate unstable; C – slight unstable; D – neutral. 

TABLE 2. Mean values for meteorological variables with their SD, minimum and maximum

Meteorological variable Mean SD Minimum Maximum

Alpha activity concentration [Bq·m–3] 1.78 0.84 0.42 4.18

Beta activity concentration [Bq·m–3] 3.9 1.8 0.93 9.21

Air temperature [°C] 20.8 4.1 15 30

Wind speed [m·s–1] 4.8 1.96 1 7.1

Relative humidity [%] 52.5 17.7 21 83

Air pressure [mmHg] 761.8 3.61 754.5 769.6

Solar radiation [W·m–2] 417.4 198.6 0 700
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9.21 Bq·m–3 with an average 3.9 Bq·m–3 
and SD = 1.84 Bq·m–3. The above values 
in this study are approximately close to 
the measurements recorded at the air of 
university of Malaga, Spain which char-
acterize with warm climate with little 
rain (Dueñas et al., 1999). 

During the study period, there were 
also clear variations in meteorologi-
cal elements. This can be verified in 
terms of their ranges, air temperature: 
15–30°C, wind speed: 1–7.1 m·s–1, rela-
tive humidity: 21–83%, air pressure: 
754–769.6 mmHg and solar radiation: 
0–700 W·m–2. The means of these varia-
bles are 20.8°C, 4.8 m·s–1, 52.5%, 761.8 
mmHg and 417.8 W·m–2, respectively.

Correlation coefficients between 
AAC/BAC and meteorological elements

To identify which meteorological 
element is effected on the fluctuations 
of AAC and BAC, thus we present the 
AAC and BAC measurements on Y-axis 
and meteorological observations on 
X-axis as shown in Figures 2–6. In gen-
eral, there was high scatter in BAC val-
ues comparing to those of AAC. Also, 
according to observed behavior with 

 respect to each figure, we could make 
the best fitting lines, solid and dashed 
lines plotted for AAC and BAC, re-
spectively. They were obeyed to math-
ematical relations which have empiri-
cal constants deriving from the field 
measurements for all parameters in this 
study. We first calculate correlation 
coefficients which reported in Table 3 
with p-value results. 

Figure 2 presents AAC and BAC 
measurements against air temperature. 
The decreasing behavior for these con-
centrations is clear when increasing 
temperature, i.e. there has inverse re-
lation between AAC/BAC and air tem-
perature (Ta). Activity concentration of 
radionuclides (alpha and beta) could be 
expressed by the following equations:

26.9 0.37 0.006AAC T T= − ⋅ + ⋅  (2)

215.4 0.84 0.014BAC T T= − ⋅ + ⋅  (3)

This decreasing was also confirmed 
negative moderate correlation coeffi-
cient (R = –0.57 with p = 0.00002) for 
the relation between AAC and tempera-
ture, while R = –0.58 with p = 0.00001 
when correlated with BAC.

TABLE 3. Correlation coefficients (R) and significance p-values for relation between AAC/BAC and 
meteorological variables

Variable
AAC BAC

R p R p

Air temperature –0.57 0.000016 –0.58 0.00001

Wind speed –0.72 0.0022 –0.76 0.001

Relative humidity 0.21 0.15 0.22 0.13

Air pressure 0.58 0.00083 0.58 0.00075

Solar radiation –0.33 0.03 –0.34 0.025



Detecting the relations between meteorological elements... 393

The same behavior was also found 
when plotting AAC/BAC values with 
wind speeds (Fig. 3). The best fitting line 
passing through these data is described 
by the the following expressions:

24.02 0.88 0.007AAC U U= − ⋅ + ⋅  (4)

210.06 2.22 0.17BAC U U= − ⋅ + ⋅  (5)

The good inverse correlation coef-
ficients between AAC/BAC values and 
wind speed were observed as shown in 
Table 3 where R = –0.72 with p = 0.0022 
for AAC and wind and R = –0.76 with 
p = 0.001 for BAC and wind.

Because high scatter for AAC/BAC 
measurements with relative humidity, 
correlation coefficients were positive 
weak R = 0.21 and 0.13, respectively 
with p > 0.05. Although high scatter and 
weak correlation coefficient, the rela-
tions between them appear to have linear 

behavior which obeys to linear regres-
sion equations:

1.24 0.88 %AAC RH= + ⋅  (6)

2.71 0.02 %BAC RH= + ⋅  (7)

The values of AAC and BAC show 
a linear relation with air pressure (P) 
as illustrated in Figure 5, in which the 
plotted solid and dashed lines drawn 
are fitting for these values for these 
values followed by linear regression 
equations:

75 0.1AAC P= − + ⋅  (8)

186.7 0.25BAC P= − + ⋅  (9)

As stated in Table 3, both AAC and 
BAC values have the same moderate 
positive correlation coefficient with air 
pressure (R = 0.58 with p = 0.0008). 
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Lastly, when solar radiation (SR) 
values were less than 300 W·m–2, the 
AAC and BAC values have constant be-
havior and then continuously decrease 

when SR > 300 W·m–2 as shown in Fig-
ure 6. These non-linear behaviors could 
be represented by the the following 
expressions: 
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FIGURE 5. Variation of AAC and BAC with air pressure
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24.02 0.88 0.07AAC SR SR= − ⋅ + ⋅  (10)

210.06 2.22 0.17BAC SR SR= − ⋅ + ⋅  (11)

The overall correlation coefficients 
for both AAC and BAC with solar radia-
tion data were negative weak, R = –0.33 
with p = 0.025.

Effect of wind direction on AAC/BAC

To study the potential effect of daily 
wind direction, we presented wind rose 
shown in Figure 7, in which the main 

FIGURE 7. Wind rose at Al-Tuwaitha site during the studied period

TABLE 4. Frequencies of AAC and BAC and their means for prevailing wind directions in this study

Wind 
direction

Number of 
frequencies

Activity 
concentration

Mean 
[Bq·m–3] SD Minimum Maximum

NW 23 AAC 2.05 0.88 0.6 4.18
BAC 4.52 1.92 1.41 9.21

N 10 AAC 1.4 0.73 0.63 2.74
BAC 3.15 1.63 1.36 6.21

direction is at northwest that represents 
prevailing wind direction with fre -
quency ratio (46%) during the study pe-
riod. The other prevailing direction with 
ratio 23% is north. These two directions 
roughly forms 70% of total number of 
measurements. 

Through both prevailing directions, 
the mean concentration activity for AAC 
and BAC with SD was calculated. The 
frequency with its percentage and mean 
with SD were reported in Table 4. When 
the northwesterly wind dominates the 
mean AAC and BAC values arise as high 
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as from north. Although minimum val-
ues for both AAC and BAC are approxim-
ately similar for both above directions, 
the maximum AAC and BAC at north-
west is higher than those at north. 

Effect of air stability on AAC/BAC

According to daily data for wind 
speed and solar radiation, the air stability 
classes have been determined using Ta-
ble 1. All of observations (50 runs) were 
mostly found to be in two major classi-
fications that are unstable (37 runs) and 
neutral (13 runs) conditions as shown in 
Table 5. Here, only two runs with ratio 
4% at class A cannot be reliable, so they 
were not discussed. Most runs were in 
moderate unstable classes (23 runs with 
46%), slight unstable classes (12 runs 
with 24%). Meanwhile only 13 runs with 
ratio 26% were obtained under neutral 
conditions class D. 

The mean values for both AAC and 
BAC at each class were calculated with 
their standard deviations, as reported 
also in Table 5. The large values for AAC 
(> 2 Bq·m–3) were found at classes B and 
B–C and also the same result was for ABC 
but with a large value (~ 4.5 Bq·m–3).
At class C, the smallest values for both 
AAC and BAC were 1.27 ±0.7 Bq·m–3 

and 2.83 ±1.5 Bq·m–3. As an overall re-
sult, mean AAC in stable air has a value 
of 1.67 Bq·m–3 which are  slightly less 
than 1.71 Bq·m–3 for neutral air. This 
result was changed for ABC, where its 
mean value is 3.78 Bq·m–3 in unstable 
air that is slightly larger than the value 
3.71 Bq·m–3 in neutral conditions. 

Conclusions

This study detects the effects of daily 
meteorological variables of air tempera-
ture, wind speed and its direction, air 
pressure, relative humidity, and solar 
radiation on gross alpha and beta activ-
ity concentration at Al-Tuwaitha nuclear 
site for period from 28 January 2016 to 
13 April 2017. In general, although AAC 
values are less than BAC, they have often 
the same behavior over all ranges of these 
variables. Both wind speed, temperature, 
and solar radiation negatively correlated 
with AAC (R = –0.72, –0.58 and –0.33) 
and BAC (R = –0.76, –0.58, –0.33, re-
spectively). Meanwhile, air pressure and 
relative humidity were positively corre-
lated with AAC (R = 0.58 and 0.21) and 
BAC (R = 0.58 and 0.22). All these re-
lations were found to obey nonlinear re-
gression equations, except for AAC/BAC 

TABLE 5. Frequencies of stability classes and mean values of AAC and BAC

Stability 
classes Frequency Ratio [%]

AAC [Bq·m–3] BAC [Bq·m–3]
mean SD mean SD

A 2 4 1.39 0.49 3.28 0.99
B 17 34 2.1 0.93 4.71 2.09

B–C 6 12 1.92 1.0 4.32 2.28
C 12 24 1.27 0.72 2.83 1.57
D 13 26 1.71 0.63 3.71 1.2
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with air pressure and relative humidity, 
which follow the linear equation. Lastly, 
wind direction has significant effect on 
AAC and BAC whereas their mean val-
ues were found to be large in prevailing 
wind (northwest) compared to other di-
rection (north).
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Summary

Detecting the relations between me-
teorological elements and alpha and beta 
activity concentration at Al-Tuwaitha site, 
Baghdad. In this study, 50 samples of air 
particulates collected from different places 
in- and outside the Al-Tuwaitha nuclear site, 
south of Baghdad were used to measure daily 
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gross alpha and beta activity concentrations 
(AAC and BAC) for the period from 28 Janu-
ary 2015 to 13 April 2017. At the same time, 
several meteorological factors such as air 
temperature, wind speed, wind direction, air 
pressure, relative humidity, and solar radia-
tion, were also measured. Air stability  classes 
were also derived from wind speed and solar 
radiation. AAC/BAC variations in the surface 
air layer were discussed in relation to these 
factors. The results show that there are in-
verse relations between AAC/BAC and wind 
speed and temperature, linear relations be-
tween AAC/ABC and air pressure and weak 
relations between AAC/BAC and relative hu-
midity and solar radiation. Lastly, AAC/BAC 
measurements in unstable air are as large as 
in neutral air.
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Key words: maximum air temperature, sum-
mer season, May, Baghdad 

Introduction

Surface air temperature is change 
related to change for seasons. These 
changes happen in the seasons them-
selves, that is winter became warmer, 
spring becomes early and leaves  quickly, 
and summer becomes longer and hotter. 
According to meteorologist research 
for many countries, these changes were 
used in reference to atmospheric vari-
ability on timescale longer than the two 
weeks limit of most deterministic at-
mospheric predictability (Bilal, Kais & 
Enas, 2013). That also point to climate 
variability, which are the variations in 
the mean state and other statistics of the 
climate spatially and temporally,  usually 
beyond individual weather statistics. 
This term “climate variability” cannot 
deviations of climatic  statistics over 

a given period of time (e.g. a month, 
season or year), some scientist are of the 
opinion that this period can transcend 
to decades (30 years). Climate variabil-
ity assessed by these deviations, which 
are usually termed anomalies. The vari-
ability may be due to natural internal 
processes within the climate system 
(internal variability), or to variations in 
natural or anthropogenic external fac-
tors (external variability), but climate 
variability is more affiliated to the in-
ternal variability unlike climate change 
(Zeki, 2017). One of the climatic ele-
ments that sensitive to climate vari-
ability is air temperature and that play 
significant role on the human life style. 
Beside that it is evidence of changing in 
the climate system because of the pos-
sibility of calculation this variable for 
both cases; temporal and spatial. Air 
temperature interacts with other climate 
elements such as atmospheric pressure, 
wind, evaporation, and relative humid-
ity (Muter, 2014).
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Attributes of the seasons may vary 
by location, but there are still broad defi-
nitions that cross most of the boundaries. 
The timing and characteristics of the sea-
sons depends upon the location on Earth. 
Summer, season extending from the sum-
mer solstice to the autumnal equinox, is 
one of the four Earth’s seasons that goes 
after spring and foreshadows autumn. 
In winter, days become warm than be-
fore hot and really long, while nights in 
this season are the shortest. Sun shines 
so bright and most active, it means that 
everything in the nature gets a lot of en-
ergy form the sun, to support life, breed-
ing and feeding. Summer, long days, and 
become hotter creates a special lifelong 
conditions for animals and plants activi-
ties (Chitu, Giosanu & Matescu, 2015). 
Northern hemisphere is a part of the Earth 
that is located north to equator. Summer 
is the warmest season of the year oc-
curring between spring and autumn and 
constituting June, July, and August. The 
hottest month is July, because in this 

time Earth gets more straight sun lights 
(Wang, Li & Li, 2019).

Most previous work has focused on 
the spring-to-summer transition, this 
transition period is distinct from the win-
ter and summer seasons and warrants 
further investigation. An analysis of this 
transition period is also expected to im-
prove our understanding of conditions in 
winter and summer. Many studies have 
explored anomalies in temperature es-
pecially in summer. These studies have 
greatly enhanced our understanding of 
surface air temperature anomalies dur-
ing summer. Recently study found out 
the mean air temperature increased for 
all months and for four seasons because 
of global climate change, while dis -
agree with opinion that refer to overlap 
in month or season. The maximum air 
temperature were increased more than 
1°C for spring and summer, while less 
than 1°C for winter and autumn middle 
and southern Iraq (Hassan & Alhashimi, 
2018). The monthly air temperatures 

FIGURE 1. The global temperature differences from average for all Mays from 1895–2020. May 2020 
tied for the warmest May on record with May 2016 (National Centers for Environmental Information 
NOAA National Centers for Environmental Information [NCEI], 2020)
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(maximum and minimum) recorded high 
increased of temperature which happened 
in summer, but with less force for transi-
tional months nearby (May and Septem-
ber), so that May is approaching sum-
mer features for maximum temperatures 
(Fig. 1), and September is approaching 
summer features but for minimum tem-
peratures (Muter, 2014).

The estimation of increased air 
temperature in the center Baghdad city 
and rural side beside effect of increas-
ing population density that there was 
a strong tendency for a temperature 
increasing during July and October 
(Ahmed & Hassan, 2018). Daily maxi-
mum air temperature studied for long 
time (2006–2017) that found 70 ex-
treme events happen 60 of them happen 
in Basra. The extreme events in the end 
studied period were four more time than 
beginning studies. That found evidence 
for summer extended to September 
more than May whereas both of these 
months have summer characteristics 
(Vicente-Serrano et al., 2018). Trends 
of maximum air temperature exhibited 
a clear elevation-warming dependency, 
with the strongest warming recorded 
at highly elevated sites. For mean air 
temperature trends, there are no clear 
spatial and temporal seasonal differ-
ences across Peru (Liu, Yin, Shao & 
Qin, 2006). Analysis of mean summer 
maximum temperature changes in fre-
quency and intensity of daily tempera-
ture extreme temperature variability and 
trends over Romania which was found 
of maximum temperature rate 21.0% 
per decade. It was noted that the level of 
statistical significance of maximum and 
minimum temperature linear trends per 
decade was low during winter, spring 

and autumn. But this level of signifi-
cance was very high for June, July and 
August months (Chitu et al. 2015).

The length of the season has been in-
creased about 17 days during the 43-year 
study period. The monthly record-setting 
for cold events were found in the earlier 
part of the study period, while the warm 
events occurred mostly in the later half, 
especially since the 1990s (Wu & He, 
2017). The anomalies in the accelerated 
transition years display a relatively quick 
month-to-month change. This suggests 
a plausible contribution of inter-seasonal 
variations to the accelerated transitions 
(Zarenistanak, Dhorde & Kripalani, 
2014). Temperature tendencies indicated 
positive change in temperature, particu-
larly in summer and spring over most of 
the stations. Moreover, temperature in-
crement in winter is less in comparison 
with other seasons. Increasing tendencies 
in Tmin were more than Tmax in all the 
seasons. Therefore, the increase in an-
nual and seasonal TM can be attrib uted 
to higher increase in Tmin. The results 
showed that most of the positive signifi-
cant mutation points began in 1990s in 
the study area (World Atlas, 2021). 

These work focus on provide a com-
prehensive picture of spring-to-summer 
climate variability for partially areas, and 
then do an investigation of the factors and 
processes involved in anomalies during 
the transition season is warranted. This 
study, describe monthly air temperatures 
for Baghdad’s hot season using statistical 
method for maximum temperatures and 
understand the behavior of begin early 
summer and check changes in the length 
and the strength of Baghdad’s hot season 
between 1970 and 2017, especially the 
changes that change in May.
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Data and methods

The study area is Iraq, specifically 
Baghdad, where Iraq geographically lo-
cated in the range of sub-tropical displays 
in the northern hemisphere between the 
two latitudes 29.5–37.5 north of the equa-
tor and longitudes 38.45–48.45 east of 
the Greenwich line. Baghdad is the capi-
tal of the Republic of Iraq, shown in Fig-
ure 2. It is one of its largest cities and the 
second largest city in the Arab world and 
the second largest city in Western Asia. It 
is also considered the economic and ad-
ministrative center in the country. Bagh-
dad occupies a geographical position at 
the latitude 33.3 north of the equator and 
the longitude 44.4 east of the Greenwich 

line, this is from a spatial point of view. 
As for time, the study was determined by 
the duration of 1970–2017 (Iraqi Mete-
orological Organization and Seismology 
[IMOS], 2017).

There is in Baghdad governorate 
a monitoring station located in Baghdad 
International Airport, established since the 
airport’s foundation and holds the global 
code 650 within the codes registered in 
the World Meteorological Organization 
where it works on surface monitoring, 
called Iraqi Meteorological Organiza-
tion and Seismology (IMOS). Using the 
monthly data for maximum temperatures 
that adopted from for 47 years from 1970 
to 2017 for Baghdad city. The study pe-
riod was divided into two periods, the first

FIGURE 2. Map of the study area (Baghdad governorate) (IMOS, 2017)
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period from 1970–1991 and the second 
period from 1992–2017. Thirty years of 
data is long enough to calculate an aver-
age that is not influenced by year-to-year 
variability. The reason for choosing is the 
availability of its data and a continuation 
of previous research on this topic that 
touched on the overlap of the seasons, 
knowing that there are research studies of 
temperatures and their general direction.

Results and discussion 

Objective study of observation sea-
sonal variation to understand changes 
that happen in monthly air temperature 
with increasing daily length related with 
latitude more than balancing 108 the in-
creasing solar zenith angle so that satu-
ration increases slightly with latitude. In 
the case for specific region (Baghdad), 
this study focused on the variation for 
maximum air temperature in May during 
approaching summer properties for limit 
period (1970–2017). The study period 
was divided into two periods: the first 

begin in 1970, while the 1991 was the 
end year, and the second (1992–2017).

Due to climatic changes, all months 
of the year will increase in temperature, 
but this increase depends on two main 
points, which are climate variation and 
climate changes. When we compare the 
distinguished cases (the increase over 
the average) for the month of May and 
convert them into ratios compared to the 
months (June and July), the result in-
dicated that the rate of increase for the 
month of May was 54%, while the rate 
of increase for the months of June and 
July was 50% and 48%, respectively. We 
conclude from this that May is qualified 
to acquire the characteristics of the sum-
mer season due to this high percentage. 
In addition, there should be a difference 
in the rates, since May approaches the 
characteristics of summer season, June 
of the beginning of the season and July 
the climax of the summer season.

Temperature tendencies indicated 
positive change in temperature, particu-
larly in summer. Figure 3 shown time 
series of variation Tmax in May, where 

FIGURE 3. Time series for temperature maximum values in May during 1970–2017 for Baghdad city
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minimum Tmax was 33°C in 1972, and 
high value was 39°C in 2007; that is, 
the different for transfer season for May 
(6°C). Therefore, this split came to two 
periods from this point and because of 
the Tmax. Below 38°C in the first  period, 
while in the second more than seven 
years (1995, 1996, 1997, 1999, 2005, 
2006, and 2015) were above 38°C. 
These results show different inter-sea-
sonal variation between these two pe-
riods, meaning that each period has its 
own inter-seasonal variation. The pat-
tern of Tmax for each period was differ-
ent too, in the first period more regular 
fluctuation than second period that rep-
resent each three years maximum peak.

June represented first month for 
summer season, and the minimum value 
of Tmax was 39°C, that is the maximum 
temperature for May as shown in Fig-
ure 4, where the maximum of Tmax was 
44°C. The inter-seasonal variation for 
this month was about 6°C, although the 
second period has more wide variance 
than first period, but less than May, and 
this result confirms the trend in the pre-

vious paragraph, which was split the pe-
riod study into two parts.

The Tmax for July behavior similar to 
June, which represent summer’s charac-
teristics. The minimum Tmax was 42°C 
that the same temperature for maximum 
temperature for June, while the maxi-
mum temperature was 48°C as shown 
in Figure 5. The inter-seasonal variation 
for this month was about 6°C. The max-
imum peak of Tmax for first period was 
less than 46°C, while in the second pe-
riod five years was above 46°C (1996, 
2000, 2012, 2015, and 2017). This re-
fer to general trends tends to increased 
Tmax.

The results that carried out when find 
the difference between Tmax for June–
–May are shown in Figure 6. The first 
period characteristic of the summer sea-
son was the large number of fluctuations 
with same wave cycle, while the second 
periods have less fluctuation with short 
amplitude. Generally the high difference 
for Tmax (June–May) was 8°C.

The difference between July and 
May is shown in Figure 7. The fluctua-

FIGURE 4. Time series for temperature maximum values in June during 1970–2017 for Baghdad city
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FIGURE 5. Time series for temperature maximum values in July during 1970–2017 for Baghdad city

FIGURE 6. Time series for differences between temperature maximum values in June–May during 
1970–2017 for Baghdad city

tion was irregular, and the variance was 
about 2°C than average with short am-
plitude except a few years (i.e. 1995) to 
represented one of the most important 
properties of summer, with high variance 
was about 6°C.

When find the difference between 
two months in the same season as noted 
in Figure 8, the variance in the begging 
was 1–2°C then reach to 5°C in 1995 

that were compatible with previous 
cases, so that May was approaching to 
summer.

When compare between summer’s 
months with May in the dataset that draw 
in Figures 6, 7 and 8. These three cases 
for difference of Tmax. The significant 
increase appear in the Tmax during May 
and summer months (June, July, and Au-
gust) during the study period as follows 
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FIGURE 8. Time series for differences between temperature maximum values in July–June during 
1970–2017 for Baghdad city

FIGURE 7. Time series for differences between temperature maximum values in July–May during 
1970–2017 for Baghdad city

(1.9 for May, 1.2 for June, 4.4 for July, 
4.9 for August). There is also a signifi-
cant Tmax for Baghdad with similar be-
havior of Tmax in May to June and July 
during the second period of the study 
period (1992–2017), unlike the first pe-
riod (1970–1991). Two phases in sec-
ond period found out, the positive phase 
happened in 1995, 1999, and 2006, four 
cases were negative (1992, 2004, 2013, 

and 2016), while a few cases recorded in 
first period.

For the purpose of comparing the 
change for the study periods, Table 1 
was adopted from Figure 7, which shows 
a comparison between the two periods. 
It is clear that the amount of difference 
for the first period is greater than the 
second period, and this indicates that the 
maximum temperatures are close to their 
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characteristics in the summer season. 
Accordingly, the ratio of the difference 
between the temperatures of the two pe-
riods is 63%.

The amplitudes of monthly variability 
had same distance from leaner correlation 
especially in 1999, and 2013, that repre-
sent coherent wave with summer seasons. 
The variance difference for Tmax between 
May and June approximately was 2°C for 
second study’s period, while exceed this 
range in first period. This variance change 
to 7.5°C when find difference between 
July and May. There is a slight geographic 
variation in the beginning and end of the 
season, so that May had characters ap-
proaching to strong summer features for 
the maximum temperature. The 1992 was 
the beginning of climate change, before 
1992 May had different behavior to the 
summer months, but after the 1992 May 
was closed to the summer characteristics 
months through behavior point.

Standard deviation is used to find the 
dispersion error and standard deviation 
for both May and summer as shown in 
Table 2. Be confirmed again that May 
was near to summer than spring in light of 
seasonal variation and climate change.

Conclusions

A surface temperature data set for 
Baghdad have been used to study  changes 
in Baghdad in order to examine the sea-
sons temperature over five decades. Ob-
jective study of observation seasonal 
variation to understand that changes hap-
pen in monthly air temperature refer to 
extended daily length in summer season 
beside the effect of latitude. This lead to 
change in solar zenith angle that slightly 
increased. Another less effect was geo-
graphic variation in the beginning and 
end of the season. Significant point was 
summer season had extend in Baghdad 
to May instead of June. Since May 1992 
the approaching of May was very clear 
because May is the first month of year 
when summer extend, beside May was 
found in spring season before 1992 ac-
cording to properties of maximum tem-
perature. The effect of Baghdad location, 
climate change, increased air tempera-
ture, and variation of surface air tem-
perature lead to increased maximum air 
temperature for all season particularly in 
spring make may approaching to sum-
mer season. Before 1992 these factors 

TABLE 1. The statistics, mean for two periods of study for Baghdad

Period Start deviation at 8°C End deviation at 8°C Mean

1970–1991 0.6 0.5 0.55

1992–2017 0.2 0.5 0.35

TABLE 2. Statistics characteristics for May, June, and July and the difference for Baghdad city

Statistics May June July June–May July–May July–June

Standard deviation 1.5009 1.0466 1.3121 1.3310 1.4357 1.3138

Standard error 0.2166 0.1511 0.1894 0.1921 0.2072 0.1896

Confidence 0.5816 0.4056 0.5084 0.5158 0.5564 0.5091
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have less effect on maximum for Bagh-
dad city. The inter-seasonal variation 
for May, June and July was about 6°C, 
this mean the three months are similar in 
terms of the variation in maximum tem-
peratures, and this refer to that general 
trends tend to increased Tmax.

The behavior of air temperature for 
Baghdad city during the summer months 
tends to increase despite the fluctuations 
between the increase and decrease. Such 
observations are consistent with global 
trends in temperature. The results in-
dicate the possibility of confirming the 
overlap of May within the summer sea-
son through the minimum temperatures 
of Baghdad city and the rest of the Iraqi 
cities. After 1992 results revealed a sig-
nificant Tmax for Baghdad during period 
of 1992–2017 shown that the similar 
behavior of Tmax in May to June and 
July; on the contrary that first period 
(1970–1991). The variance difference 
for Tmax between May and June approxi-
mately was 2°C for second study’s pe-
riod, while exceed this range in first peri-
od. This variance change to 7.5°C when 
find difference between July and May. 
Standard deviation is used to find the 
dispersion error and standard deviation 
for both May and summer. Be confirmed 
again that May was near to summer than 
spring in light of seasonal variation and 
climate change.
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Summary

Approaching of May maximum sur-
face air temperature to characteristic 
summer season for Baghdad city. Sea-
sonal variability is the complex non-linear 
response of the physical climate system. 
There are two types of natural variability: 
those external and internal to the climate 
system. In any given season, natural vari-
ability may cause the climate to be differ-
ent than its long-term average. This study 
examines with the seasonal variation of the 
maximum temperatures during the summer 
season. In addition, the maximum tempera-
tures in May become close to the character-
istics of the summer season. The monthly 
data for maximum temperature of May, June 
and July were used from Iraqi Meteorologi-

cal Organization and Seismology (IMOS) 
for 47 years from 1970 to 2017 for Baghdad 
city. This period was long enough to esti-
mate the range of approaching maximum 
temperature (Tmax) May to summer. Re-
sults revealed a significant Tmax for Bagh-
dad during the second period (1992–2017) 
and shown similar behavior of Tmax in May 
to June and July; on the contrary that first 
period (1970–1991). In second period, two 
phases have been found out, positive phase 
and negative phase. The positive phase were 
happened in 1995, 1999, and 2006, and the 
negative phase was four cases (1992, 2004, 
2013, and 2016), while a few cases recorded 
in first period. The amplitudes of monthly 
variability had same distance of leaner cor-
relation especially in 1999 and 2013 that 
represent coherent wave with summer sea-
sons. The variance difference for Tmax be-
tween May and June approximately was 2°C 
for second study’s period, while exceed this 
range in first period. This variance change 
to 7.5°C when found difference between 
July and May. 

Authors’ address:
Sara Ali Muter – corresponding author
(https://orcid.org/0000-0002-6728-9609)
Mustansiriyah University
College of Science
Department of Atmospheric Sciences
Palestine Street, 14022 Baghdad 
Iraq
e-mail: sara.a.atmsc@uomustansiriyah.edu.iq

Jasim H. Kadhum
Ahmed S. Hassan
Mustansiriyah University
College of Science
Department of Atmospheric Sciences
Palestine Street, 14022 Baghdad 
Iraq



Longitudinal shear in composite deck slabs using corrugated steel sheets 411
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Introduction

Composite deck slabs can be de-
fined as that slabs in which a profiled 
deck sheets are used as a base on which 
reinforced concrete is poured to make 
composite action. This composite phe-
nomenon mentioned can be between 
this mass (corrugated sheets and con-
crete) and the supported steel beams 
through the use of shear connectors. A 
cold-formed steel deck sections are not 
only used as supporting form (mold) 
before hardening of concrete but also 
as a principal tensile reinforcement for 
the bottom fibers of the composite slab. 
Porter and Ekberg (1975) carried out 
full-scale tests on composite slabs to es-
tablish shear-bond failure mechanism. 
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Longitudinal shear in composite deck slabs using corrugated 
steel sheets

The steps of construction of such slabs 
can be seen in Figures 1 and 2.

The composite action is achieved by 
means of positive interlocking between 
corrugated steel sheets (deck) and the 
concrete by may be embossments, in-
dentations, transverse wires attached to 
the deck corrugations, holes in corruga-
tions or interface bonding between deck 
and steel.

Two types of steel sheets were used 
in trapezoidal and re-entrant shapes in 
bending and pushed out tests to find m–k 
parameters. The loads were applied lon-
gitudinally and transversely. That work 
was done by Wright et al. (1987). They 
concluded that increase in height of em-
bossments will improve the load carry-
ing capacity of the composite structure. 
A new method to determine the strength 
and stiffness of the composite slabs was 
developed by Easterling and Young 
(1992). A six slabs were cast and the 
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FIGURE 1. a – Steel beams supporting corrugated steel sheets; b – supporting beams rested on steel 
girders

FIGURE 2. Erection of steel 
reinforcement and pouring of 
concrete

 results of the analytical and experimental 
results were compared to reach the cri-
teria in which a proper anchorage at the 
ends of the slabs should be provided.

Mäkeläinen and Sun (1999) stud-
ied the phenomena of shear connection 
in composite slabs using profiled steel 
sheets. A push-out tests were carried out 
on 27 samples. The parameters which 
were studied include different geometri-
cal shapes, sizes, thickness of sheets and 
location of embossments. As a conclu-
sion recorded was that the embossment 
depth plays a vital role in increasing 
shear stress. As a continuation of the pre-
vious work, Burnet and Oehlers (2001) 

developed a simulation of the bond be-
tween profiled sheets and concrete more 
accurate in push tests as a results of test-
ing 33 specimens. Dove-tailed and trap-
ezoidal rib shear connections were used 
to study chemical bond and mechani-
cal bond strengths. A higher shear bond 
strength was governed in composite 
slabs that have end anchorage compared 
to that without end anchorage. That were 
the concluded remarks drawn by Chen 
(2003) in testing seven simply supported 
one span composite slabs.

Marčiukaitis, Jonaitis and Valivonis 
(2006) mentioned that the application of 
load on composite slabs using profiled 

a b
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steel sheets will lead to the truth that 
the connection between these sheets and 
concrete is not absolutely stiff and cracks 
shall appear in tension zone of the con-
crete. A new effort was recorded by Mar-
imuthu et al. (2007) that the shear span is 
an effective parameter in composite slab 
uses embossed profiled steel sheets. If 
the shear span is short, the slab strength 
is governed by shear bond failure and by 
flexural failure in large shear spans. The 
partial interaction between the two ma-
terials of such composite structure was 
studied by Jeong (2008) making use of 
the push out tests. His work was coin-
cided with the results governed from
m–k method. The state of art recommends 
that this is a useful way to treat with par-
tial interaction. The shear bond in com-
posite slabs can be found from bending 
test data. This bond can be calculated 
through a procedure called force equilib-
rium method which is the effort produced 
by Abdullah and Easterling (2009).

Hedaoo, Gupta and Ronghe (2012) 
casted 18 full-scale composite slabs 
specimens to know their structural be-
haviour and load carrying capacity. He 
reached that the m–k method results are 
weaker than the experimental method 
by about 43%. One of the famous works 
to overcome slip in composite slabs was 
done by Lakshmikandhan, Sivakumar, 
Ravichandran and Jayachandran (2013) 
through using three types of mechani-
cal connector schemes. During the tests 
of full-scale specimens, no any visible 
delamination and slip had been shown. 
The effect of thickness of the profiled 
steel sheets was studied by Cifuentes 
and Medina (2013) when three differ-
ent thicknesses were tested. Thickness 
of these sheets show very important 

parameter in considering longitudinal 
shear strength especially in long-span 
specimens.

The effect of shear span was studied 
in Australia through testing four types 
of profiled decking, two of them trap-
ezoidal and other two were re-entrant by 
Gholamhoseini, Gilbert, Bradford and 
Chang (2014). They studied two types 
of shear spans L/6 and L/4. The ultimate 
shear stress for L/6 is greater than that 
for L/4. Japan and Vakil (2014) studied 
theoretically the effect of varying pro-
filed thickness with and without emboss-
ments by modeling that in ANSYS-15. 
The deflection and stress of the compos-
ite slabs were affected directly by thick-
ness variation. The relation was found to 
be linearly proportional to some extent.

Experimental work

The experimental investigation of 
composite profiled slabs comprises the 
following activities: 
− materials used;
− casting of slabs;
− testing of slab specimens and 

instrumentation.
The materials, which were used to 

prepare concrete, were confirmed with 
Iraqi specifications including cement, 
i.e. IQS 5/1984 standard (Central Or-
ganization for Standardization and Qual-
ity Control [COSQC], 1984b), gravel 
and sand, i.e. IQS 45/1984 standard 
(COSQC, 1984a). The mix design for 
concrete compressive strength was done 
in the lab to get concrete of 25 MPa. 
Steel reinforcement used were mesh fab-
ric of 6 mm diameter bars and 150 mm 
C/C distance in two directions. The 
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yield stress of the steel was 410 MPa. 
The steel sheets used were galvanized 
and their properties are listed in Table 1 
and a part of the corrugation can be seen 
in Figure 3. These sheets are without 
embossments.

The slabs were casted after pouring 
the concrete on the steel sheets which 
will work as form before hardening of 
concrete. Concrete cubes, cylinders and 
prisms were taken to test them until the 
actual compressive and tensile strengths 
of concrete were governed. The pro-
file steel sheets used has dimensions of 
2.5 × 0.9 m. Wooden form was used to 
keep concrete in its position at the above 
boundaries of the slab. A mesh of 6 mm 
diameter bars at 150 mm C/C in both di-
rections was used and suited at 25 mm 
above top of profile sheet.

The instrumentation was arranged 
and set up as shown in Figure 4 to test 
the hardened slab in accordance with the 
Eurocode 4. Part 1-1 (European Com-
mittee for Standardization [CEN], 2004). 
Linear variable differential transformers 
(LVDTs) were used to measure the hori-
zontal slip as shown in Figure 4. They 
were installed in such a manner that 
two of them were used to measure slab 
slip and another two for measuring slip 
in profiled sheet to find out the relative 
slip between the concrete and the used 
corrugated steel sheet. A two dial gauges 

FIGURE 3. Profiled corrugated steel sheets

TABLE 1. Properties of corrugated sheet

Property Value

Width of corrugated sheet 0.9 m

Length of corrugated sheet 2.5 m

Thickness of the sheet 0.7 mm

Weight of the sheet 14.37 kg

Number of pieces in 0.9 m 
width of sheet 4.615

Length of each piece 215 mm

Total length in 0.9 m width of 
corrugated plate 992.23 mm

Gross area 694.56 mm2

Distance from center of gravity 
to the base “y” 6.57 mm

Moment of inertia (I) about the 
centroidal axis 46 608 mm4

ZU (for upper position) 2 529 mm3

ZL (for lower position) 7 094 mm3

Shear capacity of the profile 
sheet 25.25 kN·m–1

Moment capacity of the profile 
sheet 2.4 kN·m

Yield stress of the sheet (use 
coupons samples) 215 N·mm–2

were fixed at the lower part of the mid-
-span length to read the mid deflection of 
the slab. The load was applied gradually 
through two-line loads across the trans-
verse dimension of the slab at a rate of 
1 kN in a start of the test. Afterwards it 
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is increased to 2 kN in a way that was 
shown in Figure 5.

The shear span is taken in a way 
that verified the provisions of the Euro-

code 4. Part 1-1. It was taken in two 
ways short and long shear spans. The 
shorter shear spans must not be less than 
three times the composite deck depth 

FIGURE 4. Test set up of the composite slab and casting concrete

FIGURE 5. Arrangement of the slab test
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and not more than 1,250 mm therefore 
they were taken as 600, 500 and 400 mm 
respectively in this study. The provision 
of the longer shear span is not less than 
1/4 the slab length. So, they were select-
ed as 800, 750 and 700 mm. According 
to Eurocode 4. Part 1-1, Clause 9.2.1, 
the following conditions were fulfilled:
1. The overall depth of the composite 

slab (h) shall be not less than 80 mm. 
The thickness of concrete (hc) above 
the main flat surface of the top of the 
ribs of the sheeting shall be not less 
than 40 mm.

2. Transverse and longitudinal rein-
forcement shall be provided within 
the depth of the concrete (hc).

3. The amount of reinforcement in both 
directions should be not less than 
80 mm2·m–1.

4. The spacing of the reinforcement bars 
should not exceed 2h and 350 mm, 
whichever is the lesser.
For each shear span a static testing 

was done by applying loading till a mid-
-span deflection is reached a limit of 
1/50 times span length. Cyclic testing 
was not done because most of literature 
studies recommended that it has no ef-
fect in shear transfer study. 

Results and discussion

The results which were recorded 
include testing the slabs to find out the 
mid-span deflection and the longitudinal 
slip to build the equation mentioned by 
Porter and Ekberg (1975), through the 
investigation of finding m and k. This 
needs the results of testing three shorter 
shear spans besides three longer shear 
spans. The results of mid-span deflection 

of the shorter shear spans can be shown 
in Figure 6. As shown from the graphs 
they are taking same trend and deflec-
tions recorded are so small in the first 
stage in which higher values of loads are 
applied. As slip occurs the deflection is 
increased rapidly due to the appearance 
of shear cracks and separation of corru-
gated sheets from the concrete. This is 
really a new stage because a fluctuation 
is seen in the load applied. Afterwards a 
flexural crack had been started in the mid-
dle part of the slab till failure as shown in 
Figure 7. The appearance of these cracks 
facilitates the deflection to be increased. 
As shear span value increased, a higher 
deflection is registered and that is clear 
in results of 800 mm shear span in which 
the deflection was 60 mm compared to 
other shear spans.The maximum load 
was recorded in the minimum shear span 
(700 mm) where it was 21 kN and that 
is because the shear span is the arm of 
the applied load affecting on the nearest 
support. The same graphs trend was seen 
in testing and drawing the load deflec-
tion curves of shorter spans as seen in 
Figure 8 except that the values recorded 
of the loads and deflections are higher 
compared to the longer shear spans. This 
fact due to decreasing in the force arm 
and the delay in slip between sheets and 
concrete.

Figure 9 shows the relationships be-
tween load applied and slip for longer 
shear spans. The shape of these relation-
ships like that of the deflection relations. 
The most important phenomenon seen 
in these relations including the shorter 
shear spans shown in Figure 10 that, 
very small values of slip are recorded at 
the start of the test while the loads reach 
higher values near or equal to ultimate or 
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FIGURE 6. Mid-span deflections of shear spans: a – 800 mm; b – 750 mm; c – 700 mm; d – comparison 
among the three shear spans

FIGURE 7. Shear and flexural cracks appeared during tests of the composite slabs

a b

c d
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failure load. The explanation of this mat-
ter is that as load increased deflection in 
the middle region of the slab increased. 
This condition try to break the bonds be-
tween the concrete and sheets at the end 
edges of the slab and ignores the mono-
lithic action therefore slip increased as 
deflection increased and that is clear 
from whole curves.  In the two types of 
spans the slab material behaves as brittle 

under the applied load and as deflection 
and slip increased it will behave as duc-
tile as it was shown in all relations that 
all failure loads are less than the maxi-
mum load registered at very small slips.

In Eurocode 4. Part 1-1, Clause 9.7.3, 
Point 3 states that “the longitudinal shear 
behaviour may be considered as ductile 
if the failure load exceeds the load caus-
ing a recorded end slip of 0.1 mm by 

FIGURE 8. Mid-span deflections of shear spans: a – 600 mm; b – 500 mm; c – 400 mm; d – compari-
son among the three shear spans

a b

c d
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more than 10%. If the maximum load is 
reached at a midspan deflection exceed-
ing L/50, the failure load should be taken 
as the load at the midspan deflection of 
L/50” (CEN, 2004, p. 102). The results of 
the present study are coincided with this 
clause for shorter and longer shear spans. 
Point 4 in the same clause recommended 
the equation of the design for shear bond 
capacity of composite deck slabs as:

pu

p s

AV
m k

bd bL
= +  (1)

So, this equation is a linear equation 
in which the slope of the straight-line 
m must be determined and the intercept 
k also to evaluate the shear transferring 
capacity of the profiled sheet. The eval-
uation of these two parameters needs an 

FIGURE 9. Slip of shear spans: a – 800 mm; b – 750 mm; c – 700 mm; d – comparison among the three 
shear spans

a b

c d
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FIGURE 10. Slip of shear spans: a – 600 mm; b – 500 mm; c – 400 mm; d – comparison among the 
three shear spans

experimental test for each new type of 
profiled steel sheets and that is the main 
aim of the present study. In drawing the 
results of the shorter and longer shear 
spans where Vt is taken to be 0.5 the 
failure load including the own weight 
of the slab and corrugated sheet, the 
straight line will be governed as shown 
in Figure 11. The slope of this line rep-
resents m and k is represented by the in-
tercept. The values of these parameters 
determined from this study are m = 65 
and k = 0.094.

The design equation for this corru-
gated steel sheets will be:

65 0.094
pu

p s

AV
bd bL

= ⋅ +  (2)

To make comparison with other pro-
filed sheets, the values evaluated for 
this new corrugated sheet can be seen in 
Table 2.
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FIGURE 11. Graph of m–k

TABLE 2. Comparison among available profile steel sheets

Reference or author Profile type Embossment type m k

Wright, Evans & Harding (1987) trapezoidal Chevron embossments @90° 107.527* 0.0401

Chen (2003) trapezoidal Chevron embossments @0° 84.665* 0.0221

Marimuthu et al. (2007) trapezoidal rectangular dishing type of 
embossments 87.956* 0.0322

Saravanan, Marimuthu, Prabha, 
Arul Jayachandran & Datta (2012) trapezoidal rectangular embossments in 

web and flange 96.95* 0.043

Present work trapezoidal without embossments 65 0.094

*Saravanan et al. (2012).
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Conclusions

As a result of the use of different 
longer and shorter shear spans to inves-
tigate the effect of using this type of pro-
filed steel sheets, the following conclu-
sions can be mentioned:
− The value of m is the predominant 

factor in the shear design transfer 
equation, therefore increasing it 
means increasing the value of shear 
transferred and yet slip will occur. 
In the present study the value of m 
is the smallest among others while 
k is the largest value recorded. The 
evaluated values of m and k are 65 
and 0.094 respectively.

− The present type of sheets is used 
here in wide range, therefore need 
to study shear transfer becomes a 
pressurized matter. A recommenda-
tion here can be drawn that if a shear 
connector can be added to the action 
of using such sheets in composite 
slabs.

− All samples tested pass through two 
stages brittle and ductile. No sam-
ple failed in sudden or catastrophic 
failure.
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Summary

Longitudinal shear in composite deck 
slabs using corrugated steel sheets. Profile 
deck steel sheets are used in composite deck 
slabs. These sheets are standard in dimen-
sions and shapes besides they are supplied 
with embossments and indentations. Such 
sheets are not available in Iraqi markets now-
adays therefore people used another type of 
sheets which are corrugated without emboss-
ments or indentations in very wide range. 
This study covers the use of such sheets in 
composite slabs as decks instead of standard 
profiled steel sheets. The study comprises 
testing slabs of dimensions 0.9 × 2.5 m re-
inforced by steel fabric mesh and rested on 
corrugated sheets. Two types of shear spans 
are selected shorter and longer to study the 
longitudinal shear force transmitted due 
to the applied loads according to the Euro-
code 4. The shorter shear spans are 600, 500 
and 400 mm while longer one is 800, 750 
and 700 mm. The study extended to support 
the requirements of design equation of the 
Eurocode by shear bond method also known 
as m–k method. The evaluated values of m 
and k are 0.094 and 65 respectively. The re-
sult of k which plays a very important role 
in shear transfer is small compared to what 
available in literature, therefore it is recom-
mended to make use of shear connectors in 
such construction or any else method.
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Introduction

Experimental-theoretical  researches 
and improvement of the calculation 
theory of reinforced concrete structures 
by the action of diverse influences, such 
as strength, rigidity and crack resistance 
is a very important scientific problem in 
civil engineering.

New concepts for the calculation of 
reinforced concrete structures are be-
ing developed (Pavlikov, Kochkarev & 
Harkara, 2019), existing methods are 
being improved (Kolchunov & Yakov-
enko, 2016; Karpyuk, Kostyuk & Semi-
na, 2018; Karpiuk, Somina & Antonova, 
2019), including with the involvement 
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Strength of eccentrically tensioned reinforced concrete 
structures with small eccentricities by normal sections

of the calculation apparatus of fracture 
mechanics (Iakovenko, Kolchunov & 
Lymar, 2017). In accordance with the 
current building codes of Ukraine in the 
field of design of reinforced concrete 
structures, i.e. the DBN V.2.6-98:2009 
standard (Ukrayinskyy naukovo-doslid-
nyy i navchalnyy tsentr problem stand-
artyzatsiyi, sertyfikatsiyi ta yakosti 
[SE UkrNDNC], 2011a) and the DSTU 
B.V.2.6-156:2010 standard (SE UkrN-
DNC, 2011b), normal cross sections of 
reinforced concrete elements are calcu-
lated according to the boundary condi-
tions of the first and second groups using 
the deformation method.

The main feature of this method is 
the solution of a system of non-linear 
equations. Therefore, the use of numeri-
cal calculation methods, modern soft-
ware packages for their implementation 
is an integral part of this process. A char-
acteristic feature of the above normative 
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documents is that they practically do 
not consider cases of stress-strain state 
(SSS) of normal sections with off-center 
tension. In particular, this applies to the 
case of small eccentricities, there are no 
practical recommendations for the use 
of the deformation method. In practical 
manuals for building codes (Babayev, 
Bambura & Pustovoitova, 2015; Bam-
bura, Pavlikov, Kolchunov, Kochkarev 
& Yakovenko, 2017; Wojciechowski & 
Zhuravsky, 2017) this issue is also insuf-
ficiently covered. The appearance of the 
first cracks (Bambura et al., 2017; Iako-
venko & Kolchunov, 2017) in reinforced 
concrete structures significantly affects 
their rigidity. This further significantly 
reduces the load-bearing capacity of both 
normal and inclined sections. A special 
influence on the appearance and spread of 
cracks has a complex resistance – torsion 
with bending (Dem’Yanov, Yakovenko, 
Kolchunov, 2017; Dem’Yanov, Kolchu-
nov, Iakovenko & Kozarez, 2019).

Topicality

Eccentrically stretched elements are 
quite common among reinforced con-
crete structures. These types include a 
fairly wide class of reinforced concrete 
structures – monolithic walls of tanks 
and hoppers rectangular in plan, the low-
er belts of non-skeletal trusses, pipeline 
structures, walls of cylindrical silos, gra-
naries, arched structures, and so on.

When determining the SSS of normal 
cross sections of such elements due to the 
lower height of the compressed zone of 
concrete, its compressive strength is not 
fully used, as is the case with off-center 
compression or bending.

Execution of modern calculations of 
reinforced concrete structures in com-
puter-aided design systems (Kolchu-
nov, Yakovenko & Dmitrenko, 2016; 
Iakovenko et al., 2017) is based on the 
construction of finite-element models of 
rod (which simulate the work of beams, 
columns) and plate shell finite elements 
(which simulate the work of plates, dia-
phragms, walls).

Therefore, the search for a rational 
design on the basis of real research and 
the results of the SSS calculation of 
normal cross-sections of eccentrically 
stretched reinforced concrete structures 
by the deformation method is an actual 
task. The obtained results (Bambura 
et al., 2017; Kolchunov, Dem’yanov, Ia-
kovenko & Garba, 2018) are of practical 
importance in the implementation of the 
proposed algorithms for calculations of 
reinforced concrete structures in mod-
ern software packages, based on the de-
formation model of reinforced concrete 
(Bambura et al., 2017) and conducting a 
more accurate, reliable analysis of such 
structures (Kolchunov et al., 2018).

Material and methods

Study area. Output data. To con-
duct a numerical study, the authors chose 
a rectangular reinforced concrete normal 
section of the slab fragment with double 
reinforcement with rod reinforcement 
(Fig. 1). The class of heavy concrete 
– C16/20, the class of longitudinal work-
ing reinforcement – A400C.

The following parameters were var-
ied: the height of the section h and the 
coefficient of the accepted reinforce-
ment ρ.
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This type of section is chosen due 
to the wide application in the modeling 
of both rod and plate (shell) types of fi-
nite elements. These types of finite ele-
ments make up the calculation models of 
buildings and structures when perform-
ing their calculation in modern software 
packages (for example, the PC family 
“Lira-CAD”). The initial data of the task 
are presented in Table 1.

Reinforcement of the section is  taken 
symmetrical to prevent the impact on 
the external eccentricity (from external 
forces relative to the geometric center 

FIGURE 1. Geometric dimensions and normal section reinforcement scheme of reinforced concrete slab

TABLE 1. Physico-mechanical characteristics and initial data for calculation of reinforced concrete 
cross section

Characteristics of reinforced concrete section Value

– sectional height – h [cm] 20 16 12

– sectional width – b [cm] 100

–  area of the longitudinal reinforcement at the top of the section – As,top [cm2] 11.31 6.5 2.25

–  the area of the longitudinal reinforcement at the bottom of the section 
– As,low [cm2] 11.31 6.5 2.25

–  the distance from the upper face of the slab to the reinforcement axis at the 
top of the section – as,top [cm] 3

–  the distance from the lower face of the slab to the reinforcement axis at the 
bottom of the section – as,low [cm] 3

– section reinforcement coefficient – ρ [%] 1.33 1.0 0.5

– the coefficient of reinforcement to concrete reduction – αs 7.407

of gravity of the section) additional ec-
centricity (from the displacement of the 
center of gravity of the section due to 
asymmetric reinforcement). It should be 
noted that with small external eccentrici-
ties, this effect is quite significant and 
can in some cases lead to a change in the 
SSS cross section.

The calculated diagrams for concrete 
(Fig. 2a) and reinforcement (Fig. 2b) are 
accepted as bilinear with the correspond-
ing parameters specified in the current 
building codes, i.e. the DBN V.2.6-
-98:2009 standard.
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Research methodology

Stress-strain state of reinforced 
concrete rectangular section is flat non-
-eccentric tension.

This type of SSS is quite common 
in determining the required area of re-
inforcement in shell reinforced con-
crete elements. In the implementation 
of such calculations by the method of 
Wood–Armer (Shin, Bommer, Deaton & 
Alemdar, 2009) there is a problem of sig-
nificant duration of their implementation 
due to the large number of calculated 
combinations of efforts in comparison 
with the method of Prof. N.I. Karpenko 
(Karpenko, 1996). That is why the de-
velopers of computerized algorithms for 
calculating reinforced concrete struc-
tures by the Wood–Armer method is also 
an important task to reduce the time of 
calculations and their high accuracy.

The system of non-linear equilib-
rium equations (in general case), which 
describes the operation of a normal rein-
forced concrete section under load (the 
second form of equilibrium), with a tri-
angular diagram of the compressed zone 
of concrete (Fig. 3a), has the following 
form:
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where:
Ecd –  calculated modulus of elasticity of 

concrete in compression [MPa],
N –  longitudinal force acting on the 

section under consideration,
M –  external moment and longitudinal 

force acting on the section under 
consideration. 

The external moment is dependent 
by next formula:

10
( )M N y e x= + −⋅  (2)

where: 
y –  distance from the extreme stretched 

edge of concrete to the center of 
section gravity [cm],

 а b

FIGURE 2. Bilinear diagrams of the stress-strain state of materials “σ – ε” are accepted at modeling: 
a – for concrete; b – for reinforcement
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e0 –  eccentricity of external force ap-
plication of relative to the center of 
section gravity [cm], 

b – section width [cm],
χ –  curvature of the bend axis in 

cross section is determined by the 
formula:

(1) ( 2 )( )1 c c

r h

ε ε

χ

−

= =  (3)

In Eq. (3) the following notation is 
accepted: 
εc(1) –  deformation of compressed fiber 

concrete,
εc(2) –  average deformations of stretched 

concrete fiber, 
zsi –  the distance of the i-th rod or 

layer of reinforcement from the 
most compressed edge of the sec-
tion [cm],

zsi –  the area of the i-th rod or layer of 
reinforcement [cm2],

Asi –  stresses in the i-th layer of rods 
or reinforcement [MPa], are de-
termined by the deformation 
diagram of the reinforcement 
(Fig. 2b) depending on the cor-
responding strains εsi, which 
are determined by the following 
dependence:

1( )si six zε χ= ⋅ −  (4)

where the height of the compressed 
zone of concrete – x1 [cm] is defined as 
follows:

(1)
1

c
x

ε

χ

=  (5)

In the case, when compressed zone 
of concrete has a trapezoidal diagram, 
the system of non-linear equations of the 
section equilibrium (Fig. 3b) has the fol-
lowing form:
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where:
fcd –  the calculated compressive 

strength of concrete [MPa],
εc3,cd –  ultimate elastic deformations of 

concrete compression (Fig. 2а).

The tensile performance of concrete 
was not taken into account in accordance 
with Chapter 4.1.1 the DSTU B V.2.6-
-156:2010 standard.

The solution of the equations sys-
tem (6) was performed according to the 
method presented in Appendix A of the 
DSTU B V.2.6-156:2010 standard for 
one section repeatedly by finding a bal-
ance between external forces M and N 
and forces arising in concrete and rein-
forcement. The implementation of the 
above algorithm was performed by se-
lecting to the fixed value of the strains 
of the more compressed face of concrete 
εc(1) the corresponding strains of the 
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FIGURE 3. The scheme of efforts and the calculated schemes of stresses and strains at eccentric stretch-
ing of a reinforced concrete rod: a – cross section of the rod; b – with a triangular diagram of the com-
pressed zone; c – with a trapezoidal diagram of the compressed zone

а b c

stretched face εc(2), at which equilibrium 
occurs.

Selection is performed using a com-
bination of numerical methods – methods 
of successive approximations, half divi-
sion, secant. The selection step is accept-
ed 0.01 · εc(1) (in contrast to the step rec-
ommended 0.1 · εc(1) in Appendix A of 
the DSTU B V.2.6-156:2010 standard). 
To determine the strength of the cross 
section, a state diagram “N – εc(1)” was 
constructed at characteristic points εc(1), 
the maximum of which was equal to the 
maximum value of the longitudinal force 
N, perceived by the cross section.

The maximum value of the bending 
moment, which perceives the cross sec-
tion at a given combination of external 
forces is determined by the formula:

0M N e= ⋅  (7)

At the above value of the strain step 
εc(1), the diagram “N – εc(1)” must have 
100 points. At each step εc(1) in the selec-

tion of strains εc(2), all other parameters 
of the SSS cross section (χ, x1, σsi) were 
calculated and then substituted into the 
first equation of the system – Eq. (1) or 
(6), while N assumed to be zero.

Next, the obtained value of the in-
ternal force N, which perceives the cross 
section, was multiplied by the eccen-
tricity of external forces e0. The result-
ing bending moment M was substituted 
into the second equation of the system 
– Eq. (1) or (6) and when the above SSS 
parameters of the cross section were cal-
culated, the equilibrium was checked. 
Thus, in the chosen approach, the cri-
terion for finding the equilibrium of the 
equations system (1) and (6) is the prox-
imity to zero of the result of the second 
equation (equation of moments), namely 
the condition:

M M≤ Δ  (8)

where ΔM is an error in solving a system 
of equations [kN·m].
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Results and discussion

The authors consider two possible 
forms of equilibrium of reinforced con-
crete section under the action flat non-
-eccentric tension:
− non-eccentric tension with large ec-

centricities, the strains diagram is 
ambiguous, the work of the section is 
similar to that which bends (Fig. 4a);

− non-eccentric tension with small ec-
centricities – the line of action of the 
external tensile force is between the 
rods of the longitudinal reinforce-
ment of the section, the section is 
almost completely stretched with a 
relatively small height of the com-
pressed zone of concrete (Fig. 4b).

According to the first form of equi-
librium of the experimental cross sec-
tion (Fig. 4a) – under the action of 
 external forces N = –2,000 kN, M = 
= 600 kN·m, e0 = 30 cm, e0/h = 1.5 (the 
line of action of the external force is 
outside the cross section) the equilib-
rium is at the characteristic points εc(1) 
of the state diagram “N – εc(1)” (Fig. 5). 
The bearing capacity of the reinforced 
concrete section is – Nmax = 169.5 kN, 
Mmax = 50.03 kN·m.

If we consider the action of  another 
combination of external forces N = 
= –2,000 kN, M = 120 kN·m, e0 = 6.0 cm, 
e0/h = 0.3 (under the action of reduced 
by 5 times M), there is a second form of 
equilibrium (Fig. 4b) at cross section.

FIGURE 4. The scheme of efforts and forms of equilibrium under the non-eccentric tension of rein-
forced concrete section: a – with large eccentricities; b – with small eccentricities

а

b
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To more clearly display the results 
of calculations using the algorithm under 
consideration, the graphs of dependence 
on the values ∑M of strains of the more 
tension section face εc(2)/εc,max, which 
correspond to the values of the more 
compressed section face εc(1), are con-
structed. The values εc,max correspond 
to the largest values of tensile strains 
εc(2), at which there is a rupture of the 
reinforcement in the tensioned zone of 
concrete.

According to the data obtained with 
this combination of efforts, the equi-
librium is also established (graph ∑M 
of εc(2)/εc,max the intersection of the ab-
scissa) at all 100 characteristic points 
of the state diagram “N – εc(1)” (Fig. 7), 
even at the highest values εc(1) = εcu,3d (at 
values εc(2) close to the maximum εc,max 
– Fig. 6, Curve 1).

The bearing capacity of the section is 
Nmax = 484.3 kN, Mmax = 29.06 kN·m.

With a further decrease in the value 
of the external moment, with a combina-

tion of external forces N = –2,000 kN, 
M = 30 kN·m, e0 = 1.5 cm, e0/h = 0.075 
cm, the equilibrium is no longer at all 
points of the diagram “N – εc(1)”.

In this case, when εc(1) = εcu,3d and 
εc(1) = 0.8 · εcu,3d the graph ∑M of the 
dependence εc(2)/εc,max does not inter-
sect the abscissa axis (Fig. 8, Curves 
1, 2). The equilibrium is starting from
εc(1) = 0.56 · εcu.

In Figure 9 section of the descend-
ing branch of the diagram at values 
εc(1) > 1.7·10–3 corresponds to the values 
of strains εc(1), in which the search for 
equilibrium between external and inter-
nal forces occurs rupture of the reinforce-
ment in the tensioned zone, i.e. the equa-
tions system (1) or (6) has no solution.

Comparing the state diagrams of the 
cross section “N – εc(1)” at different ec-
centricities e0 of external load applica-
tion (Figs. 5, 7, 9), it should be noted 
that when the eccentricity for the experi-
mental reinforced concrete section de-
creases, the length of the inclined section

FIGURE 5. State diagram “N – εc(1)” of the experimental section at e0 = 30 cm
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 decreases until its complete disappear-
ance. So at eccentricity e0 = 30 cm its 
length makes from εc(1) = 0 to εc(1) = 
= 5.9·10–4; when e0 = 6.0 cm – from εc(1) = 0
to εc(1) = 1.029·10–4. At eccentricity e0 = 
= 1.5 cm, it is absent in general.

Also, when the external eccentric-
ity decreases e0 (reduction of the bend-

ing moment M at a constant longitudi-
nal force N), the value εc(1) at which the 
chosen system of equations has a solu-
tion decreases, i.e. the maximum relative 
deformations of compressed concrete 
εc(1) decrease by force. This is fully con-
sistent with the physical picture of the 
experimental process – with increasing 

FIGURE 6. Graphs ∑M of dependence on εc(2)/εc,max values, when e0 = 6.0 cm: 1 – at εc(1) = εcu,3d; 
2 – at εc(1) = 0.8 · εcu,3d; 3 – at εc(1) = 0.5 · εcu,3d; 4 – at εc(1) = 0.2 · εcu,3d 

FIGURE 7. State diagram “N – εc(1)” of the experimental reinforced concrete section at e0 = 6.0 cm
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external tensile force N, the tensioned 
cross-sectional area increases, the im-
pact of compressed concrete on the over-
all cross-sectional strength decreases.

If we continue to gradually reduce 
the eccentricity e0 of the external forces 
application, the number of characteristic 
points εc(1) at which the equilibrium will 

be in the cross section will also decrease. 
The results of experimental cross sections 
calculations are presented in Table 2. 
But even at sufficiently small values e0, 
close to the transition limit of SSS cross 
section from non-eccentric tension with 
small eccentricities to central tensile us-
ing the method presented in Appendix A 

FIGURE 8. Graphs ∑M of dependence on εc(2)/εc,max values, when e0 = 1.5 cm: 1 – at εc(1) = εcu,3d; 
2 – at εc(1) = 0.8 · εcu,3d; 3 – at εc(1) = 0.5 · εcu,3d; 4 – at εc(1) = 0.2 · εcu,3d 

FIGURE 9. State diagram “N – εc(1)” of the experimental reinforced concrete section at e0 = 1.5 cm
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of the DSTU B V.2.6-156:2010 standard, 
you can find a balance between external 
and internal forces and estimate the load-
-bearing capacity of the section, which is 
completely determined by the area and 
tensile strength of the reinforcement. But 
to successfully find a solution to the sys-
tem of Eq. (1) or (6) you need to reduce 
the selection step from the recommended 
εc(1) = 0.1 · εcu to the smallest, for ex-
ample, to εc(1) = 0.01 · εcu.

An alternative option in this case may 
be to calculate the load-bearing capacity 
of the reinforced concrete section ac-
cording to the formulas of the algorithm 
presented in the previous building codes, 
i.e. the SNiP 2.03.01-84* standard (Go-
sudarstvennyy stroitelnyy komitet SSSR 
[Gosstroy SSSR], 1989), which is based 
on the method of limiting forces. An ad-
ditional argument in favor of the calcu-
lation of this option is its higher speed 
compared to the iterative algorithm of 
the deformation method, which may be 
useful when performing calculations of 
reinforcement of rectangular sections by 
the Wood–Armer method (Shin et al., 
2009).

Conclusions

During performing calculations on 
the strength of normal sections by the 
deformation method of non-eccentri-
cally tensioned elements of reinforced 
concrete structures with small eccen-
tricities, an equilibrium was found be-
tween internal and external forces only 
with a two-digit diagram of the distri-
bution of relative longitudinal strains 
(in the presence of a compressed zone 
availability).

It is established that with a decrease 
in the eccentricity of the application of 
force, the compressed zone of concrete 
in cross section decreases until its com-
plete disappearance. The cross section 
of the reinforced concrete structure be-
comes completely tensioned. An equi-
librium between external and internal 
forces cannot be found with the help 
of the deformation method realization, 
proposed in Appendix A of the DSTU B 
V.2.6-156:2010 standard.

Options for solving this task without 
significant loss of calculation accuracy 
are proposed, the most appropriate of 
which is the transition to the method of 
limiting forces (which was adopted as 
the main in previous building codes, i.e. 
the SNiP 2.03.01-84* standard) and fur-
ther calculation by this method.
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Summary

Strength of eccentrically tensioned 
reinforced concrete structures with small 
eccentricities by normal sections. It is im-
plemented the method of normal rectangular 
sections slab (shell) reinforced concrete el-
ements strength calculating with flat eccen-
tric tensile strength using the deformation 
 method. The results of the calculation are 
 analyzed for the case of eccentric tension 
with small eccentricities with varying next 
parameters: the height of the cross section 
and the reinforcement coefficient. It is in-
vestigated the character of diagrams condi-
tion change of section “N – εc(1)” at gradual 
change of the stress-strain state from eccen-
tric to the central tension. It is revealed that 
when the eccentricity of external forces de-
creases, the compressed zone of concrete 
decreases until its complete disappearance, 
and at rather small values of eccentricities of 
force application the balance between exter-
nal and internal forces cannot be found by 
the method of current norms. An equilibrium 
is found between internal and external forces 
only at a two-digit diagram of the distribution 
of relative longitudinal deformations (in the 
case of a compressed zone). Variants of the 
given problem decision without considerable 
loss of calculations accuracy are offered, the 

most expedient of which is transition to al-
gorithm of calculation by a method of limit-
ing efforts. It was accepted as the basic in 
the previous building norms. The results of 
numerical calculations performed in the soft-
ware complex “Lira-CAD” and the corre-
sponding mathematical modeling confirmed 
the rationality and allowable accuracy of fur-
ther calculations by this method.
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Key words: mesoscale model, damage model, 
fracture energy, cement concrete, asphalt con-
crete, disk-shaped compact tension test

Introduction

Numerical modeling of concrete 
materials has taken several paths over 
the years. The most common method is 
macroscale modeling where concrete 
is modeled as a homogenous material. 
This type of modeling has two distinct 
approaches: continuum models and fib-
er-based models. Continuum models are 
the most commonly used type which uti-
lize commercial finite element programs 
and they are computationally expensive. 
Fiber-based models, on the other hand, 
are less common and not computation-
ally costly (Al-Jelawy, 2017; Haber, 
Mackie & Al-Jelawy, 2017; Al-Jelawy, 
Mackie & Haber, 2018). Recently, an-
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Mesoscale modeling of fracture in cement and asphalt 
concrete

other type of modeling has emerged 
which is the mesoscale modeling.

Mesoscale modeling has become an 
alternative modeling method for mac-
roscale modeling for the simulation of 
heterogeneous materials such as cement 
and asphalt concrete since realistic 
damage prediction and crack growth are 
crucial aspects of such materials (Unger, 
Eckardt & Kooenke, 2011; Thilakarath-
na, Baduge, Mendis, Vimonsatit & Lee, 
2020). Mesoscale modeling in cement 
or asphalt concrete requires aggregate 
and mortar to be modeled as separate 
constituents. Sometimes an interfacial 
transition zone (ITZ) between the ag-
gregate and mortar is modeled as a third 
material (Unger & Eckardt, 2011).

 Heterogeneous material is created 
using image processing techniques 
or through random generation of ag-
gregates. Aggregate can be rounded in 
shape or having sharp angles.  Aggregate 
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size distribution is modeled through pre-
scribed curves or empirical equations 
such as Fuller curve (Häfner, Eckardt, 
Luther & Kὅnke, 2006; Zhang, Song, 
Liu, Wu & Song, 2017). Material mod-
els are then assigned to the aggregate 
and mortar based on their individual 
properties.

In previous studies, continuum mod-
els such as smeared crack models, dam-
age models, and plastic-damage models 
were used to represent fracture proper-
ties within the numerical model (Unger 
& Eckardt, 2011). Also, models which 
utilized discrete cracks implemented 
in rigid-body-spring model were used 
(Grassl & Bažant, 2009), or discrete 
cracks which were included in finite el-
ements such as extended finite elements 
(Moës, Dolbow & Belytschko, 1999).

Recently, the use of mesoscale mod-
eling has been limited to simulate speci-
men subject to tension (Kim & Al-Rub, 
2011; Unger & Eckardt, 2011; Unger 
et al., 2011; Chen, Xu, Mo & Zhou, 
2018; Zhou & Lu, 2018; Karavelić, 
Nikolić, Ibrahimbegovic & Kurtović, 
2019; Jin, Yu, Du & Yang, 2020) and 
compression (Xie, Guo, Yuan & Huang, 
2015; Chen et al., 2018; Zhou & Lu, 
2018; Karavelić et al., 2019; Chen et al., 
2020). The use of fracture mechanics in 
civil engineering have restraints related 
to the selection of the test specimen ge-
ometry and the available equipment to 
run the test. The common specimen ge-
ometry used for concrete fracture testing 
is the three-point notched beam. Speci-
mens extracted from the field have be-
come more desirable in order to evalu-
ate in situ structure capacity. Therefore, 
concrete cores are a suitable option for 

fracture testing since extracting beams 
from the field is difficult. Recently, ge-
ometry selection for concrete (Amirkha-
nian, Spring, Roesler & Paulino, 2016) 
was motivated by previous research on 
asphalt concrete specimens (Wagnoner, 
Buttlar & Paulino, 2005; Wagnoner, 
Buttlar, Paulino & Blankenship, 2006; 
Kim, Buttlar, Baek & Al-Qadi, 2009) 
where a disk-shaped compact tension 
test (DCT) was used extensively on as-
phalt core specimens that gave consist-
ent and accurate results. Later the DCT 
geometry was adopted for asphalt spec-
imens as a standard in ASTM D7313 
(ASTM International [ASTM], 2013). 
The main advantage of the DCT speci-
men geometry is the easy fabrication 
from a field core or laboratory cylinder. 
Numerical studies that are performed 
on cement and asphalt DCT tests are 
mainly in macroscale (Wagnoner et al., 
2005; Amirkhanian et al., 2016). Only 
one mesoscale study was conducted on 
mesoscale asphalt concrete specimens 
(Kim et al., 2009), while none were 
implemented on cement concrete DCT 
tests.

The objective of this study is to 
perform a mesoscale analysis on DCT 
specimens of cement concrete and as-
phalt concrete in order to obtain more 
realistic behavior of these heterogene-
ous materials. In mesoscale models, ag-
gregate and matrix are represented as 
distinct materials and each material has 
its characteristic properties. Experimen-
tal data from previous studies on DCT 
specimens were used to validate the 
modeling results in terms of load-crack 
mouth opening displacement (CMOD) 
relationship.
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Material models

Material models for fracture me-
chanics are mainly two types: constitu-
tive models that represent cracks as a 
reduction in constitutive stiffness such 
as smeared crack model, damage models 
and damage-plasticity models. The other 
type of models such as embedded finite 
elements (Jirásek, 2000) and extended fi-
nite elements (Moës et al., 1999) utilizes 
a crack as a discontinuity in the displace-
ment field. The first type of models has 
gained popularity due to its compatibility 
with finite element analysis (Rots, Nau-
ta, Kuster Blaauwendraad, 1985; Rots, 
1988; Rots & Blaauwendraad, 1989).

In the current study, isotropic dam-
age model was used, and it is explained 
in the subsequent paragraphs. The sof-
tening curve for this model is defined 
as a function of fracture mechanics 
parameters.

This is the simplest form of damage 
models. It assumes that the damage is 
equal in all directions and represented by 
scalar value – ω (Kachanov, 1986; Le-
maitre & Chaboche, 1990). The model is 
applied to the cementitious material only 
(such as cement mortar or asphalt) while 
the aggregate is modeled using its elastic 
properties.

The damage model is based on the 
following stress-strain relationship:

( )( )1 Dεσ ω= −  (1)

where D is the elastic material matrix. 
The damage (ω) can be defined as a func-
tion of fracture mechanics parameters as 
(Kurumatani, Terada, Kato, Kyoya & 
Kashiyama, 2016): 
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Equation (2) is for bilinear soften-
ing, other softening types have differ-
ent equations. The damage (ω) is zero 
if ϵ < ϵ0.
Where:
E – elastic modulus of the concrete or 

asphalt mortar material,
ft – uniaxial tensile strength of the con-

crete or asphalt mortar material,
σs – stress at the point of slope change 

of bilinear softening curve, σs = 
= 0.25 ft,

ws – damage at the point of slope 
change of bilinear softening curve, 
ws = 0.15 wc.

wc – damage occurs at critical crack 
width. It can be defined as:

5
f

c
t

G
w

hf
=  (3)

Where Gf is the total fracture energy of 
the mortar material and h is equivalent 
element size defined as:
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eh A=  (4)

for quadratic elements and:

2 eh A=  (5)

for triangular element where Ae is the el-
ement area. ϵ0 is the cracking strain and 
defined as:

tf
=

E
 (6)

ϵ is the highest equivalent strain the ma-
terial ever experienced and related to 
equivalent strain εeq in case of loading 
and unloading as:

(loading)eq eq> =ε ε  (7)

(unloading)eq =ε ≤  (8)

Equivalent strain is defined as:

2 2
1 2eq b bε ε ε= +  (9)

Where:

1 1bε ε=  if 1 0ε >  otherwise 1 0bε =  (10)

2 2bε ε=  if 2 0ε >  otherwise 2 0bε =  (11)

Where ε1 and ε2 are major and minor 
principal strains. It has been shown that 
isotropic damage model has low mesh 
sensitivity than other models such as 
smeared crack models (Kurumatani 
et al., 2016). 

Geometry generation

To obtain a realistic representation of 
the concrete structure, the shape and size 
distribution of aggregate are described 
using a grading curve. Grading curves 

can be obtained using empirical equa-
tions such as Fuller curve. In the current 
study, Fuller curve was used which is in 
the following form:

max
100dpassing

d

α

= ⋅  (11)

where
d – sieve size [mm],
dmax –  maximum size of aggregate 

[mm],
passing –  accumulated percentage that 

pass the sieve size [%],
α –  Fuller curve exponent and 

assumed to equals to 0.45 in 
the current study. Figure 1a 
shows an example of actual 
and simulated aggregate dis-
tribution using Fuller curve.

After that, ellipsoids are generated 
in three-dimensional domain (refer to 
Fig. 1b). Each individual ellipsoid has 
dimensions which are determined from 
the sieve curve and aspect ratio of the re-
quired aggregate. Aggregates are placed 
according to algorithm commonly 
known as set and place method which is 
explained by Unger et al. (2011). Based 
on this algorithm, the particles are divid-
ed into sets based on their sizes and then 
placed individually. If the placed particle 
intersects with another particle it will be 
placed again in a different empty spot. 
After particle placement was done, the 
ellipsoids were cut by a plane to obtain 
ellipses to shift the focus on two dimen-
sional problems (refer to Fig. 1c). The 
cutting plane is located in the middle of 
width direction to avoid underrepresenta-
tion of larger particles near the edges of 
the specimen. Afterwards, specimen was 
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FIGURE 1. Geometry generation steps: a – sieve analysis; b – ellipsoids; c – ellipses; d – mesh

a b

c d

cut to form a disk-shaped geometry simi-
lar to that used in DCT test and a notch 
was made (see Fig. 1d). The ellipses 
were allowed to be cut at the bounda-
ries to simulate in-situ conditions. Tri-
angular mesh based on Delaunay trian-
gulation was generated using MESH2D 
MATLAB code for two-dimensional ge-
ometries (Engwirda, 2005, 2014).

Numerical solution method

Cement and asphalt concrete tests 
were simulated using finite element 
method, and the triangular mesh was 
modeled as constant strain triangles el-
ements. The applied load was vertical 
static support displacement through the 
circular holes with additional horizon-
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tal support to ensure translational and 
rotation stability. The non-linear behav-
ior was solved using Newton Raphson 
method with line searches implemented 
in MATLAB. The analysis results were 
compared with available experimental 
data in subsequent sections.

Model validation with Portland 
cement concrete experiments

The numerical model was validated 
against experimental tests of disk-shaped 
tension tests of concrete specimens. 
The selected specimens were tested by 
Amirkhanian et al. (2016). The mate-
rial average properties are given in Ta-
ble 1. They were 24 cored specimens, 18 
specimens were tested at age 710 days 
(referred to as Mortar 1 in Table 1) and 
6 specimens were tested at 1,578 days 
(Mortar 2 in Table 1). The averaged 
curves of the two types of the specimens 
were used in the comparisons with the 
numerical model. 

Limestone coarse aggregate was 
used in all specimens with grading size 
of 5–20 mm. The percentage of coarse 
and fine aggregate was assumed 75% by 
volume. Fuller curve exponent of 0.45 
was adopted. Aggregate distribution for 
the two types of specimens (Mortar 1 
and Mortar 2) is shown in Figure 2a 
and Figure 3a, respectively. Disk geom-
etry for the two types of specimens is 
shown in Figure 2b and Figure 4b, re-
spectively. Crack growth from numeri-
cal simulation is shown in Figure 2c and 
Figure 3c for the two types. It can be 
observed that crack initiation and prop-
agation are more realistic than straight 
cracks in macroscale models. The rela-
tionship between load and CMOD for 
the two types of specimens from nu-
merical analysis is comparable to that 
from the experiments as depicted in 
Figure 2d and Figure 3d, respectively. 
The numerical model is able to predict 
the tensile strength, initial stiffness and 
the softening branch of load-CMOD 
curve with good accuracy.

TABLE 1. Material properties for cement concrete specimen

Aggregate
E [MPa] v ft [MPa] Gf [N·mm–1]

45 000 0.2 – –

Mortar 1 38 000* 0.2 4** 0.15**

Mortar 2 38 000* 0.2 4.62*** 0.163***

*** Mortar modulus of elasticity was chosen in order to achieve bulk modulus of elasticity 40,600 MPa 
by using the following equation based on Reuss formula (Reuss, 1929):

bulk
100

% aggregate % mortar

aggregate mortar

=

+

E

E E

 (12).

***Tensile strength in macroscale model was 4 MPa and fracture energy is 0.1252 MPa.

***Tensile strength in macroscale model was 4.2 MPa and fracture energy is 0.148 MPa.
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a b

c d

FIGURE 2. Model validation for cement concrete DCT (Mortar 1) specimens: a – sieve analysis; b – 
cement concrete mesh (7,028 elements); c – crack path at failure; d – load-CMOD curves
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Comparisons with asphalt 
concrete experiments

In addition to the concrete speci-
mens, of disk-shaped tension tests of 
asphalt specimens were used to validate 
the proposed numerical model. Three 

specimens were tested by Wagnoner 
et al. (2005). One mix was used with 
aggregate of grading size of 5–9.5 mm 
and an asphalt binder. Percentage of ag-
gregate was assumed to be 90% by vol-
ume. Fuller curve exponent of 0.45 was 
adopted. Aggregate distribution of the 

FIGURE 3. Model validation for cement concrete DCT (Mortar 2) specimens: a – sieve analysis; 
b – cement concrete mesh (8,082 elements); c – crack path at failure; d – load-CMOD curves

a b

c d
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a b

c d

FIGURE 4. Model validation for asphalt concrete DCT specimens: a – sieve analysis; b – asphalt con-
crete mesh (14,708 elements); c – crack path at failure; d – load-CMOD curves

specimens is shown in Figure 4a. Disk 
geometry of specimens is shown in Fig-
ure 4b. The failure mode of the specimen 
from the numerical modeling is shown in 
Figure 4c. It can be seen that crack initia-
tion and propagation are similar to that 
in an actual asphalt concrete specimen. 

Also, the numerical load-CMOD curve 
is in agreement with the experimental 
curve as depicted in Figure 4d. The pre-
dicted tensile strength, initial stiffness 
and the softening branch of load-CMOD 
curve are comparable to the experimen-
tal results.
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Conclusions

In this study, mesoscale modeling 
is performed on fracture behavior of 
cement and asphalt concrete compos-
ites using disk-shaped compact ten-
sion (DCT) tests. Realistic behavior 
of composite and heterogeneous mate-
rials such as cement and asphalt con-
crete require mesoscale modeling. In 
the presented model, aggregate and 
matrix (cement mortar or asphalt) are 
represented as distinct materials and 
each material has its characteristic 
properties where the matrix is modeled 
using isotropic damage model with 
softening and the aggregate is mod-
eled using its elastic properties. Disk-
shaped compact tension test is a better 
alternative to other tests such as three 
points bending tests for the determi-
nation of tensile strength and fracture 
energy of materials because it is more 
convenient for both field and labora-
tory specimens in addition to its accu-
rate results. The test geometry is gener-
ated using a MATLAB code that takes 
care of the shape and size distribution 

TABLE 2. Material properties for asphalt concrete specimen

Material E [MPa] v ft [MPa] Gf [N·mm–1]

Aggregate 50 000 0.2 – –

Mastic 12 000* 0.35 2.85** 0.459**

** Mastic modulus of elasticity was chosen in order to achieve bulk modulus of elasticity 14,200 MPa 
by using the following equation based on Reuss formula (Reuss, 1929): 

bulk
100

% aggregate % mastic

aggregate mastic

=

+

E

E E

(13).

** Tensile strength chosen 80% of indirect tensile splitting test results, while in the macroscale model of 
the original paper it was 74%. Fracture energy value in macroscale model is 0.328.

of the aggregate. The numerical results 
show that the predicted load-CMOD 
curves are in good agreement with the 
experimental curves for both cement 
and asphalt concrete. Also, the numeri-
cal model can capture the variability of 
crack direction very well.
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Summary

Mesoscale modeling of fracture in ce-
ment and asphalt concrete. In this paper, 
mesoscale modeling is performed to simu-
late and understand fracture behavior of two 
concrete composites: cement and asphalt 
concrete using disk-shaped compact tension 
(DCT) tests. Mesoscale models are used as 
alternative to macroscale models to obtain 
better realistic behavior of composite and 
heterogeneous materials such as cement and 
asphalt concrete. In mesoscale models, ag-
gregate and matrix are represented as distinct 
materials and each material has its character-

istic properties. Disk-shaped compact ten-
sion test is used to obtain tensile strength and 
fracture energy of materials. This test can 
be used as a better alternative to other tests 
such as three points bending tests because it 
is more convenient for both field and labo-
ratory specimens in addition to its accurate 
results. Comparing the numerical results of 
the mesoscale models of cement and asphalt 
concrete specimens with experimental data 
shows that these models can predict the be-
havior of these composite materials very well 
as seen in the curves of load-crack mouth 
opening displacement (CMOD). Also, the 
mesoscale modeling highlights the variabil-
ity of crack direction where it is dependent 
on the random distribution of aggregate.
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Key words: creep compliance, rutting, recy-
cling old pavement, novolac, hexamine

Introduction

Reclaimed asphalt pavement (RAP) 
is widely employed as a replacement for 
natural aggregates in road pavements in 
recent decades. In new mixtures, it has 
advantages of minimizing amount of 
raw materials used, reducing costs and 
reducing environmental damage. Many 
studies have been conducted on hot mix 
asphalt (HMA) incorporating RAP, rang-
ing from mix design to performance as-
sessment. Also, they investigated the im-
pact of a increasing of the % RAP in new 
asphalt mixtures and found that HMA 
containing percentage of RAP can per-
form as well as or better than mixes com-
prised entirely fresh material (Al-Bayati, 
Tighe & Achebe, 2018; Mirhosseini, Ta-
hami, Hoff, Dessouky & Ho, 2019; Zhu, 
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Investigation the effect of newly used polymer modified 
bitumen on the performance of hot mix asphalt containing 
reclaimed asphalt pavement

Ma & Dong, 2020). The impact of poly-
mer on performance of RAP-containing 
mixtures has also been studied in the 
literature (Daryaee, Ameri & Mansour-
khaki, 2020; Wang et al., 2020). Some 
researchers reported, it is possible to 
produce HMA with a high RAP content 
and acceptable mechanical properties, 
however, thermal cracking resistance, 
fatigue resistance need further investiga-
tion (Leiva-Villacorta, Taylor & Willis, 
2017). 

Zhou, Gu, Jiang, Ni and Jiang (2019) 
studied the effect of RAP on the fatigue 
resistance of PMB mixtures. Their results 
showed that the increasing of RAP ma-
terials leads to increasing in fatigue life 
of mixtures. Pradhan and Sahoo (2020) 
examined the volumetric and mechani-
cal properties of eleven mixes, five of 
them contained 30–70% RAP with softer 
binder, five mixes containing RAP with 
a rejuvenator, and one control mix. They 
found that, all mixes met the specifica-
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tions of Superpave method. Ishaq and 
Giustozzi (2020) evaluated effects of 
adding RAP and a rejuvenator on freeze/
/thaw and moisture damage of HMA, us-
ing 20% RAP. Their results showed that 
using rejuvenator can help in decreas-
ing the deteriorating of RAP mixtures 
and decrease the impacts of freeze/thaw 
and moisture damage of HMA. Ma et al. 
(2020) observed an improving in mois-
ture resistance and cracking of mixes 
containing RAP heated to higher tem-
perature. Montanez, Caro, Carrizosa, 
Calvo and Sanchez (2020) demonstrated 
that the mechanical responses and per-
formance of HMA containing RAP vary 
significantly with RAP sources. 

Polymer modified bitumen (PMB) is 
widespread in last years. It improves gen-
eral characteristic of HMA prepared with 
it as well as the long term performance 
(Plati, 2019). Due to the higher initial 
and maintenance cost of flexible pave-
ment, PMB and RAP showed to become 
more cost-effective in terms of fatigue 
life than conventional mixes (Souliman, 
Mamlouk & Eifert, 2016).

Kodippily, Holleran and Henning 
(2016) investigated the impact of adding 
RAP and PMB on HMA performance by 
preparing six mixtures with PMB and 
RAP at 0%, 15%, and 30%. Their results 
revealed that the mixture, which contains 
high percentage of RAP and PMB, meets 
the requirements of mechanical proper-
ties and sustainability of roads. Liphardt, 
Król and Radziszewski (2016) studied 
the effect of RAP which already contain 
PMB on rutting resistance in stone mas-
tic asphalt (SMA) mixtures. It has been 
observed that adding more RAP-modi-
fied binders to asphalt mixes improves 
rutting resistance. Porot, Broere, Wis-

tuba and Grönniger (2017) focused on 
evaluation the performance of mixture 
containing high percentage of RAP up to 
70% with a bio-based rejuvenator agents. 
They found that the stiffness modulus 
was higher than the control mix and the 
rejuvenator agents improve the perform-
ance of HMA at high temperatures. It has 
been found that asphalt mixtures contain-
ing a low to medium ratio of RAP, often 
less than 25%, can perform as well as or 
better than mixes prepared with new ma-
terials (McDaniel & Nantung, 2005).

The current study focuses on inves-
tigation the effect of inclusion RAP in 
HMA up to 70%. The replacement was 
conducted for all sizes of aggregate par-
ticle in HMA. The study involved using 
PMB prepared with novolac (phenol for-
maldehyde solid resin) and it cross-link-
ing agent (hexamine). This polymer is 
very limit and not previously used with 
HMA containing RAP.

Materials

Reclaimed asphalt pavement (RAP)

Reclaimed asphalt pavement mate-
rial was collected from an old highway 
pavement connected Al-Diwainyah and 
Najaf cities (Iraq). The binder content 
and gradation of RAP were calculated 
after extracting the bitumen from RAP 
according to the ASTM D2172 standard 
(ASTM International [ASTM], 2017). 
The percentage of asphalt binder in RAP 
was found to be 2.92%. The physical 
properties and gradation of RAP materi-
als can be found in previous article by 
authors (Al-Ghurabi & Al-Humeidawi, 
2021).
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Bitumen and aggregates

AC 40-50 was used as conventional 
bitumen. It physical properties and con-
sistency tests results were reported in 
previous article by authors (Al-Ghurabi 
& Al-Humeidawi, 2021). The aggregates 
were crushed limestone with nominal 
maximum size of 12.5 mm. Limestone 
dust was used as mineral filler. The gra-
dation, physical and chemical properties 
of aggregate and mineral filler were re-
ported in previous article by authors (Al-
Ghurabi & Al-Humeidawi, 2021).

Polymer

Novolac with cross-linking agent 
(hexamine) was utilized in this research 
to modify pure bitumen. The percentage 
of addition of novolac was 3% of weight 
of bitumen, and hexamine was added as 
10% of weight of novolac. These percent-
ages were selected according to several 
trials of asphalt binder consistency tests. 
The procedure of preparing PMB was 
found elsewhere (Al-Humeidawi, Medh-
lom, kadhim Hameed & Kadhim, 2018).

Methodology of the work

Mix design

The mixtures were produced us-
ing Marshall mix design technique ac-
cording to the AASHTO T245 standard 
(American Association of State Highway 
and Transportation Officials [AASH-
TO], 2015). Optimum binder content 
(OBC) was found to be (4.7%) by total 
weight of mix. The experiments were 
carried out in two stages: the first stage 

involved, in addition to control mix, de-
signing and preparing seven mixes with 
different % RAP (10%, 20%, 30%, 40%, 
50%, 60%, and 70%) and conventional 
bitumen. These mixes were tested to pre-
dict their volumetric, mechanical, and 
performance characteristics. The second 
stage involved repeat preparing these 
mixes using PMB and the same tests 
were conducted for HMA mixes pre-
pared with PMB. 

Laboratory test

Four tests were included in this ex-
perimental program. The first test was 
Marshall stability which was conducted 
according to the ASTM D6927 standard 
(ASTM, 2015), the second test was in-
direct tensile strength (ITS) test which 
was conducted according to the AASH-
TO T283 standard (AASHTO, 2007), 
the third test was creep compliance test 
which was conducted according to the 
AASHTO T322 standard (AASHTO, 
2011) and used to evaluate the stiffness 
and fatigue cracking resistance of HMA. 
This test was conducted by applying 
constant load for 100 s at temperature 
of 0°C, where two LVDTs were used to 
measure horizontal strain and one for 
vertical strain. The last test was wheel 
track test which was conducted accord-
ing to the BS EN 12697-22 standard 
(British Standard Institution [BSI], 2003) 
and used to evaluate the permanent de-
formation of mix (rutting). This test was 
conducted by applying 10,000 cycles of 
loading on each specimen at temperature 
of 60°C. The moisture susceptibility of 
mixes was evaluated by calculating the 
tensile strength ratio (TSR) according to 
the AASHTO T283 standard.
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Results and discussion

Volumetric properties

The volumetric properties of mixes 
were calculated using experimental tests 
results. These properties include air void 
(AV), voids in mineral aggregate (VMA), 
and voids filled with asphalt (VFA). The 
table illustrates the values of volumet-
ric properties of HMA containing RAP 
with conventional and PMB binder. All 
volumetric properties were within the 
requirement limits. The AV are slightly 
increased with using PMB that may be 
related to increasing the viscosity of bitu-
men. The values of other properties have 
been changed accordingly. According to 
results of volumetric properties, all per-
centages of replacement can be adopted.

Marshall stability test

Figure 1 shows the results of Mar-
shall stability for HMA involved re-

placing the virgin aggregate with dif-
ferent content of RAP up to 70% with 
an increment of 10%. The replacement 
included the retained aggregate on all 
sieves of coarse and fine aggregate with 
the adopted ratio. The values of Marshall 
stability is increased with using RAP 
especially at 10% and 50% RAP. These 
percentages of increases were 11% and 
13% for mix with 10% and 50% RAP 
respectively for specimens prepared with 
conventional binder. The Marshall stabil-
ity decreases with increasing RAP con-
tent up to 30% RAP, after that, Marshall 
stability increases again up to 50% RAP 
then decreases again. This response can 
be explained by, as a percentage of RAP 
replacement increases the ratio of aged 
asphalt increased which causes a reduc-
tion in Marshall stability, after 40% RAP 
replacement, the contribution of coarse 
aggregate increases which comprises 
52% of total aggregate compared with 
fine aggregate which comprises 41% of 
total aggregate and lead to increases in 

TABLE. Volumetric properties of HMA containing RAP

% RAP

AV% VMA% VFA%
conventional

binder
PMB
binder

conventional
binder

PMB
binder

conventional
binder

PMB
binder

acceptable limits

(3–5) (SCRB, 2003) ≥ 14 (SCRB, 2003) (65–75) (Asphalt Institute 
[AI], 2014)

0% 4 15.1 73.5
10% 3.55 3.87 14 14.3 74.6 72.9
20% 3.99 4.4 14.37 14.7 72.23 70
30% 3.63 3.79 14 14.2 74 73.3
40% 3.67 4.1 14.1 14.5 73.9 71.7
50% 4.61 4.73 14.9 15 69.1 68.5
60% 4.77 4.8 15.1 15.1 68.41 68.2
70% 4.41 4.61 14.1 14.9 70 69
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Marshall stability due to more mechani-
cal interlock. With exceeding optimum 
value and replacing more than half the 
quantity of aggregate with RAP, the 
stability gradually decreases due to the 
contribution of more aged binder. For 
HMA prepared with PMB, it can be ob-
served that all mixes have higher values 
of Marshall stability compared to mixes 
prepared with unmodified (conventional) 
binder. That is attributed to high viscos-
ity of PMB binder resulting from modi-
fying the binder with polymer. The trend 
of changing Marshall stability with RAP 
content is similar to that of unmodified 

bitumen for the same reason, however, 
the percentage of reduction is less than 
that of unmodified asphalt binder due to 
using PMB. For all mixes with conven-
tional and PMB, Marshall flow values 
were in a range of 2–4 mm which is with 
the specifications of the State Roads and 
Bridges Corporation (SCRB, 2003).

Indirect tensile strength test (ITS)

Figure 2 shows the results of ITS for 
unconditioned and conditioned speci-
mens of HMA mixes prepared with dif-
ferent percentages of RAP and unmodi-
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fied bitumen. The use of RAP for all 
percentages of replacement significantly 
improves the ITS values for both uncon-
ditioned and conditioned specimens of 
HMA mixes. That is maybe attributed to 
existing of a hardening binder that has 
a higher viscosity which consequently 
increases the adhesion between the ag-
gregate particles. The maximum value 
of ITS for both unconditioned and con-
ditioned specimens of HMA mixes was 
achieved at 50% RAP replacement in a 
similar trend to that observed in Marshall 
stability test. Figure 3 presents the results 
of ITS for unconditioned and conditioned 
specimens of HMA mixes prepared with 
different percentages of RAP and PMB. 

The use of PMB improves ITS values 
especially for condition specimens due 
to more adhesion between aggregate 
particles. No significant variation in ITS 
values was observed between condi-
tioned specimens with different percent-
ages of RAP due to using PMB, which 
provides more adhesion between mix 
components. Figure 4 illustrates TSR for 
specimens prepared with conventional 
and PMB binder, and contain different 
percentages of RAP. All mixes showed 
TSR more than 80% which represents a 
minimum limit according to AASHTO 
T283. The use of PMB significantly im-
proves TSR values of all mixes with an 
optimum value obtained at 50% RAP.
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Creep compliance

The creep compliance test was con-
ducted at temperature of 0°C as shown in 
Figure 5. Figure 6 illustrates the results of 
creep compliance for control and HMA 
mixes prepared with different percentage 
of RAP and unmodified bitumen. Figure 7 
illustrates the results of creep compliance 

for HMA mix prepared with different per-
centage of RAP and PMB, while Figure 8 
shows the final results of creep compli-
ance for samples with conventional and 
PMB. Form these figures it can be ob-
served that the using of all investigated 
percentages of RAP reduce the values of 
creep compliance compared with control 
mix. That may be related to higher vis-

FIGURE 5. Test machine for creep compliance
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cosity of hardened binder and less poros-
ity of RAP aggregate which reduces the 
asphalt binder absorption. Also, the using 
of PMB significantly reduces the creep 
compliance values for all percentages of 
RAP replacement which is an indication 
of increase the stiffness of HMA and in-
creases the cracks resistance. That may 
be related to more adhesion between ag-
gregate particles provided by PMB. The 
lower creep compliance values were 
obtained at percentages of RAP replace-
ment of 10% and 50% in similar trend 
to what were observed in previous tests.

Wheel track test (WTT)

Wheel track test was conducted ac-
cording to the BS EN 12697-22 standard, 
using wheel track testing machine shown 
in Figure 9. The specimens were nine, one 
specimen was for control mix, four speci-
mens with conventional binder and four 
different percentages of RAP (10%, 30%, 
50%, and 70%) and four specimens with 
PMB binder and four different percent-
ages of RAP (10%, 30%, 50%, and 70%). 
Figures 10, 11 and 12 show the results of 
rut depth for all previously  mentioned 
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FIGURE 9. Wheel track testing machine
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specimens. The results showed that 
the using of RAP reduces the rut depth 
compared with control mix. Significant 
reduction was observed with PMB in-
stead of conventional binder. The lowest 
rutting depth was obtained at 50% RAP 
replacement for both conventional and 
PMB binder. The percentages of reduc-
tion were reached up 38% and 30% for 
specimens contains 50% RAP, and pre-
pared with conventional and PMB binder 
respectively compared with control mix. 
The increase in binder stiffness constrains 
the ability of the aggregate particles to 
slide or move even on a micro-scale due 
to the high viscosity of hardened and 

PMB binder which improves the rutting 
resistance of HMA. Figure 13 shows pic-
tures for tested specimens.

Conclusions

Based on the results of this study, the 
following conclusions can be drawn:
1. The using of PMB binder prepared 

by adding novolac and hexamine to 
conventional bitumen, can signifi-
cantly improve the performance of 
HMA contained RAP. This type of 
PMB is used for first time with HMA 
contained RAP.
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2. In general, the incorporation of RAP 
material in various percentages, as 
well as PMB in this study, improves 
mechanical properties and perform-
ance of HMA (Marshall stability, 
ITS, moisture damage resistance, re-
sistance for permenant deformation, 
i.e. ruting, and fatigue life).

3. According to results of this study, 
it was found that the 50% RAP re-
placement is the optimum percent-
age of RAP replacment in HMA. 
Using of 50% RAP resulted in maxi-
mum increasing in ITS values for 
both unconditioned and conditioned 
samples. This improvement leads to 
high resistance to moisture damage 
of HMA measured in term of TSR 
and consequently less stripping for 
mix components.

4. From the creep compliance test, the 
incorporation of RAP materials and 
PMB reduce the creep compliance 
values for all percentages of RAP 
replacement which is an indication 
of increasing stiffness of HMA and 
improves the fatigue life. 

5. The inclusion of RAP materials and 
PMB improved rutting resistance of 
HMA. The rut depth values of HMA 
contained RAP and PMB significant-
ly reduced compared with the control 
mix. The lowest rutting depth was ob-
tained at 50% RAP replacement for 
both conventional and PMB binder as 
the rut depth reduced to 38% and 30% 
of the control mix value for unmodi-
fied and PMB mixes respectively.

6. Results of experimental work indi-
cated that all HMA which prepared 
with RAP and PMB resulted in bet-
ter performance compared to HMA 
contianed entirely fresh aggregate 

and conventional binder due to high 
viscosity of RAP and PMB which 
leads to an increase in the stiffness of 
HMA.
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Summary

Investigation the effect of newly used 
polymer modified bitumen on the per-
formance of hot mix asphalt containing 
reclaimed asphalt pavement. The current 
research focuses on investigating the effect 
of using reclaimed asphalt pavement (RAP) 
on performance of hot mix asphalt (HMA) 
prepared with polymer modified bitumen 
(PMB) binder. This PMB used for the first 
time with HMA contained RAP. The me-
chanical properties and performance of HMA 
were assessed using several standard tests 

including Marshall, indirect tensile strength, 
creep compliance, and wheel track test. The 
RAP replacement was conducted up to 70% 
of total aggregate in HMA with an increment 
of 10%. The results of investigation showed, 
that the use of PMB binder prepared by addi-
tion novolac (phenol formaldehyde solid res-
in) and hexamine to conventional bitumen, 
significantly improved the performance of 
HMA contained RAP. Also, the optimum 
percentage of RAP replacement was found to 
be 50% of total aggregate in HMA. For this 
level of replacement, the rut depth reduced 
up to 38% of its original value.
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Key words: geopolymer concrete (GC), fly ash 
(FA), waste paper ash (WPA), wood ash (WA), 
alkaline solution

Introduction

Concrete is the most popular and 
widely used building material owing to 
availability of its raw materials and it 
combines good mechanical properties, 
durability, workability and it is relatively 
inexpensive. Ordinary Portland cement 
(OPC) is the key constituent binding 
material used in the concrete production, 
however manufacturing of OPC contrib-
utes substantially to global CO2 emis-
sions and energy consumption (Fairbairn 
et al., 2010). The main causes of high 
CO2 emissions, which is known as the 
greenhouse gas rising from manufactur-
ing of OPC have been attributed to the 
process of calcination of limestone and 
high energy consumption (Davidovits, 
2011; Turner & Collins, 2013). Con-
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Use of waste paper ash or wood ash as substitution to fly ash 
in production of geopolymer concrete

crete is mainly used in the construction 
of buildings in civil engineering applica-
tions and infrastructure projects. Hence, 
the construction of buildings is under 
increasing pressure of developing green 
binder materials that possess the desired 
engineering properties to overcome the 
CO2 emission and reduce the depend-
ence on the OPC (Małaszkiewicz & 
Jastrzębski, 2018; Abdulkareem, Ramli 
& Matthews, 2019). Several alternative 
cementitious materials that are principal-
ly derived from industrial by-products 
can provide comparable performance 
to the OPC in a range of applications, 
but with an additional advantage of sig-
nificantly reduced greenhouse emissions 
(Gartner, 2004). The alternative materials 
involve sugar cane bagasse ash (SCBA), 
fly ash (FA), metakaolin (MK), rice hush 
ash (RHA), blast furnace slag (BFS), 
vulcanic ash and bottom ash (BA) 
(Fernandez-Jimenez, Palomo & Lopez-
-Hombrados, 2006; Fairbairn et al., 2010; 
Risdanareni, Karjanto & Khakim, 2016; 
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Thaarrin & Ramasamy, 2016; Ekaputri 
& Junaedi, 2017; Mehta and Siddique, 
2018), which contain much silica (SiO2) 
and alumina (Al2O3). The most popu-
lar of these materials that considered in 
manufacturing GC is fly ash (FA), which 
is residue from the burnt coal, and it is 
available worldwide as a waste material 
(Ryu, Lee, Koh & Chung, 2013). An al-
ternative concrete termed “geopolymer 
concrete” (GC) that based on one of the 
by-product materials as a substitute for 
OPC has been considered as environ-
mentally friendly concrete (Hardjito, 
Wallah, Sumajouw & Rangan, 2004). 

This concrete is formed by the al-
kaline activation of the aforementioned 
by-products materials to form an alu-
minosilicate gel structure through the 
polycondensation reaction. The alkaline 
activator used is commonly a combina-
tion of a hydroxyl, usually sodium hy-
droxide (NaOH) or potassium hydroxide 
(KOH) and sodium silicate (Na2SiO3) 
or potassium silicate (Turner & Collins, 
2013). Besides, it is required to provide 
curing for GC with elevated tempera-
ture between 40°C and 80°C for at least 
6 h to achieve an equivalent strength to 
OPC concrete (Duxson et al. 2007; Ryu 
et al. 2013). Beside the interest in find-
ing low CO2 emission and low energy 
consumption binders there is an interest 
in investigating the possibility of using 
the waste materials as the substitutes 
for OPC in producing of geopolymer 
concretes (Shi, Wu, Riefler & Wang, 
2005). The construction industry offers 
reusability solutions for wastes due to 
the large consumption of materials and 
the large number of construction sites, 
thereby, in many developed economies, 
waste represents a resource that can 

be utilized for a diversity of beneficial 
purposes (Tam, Soomro & Evangelis-
ta, 2018). Huge amounts of paper and 
wood waste are generated every day 
due to the increase of production and 
population, the disposal of these waste 
to landfill is expensive in addition to 
the scarcity of suitable land that cause 
a number of pollution and environmen-
tal problems. Consequently, an eco-
nomical alternative to landfill disposal 
is by reusing of waste materials, the 
waste reusability has many advantag-
es, including the decrease in the waste 
volumes, the reduction of greenhouse 
gas emissions and the consumption of 
natural resources (Letelier, Henriquez-
-Jara, Manosalva & Moriconi, 2019). 

Previous research has been published 
concerning the influence of using paper 
sludge ash on the properties of concrete 
and paste (Ishimoto, Origuchi & Yasuda, 
2000; Bai et al., 2003; Frías, Garcia, Vig-
il & Ferreiro, 2008; García, de la Villa, 
Vegas, Frias & de Rojas, 2008; Mozaf-
fari, Kinuthia, Bai & Wild, 2009). Ac-
cording to Pachamuthu and Thangaraju 
(2017), the improvement of the mechan-
ical properties of GC that contains paper 
sludge ash depends on the percentages of 
paper sludge ash and the curing condi-
tions. On the other hand, several studies 
(Etiegni & Campbell, 1991; Naik, Kraus 
& Siddique, 2003; Udoeyo, Inyang, 
Young & Oparadie, 2006; Chowdhury, 
Maniar & Suganya, 2015) were conduct-
ed to investigate the feasibility of the 
use of wood ash as a partial replacement 
material to OPC in making of blended 
mortar or concrete. This paper presents 
the feasibility of incorporating of waste 
paper ash (WPA) or wood ash (WA) as 
replacement materials for fly ash (FA) 
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(class F) in preparation geopolymer con-
crete (GC). The influence of the WPA or 
WA incorporation on the geopolymers’ 
workability, compressive strength, split-
ting tensile strength and flexural strength 
has been studied and compared with neat 
FA geopolymer as a control mix.

Materials

Fly ash (FA), waste paper ash (WPA) 
and wood ash (WA)

In this study, fly ash FA (class F) that 
collected from Turkish hard coal from 
power station Iskenderun was used to 
produce GC mixes, the specific gravity 
of FA was 2.21 g·cm–3. It conforms to 
the ASTM standard specification C618-
-08a (ASTM International [ASTM], 
2008). The waste paper ash (WPA) is 
a leftover material that has found in large 
quantities worldwide within offices, 
government departments and houses. 
The waste paper ash used for this study 
was collected from burning in oven up 
to 650 ±20°C, for 60 min, it has a spe-
cific gravity of 2.53 g·cm–3. Besides, 
wood ash (WA) obtained from industrial 
by-product such wood burning, it has 
a specific gravity of 2.31 g·cm–3. The 
chemical composition of FA, WPA and 
WA are listed in Table 1.

Fine and coarse aggregate

The fine aggregate used was natu-
ral river sand, free from loam and clay. 
The fine aggregate having specific grav-
ity of 2.66 g·cm–3, with sulfate content 
of 0.23% and the grading of fine aggre-
gate satisfies the requirements of Iraqi 
standard IQS 45/1984 (Iraqi Central 
Agency for Standardization and Qual-
ity Control [ICASQC], 1984) (Zone 2). 
While, the crushed gravel was used in 
this study with maximum size of 19 mm. 
The coarse aggregate having a specific 
gravity of 2.64 g·cm–3 and the sulfate ra-
tio of 0.04% and it conforms to the IQS 
45/1984 standard.

High-water range reducer

A high-water range reducer (SP400) 
has been utilized to enhance the work -
ability of GC. It complies with the ASTM 
C494-C494M standard (ASTM, 2017).

Alkaline activator liquid

The alkaline liquid was obtained by 
blending solutions of sodium hydroxide 
and sodium silicate to activate the fly 
ash. Sodium hydroxide has flakey form 
and high purity more than 98%, which 
could be dissolved in the filtered water 
(molarity of solution of sodium hydro-

TABLE 1. Chemical composition of fly ash (FA), waste paper ash (WPA) and wood ash (WA)

Oxides
[%] SiO2 AL2O3 Fe2O3 CaO MgO Na2O K2O SO3 L.OI

FA 65.65 17.69 5.98 0.98 0.72 1.35 2.99 0.19 3.1

WPA 47.80 27.00 2.34 6.53 3.32 3.50 6.38 1.10 1.13

WA 32.51 28.30 2.14 9.53 3.32 10.50 12.3 0.10 22.50
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xide (10M). The sodium silicate Na2SiO3 
as a solution is commercially available.

Experimental program

The experimental program consists 
of preparing and testing different GC 
mixes to examine the influence of incor-
porating WPA or WA on the properties 
of GC. The developed GC mixes for this 
study were prepared at replacement ra-
tios of FA by WPA or WA of 25, 50, 75 
and 100% in addition to a control mix 
containing 100% of FA. The tested mixes 
have been evaluated with respect to the 
workability, the compressive strength at 
ages of the tested specimens of 7, 28 and 
56 days. Tensile splitting strength and 
flexural strength at age of the 28 days.

Mix proportions of GC mixes

Based on the geopolymer concrete 
mix designed by Rangan (2008), the 

GC mix was developed taken into ac-
count the workability and the ratio of 
silicate-sodium to sodium hydroxide so-
lution was 2.5. The density of GC was 
2,400 kg·cm–3. The mix proportions of 
all GC mixes are illustrated in Table 2.

Preparation of test specimens

The binder (FA, WPA or WA) was 
dry mixed with the fine and coarse ag-
gregates using pan mixer for 4 min. 
Then, the superplasticizer dosages (SP) 
and the prepared alkaline activator liquid 
used of the GC mixes were mixed for 
2 min and added gradually to the solid 
ingredients. Afterwards, the wet mix-
ing continued for 5 min more until the 
mix was homogenized. For the work-
ability evaluation, the fresh GC mixes 
were tested using slump test. The slump 
test was performed in accordance with 
the ASTM C143/C143M-05a standard 
(ASTM, 2005). 

TABLE 2. Mix proportions of test GC mixes [kg·m–3]

Mix symbol FA Repl.
[%] WPA WA Fa* Ca** Alkaline

liquid

Alkaloid
to

binder
ratio

SP

GF-0 404 0 0 0 660 1 100 176 0.43 9

GF-P25 303 25 101 – 660 1 100 176 0.43 9

GF-P50 202 50 202 – 660 1 100 176 0.43 9

GF-P75 101 75 303 – 660 1 100 176 0.43 9

GF-P100 0 100 404 – 660 1 100 176 0.43 9

GF-W25 303 25 – 101 660 1 100 176 0.43 9

GF-W50 202 50 – 202 660 1 100 176 0.43 9

GF-W75 101 75 – 303 660 1 100 176 0.43 9

GF-W100 0 100 – 404 660 1 100 176 0.43 9

*fine aggregate, **coarse aggregate.
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For evaluating the compressive, 
splitting tensile and flexural strengths, 
the fresh GC mixes were cast into cubic 
moulds of 100 mm, cylindrical moulds 
of 100 × 200 mm and prism moulds of 
100 × 100 × 400 mm. After casting, the 
specimens were vibrated for 2 min on 
the vibration table to remove entrapped 
air. Thereafter, the moulded specimens 
were covered using a plastic sheet to 
prevent water evaporation. According 
to Rangan (2008), the effective curing 
temperature is 60°C, thus the specimens 
were then cured in an oven at a tempera-
ture of 60°C for one day. 

Finally, the specimens have been 
left at room temperature until the testing 
date. The compressive strength test was 
conducted in accordance the BS 1881-
-116:1983 standard (British Standards 
Institute [BSI], 1983), while the splitting 
tensile strength was conducted accord-
ing to the ASTM C496 standard (ASTM, 
2004), and the flexural strength test was 
conducted according to the ASTM C78 
standard (ASTM, 2002). 

Results and discussion

Workability of GC mixes

The workability of all fresh GC mixes 
was measured immediately after mixing 
using slump test as for the conventional 
concrete. The SP was used to achieve 
the required slump with a dosage of 
2.25% by weight of binder for all types 
of GC mixes and the liquid/binder ratio 
was kept of 0.43 for all the GC  mixes. 
The slump values for all GC mixes were 
ranged from 98–104 mm as summarized 
in Table 3, the results showed there were 

no significant differences in the slump 
values for all GC mixes.

TABLE 3. The slump of GC mixes

Mix symbol Slump [mm]
GF-0 104
GF-P25 98
GF-P50 101
GF-P75 100
GF-P100 102
GF-W25 99
GF-W50 103
GF-W75 101
GF-W100 99

Mechanical properties of GC mixes

The results of the compressive, split-
ting tensile and flexural strengths of GC 
specimens are in Table 4. The results of 
compressive strength of GC specimens 
were at ages of 7, 28 and 56 days and 
Figures 1 and 2 display the variations of 
compressive strength as the proportional 
percentages of compressive strength GC 
mixes to the control GC mixes (GF-0). 
As observed from Table 4 that the con-
trol mix GF-0 (100% FA) developed the 
highest compressive strength than the 
other blended mixes containing WPA or 
WA at the all ages, and the compressive 
strength of the control specimens in-
creased after extended aging to 56 days. 
Results also show a small decrease in the 
compressive strength for GC mixes that 
incorporation WPA of 25% (GF-P25) at 
the all-tested ages and 50% (GF-P50) at 
7 and 28 days in comparison with the 
GF-0. Whereas the GF-P50 at 56 days has 
more decrease in compressive strength 
as compared to the GF-0. 
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On the other hand, excluding the 
GC mix incorporation WA of 25% 
(GF-W25) at ages of 7 and 28 days, 
the GC mixes inclusion WA of 50, 75 
and 100% (GF-W50, GF-W75 and 
GF-W100) have the lowest compressive 
strength at all tested ages in comparison 
to GF-0 mix. Besides, it can be seen from 
Figures 1 and 2 that the most notable de-

creases in compressive strength appear 
in the mixes 100 % WPA (GF-P100) 
or 100% WA (GF-W100) compared to 
those of the control mixes (GF-0) at all 
tested ages. The compressive strength of 
the control mixes decreases by about 14, 
17.6 and 18% and 52.8, 31.6 and 28% in 
the GC mixes incorporation 100% WPA 
or 100% WA at 7, 28 and 56 days 

TABLE 4. Test results of the mechanical properties of GC mixes properties

Mix symbol
Compressive strength

[MPa]

Splitting tensile 
strength
[MPa]

Flexural strength
[MPa]

7 days 28 days 56 days 28 days 28 days

GF-0 42.38 57.73 61.51 3.52 4.85

GF-P25 42.00 56.78 59.86 3.41 4.77

GF-P50 41.82 55.53 56.88 3.21 5.02

GF-P75 39.18 52.43 52.26 3.10 4.35

GF-P100 35.12 49.28 50.37 2.93 4.10

GF-W25 41.10 55.24 57.82 2.92 4.55

GF-W50 34.11 49.27 53.58 2.54 4.35

GF-W75 29.22 43.13 47.75 2.30 3.83

GF-W100 20.00 39.5 44.21 2.10 3.17

FIGURE 1. Compressive strength variation of GC mixes with replacement of FA by WPA
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respectively. Moreover, the reduction 
in compressive strength for GC mixes 
inclusion WA is more obvious than in 
mixes inclusion WPA. This may be due 
to the concentration of silicate through 
WPA more than WA, which affects the 
strength development due to higher sili-
cates availability for the polymerization 
(Fernández-Jiménez, García-Lodeiro 
& Palomo, 2007). Also, the high CaO 
content present in WA causes reduction 
in strength of GC mixes (Astutiningsih 
and Liu, 2005; Luga & Peqini, 2019). 
Generally, the reduction of compressive 
strength for GC mixes as the replace-
ment percentages of WPA or WA are 
increased, is justified due to the slower 
dissolution rate of WPA and WA in com-
parison with that high dissolution rates 
of the FA aluminosilicate, which has an 
impact on the strength development; as 
a result of reducing the silicon and alu-
minium ions (Shi et al., 2005).

The results of the splitting tensile 
strength of the GC specimens at age of 
28 days are given in Table 4. Figure 3 
displays the variations of splitting tensile 

strength as proportional percentages to 
the control mixes GF-0. As can be ob-
served from these results that the splitting 
tensile strength of the control mix GF-0 
(100% FA) developed the highest split-
ting tensile strength than the other blen-
ded mixes containing WPA or WA. The 
splitting tensile strength of the GC mixes 
inclusion WPA or WA reduced with in-
creasing WPA and WA contents and the 
reductions were more pronounced when 
compared with reductions in compres-
sive strength.

The splitting tensile strength of the 
control mix decreases by about 16.8 and 
40.3% in the GC mixes incorporation 
100% WPA or 100% WA respectively. 
Besides, the GC mixes inclusion WA 
showed lower values of the splitting 
tensile strength as compared to those 
obtained for GC mixes inclusion WPA.

The flexural strength results of 
the studied GC specimens at 28 days 
are presented in Table 4 and Figures 4 
and 5. It is evident from the test results 
that the use of WPA or WA resulted in 
decrease in the flexural strength with 

FIGURE 2. Compressive strength variation of GC mixes with replacement of FA by WA
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FIGURE 3. Splitting tensile strength variation of GC mixes with replacement of FA by WPA or WA

FIGURE 4. The flexural strength of the GC mixes with replacement of FA by WPA

 increasing WPA or WA contents exclud-
ing the GC mix with 50% WPA, which 
exhibited flexural strength greater than 
that of the control mix (GF-0). Further, 
the reductions in flexural strengths for 
GC mixes inclusions WPA or WA are 
close to those reductions in compres-
sive strength for these mixes and less 
than the reductions in splitting tensile 
strength.

Figures 6 and 7 show the stud-
ied strength parameters (compressive 

strength, splitting tensile strength and 
flexural strength) at age of 28 days for 
GC mixes with replacement of FA by 
WPA or WA respectively. The decrease 
in the strength parameters occurred 
as the WPA or WA contents increase, 
which, can attributed to the silicate and 
aluminate contents and low value of 
pozzo lanic reactivity of WPA and WA. 
Moreover, the reduction is more pro-
nounce in GC mixes inclusion WA due 
to high content of CaO present in WA.
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FIGURE 5. The flexural strength of the GC mixes with replacement of FA by WA

FIGURE 6. Strength parameters at 28 days for GC mixes with replacement of FA by WPA

FIGURE 7. Strength parameters at 28 days for GC mixes with replacement of FA by WA
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Conclusions

The properties of GC made with 
WPA from offices, and houses and WA 
from industrial waste replacing FA class 
F in absolute volume percentages up to 
100% was evaluated in this study. The 
main conclusions are as follows: 
– The results of the workability showed 

that there were no significant differ-
ences in the slump values of devel-
oped GC mixes with WPA or WA 
and the control GC mix (GF-0).

– The results of the development com-
pressive strength of GC mixes inclu-
sion 25–50% of WPA are close when 
compared with compressive strength 
of control mix of (GF-0). Replace-
ment of 75–100% of WPA caused 
a further decrease in compressive 
strength of the GC mixes.

– The replacement with 25% WA 
had little effect on the compressive 
strength of GC mixes, while replace-
ment with 50, 75 and 100% WA 
resulted in more reduction in the 
compressive strength of GC mixes 
in comparison with the control mix 
(GF-0). 

– The splitting tensile strength of the 
GC mixes inclusion WPA is influ-
enced with increasing WPA content, 
and the inclusion of WA as replace-
ment for FA negatively affected the 
splitting tensile strength. The reduc-
tions in splitting tensile strength are 
more pronounced than the reduc-
tions in compressive and in flexural 
strengths. 

– The reductions in flexural strength 
for GC mixes inclusion WPA or WA 
are close to those reductions in com-
pressive strength for these mixes and 

less than the reductions in splitting 
tensile strength. 

- From the present obtained results, it 
can be concluded that the GC mix 
with partial replacement of FA by 
WPA up to 50% or WA up to 25% 
can be satisfactorily used in prepa-
ration of the GC. Besides, utilizing 
these materials in developing GC 
has economic and environmental 
benefits. 
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Summary

Use of waste paper ash or wood ash 
as substitution to fly ash in production of 
geopolymer concrete. Large quantities of 
paper and wood waste are generated every 
day, the disposal of these waste products is 
a problem because it requires huge space for 
their disposal. The possibility of using these 
wastes can mitigate the environmental prob-
lems related to them. This study presents 
an investigation on the feasibility of inclu-
sion of waste paper ash (WPA) or wood 
ash (WA) as replacement materials for fly 
ash (FA) class F in preparation geopolymer 
concrete (GC). The developed  geopolymer 
concretes for this study were prepared at re-
placement ratios of FA by WPA or WA of 
25, 50, 75 and 100% in addition to a con-
trol mix containing 100% of FA. Sodium 
hydroxide (NaOH) solutions and sodium 
silicate (Na2SiO3) are used as alkaline ac-
tivators with 1M and 10M of sodium hy-
droxide solution.The geopolymer concretes 
have been evaluated with respect to the 
workability, the compressive strength, split-
ting tensile strength and flexural strength. 
The results indicated that there were no 
significant differences in the workability 
of the control GC mix and the developed 
GC mixes incorporating WPA or WA. Also, 
the results showed that, by incorporating of 
25–50% PWA or 25% WA, the mechani-
cal properties (compressive strength, split-
ting tensile strength and flexural strength) 
of GC mixes slightly decreased. While 
replacement with 75–100% WPA or with 
50–100% WA has reduced these mechanical 
properties of GC mixes. As a result, there is 
a feasibility of partial replacement of FA by 
up to 50% WPA or 25% WA in preparation 
of the geopolymer concrete. 
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Introduction

The lack of proper sanitation ac-
cess in Indonesia, especially central-
ized domestic wastewater infrastructure, 
largely caused by budget insufficiency, 
for both construction and operation/
/maintenance cost (Kerstens, Legowo & 
Gupta, 2012; Pham & Kuyama, 2013; 
Kerstens, Leusbrock & Zeeman, 2015; 
Bergkamp, Setiadi, Adisurya & Lim, 
2018). This condition led to high back-
log for proper sanitation access (Berg-
kamp et al., 2018). Numerous studies 
have documented the importance of the 
financial feasibility on sewerage con-
struction phase (Wedgwood & Sansom, 
2003; OECD, 2004, 2007; Kerstens et al.,
2012; Eales, Blackett, Siregar & Febri-
ani, 2013; Kearton, 2013; Sugiana, 2013; 
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Operation and maintenance financial feasibility analysis 
of centralized domestic wastewater treatment system 
(case study: Palembang City Sewerage Project)

Yengejeh, Davideh & Baqeri, 2014; Ker-
stens et al., 2015; McNamara, 2018; Wi-
jaya & Soedjono, 2018; Fitriani, Putra & 
Juliantina, 2019). 

While financially not beneficial, the 
centralized domestic wastewater infra-
structure in Indonesia still built on eco-
nomic benefit premise (Eales et al., 2013; 
Kearton, 2013). Main factor that made it 
not beneficial is the uncertainty on op-
eration and maintenance phase (Kerstens 
et al., 2015). Low user tariff added with 
slow development for sewer connection, 
made the infrastructure built in past years 
become unproductive. Adding options 
such as grant or loan to elevate the finan-
cial feasibility on operation and main-
tenance phase thought to be effective to 
resolve the problems (Sugiana, 2013). 

The aim of the research was to ana-
lyze the financial feasibility on operation 
and maintenance phase of Palembang 
City Sewerage Project using net present 
value (NPV), benefit cost ratio (BCR), 
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and internal rate of return (IRR) calcula-
tion based on cost and revenue variable. 
The satisfactory conditions are: NPV > 0, 
BCR > 1, and IRR > MARR. Should the 
conditions did not meet, follow up ana-
lysis to improve the results by calculate 
different scenarios should be done.

Material and methods

This research used Palembang City 
Sewerage Project Phase 1 as case study. 
Palembang City Sewerage Project is a 
project located in Palembang City, South 
Sumatra Province, Indonesia. The aim 
of this project is to solve the domestic 
wastewater problems in Palembang, 
by providing the centralised domestic 
wastewater treatment system in Palem-
bang, that designed for 22,000 connec-
tions city-wide (KIAT, 2017). Phase 1 of 
Palembang City Sewerage Project starts 
in 2017 and will be finished in 2022 with 
4,064 household and 2,229 commercial 
connection as main objective funded by 
Government of Indonesia Budget. The 
later expansion in Phase 2 to fill the max-
imum capacity of the wastewater treat-
ment plant will be funded by the South 
Sumatra Provincial Budget and Palem-
bang Municipality Budget in 2025.

Financial analysis on operation and 
maintenance of centralized domestic 
wastewater treatment system, emphasize 
on budget analysis to determine the fea-
sibility of said phase financialy (Kvern-
berg, 2012; Yengejeh et al., 2014). Based 
on OECD (2004), the analysis needed to 
provide financing options and assurance 
when the operator solely dependent on 
tariff revenue to operate and maintain the 
system. The analysis also needed to pre-

vent high idle capacity and fail system, 
caused by rejection to pay from the cus-
tomers (Wedgwood & Sansom, 2003).

Based on previous study, cost and 
revenue variable chosen to be calculated 
for this project operation and mainte-
nance financial feasibility. The revenue 
variable consists of household and com-
mercial tariff, while the cost variable 
consist of: (a) chemical usage cost, (b) 
sludge disposal cost, (c) personnel wage 
cost, (d) fuel and electricity cost, and 
(e) spare-part replacement cost (OECD, 
2004, 2007; van Buuren, 2010; Rosaria, 
2010; Kvernberg, 2012; Sugiana, 2013; 
Kerstens et al., 2015; KIAT, 2017; Mc-
Namara, 2018; Fitriani et al., 2019).

During this research, first hand in-
formation on prices in Palembang was 
obtained during site visit and through 
discussions with involved stake-holders. 
The data obtained from the Ministry of 
Public Works and Housing (MOPWH) 
was willingness-to-pay survey results 
that involved 100 respondent, each from, 
household and commercial connection 
targets. As for cost variable data, were 
obtained from both MOPWH and PDAM 
Tirta Musi as the operator candidate for 
the system.

The analysis were calculated using 
discounted cash flow techniques (DCF) 
in worksheet computer application. The 
DCF was choosen because the calculation 
results affected by time value of money. 
Time value for money is a conjecture that 
money has different value in different pe-
riod of time. The analysis should also: (a) 
simple to understand, (b) easy to calcu-
late, (c) measures profitability, (d) ensures 
liquidity, (e) can adjust for risks, and (f) 
considers all cash flows (Bhandari, 2009; 
Maroyi, 2011). Thus the analysis calcu-
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late net present value (NPV), benefit to 
cost ratio (BCR), and internal rate of re-
turn (IRR) to determine the feasability.

As previously stated, the financial 
feasibility was determined using NPV, 
BCR, and IRR. Net present value, pre-
sented in Eq. (1), is the difference be-
tween the present value of cash inflows 
(Ct) and the present value of cash out-
flows (Co) over a period of time. All cash 
flows are discounted to present values 
using the required rate of return (r). The 
desirable result show by positive value 
of the calculation (NPV > 0). The applied 
currency rates based on Government of 
Indonesia official exchange rates were 
14,500 Indonesian rupiah to 1 US dollar 
(Rp/USD). A 8.9% of discount rate for 
20 years are applied in Eqs. (1) and (2). 

( )
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1

=

= −

+

T t
ot t

C
NPV C

r
 (1)

Benefit to cost ratio defined as the 
ratio of the present value of future cash 
inflows to the cash outflows. Mathemati-
cally, this can be calculated using Eq. (2). 
The result deem satisfactory if the result 
is larger than one. Internal rate of re-
turn defined as the rate at which the net 
present value of project equals of zero. 
The satisfactory condition for the calcu-
lation met if the value of the calculated 
rate is larger than minimum acceptable 
rate of return (IRR > MARR). The use of 
NPV, BCR, and IRR calculation to deter-
mine the financial feasibility was applied 
by Prihandrijanti, Malisie and Otterpohl 
(2008), and Kerstens et al. (2015).

revenue PV
BCR

cost PV
=  (2)

Follow up analysis to improve the 
feasibility taken when the satisfactory 
conditions did not met. The aim of fol-
low up analysis was to improve the result 
of NPV, BCR, and IRR calculations to 
meet the satisfactory conditions. Follow-
ing scenarios is choosen based on input 
from PDAM Tirta Musi as operator can-
didate for follow up analysis: (a) tariffs 
adjustment analysis, (b) analysis on add-
ing grant as option, and (c) analysis on 
adding loan as option.

Results and discussion

Base assumption

The input data for the calculation, 
shown in Table 1, consists of base as-
sumption of cost and revenue variable. 
Using the data provided, NPV, BCR, and 
IRR then calculated and showed these 
results: NPV = USD – 4,239,448.28, 
BCR = 0.8719, and IRR = –5%. These 
results did not meet the satisfactory con-
ditions, thus the follow up analysis to 
improve the results taken. 

Follow up analysis

1. Tariff adjustment
 Tariff adjustment analysis was taken 

to determine minimum tariff to meet 
the satisfactory conditions. The tar-
iff adjustment calculation done with 
following conditions: (a) adjust 
household tariff with 100% incre-
ment, while commercial tariff fixed, 
and (b) adjust commercial tariff with 
10% increment, while household tar-
iff is fixed. The result presented in 
Table 2.
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 As shown in Table 2, the tariff ad-
justment for household to meet 
satisfactory condition of NPV and 
BCR is 1,000% increase from base 
tariff, and to meet the satisfactory 
condition of IRR the tariff need to 
increase 3,355%. For the commer-
cial tariff, minimum 50% escala-
tion from base tariff needed to meet 
NPV and BCR desirable results, 
and 190% escalation to make the 
IRR > MARR.

2. Grant
 Adding grant as option to improve 

the feasibility was calculate as shown 
in Tables 3 and 4, following these 
scenarios:

 a.  Grant for sewer connection 
expansion

   Grant that given one time to ex-
pand the sewer connection until 
reached the maximum amount 
of 22,000 sewer connection.

 b. Grant for tariff subsidy
   Recurring grant to give subsidy 

for base tariff, in order to pre-
vent financial loss for sewerage 
operator.

 As stated on the calulations in Ta-
bles 3 and 4, the total grant needed to 
achieve maximum sewer connection 
is 5,416,207 USD for 20 years or an-
nually 270,810.35 USD. The amount 
of grant needed for subsidy is big-
ger compared to the grant needed for 
sewer expansion.

TABLE 1. Base assumption of cost and revenue variable (MOPWH and PDAM Tirta Musi)

Variable Value [USD]

Cost

chemical usage 6 896.55 per month = 82 758.62 per year
sludge disposal 1 022 400 per year
personnel wage 3 655.17 per month = 43 862.07 per year

fuel and electricity 14 513.79 per month = 174 165.52 per year

spare-part replacement 10 344.83 per year; 689 655.17 per 10 year; 
13 793 103.45 per 20 year

depreciation (flat) 2 068 965.52 per year

Revenue
household tariff 0.76 per month

commercial tariff 20.69 per month
installation cost (1 time) 344.83

TABLE 2. Tariff adjustment analysis (own studies)

Tariff base assumption [USD] Tariff adjustment [USD] Escalation [%]

Household 0.76
NPV > 0, BCR > 1 8.28 1 000

IRR > MARR 26.21 3 355

Commercial 20.69
NPV > 0, BCR > 1 31.03 50

IRR > MARR 60.00 190
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3. Loan
 Adding loan as option to improve 

the feasibility, shown in Table 5, was 
calculate using these scenarios:

 a.  Loan for 100% maximum house-
hold connection expansion, with 
20 years flat reimbursement.

 b.  Loan for 50% maximum house-
hold connection expansion + 
+ grant for 50% maximum house-
hold connection expansion, with 
20 years flat reimburesment.

 c.  Loan for 75% maximum house-
hold connection expansion + 
+ grant for 25% maximum house-
hold connection expansion, with 
20 years flat reimburesment.

 d.  Loan for 100% maximum 
commercial connection ex-

pansion, with 20 years flat 
reimbursement.

 e.  Loan for 50% maximum com-
mercial connection expan-
sion + grant for 50% maxi-
mum commercial connection 
expansion, with 20 years flat 
reimburesment.

 f.  Loan for 75% maximum com-
mercial connection expan-
sion + grant for 25% maxi-
mum commercial connection 
expansion, with 20 years flat 
reimburesment.

Based on Table 5, adding loan is 
proven to improve the financial feasi-
bility, shown by the improvement on 
NPV, BCR, and IRR calculation results. 

TABLE 3. Grant for sewer connection expansion (own studies)

Scenario Connection 
type

Number of 
connections

NPV
[USD] BCR IRR

[%]
Total grant

[USD]

Base asumption
household 4 064

–4 239 448 0.87 –5 –
commercial 2 229

Maximum household 
connection

household 19 771
20 719 103 1.64 13 5 416 207

commercial 2 229

Maximum commercial 
connection

household 4 064
43 270 207 2.33 23 5 416 207

commercial 17 936

TABLE 4. Grant for tariff subsidy (own studies)

Connection
type

Number 
of 

connec-
tions

Base 
tariff

Tariff 
adjust-
ment

Monthly 
subsidy 

Annual
subsidy NPV

BCR IRR
[%]

[USD]

Household 4 064 0.76
8.28 30 550.07 366.600.83 211 517.24 1.01 0

26.21 103 421.79 1 241 061.52 11 383 655.17 1.35 9

Commercial 2 229 20.69
31.03 23 058.62 276 703.45 646 206.90 1.02 1

60.00 87 622.76 1 051 473.10 11 488 551.72 1.35 9
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Furthermore, the combination of loan 
and grant to expand both household and 
commercial connection shows a better 
results compared to expansion solely 
funded by loan.

Conclusions

The financial feasibility value of 
Palembang City Sewerage Project cal-
culated based on base tariff for op-
eration and maintenance phase, shows 
negative result. The budget needed for 
the operation and maintenance phase for 
Palembang City Sewerage Project was 
2,450,620 USD or annually 78 USD 
per capita, it was bigger than the results 
found in Kerstens et al. (2015) for an-
nually 16 USD per capita, or annually 
8.5 USD per capita in Prihandrijanti 
et al. (2008).

Low user charge tariff makes the fi-
nancial feasibility results did not meet 
satisfactory condition. Improvement us-

ing tariff adjustment found that a mini-
mum of 1,000% for household tariff and 
50% for commercial tariff needed to 
make the NPV and BCR results accepted. 
And further 3,355% and 190% escala-
tion for household and commercial tariff 
needed to meet satisfactory conditions of 
NPV, BCR, and IRR. 

These results need to be advocated to 
the user, to prevent rejection of willing-
ness to pay from the user. It means that 
the external factor plays a large portion 
for the decision making, and the success 
rate is low for tariff escalation based on 
previous research (OECD, 2004; Pri-
handrijanti et al., 2008; van Buuren, 
2010; Kerstens et al., 2012; Sugiana, 
2013; Kerstens et al., 2015). 

From authors’ point of view, the op-
tions using combination of grant and loan 
is the best choice. The sewerage operator 
can make business plan and search for 
loan and grant to get the budget needed 
for both business expansions as well for 
operation and maintenance budget.

TABLE 5. Loan analysis for Palembang City Sewerage Project (own studies)

Scenario
Number of connections Loan Grant NPV

BCR IRR
[%]household commercial [× 1 000 USD]

a Maximum household, 
100% loan 19 771 2 229 5 416.21 – 17 833.65 1.51 11

b Maximum household,  
50% loan + 50% grant 19 771 2 229 2 708.10 2 702.70 19 185.34 1.57 12

c Maximum household, 
75% loan + 25% grant 19 771 2 229 3 712.07 1 699.04 18 659.17 1.55 11

d Maximum commercial, 
100% loan 4 064 17 936 5 416.21 – 33 053.74 1.95 17

e Maximum commercial, 
50% loan + 50% grant 4 064 17 936 2 708.10 2 694.63 34 386.30 2.03 19

f Maximum commercial, 
75% loan + 25% grant 4 064 17 936 3 870.00 1 536.98 33 767.14 1.99 18
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Summary
Operation and maintenance financial 

feasibility analysis of centralized domestic 
wastewater treatment system (case study: 
Palembang City Sewerage Project).  Budget 
needed for operation and maintenance of 
centralized domestic wastewater manage-
ment in Indonesia is often overlooked. This 
results in fail systems, high idle capacity, and 
abandoned assets. While the economic feasi-
bility often used as the basis for centralized 
domestic wastewater infrastructure construc-
tion, the financial feasibility often shown 
a different result. The construction phase will 
be feasible according the analysis, while the 
operation and maintenance phase will have 
a different result. As unsolicited projects, 
the operation and maintenance of sewerage 
in Indonesia always have budget difficulties, 
thus needed scenario to resolve the matter. In 
this study, cost and revenue variable will be 
analyzed to determine the feasibility value 
based on NPV, BCR, and IRR calculations. 
The revenue comes from user charge tariffs 
on household and commercials connections, 
and cost variable consists of: chemical usage 
cost; sludge disposal cost; personnel wage 
cost; fuel and electricity cost; spare-part re-
placement cost. The analysis will determine 
whether both household connection and com-
mercials connection in the sewerage system 
have positive results. Should negative results 
emerged, follow up analysis added to elevate 

the results consists of following scenarios: 
sensitivity analysis for tariffs adjustment; 
sensitivity analysis adding grant as option; 
sensitivity analysis adding loan as option. 
While analysis of base tariffs shown negative 
results on NPV, BCR, and IRR calculation, 
the follow up analysis shown significant 
changes thus the results is desirable.
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Introduction

Rapeutic drugs are a class of anthro-
pogenic substances that are an emerging 
issue about pollution of the environment. 
Antibiotics are therapeutic organic com-
pounds that can be produced by particu-
lar microorganisms as secondary me-
tabolites, or can be generated artificially 
or semi-artificially (Phillips, 2003). An-
tibiotics exert antibacterial activity by 
altering the basic metabolic pathways of 
bacteria (Girardi et al., 2011).

These compounds are commonly 
used in human medicine for the preven-
tion of bacterial infections, in agriculture 
for the fight against plant pathogens, in 
the veterinary industry and in aquacul-
ture for the control of pathogenic agents. 
Antibiotics, however, are also used as 
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growth promoters (Nunes, Veiga, Frank-
enbach, Serôdio & Pinto, 2019).

This number contains both human 
and veterinary antibiotics, most of which 
are antibiotics for veterinary purposes 
(Thiele-Bruhn, 2003). For all the reasons 
previously studied, the increasing con-
centration of antibiotics in the environ-
ment resulted from the increased use of 
such products.

Although not present in high con-
centrations, widespread dissemination 
of such materials has recently been ob-
served, particularly in the aquatic envi-
ronment. Generally, urine and feces are 
the primary sources of unchanged types 
of prescription drugs in nature after the 
excretion of pharmaceutical materials. 
This helps, with or without treatment, 
these chemicals to enter waste water 
(Nunes et al., 2019).

In certain countries, excrete-con-
taining waste water and drug residues 
are processed at wastewater treatment 
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plants where they can be contaminated 
or absorbed by sludge treatment (Fais-
al, Nassir, Naji, Naushad & Ahamad, 
2020; Naji, Faisal, Rashid, Naushad & 
Ahamad, 2020; Rahi et al., 2020; Saad, 
Abd Ali, Naji, Faisal & Al-Ansari, 
2020). The danger of such pharmaceu-
ticals is subjected to the surface when 
the contaminated wastewater is not 
treated successfully or not treated at all 
(Karthikeyan & Meyer, 2006; Alsham-
mari et al., 2020).

Many engineering developments, 
including coagulation, floatation, chemi-
cal reduction, oxidation, photochemical 
degradation, and microbial remediation, 
have been proposed to address these is-
sues by eliminating antibiotics from hab-
itats (Abd Ali et al., 2020; Ahmed, Naji, 
Faisal, Al-Ansari & Noushad, 2020; 
Naji, Jassam, Yaseen, Faisal & Al-An-
sari, 2020).

The utility of plants has grown over 
the years in the biological remediation of 
pollutants. In the literature, many plant 
species with the ability to eliminate a 
wide range of environmental pollutants 
have been recorded (Sekulic et al., 2019; 
Ahmed, Faisal, Jassam, Naji & Naushad, 
2020; Naji, Jassam et al., 2020).

The one given by Zhao et al. (2010) 
in which Lemna minor was tested is an-
other example of using plants to mitigate 
the impact of pharmaceuticals in prac-
tical circumstances. The plant showed 
a strong response to large amounts of 
both absorbing and metabolizing phar-
maceuticals. The conditions in which 
the plants have been tested are made as 
similar as possible to the environmental 
conditions under which they will be sub-
jected. Therefore, the objective of this 
research is to study the photototoxicity 

of  Meropenem on Lemna minor for dif-
ferent Meropenem concentrations from 
1 June 2020 to 15 July 2020.

Material and methods

Lemna minor

In Steinberg medium, Lemna minor 
cultures were produced in controlled 
laboratory conditions at 25 ±2°C. The 
plant was subjected to continuous light 
to tolerate to the new environment for 
five days prior to the beginning of the 
test in order to allow plant acclimati-
zation to the conditions needed by the 
adopted test guidelines. The Lemna mi-
nor was subsequently exposed to a se-
ries of three concentrations of Meropen-
em for five days. Meropenem standard 
stock solutions have been prepared in 
water at a concentration of 1,000 mg·L–1

and held in amber screw-capped glass 
vials in darkness at a temperature of –
20°C for a period of seven days (Faisal, 
Al-Wakel, Assi, Naji & Naushad, 2020).

The concentrations selected were 
0.01, 0.05, and 0.1 mg·L–1. The opera-
tion process was based on the operation 
of the built wetland as batch reactors 
for different influencer concentrations 
for the period from 1 June 2020 to 
15 July 2020 as previously mentioned. 
The batch experiments were carried out 
with a period of detention equal to five 
days. At the Ministry of Science and 
Technology, the sample concentration 
of water was measured. Liquid samples 
were obtained and the Meropenem was 
centrifuged and musurified using high-
performance liquid chromatography 
(HPLC).
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Results and discussion

The removal efficiencies for differ-
ent initial concentrations (0.01, 0.05, and 
0.1 mg·L–1, respectively) of Lemna spp. 
CW are shown in Figure 1. Each concen-
tration was tracked for two months in this 
figure (from June 1st to July 31st). To 
take the readings, a check point was set 
every two weeks. At each check point, 
the readings were taken as five-day ship-
ments (the check points assigned were 
June 1st, June 15th, July 1st, and July 
15th). For better clarification, each ini-
tial concentration was placed into a sepa-
rate figure.

Removal efficiencies have shown 
that the detention period has risen from 
one day to five days. The removal ef-
ficiency values for Lemna spp. samples 
for the first period (1 June 2020) were 
83.1, 85.1, 86.3, 87.4 and 88.4 for the 
first period (1 June 2020) and 57.4, 58.4, 
61.5, 62.5 and 63.5 (15 July 2020) for the 
last period, corresponding to 0.1 mg·L–1 
for each period and initial concentration, 
respectively.

The efficiency of the Lemna spp. 
system was very good, with overall re-
moval efficiencies ranging from 58.4% 
for Meropenem to 88.4% for both under 
low concentration. The removal efficien-
cy values for Lemna spp. samples were 
88.4 for the first period and 63.5 for the 
last period corresponding to the 5th and 
the initial concentration was 0.1 mg·L–1, 
compared with the removal efficiency of 
Meropenem for the first and last periods 
for the last day (5th). In this analysis, as 
the concentration used, the decrease in 
removal efficiency reported in Lemna 
spp. systems could also be attributed to 
that toxic effect.

The removal efficiency values for 
Lemna spp. samples decreased from 
95.3 to 88.4 relative to the removal ef-
ficiency of Meropenem when the ini-
tial concentration rose from 0.01 to 
0.1 mg·L–1 for the first cycle and the 
last day (5th), respectively. These find-
ings indicate that the content of Mero-
penem medium in the plant continues 
to increase. In duckweed, high doses of 
Meropenem induce the synthesis of few 
metabolites (starch, protein, polypeptic, 
etc.) that could lead to excess biomass 
in such configurations. Few previous 
workers have also documented the phys-
iological alternation and inhibition of en-
zymatic pathways in plants subjected to 
elevated Meropenem load, indicating the 
adverse effect of elevated Meropenem 
content on the functioning of the plan 
(Białk-Bielińska et al., 2018). 

To run the system at the optimal scale, 
the load in the duckweed-based phytore-
mediation system should be optimized 
(Verma & Suthar, 2015). The results con-
firmed that the presence of Lemna spp. 
in the units for adopted concentrations 
would increase the reduction of Mero-
penem because Lemna spp. will provide 
the required environment for phytoreme-
diation growth within the root zone and 
other parts of Lemna spp. (Kouki, M’hiri, 
Saidi, Belaďd & Hassen, 2009). Plants 
have a photosystem responsible for light 
harvesting and energy transfer to the act 
(Baker 2008; Faisal, Alquzweeni, Naji 
& Naushad, 2020). Bacteria was also re-
duced in contamination level. This could 
be as a result of biochemical activities of 
the indigenous microbes within the waste-
water which tend to use up the pollutants 
in the wastewater (Rakhshaee, Giahi & 
Pourahmad, 2009).
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FIGURE 1. Constant initial concentration (0.01, 0.05 and 0.1 mg·L–1) removal efficiencies of Mero-
penem in CW of Lemna spp.



Removal of Meropenem by using Lemna minor 489

These photosystems have very ef-
fective light harvesting processes, si-
multaneously preventing photosynthetic 
photo-oxidative damage. This may oc-
cur during periods of intense light, and 
photosynthetic organisms have evolved 
different defensive mechanisms to cope 
with it (Jahns & Holzwarth, 2012; Fais-
al, Ibreesam et al., 2020). There are two 
key pathways for chloroplasts: electron 
transfer to molecular oxygen leading to 
the formation of O2, H2O2 and hydroxyl 
radicals (O percent H) (Halliwell, 2007), 
and a second pathway involving the 
transfer of energy from triplet chloro-
phyll to molecular oxygen leading to the 
formation of superoxide radicals (O–

2) 
(Nunes et al., 2019).

In plants, O–
2 is naturally generated 

during photosynthesis in chloroplasts, 
particularly when plants develop under 
conditions of environmental stress that 
inhibit photosynthetic processes, caus-
ing excessive absorption of light energy 
(Nunes et al., 2019; Faisal, Jasim, Naji, 
Naushad & Ahamad, 2021).

Meropenem is believed to interfere 
with the electron transport chain leading 
to the formation of oxidized chlorophyll 
triplets capable of transferring energy di-
rectly to the O2 molecule, which in turn 
has a dual effect on plant cells resulting 
in the oxidation of biomolecules, includ-
ing lipids (which are structural elements 
of the cell membranes), but also proteins 
with a dual effect on plant cells (Ramel 
et al., 2012; Faisal & Naji, 2019).

However, can ultimately endanger 
the normal physiology of plants. That 
is why defensive/adaptive mechanisms 
among plant species are highly elabo-
rate. Catalase is a key enzyme that plays 
an essential role in the degradation of 

hydrogen peroxide. This enzyme serves 
as a protector for the species against the 
deleterious oxidant effects that can be 
caused by this chemical (Nunes, Verde 
& Soares, 2015).

In cells, catalase is still involved to 
prevent damage caused by the normal 
formation of H2O2 during aerobic pro-
cesses that are part of the cell’s physi-
ological activity. An rise in the levels 
of hydrogen peroxide is overserved, 
but due to the metabolism mechanism 
of certain chemicals, it may result from 
the occurrence of oxidative stress. This 
is immediately followed by increased 
catalase activity, which acts as a physi-
ological compensation during condi-
tions of oxidative stress (Nunes et al., 
2019) according to Gomes et al. (2017). 
There was a noticeable increase in per-
oxide concentration and a large increase 
in catalase activity in minor plants after 
0.75 mg·L–1 of ciprofloxacin was ex-
posed for one week. These data agree 
with the pattern that has been collected 
here. This data set indicates that biomol-
ecules are influenced by reactive oxygen 
species that ultimately result from Mero-
penem’s metabolism.

Chemical oxygen demand (COD) 
and root length

By weighing COD, the content of or-
ganic matter was determined. A commer-
cial Hach package (2125915 COD HR) 
was added to this purpose, according to 
the US EPA System 410.4 (EPA, 1993). 
This process relies on the oxidation of 
the organic compounds, which has been 
quantified at 610 nm based on the po-
tential to reduce the dichromate ion to 
chroma ions. A multiparametric Hanna 
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 spectrophotometer (HI 83214 model) 
was used to evaluate the absorbance 
values that precisely fit COD (mg·L–1) 
levels. The parameters evaluated for 
varying concentrations and the removal 
increases were found in the raw mate-
rial with reduced concentration for the 
chemical oxygen (Fig. 2).

Kinetics of biodegradation

Kinetic is a critical factor for under-
standing the biodegradation process, cal-
culating the speed of bioremediation and 
creating effective clean up for a polluted 
area. A set of empirically derived rate 
laws is the kinetics of biodegradation. 
The three lists in Table 1 are enough to 
explain most biological reactions.

Using zero-order, first-order, sec-
ond-order and Grau kinetic models, 
the removal data is represented. In or-
der to achieve non-linear fitting, zero-
-order, first-order and second-order ki-
netic models have a small application for 
bio removal of various Meropenem con-
centrations by applying the “solver” op-
tion in Excel 2016. In order to analyze the 
kinetics for biodegradation processes, the 

FIGURE 2. The removal efficiencies of chemical oxygen demand (COD) and root length with different 
initial concentration (0.01, 0.05 and 0.1 mg·L–1) for Meropenem in CW of Lemna spp.

TABLE 1. Mathematical kinetic models

Model Mathematical formula

Zero order C C kt= ⋅−

First order ktC C e−

= ⋅

Second order
1

CC
C kt

=

+ ⋅

Grau 11C C
ab
t

= ⋅ −

+

final concentration to intial concentration 
of Meropenem in the sand was also plot-
ted against time as shown in the figure. 
The biodegradation kinetics of kerosene 
were analyzed using the kinetic models 
described in Figures 3a, 3b and 3c for 
0.01, 0.05 and 0.1 mg·L–1, respectively.

Although there was not a very strong 
agreement with the experimental data in 
the zero-order, first-order, and second-
order models, the Grau model showed 
a very good contrast to the collected ex-
perimental data.
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FIGURE 3. Kinitic model of plant system for different initial concentration (0.01, 0.05 and 0.1 mg·L–1)
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Compared to other methods, the in-
formation collected separately for each 
of the kinetic models from the slopes of 
plots indicates a strong compliance with 
the second-order model. In Table 2, how-
ever, all constants resulting from fitting 
with R2 and SSE were added. The listed 
figures show that there is a satisfactory 
correspondence between experimental 
results and model predictions, as is evi-
dent from the SSE values in combination 
with R2.

TABLE 2. Parameter of kinetics model for plant system

Model Parameter
Intial concentration [mg·L–1]

0.01 0.05 0.1

First order

k 0.4440 0.4020 0.3278

R2 0.9954 0.9846 0.9779

SSE 0.0000 0.0003 0.0012

Second order

k 68.8890 12.3272 4.9683

R2 0.9982 0.9924 0.9901

SSE 0.0000 0.0000 0.0002

Zero order 

k 0.0019 0.0090 0.0168

R2 0.9034 0.8843 0.8964

SSE 0.0000 0.0007 0.0026

Grau

a 0.1496 0.1823 0.3525

b 1.4128 1.4509 1.5138

R2 0.9835 0.9878 0.9850

SSE 0.0000 0.0000 0.0000

Conclusions

The treatment of contaminated wet-
lands with Meropenem using traditional 
methods attracts concern from some 
parts of society, while ecological ap-
proaches are considered with minimal 

options currently available to the petro-
chemical industry.

This research has shown that Lemna 
minor, an invasive aquatic plant abundant 
in surface waters throughout the world, 
has a great potential to ecologically re-
mediate and extract a large amount of 
Meropenem from polluted waters. The 
plant was able to absorb and degrade 
Meropenem from wetlands. However, it 
was not possible to completely elucidate 
these processes due to the uncertainty 

of the fate and the transformation/min-
eralization processes of Meropenem 
by Lemna minor. For 0.01, 0.05 and 
0.1 mg·L–1 influential concentration, the 
variation of effluent concentration with 
hydraulic retention time for all units un-
der consideration was well defined by 
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the Grau second-order kinetic model. It 
is therefore suggested that studies should 
be carried out to explain the underlying 
mechanisms of degradation, conversion 
and mineralization by Lemna minor of 
Meropenem.
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Summary

Removal of Meropenem by using 
Lemna minor. In this paper we presented 
a case study about the removal of a phar-
maceutical contamination (in this case 
Meropenem) from the environment using 
organic natural substance (in this case study 
is Lemna minor). The study proved the ef-
ficiency of the used material to remove the 
contamination of three specific contamina-
tion levels of Meropenem. The experimen-
tal testing proved the concept, the effect on 
two vital measures (the chemical oxygen 
demand – COD, and the root length), which 
showed improvement in both measures. The 
degradation mechanism was proven to be 
not arbitrary by testing the degradation be-
havior measured practically to four kinetic 
models. The practical work was found to fit 
perfectly with the Grau second order model 
as the simulation work included in the paper 

shows. Based on this study it can be proven 
that the dangerous chemicals resulted from 
the residue of a pharmaceutical substances 
can be removed efficiently using a totally 
natural environmental friendly material.
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Introduction 

The use of precast concrete has be-
come a viable way to build houses due to 
the high degree of reliability of its proper-
ties and characteristics when controlling 
the quality of the process and the qual-
ity standards in the production plant (du 
Plessis et al., 2021). This is corroborated 
by the precast division of the national 
cement union of Ecuador (Ucem), which 
based on basic criteria of high produc-
tivity at low cost, industrialization and 
applicability (low time for assembly), 
show that the properties that the concrete 
will develop are optimal in the face of 
variations due to on site work restric-
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Canales y Puertos

Sustainable acoustic insulation for prefabricated concrete 
homes in Andean zones

tions (Kim, Kim & Cho, 2020). During 
the design and selection of construction 
materials, the weather is a key factor. 
Sudden changes in temperature directly 
affect the behavior of the materials (cre-
ating cracks and/or detachments) due to 
thermal shock (Rajeshkumar, Anandaraj, 
Kavinkumar & Elango, 2020). Due to 
its privileged geographical position, 
Ecuador has a variety of weather for 
its four regions: coast, Sierra, Amazon, 
and Galapagos; however, Andean zones 
presents the best conditions in terms of 
maintenance for the materials due to the 
cold temperatures (Cevallos, Jaramillo, 
Ávila & Aldaz, 2017). Andean region 
is made of rows of mountains, snow-
capped mountains, volcanoes, high An-
dean peaks, valleys, and lagoons. It is 
characterized by a humid tropical climate 
in transition zones towards the coast and 
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the Amazon, temperate semi-humid to 
humid in the inter-Andean zone, hot 
and dry in the inter-Andean valleys and 
cold in the highlands and mountains in 
the paramos, above 3,000 m of altitude. 
Temperature is linked to altitude; be-
tween 1,500 and 3,000 m the average 
values vary between 8 and 20°C, with 
a temperature gradient of ~ 5°C for eve-
ry 1,000 m of altitude (Narváez & León, 
2001). These climatic considerations are 
necessary when attempting to maintain 
comfort in habitability. This refers to 
construction solutions used in a building 
or home to minimize the transmission of 
sounds (noise or noise pollution) from 
the outside or from an adjacent room. 
This can be achieved using acoustic in-
sulation materials (Escobar, 2019). The 
place of origin of the acoustic materials 
can be mineral or natural, synthetic, and 
bio-based. Through the years, both ma-
terials, techniques and technologies have 
improved, reaching a high acoustic qual-
ity of the constructions. Countries such 
as Spain or Ecuador are an excellent 
reference in terms of research on acous-
tic insulation of buildings (Taban et al., 
2019). Even though the construction sec-
tor offers a variety of acoustic materials, 
it is unknown which are the most optimal 
materials to use them, due to the scarce 
information in Ecuador on the subject 
(Obaco, Royuela & Matano, 2020). 
Consequently, it is necessary to prepare 
a comparative study of acoustic materi-
als for prefabricated concrete homes for 
Andean zones of Ecuador. This research 
validates itself through its development: 
search and analysis of relevant updated 
academic and university research, data 
comparison and use of statistical tools 

and techniques that allow understanding 
and building a new research generating 
contexts; in this case on optimal acoustic 
materials for application in environments 
created with precast concrete (Guevara 
Patiño, 2016). 

Methodology

The Delphi method was used for the 
determination of the best acoustic insula-
tors, after the gathering of the informa-
tion obtained by the experts, the results 
were validated with the AHP method 
(analytic hierarchy process), and organ-
izing the information hierarchically and 
thus it was possible to determine the best 
materials for acoustic insulation in build-
ings in Andean area of Ecuador. 

According to José, Vidal and Lluch 
(2019), the foundation of AHP is:
a) The structuring a hierarchical model 

(representation of the problem by 
identifying the goal, criteria, sub-
-criteria, and alternatives).

b) Prioritization of the elements of the 
hierarchical model.

c) Evaluation of the elements by as-
signing “weights”.

d) Ranking of the alternatives accord-
ing to the given weights.

e) Synthesis.
f) Analysis of sensitivity.

It is important to identify the prob-
lem in the methodology to accept the 
criteria of the experts and place the pro-
posed alternatives on a list, allowing the 
use of these tools in solving the acoustic 
problem in Andean areas (Fig. 1). This 
will provide a series of viable solutions 
to builders and users.
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The main strategy of AHP is the 
paired comparisons, this uses an under-
lying scale with values from 1 to 9 to 
qualify the relative preferences of two 
elements, that is, a comparison is made 
between two elements to determine the 
order of the alternatives (Table 1).

The prioritization of the importance, 
preferences, or probabilities of pair el-
ements. Based on a common attribute 
or criteria represented in the decision 
hierarchy, it is the mathematical basis of 
AHP (Chandna, Saini & Kumar, 2021). 
In terms of quality to make the final de-
cision, the consistency of the judgments 
shown during the series of paired com-
parisons is important. A perfect consist-
ency is difficult to achieve, since in al-
most any set of paired comparisons there 

will always be some inconsistency; for 
they are judgments made by human be-
ings. If the degree of consistency is ac-
ceptable this can be continued with the 
decision process, if the degree of con-
sistency is unacceptable the decision 
maker will have to consider and possibly 
modify their judgement about the paired 
comparisons before continuing with the 
analysis. If the degree of consistency is 
acceptable this can be continued with 
the decision process, if the degree of 
consistency is unacceptable the decision 
maker will have to consider and possibly 
modify their judgement about the paired 
comparisons before continuing with the 
analysis. 

To determine if the criteria are well 
evaluated, the consistency ratio (CR) 

1

2

3

Selection of the best acoustic insulators that can be installed in prefabricated
concrete homes for the Sierra Centro of Ecuador

Physical
characteristics

Acousticisolation Availability Installation Price

Alternative 1 Alternative2 Alternative 3

FIGURE 1. Hierarchy tree (García-Ruiz & Lena-Acebo, 2018)

TABLE 1. Saaty scale for the AHP method (Lin & Kou, 2021)

Value Definition Comments

1 same importance Criteria A is equal to the importance of criteria B.

3 moderated importance Experience and judgment slightly favor criteria A over criteria B.

5 big importance Experience and judgment strongly favor criteria A over criteria B.

7 very big importance Criteria A is much more important than criteria B.

9 extreme importance The greater importance of criteria A over criteria B is beyond 
doubt.

2, 4, 6, 8 Intermediate values between the previous ones, when it is necessary to qualify.
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 calculation is used, where the result of 
the criteria is compared with the data 
shown in Table 2.

TABLE 2. Maximum percentage of consistency 
ratio

Matrix size % max. CR

3 5%

4 9%

≥ 5 10%

Matrix size formulas used to calcu-
late consistency ratio:

IC = (λ_p – n) / (n – 1) (1)

IA = (1.98· (n – 2)) / n (2)

CR = IC / IA (3)

where:
IC – consistency index,
CR – consistency ratio,
λ_p – average Landa,
IA – Ranm consistency,
n – array order.
Note: Landa is the quotient of the row 
vector and the average vector of the ma-
terial comparison matrix; average Landa 
(λ_p) is needed to evaluate the consisten-
cy of the evaluations made by the experts 
(Caner & Aydin, 2021).

Results and discussion

Based on a bibliographic search on 
the different types of acoustic insula-
tors, it was observed that, for an acoustic 
insulating material, there are no param-
eters defined by any regulations. How-
ever, there are some characteristics that 
can help to compare and choose an op-
timal material depending on the type of 

noise to be mitigated (Dong et al., 2021). 
In general, it is understood as “acoustic 
insulation” to reduce the noise level of a 
room (Opydo, 2004). However, the dif-
ference between the terms “isolation” 
and “absorption” must be considered. 
The acoustic absorbers are used to being 
materials of low density (they are light) 
and great flexibility. Acoustic insulators, 
on the other hand, are materials of high 
density (heavy) and greater rigidity, for 
each type of noise there are certain phys-
ical characteristics that the materials 
must meet so that their use contributes to 
noise reduction (Sato, Kurisu, Morimoto 
& Maeda, 2021). In the same manner, 
as the chosen insulation will be applied 
in the Sierra del Ecuador area in height 
ranges from 2,000 to 6,700 m above 
sea level, relevant characteristics must 
be considered in terms of functionality; 
more specifically to the data on the coef-
ficient of thermal expansion (Bao et al., 
2021). Table 3 shows the value of this 
characteristic of the materials and shows 
characteristics to be considered for the 
functionality of the material.

The characteristics of the acoustic in-
sulating / absorbent materials, shown in 
Table 3, serve as a guide for an adequate 
comparison between acoustic insulating / 
/ absorbent materials. It is worth men-
tioning that most of the bibliography, 
consulted publications, do not fully 
specify the physical characteristics of 
the tested materials (thickness, density, 
porosity, among others).

On the other hand, the value of the 
thermal shock coefficient represents the 
expansion of the volume of the mate-
rial; here, materials shrink in cold and 
expand in heat (He, Huang & Jiang, 
2021). The lower the coefficient of 
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thermal  expansion, the less the mate-
rial will shrink or expand with changes 
in temperature. A high thermal expan-
sion coefficient affects the dimensional 
stability of the insulating material (Yuan 
et al., 2017). In cold conditions, thermal 
bridges occur as the material shrinks and 
creates joint cracks or subsidence. This 
causes a strong impact on the perform-
ance of the insulation because it causes 
premature aging of the same and the need 
for repair or replacement is essential.

Expert selection

With the purpose of developing 
both the Delphi methodology and the 
AHP methodology, a group of experts 
was brought together. They established 
judgments and evaluations of the crite-
ria of applicability and functionality of 
the insulating materials. In the first as-
sessment, the comparison and weight of 
the criteria regarding the applicability 
of the material in prefabricated concrete 
homes was established, using the Saaty 
numerical scale. Subsequently, the con-
sistency of said assessments was veri-
fied, which provide coherence in the in-
vestigation, and consequently, obtained 
the list of acoustic insulating materials 
as a result.

Results of the AHP methodology

The evaluations obtained from the 
AHP methodology, compares not only 
the physical-technical properties of the 
materials, but also criteria regarding the 
selection of the materials. In other words, 
the set of evaluations obtained from the 
AHP methodology helped to generate the 
list of acoustic materials in descending 
order with the best options to be applied 
in manufactured homes. The consistency 
ratio values with the weights of the crite-
ria and their own vectors once the aver-
age of the evaluations and judgments of 
the experts consulted has been completed. 
As these values are less than 0.1, they are 
useful for the purpose of research.

Table 4 shows the eigenvectors ob-
tained with the evaluations by interview-
ing the experts, using the Delphi and AHP 
methodology (eigenvectors of each crite-
ria and the average eigenvector once the 
necessary iterations have been complet-
ed), depending on “availability of the ma-
terial and price”, two criteria with more 
weight with respect to the applicability of 
the insulators for the prefabricated homes. 
This is consistent, because: it is useless 
for us to have information on a suitable 
and acoustic insulating material that can-
not be found in the market and preferably 
in the local or national market.

TABLE 4. Eigenvectors of the criteria in AHP methodology

Physical-technical 
characteristics Availability Isolation Installation Own vector

(weight of criteria)

0.48079291 0.080661063 0.15691286 0.1360679 0.213608682

0.152848742 0.199214723 0.06714229 0.19437598 0.153395435

0.088321967 0.457676376 0.47875944 0.34302058 0.341944591

0.201590302 0.158596394 0.19099108 0.17746785 0.182161406

0.076446079 0.103851445 0.10619434 0.14906768 0.108889886
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In the same way, the price factor is 
decisive in the construction environment 
since more importance is given to low-
ering prices than to the insulation char-
acteristics. This must change since noise 
can affect the health conditions of the 
people on those homes.

The consistency of the responses is 
less than 0.1, which translates into co-
herent answers that provide weight in the 
investigation to make the list of acoustic 
insulating materials.

In the evaluations of acoustic materi-
als, several factors were taken into con-
sideration in addition to those mentioned 
above: the sustainability characteris-
tics of the material, the comparison of 

 existing materials on the market and pro-
totypes proposed in research, since they 
demonstrate to have an adequate behav-
ior as an insulator / acoustic absorber.

To obtain the result table (Table 5) 
with the value of the materials: multiply 
the values of the tables of eigenvectors 
(functionality of the material) and the 
weight of the criteria (applicability of the 
material). Here, the best option is the one 
with the highest value.

Only materials that are used inside 
the house are presented in Table 5, since 
when comparing the values of their 
characteristics, they differ depending on 
where the material is applied. For this 
reason, materials exclusively for internal 

Acoustic insulating / Absorbing 
material

AHP 
assessment

Audipet 0.070696426

Audiseal 0.050828737

Sound absorbing plates 
(polyurethane foam) 0.049224798

Cork 0.047869328

Balsa laminated panel 0.043807815

Curtain 0.043693331

Audiglue 0.042399282

Fiberglass 0.041491311

PFRV (fiberglass reinforced 
plastic) 0.040225609

PRFN composed with jute fiber 0.034156729

Veneered chipboard board 
– DM board 0.033375732

Polyurethane foam 0.033366785

Polystyrene foam 0.033013585

Etherboard or fiber cement 0.032797451

Pneumatic acoustic panel 
recycled with resin 0.031420276

Acoustic insulating / Absorbing 
material

AHP 
assessment

Gypsum (plaster) 0.031133019

Wood fiber 0.030465064

PRFN composite with coconut 
fiber 0.030142847

Rock wool 0.029523870

Chipboard laminated panel 
(plywood) 0.028230806

MDF laminated panel 0.027637440

PRFN composite with kenaf 
fiber 0.027517869

Cabuya 0.026881398

Abaca or hemp 0.026365038

Cellular glass 0.026049431

Icopor (expanded polystyrene) 
at 75% and rubber at 25% 0.024062313

Coconut fiber 0.023963115

Encapsulated Cisco coffee in 
polyethylene bag 0.020250811

Rice fiber 0.019409784

TABLE 5. List of sustainable and unsustainable acoustic insulating materials
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use are compared since the setting and 
the characteristics of the materials for 
outdoor use are completely different.

Acoustic insulating materials for 
ceilings were excluded, although they 
can be installed inside the building, in 
precast concrete homes (specifically in 
modular precast) the mezzanine height 
standard is 2.40 m, which is not optimal 
to use it because the living space would 
be reduced considerably. In Figure 2, 
the options of the insulators to be used 
in prefabricated concrete houses are pre-
sented in hierarchical order.

In Figure 2, it is evident that the sus-
tainable materials do not present much 
difference once all the criteria and in-
dividual comparisons by criteria have 
been evaluated. This shows that they are 
a viable alternative to replace the use 
of mineral and synthetic materials that 
are not renewable and that use up the 
planet’s natural resources. The notori-
ous difference in the peaks of the bars is 
in the criteria of availability, since most 
sustainable insulators are prototypes. In 
other words, they are not yet found on 
an industrial scale, but they prove to be 
viable and feasible in their realization. In 
this way, it contributes to an increase in 
its useful life, to a positive impact on the 
environment and to the energy efficiency 
of the home.

Conclusions

In Ecuador there is no regulation or 
guide document for the characterization 
of acoustic materials, since most of them 
focus on standards for measuring the 
sound level in indoor and outdoor rooms, 
in order to later compare the results with 

the admissible noise levels. Likewise, 
the sources of information with databas-
es of the materials do not fully specify 
the physical characteristics of the tested 
materials (thickness, density, porosity, 
among others). Consequently, an invi-
tation is made to the acoustic scientific 
community and interested university 
groups to organize databases that estab-
lish the characteristics of the materials 
and that serve for a correct comparison 
of them.

It is worth mentioning that prefabri-
cated materials with additives or resins 
were not compared to improve acoustic 
quality in the process plant; because they 
do not fall into the category of insulat-
ing materials to be used once the house 
is built. However, it is recommended to 
exclusively develop this type of studies 
in future research, to improve the quality 
of the material in terms of insulation and 
thus, obtaining acoustic comfort without 
the need to use a material already pre-
pared for this purpose.

To guarantee people’s health, acous-
tic insulation constitutes an important 
control in the comfort of the home; 
since in the long run, being subjected 
to noise pollution translates into health 
problems. Therefore, it is necessary to 
implement materials that help mitigate 
this effect.

In acoustic insulation, plastic rein-
forced with natural fiber (PRFN) can be 
classified as alternative materials to plas-
tic reinforced with fiberglass (GRP) be-
cause its acoustic absorption coefficient 
varies between 0.3 NRC for coconut 
fibers and 0.9 NRC for jute fibers, com-
pared to glass fibers whose absorption 
was 0.63 NRC. This shows that they have 
better acoustic absorbent performance.
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Summary

Sustainable acoustic insulation for 
prefabricated concrete homes in Andean 
zones. The construction sector is undoubt-
edly one of the main promoters for economic 
and social development. The modern concept 
of the prefabrication of elements originated 
from the industrial revolution to reduce costs 
and increase production through the mecha-
nization of work, increasing the quality and 
ease of control in the plant. Prefabricated 
concrete homes are aimed at the popular sec-
tors, however, when talking about acoustic 
habitability comfort we refer to construc-
tive solutions used in a building to minimize 
the transmission of sounds (noise pollution) 
from outside or from an adjoining enclosure. 
This is achieved with the use of acoustic in-
sulation materials. In the present research, 
through a bibliographic review, the updated 

state-of-the-art search methodology is de-
veloped, supported by the Delphi and AHP 
(hierarchical analytical process) methods 
and with the opinion of experts to compare 
the properties of acoustic insulating materi-
als; in order to publicize the best acoustic 
insulators to be installed inside prefabricated 
concrete homes. Within the bibliographic 
review, new technologies with sustainable 
materials found as feasible prototypes were 
investigated in Ecuador, where thanks to its 
diversity of ecosystems and the necessary 
existing technology, the natural fibers used 
in the prototypes for insulation/absorption 
are easily found acoustics in homes.
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