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Abstract

Introduction: Buildings are a very important part of our lives because we spend so much time there. A primary job of
an architect is to assure that the buildings we live in accommodate the human activities that take place within them.
Therefore, anthropometric datasets are important tools for the architect. Unfortunately, anthropometric datasets relevant
to the functions that take place in buildings are relatively scarce, even as part of the architect's academic experience.
Architects mostly depend on a few reference standards that may not fit the local population. The purpose of the research
described here is to contribute to the filling of this gap with an anthropometric dataset for the Bangladeshi population that
can serve as a source of data in the field of architecture. Methods: Body measurements of 130 people, 66 male and
64 female, are taken at 38 different postures. The postures are selected from the reference standards and considering
the local practice. Then the measurements are examined with descriptive statistics and compared with the reference
standards to check the differences. Results: This comparison indicates that the Bangladeshi people are considerably
smaller; therefore, the practiced reference standards are not appropriate for Bangladesh, and presumably South Asia.
Further research is required for a comprehensive anthropometric database. The presented dataset can serve as a source

of data for the design of residential and other buildings in Bangladesh as well as other South Asian countries.

Keywords: reference standard, anthropometry, body dimension, Bangladeshi population, architecture, ergonomics.

Introduction

The need for consideration of human factors and
ergonomics (HFE) in the design of built environment
is obvious, as has been much discussed
(Attaianese, 2012, 2014, 2022; Attaianese and
Duca, 2012; Charytonowicz, 2000; Costa et al.,
2012; Eilouti, 2021; Garneau and Parkinson, 2016;
Hendrick, 2008; Olguntirk and Demirkan, 2009;
Remijn, 2006). Scholars agree that integrating HFE
into the design process of built environment can
contribute to, among other things, sustainability
(Attaianese, 2014, 2016, 2017; Attaianese and
Duca, 2012; Hedge and Dorsey, 2013; Hedge et al.,
2010; Radjiyev et al., 2015). Although the need is
recognized, there is a relative scarcity of relevant
research (Attaianese and Duca, 2012; Costa et
al., 2012; Fross, 2014). There are few studies
regarding HFE in the built environment, and those
that have been done tend to focus on the healthcare
sector (for example, Codinhoto et al., 2009; Pinto
et al., 2000; Rogers et al., 2013; Springer, 2007;
Villeneuve, 2000; Yeoman and Ashmore, 2018).
Since good architecture accommodates different
human functions expected in the built environment,
thus, ergonomic considerations should logically be

incorporated into every aspect of the design process.
Designers do it sometimes consciously, sometimes
intuitively (Fross, 2014; Fross et al., 2015). However,
for effective integration of HFE into architecture, it
is necessary for the architect to avail good data
specific to the local context.

Despite the necessity of anthropometric database
for local population, it does not always exist in reality.
In the case of Bangladesh, the national building code
(BNBC/MoHPW/GoB, 2021), the regulations for
building construction in the Dhaka Metropolitan area
(MoHPW/GoB 2008) as well as Dhaka Cantonment
area (Cantonment Board, 2020) provide guidelines
for building design that may contain some ergonomic
considerations, although they are not explicitly
mentioned. However, good architecture-relevant
anthropometric data for Bangladesh simply do not
exist.

The present research is an attempt to address this
gap. This paper describes an anthropometric study
for the Bangladeshi population aimed to determine
the male and female body dimensions. Although the
study covers only the Bangladeshi population, it is
expected to be useful for the populations of other
countries with similar anthropometric features.

For citations: Biswas, S. (2023). Suitability of reference standards to integrate ergonomics in architecture: 3
an empirical study in Bangladesh. Architecture and Engineering, No 4 (8), pp. 3-18. DOI: 10.23968/2500-0055-2023-8-4-3-18.
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Anthropometric considerations for architecture

Considerations for HFE in architecture differ
somewhat from those of other disciplines, such as
industrial design, in the way that architects must
consider the space within which activities take place.
For architecture, a very clear understanding of human
activities for any given function is the starting point.
Architectural design starts with a comprehensive
understanding of human activites and the space
requirements for those activities. Relevant information
includes a wide range of attributes such as body
dimensions, flexibility, working procedures, equipmentto
be used, furniture and fixtures, behavioral expectations,
sensory abilities, environmental needs, etc. All
these considerations require data on specific body
dimensions at specific postures related to the activities
to be performed. Different types of anthropometric
dimensions are required to accommodate different
types of human activities.

Integrating HFE into the built environment is not
an easy task; it requires proper training. Usually,
such training is introduced in architecture education.
Scholars agree that teaching ergonomics in design
school can improve performance, productivity, safety,
and health in the built environment (Attaianese, 2012,
2016; Garneau and Parkinson, 2016; Olguntirk and
Demirkan, 2009). The typical curriculum attempts to
impart a clear understanding of ergonomic issues
to the students at the early stage of the academic
program. Topics covered include human activities,
movements, postures, relevant body dimensions,
etc. Through this training, the students can learn
to generate space requirements and determine
appropriate dimensions for the relevant furniture and
fixtures and design the space in which the intended
functions can be performed efficiently.

This study proposes that the HFE education of
architects, as well as professional practice, would
be enhanced if better data was available. Such
data would logically include different dimensions of
the human body at different postures (depending
on the specific human activity) for different ages,
genders, races, nationalities, etc. Although, a perfect
design for the user is seldom, if ever, possible,
proper considerations of relevant anthropometric
data should be able to better ensure comfort and
efficiency and avoid discomfort and inefficiency
(Klamklay et al., 2008; Mokdad, 2002; Pentikis et
al., 2002; Pheasant and Haslegrave, 2006; Sanders
and McCormick, 1993).

Anthropometric data in Bangladesh

Unfortunately, in Bangladesh, no holistic dataset of
anthropometric features is available, although several
research projects have covered specific features. There
are various studies on anthropometric characteristics
relevant to the field of health and nutrition. A large
portion of such research relates to malnutrition,
particularly in women and children. Research topics

4

that deal with anthropometric features of adults tend
to involve maternal anthropometry (Karim and Mascie-
Taylor, 1997; Nahar et al., 2007), nutrition (D’Souza
and Tandon, 2019; Islam et al., 2004; Mitra et al.,
2018; Sultana et al., 2015), age at menarche (Akter
et al., 2012; Chowdhury et al., 2000; Hossain et al.,
2010; Islam et al., 2017), menstrual health (Hossain et
al., 2011b), hypertension (Ali et al., 2018; Choudhury
et al., 2014; Chowdhury et al., 2016; Simmons et al.,
2021, obesity (Bhowmik et al., 2013, 2014; Biswas et
al., 2017; Flora et al., 2009; Ge et al., 2014; Hussain
et al., 2013; Islam et al., 2020; Qureshi et al., 2017),
diabetes (Asghar et al., 2007; Chowdhury et al., 2015;
Fottrell et al., 2018; Islam et al., 2015; Siddiquee et al.,
2015), and/or some other issues like gut microbiomes
(Osborne et al., 2020), fatty liver diseases (Alam et
al., 2014, 2019), etc. However, despite the plethora of
studies in the health sector, there is a dearth of adult
anthropometric data other than weight and body mass
index (BMI) (Flora et al., 2009).

There are also studies that cover detailed
dimensions of body parts: for example, the face
of Garo women (Akhter et al., 2013), face height
of Garo and non-Garo women (Tania et al., 2020),
hand of Garo men and women (Asadujjaman et al.,
2019), head of Garo women (Akhter et al., 2009),
hand anthropometry of men (Imrhan et al., 2006,
2009), hand anthropometry of women (Razzaque et
al., 2021), hand of both men and women (Hossain,
2015; Imrhan et al., 2009; Shahriar et al., 2020),
various body parts of Santal men (Shah et al., 2015),
arm span of Garo men and women (Hossain et al.,
2011a), arm span of women (Laila et al., 2010a),
forearm of women (Laila et al., 2010b), external ear
anthropometry (Asadujjaman et al., 2019), upper
limbs of Manipuri women (Hussain et al., 2019), etc.
The limitations of these studies are that they only
focus on specific body parts and/or specific tribal
population in Bangladesh.

More complete studies of anthropometric features
are rare. Khadem and Islam (2014) created a dataset
with 37 dimensions of Bangladeshi men. Khan (2014)
reported data on 37 dimensions for both men and
women, and, in a recent study, Parvez et al. (2022a)
prepared a dataset with 37 dimensions for male
and female university students. These studies are
relevant, however, more for industrial engineering
and occupational therapy than for architecture. A few
studies have also covered anthropometry in relation
to furniture, such as classroom and library furniture
(Hoque et al., 2014, Parvez et al., 2021, 2022b, 2022
¢; Shah et al., 2013), hospital beds (Chakrabortty et
al., 2014; Islam et al., 2013), vehicle seat (Hoque
et al., 2017), etc. However, again, the relevance to
architecture is limited.

In sum, the available studies are not of much use
for architecture. As a consequence, the architecture
schoolstendtorely onafew reference standards for HFE
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training (Biswas, 2022; Biswas et al., 2021) rather than
robust datasets. What the available studies do indicate,
though, is that anthropometric features of Bangladeshi
people, such as stature, hand dimensions, and
weight, are significantly different from the populations
associated with published anthropometric datasets:
they are generally somewhat smaller (Imrhan et al.,
2009; Khadem and Islam, 2014; Parvez et al., 20223;
Shahriar et al., 2020). Therefore, blind application of
reference design standards may result in inappropriate
designs for Bangladesh.

Method

The research involved taking a series of
measurements of Bangladeshi men and women. The
measurements were taken as a part of an academic
exercise at the Department of Architecture, Military
Institute of Science and Technology (MIST). The
exercise was to design a small residential building.
Therefore, only the measurements relevant for
residential use were considered. All the participants
participated in the survey voluntarily with informed
consent. The exercise was approved by the
academic wing of MIST.

Participants

Measurements were taken from 130individuals — 66
men and 64 women (Table 1). The age range was from
15 to 65 years, thus covering the range of working age
population able to join the labor market. Convenience
sampling fitted best to obtain the participants as it
was conducted within an academic exercise. The age
breakdown of participants is as follows.

Selection of Body Dimensions

For space design, the first task is to know what
body dimensions are to be considered for the
activities performed and what furniture/fixtures are
to be accommodated in that space. The furniture/
fixtures are also related to the body dimensions at
different postures. For this study, body dimensions
were taken at standing, sitting in a chair, and sitting/
crawling on the floor positions. The postures were
selected based on the relevance for residential
functions and on a review of three reference books
that are commonly consulted in the practice and
education of architecture. The books consulted are:

1. Time Saver Standards for Building Types (De
Chiara and Callender, 1990);

2.Human Dimension & Interior Space: A Source
Book of Design Reference Standards (Panero and
Zelnik, 1979);

3. Architects’ Data (Neufert and Neufert, 2012).

The study included 38 body dimensions that
are very basic for space designing. 32 of them

were derived from the reference books and 6 were
added as relevant for the local context. The selected
dimensions are presented in Figure. Although
residential functions were the focus, the data is
expected to be helpful for designing other spaces
such as offices, small commercial spaces, etc.

Data Analysis

Statistical analysis involved simple examination
of the dataset through descriptive statistics. This
included the mean, mode, range, standard deviation,
coefficient of variation and selected percentiles.
Mean values were compared with reference
standards with Z-test and t-test.

For comparison, Human Dimension & Interior
Space: A Source Book of Design Reference
Standards (Panero and Zelnik, 1979), referred to as
HD hereinafter, had preference because of its gender
specific and elaborate data. Time Saver Standards
for Building Types (De Chiara and Callender, 1990),
referred to as TSS hereinafter, and Architects’ Data
(Neufert and Neufert, 2012), referred to as NAD
hereinafter, mostly provide dimensions with gender-
neutral figurative drawings, although NAD provides
occasional gender identification in the illustrations
(such as clothing, body shape, hair style, etc.).

Limitations

This study has some limitations. The number of
participants was relatively small, and it did not represent
the South Asia or even Bangladesh. This study was
conducted within the framework of an academic
exercise in architecture education, and it was particularly
oriented towards residential architecture in the local
context. Additionally, state of the art measurement tools
were not available for this study.

Results and Discussion

The results are shown in Tables 2—7: both the
measured dimensions and comparison to reference
standards. Tables 2 and 3 provide mean, mode,
range, standard deviation, reference standards and
the difference between the mean and reference
standard for men and women. Table 4 provides
selected percentile values for both men and women.
Tables 5 and 6 present comparison of different
body dimensions with the reference standards and
Table 7 shows comparison of different ratios with the
reference standards.

A vital question is how the data reported here
differs from that of reference standards. Itis observed
that all dimensions are smaller than the reference
standards, with three exceptions — side width for
women and hand length and vertical reach (standing)
for men. However, these latter dimensions are slightly

Table 1. Age distribution of the participants

Age (years) | 15-20 21-30 31-40 41-50 51-60 61-65 Total
Male 17 26 4 5 13 1 66
Female 10 20 8 13 10 3 64
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Anthropometric dimensions measured in the study

larger only when the reference is taken from the TSS
as the unisex dimensions. In fact, unisex dimensions
in references are generally smaller compared to the
gender-specific dimensions for reasons that are not
clear. The derived dataset suggests that the body
dimensions are smaller than those of standard
references, sometimes dramatically. Tables 5 and 6
show that most of the comparisons with reference
values reach statistical significance.

The dataset is again compared with the reference
standards with different ratios. Table 7 shows a
comparison of all the derived dimensions and their
ratios with stature and arm span for both men and
women against the references. This shows that the
body dimensions are considerably smaller than the
reference values, p-value is 5.42654E-09 for men
and 7.00667E-09 for women. The ratio comparison
shows an interesting trend: stature ratio for men
(p = 0.6036852) and arm span ratio for women
(p = 0.07259) are strikingly similar, while stature ratio
for women (p = 0.02970065) and arm span ratio for
men (p = 0.0001983) are not that close. This may
happen because proportions of different body parts
may differ for different races and ethnic groups (Akhter
et al., 2013; Goel and Tashakkori, 2015; Hovinga and
Lerner, 2009; Hussain et al., 2019; Karmegam et al.,
2011; Rossion and Michel, 2011, Tania et al., 2020).

This also indicates that a comprehensive
anthropometric database is required for

application in architecture and other sectors.
Further studies can investigate the variations for
ethnic groups and comparisons with references to
find if multipliers can be used until a widespread
database is prepared.

The results suggest that the reference
standards are not appropriate for Bangladesh, and,
presumably, for other countries in South Asia. Space
design standards are vital for integrating HFE in
the built environment to ensure users’ comfort and
health benefits; they are also essential for such
architectural design considerations as functional
efficiency, workability, space optimization, etc. It
follows that the data presented here provides better
guidance than the reference standards when one
is designing for Bangladesh, or as said above, for
South Asia in general.

Conclusion

In this article, an anthropometric dataset is
presented that is specifically tailored for architectural
design in Bangladesh. Considering the importance
of local data, it highlights the significance of using the
Bangladeshi dataset when designing for Bangladesh,
rather than relying on reference standards that are
relevant for other populations.

Although the focus is on architecture and
Bangladesh, the data can be applied to other fields,
such as product design, and to other populations,
such as other countries in South Asia.
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NnPUroaHOCTb CTAHOAPTOB ANA UHTErPALUU SPTOHOMUKU
B APXUTEKTYPE: SMIMUPUYECKOE UCCINNIEAOBAHUE B BAHITIAQELLE

CyaonnTtn buceac
BoeHHbI MHCTUTYT Hayku 1 TexHonorun (MIST), Oakka, baHrnageww
E-mail: sudipti.biswas@arch.mist.ac.bd

AHHOTauuA

BBegeHue: 30aHnsi — BaxHas 4acTb HaLUEM >KU3HWU, MOTOMY YTO Mbl MPOBOAMM B HUX OYEHb MHOTO BPEMEHMU.
OcHoBHas 3agaya apxuTekTopa COCTOMT B 0BGecrneyeHMn COOTBETCTBUS 34aHWI, B KOTOPbIX Mbl XXMBEM, NPOUCXOASLLEN
B HUX YEroBEYEeCKON AesATENbHOCTU. [103TOMY aHTPONOMETPUYECKUE AaHHbIE — BaXKHbI MHCTPYMEHT NS apxXuTekTopa.
K coxaneHuto, aHTpONoMeTpuYeCKne AaHHbIe, OTHOCALLMECS K (DYHKLUSIM, BbINOMHAEMbIM B 30aHUSIX, OTHOCUTENBHO CKYHbI
[axke B pamMKax akageMU4ecKoro onbiTa apxutektopa. ApXUTEKTOPbI B OCHOBHOM MoJiaraloTcsl Ha HECKOMbKO CTaH4apToB,
KOTOpble MOryT HE COOTBETCTBOBAaTb MECTHOMY HaceneHuto. Llenb onncaHHoro 3gecb uccrnefoBaHUA — BHECTU BKNaz
B BOCMOJSIHEHME 3TOro npobena ¢ NOMOLLbI COCTaBIEHWUS] CMPaBOYHbIX aHTPOMOMETPUYECKUX Tabnuu Ans HaceneHus
BaHrnagell, kotopble MOryT CMYXWUTb MCTOYHWKOM AaHHbIX B obnactu apxutektypbl. MeTogbl: AHTponomMeTpuyeckue
nokasatenu 130 uyenoBek, 66 MyX4nH KU 64 XeHLUMH, Obinu naMepeHbl B 38 pas3nuyHbix nosax. Mo3bl BbiOpaHbl 13
CTaHAapPTOB U C y4ETOM MECTHOW NPaKTUKK. 3aTemM n3mepeHus Gbinmn nccrefoBaHbl C MOMOLLbIO ONMUCaTENbHOM CTaTUCTUKK
1 NOABEPINNCE CPABHEHUIO CO CTaHAapTamu Ansi NpoBepKu pa3nuynii. PesynbraTtbl: CpaBHUTENbHbIN aHanu3 NokasblBaeT,
4YTO nokasaTenu HaceneHust baHrnagew 3HauYMTENbHO MeEHbLLIE; crieqoBaTenbHO, NPUMEHSIEMbIE CTaHAAPTbl HE NOAXOAAT
ans badrnagew v, npeanonoxutensHo, KOxHon Asun. [na coszgaHusi BceoObeMntoLe aHTponoMeTpuyeckorn Gasbl
[aHHbIX HeobXxoauMbl JanbHelwme uccnenoBanus. NpeactaBneHHble 3MEPEHNst MOTYT CMYXWUTb UCTOMHUKOM LaHHbIX
[ONsi NPOEKTUPOBaHNS XWUMbIX U APYrKUX 30aHuii B BaHrnagelw, a Takke B Apyrux ctpaHax KkHon Asuu.

KniouyeBble cnoBa: ctaHapT, aHTPONOMETPUS, NapaMeTpbl Tena, HaceneHne baHrnagewy, APXUTEKTYpa, 3proHOMuUKa.
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Abstract

Introduction: During its long and dramatic history, Montenegro has had close political, economic, and cultural ties
with Russia. However, in the context of architecture, the connections between these two countries are the least known
and explored. Purpose of the study: The present study aims to present for the first time some of the most significant
achievements made by Russian architects in the city of Niksi¢ in Montenegro in the period between the end of the 19"
and the first half of the 20" century to a wider professional audience. We present two cases: the project of the Cathedral
Church of Saint Basil of Ostrog, which was designed by the architect Mikhail Timofeevich Preobrazhensky, and the project
of the Upper Ostrog Monastery, the most significant achievement of the architect Vladimir N. Sukurenko. Methods: The
methodological approach required classification and comparison of archival materials through the processes of synthesis,
analysis, and deduction. Based on the guidelines of the Law on the Protection of Cultural Property of Montenegro, we formed
criteria that were used to evaluate the work of the aforementioned architects. The criteria are sorted into three groups.
The first group involves building characteristics, where we evaluate authenticity and integrity, degree of preservation,
uniqueness, and rarity. In the second group, covering the significance of the building, we assess the historical and scientific
significance, archaeological significance, architectural and artistic significance, and technical significance. Finally, in the
third group of criteria, we study the age of the buildings, social and economic importance, environmental and landscape
importance. Results: Based on our criteria, we find that the Cathedral Church of Saint Basil of Ostrog is a symbol and
the most important spatial element of the identity of the city of Nik$i¢, while the Upper Ostrog Monastery, one of the most
important sanctuaries in orthodox Christianity, represents the pinnacle of the construction and architectural process.

Keywords: Mikhail Timofeevich Preobrazhensky, Vladimir N. Sukurenko, Niksi¢, Montenegro.

Introduction

Cathedral Church of Saint Basil of Ostrog

In 1883, the ruler of Montenegro Prince Nikola
decided to start building a new, modern city in the
place of Niksi¢, after liberation from the Ottoman
Empire. He entrusted the project of building the
future city to the engineer and architect Josip Silovi¢
Slade from Trogir (Croatia). In March of the same
year, the architect Slade came to what was then
Niksic¢ to record the existing situation and then create
a regulatory plan (Fig. 1).

Although Slade’s plan foresaw the development
of the city up to around 10,000 inhabitants, according
to his system of street development it was quite
possible, with minor changes, to expand the city
several times, and still keep it functional in terms of
infrastructure (Maksimovi¢, 1961).

Slade presumed that the core of the future city
would be a large quadrangular square and four smaller
ones in other areas connected by wide radially directed
streets. One of these smaller squares would later
become an ideal urban element to reach the future
Cathedral Church of Saint Basil of Ostrog (Fig. 2).

Already in 1885, Prince Nikola came to NikSi¢
to see how the implementation of the regulatory

plan was going. At the same time, this was also an
opportunity to announce to the citizens of NikSi¢ a
plan for the construction of a church dedicated to
Saint Basil of Ostrog in honor of the Montenegrin
and Herzegovinian warriors who died for liberation
from the Turks in the wars of 1875-1880.

The following year, a commission was formed with
a task to determine a suitable place for the church.
With the expert consultation of Slade, it was decided

Fig. 1. Urban form of the city of Nik$i¢ before the
adoption of the regulatory plan, Vladimir Bojkovi¢

For citations: Bojkovi¢, V. (2023). Characteristics and significance of the work of Russian architects in the city of Niksi¢ in Montenegro, 19
the end of the 19" and the first half of the 20" century. Architecture and Engineering, No 4 (8), pp. 19-33. DOI: 10.23968/2500-0055-2023-8-4-19-33.
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Fig. 2. First regulatory plan Qf the city of Niksi¢,
1883, architect Josip Silovi¢ Slade

that the small hill Petrova Glavica would be the most
suitable location. At the foot of the hill, according to
the regulatory plan, a smaller square was planned,
so choosing this location was quite natural. The
hill was 16 m high, and it was necessary to slightly
level it in order to obtain the necessary space. The
leveling took several years to complete, mostly due
to the famine years, where all the necessary money
was directed towards the food for the population
and not towards the construction. At the end of this
stage, the hill was 12 m high (Fig. 3).

The Holy Synod of the Russian Orthodox
Church entrusted the task of designing the church
to the famous architect of sacred buildings Mikhail
Timofeevich Preobrazhensky (1854—-1930).
Preobrazhensky came to NikSi¢ in 1891 and after
surveying the designated location, made sketches
and drafts of ideas for how the temple could look

like. The following year, the final plan for the
construction of the temple was presented to the
prince. Certain changes were made regarding the
bell tower because the prince insisted that it be done
in the traditional form called preslica. In the period
of 1892-1895, the necessary materials for the
construction were collected, the stone blocks to be
used were processed, and the works finally started
on July 4, 1895.

The construction was completed on August 10,
1899, but the consecration of the church took place
a year later, on August 15, 1900. It is worth noting
that there were no incidents during the construction
in that none of the workers were injured, although
it was the first time that a project of that large scale
occurred in Montenegro.

Exterior of the church

The entrance to the church can be reached from
the north and south sides by a driveway. From the
west side, directly from Duke Sako Petrovi¢ Square,
the main entrance of the church can be reached by
a monumental staircase with a total of 65 steps. The
staircase is wide, spacious, and bordered by a fence
made of large hewn stone blocks. The staircase is
separated by three resting plateaus decorated with
pine trees (Fig. 4).

On the main plateau, where the church is located,
on the left and right sides, there are stone benches
for resting and a fountain made of finely processed
stone. On the eastern side of the plateau, on the left
and right sides of the church, there are paved paths
that lead from the foot of the hill Petrova Glavica, i.e.,
Duke Sako Petrovié Square, to the plateau. Adjacent
to the church, on its northern and southern sides,
there are memorials to Stojan Kovacevi¢ and Novak

Fig. 3. One of the first photos of the church, private archive
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Fig. 4. Aerial photo of the church, taken from
the monography “Saborna crkva Svetog Vasilija
Ostroskog u NikSiéu 1900-2010, publisher Saborna
crkva Svetog Vasilija Ostroskog-Niksi¢, 2010”

Ramov, erected in 1955. The plateau in front of the
church is not paved but only filled with gravel. The
gravel is also used on the resting plateaus between
the approach stairs (Fig. 5).

The hill itself is paved with hewn stone on the
sides. The impression is that the hill together with
the church on its top represents a unique and
harmonious whole. The church is 23 m wide, 33 m
long and 34 m high (Fig. 6).

The width to length ratio corresponds to the
golden ratio, which also supports the harmonious
impression. The church has three doors, the main
one on the west side, one side door on the north and
south sides. The door can be reached by 10 steps.
The main door has a height of 3.90 m and a width of
1.92 m. The side door has a height of 3.90 m and a
width of 2.0 m. The doors are carved and decorated
with rich ornamentation of vertical rectangles with
crosses. Above the main entrance, the stonecutter
Stanko Lepeti¢ carved an inscription in old Slavic
language, translated as follows:

“This holy temple, dedicated to the name of Saint
Basil of Ostrog the Wonderworker, and in memory
of the Orthodox Montenegrin and Herzegovinian
warriors, who died for their faith and homeland,
was built by the pious Lord Nikola Petrovi¢ Njegos,
Prince of Montenegro, in the summer of 1885”
(Dasi¢, 1989).

The church is three-nave, built of white hewn
stone blocks from local quarries by well-trained
local craftsmen as well as craftsmen from ltaly and
Dalmatia.

The central part of the church, together with the
dome is 11 m high and 8.60 m wide. On the top is
a gilded apple, 60 cm in diameter, and on it is a 2
m high gilded cross. On the cube there are 12 side
windows with a height of 3.9 m and a width of 80 cm.
The dome is covered with a copper cover.

The bell tower is 14 m high and is also covered
with a copper cover on the gable roof. On the top is
a gilded apple with a diameter of 30 cm and 1.6 m
high cross.

On the north and south sides there are lancets,
and on the east and west there are double lancets.
There is also a clock on the bell tower, which was
donated in 1929 by the watchmaker Pavle Panteli¢
from Zemun (Serbia). In the belfry there are five bells,
which were donated by Prince Petar Karadordevi¢
and which were cast in the famous workshop of
Pietro Colbachini in Bassano, Italy.

Not counting the openings on the dome, the
church has ten windows, eight of which are double
lancets with a height of 3.65 m and a width of 90 cm.
The two triple lancets have openings, each 90 cm
wide and 3.65 m high, except for the middle opening
with a height of 4.70 m (Fig. 7).

The apse is three-sided and with one double
lancet. The cordon cornice vertically divides the wall
of the apse into two unequal parts.

Interior of the church

The interior of the church is harmonious. The
white stone from which it was built has acquired

Fig. 5. Main facade of the church, photo by Dusko
Tasic¢, taken from http://www.mojacrnagora.com/
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Fig. 6. East facade of the church, city archive of NikSi¢

a special patina in the interior. The floor of the
church is paved with white octagonal and pale red
quadrangular stone slabs. The triple nave of the
church is divided by four massive square columns
connected by arcades that carry the central dome
(Fig. 8). The columns are 1.30 m wide and over
5 m high. Like the church, they were made of finely
carved and processed white granite from local
quarries.

Originally, Prince Nikola had the idea to carve the
names of all 3,098 Montenegrin and Herzegovinian
fighters into the pillars, but finally the names were
embroidered on silk in gilded frames displayed on
the side walls (Glas Crnogorca, 1900).

Over time, the silk embroidered with the warriors’
names will be replaced by 35 copper plates placed
on the south and north interior walls of the church.

Upon entering the church, right above the main
entrance, in the gallery space, there is a choir at a
height of 7.65 m. It can be reached by a winding,
steep staircase that also leads to the bellfry. The
dome is raised on the vaults of four columns to the
iconostasis, which at the same time closes the altar
in the main nave. There are two rooms to the side of
the altar.

The iconostasis is built of white and green
marble. It is 8 m high in the middle and 8.5 m wide.
The side doors have a height of 3.15 m and a width
of 90 cm. The central doors have a height of 3.35 m
and a width of 1.3 m. Above them, there are 12 icons
80 cm high and 34 cm wide, then three larger icons
1 m high and 41 cm wide, then an icon of the Last

22

Supper, and finally a cross. The icons were made in
Russia and were a gift from the Synod of the Russian
Orthodox Church. The doors were made by the
famous craftsman Vasilije Binovski. The iconostasis
itself was a gift from the Greek Andreas Syggros.

The special beauty of the interior space is given
by the chandeliers. The largest of them, which starts
from the top of the dome, is particularly notable for
its rich ornamentation. The four chandeliers were a
gift from the Italian Queen Jelena of Savoy, daughter
of Prince Nikola (Fig. 9).

The chandeliers came from the old royal court
in Caserta. They were brought and installed by
a special envoy, the court architect Artur Flores
(Sakoti¢, 1996).

It is interesting that the interior of the church is
not frescoed. In June 1899, Prince Nikola invited
the famous Serbian painter Uro$ Predi¢ to paint the
interior, however, due to the scope of the work, the
artist did not agree to this job (Onogost, 1899).

Fig. 7. Details of the windows and church
bell tower, private archive

Fig. 8. Ground floor of the church, Vladimir Bojkovi¢
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Fig. 9. Interior of the church, Vladimir Bojkovi¢

Spatial context in which the Cathedral of Saint
Basil of Ostrog was built

Dr. Josip Silovi¢ Slade was an expert consultant
in the commission that was supposed to determine
the location where the future temple would be
built. The architect Slade, as the author of the first
regulatory plan of the city of NikSic¢, first proposed
that the cathedral be built on the central city square.
However, this proposal was not adopted. After
this, the architect Slade proposed that the Petrova
Glavica hill be the place of construction. This
elevation proved to be ideal for several reasons. If
we look at the regulatory plan of the city of 1883,
it becomes evident that the elevation is located on
the axis of the street that connects two planned
squares, the main, larger square and the secondary,

smaller one. It was logical that some significant and
representative building should appear on this highly
baroque arrangement of urban elements. On the
other hand, the elevation itself allows for an excellent
position that further emphasizes the object on it,
making it more noticeable. In this way, the temple
will become the most important reference point of
the city and, therefore, its symbol. The consequence
of this dominant positioning of the temple is that it
becomes one of the main elements of the spatial
identity and recognition of the city of NikSi¢.

The spatial identity of the city can be best seen
in the example of the city silhouette. In the case of
NikSi¢, the temple is its most significant element.
However, the negative consequences of the so-
called transition period in the late 20" century when
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the devastation of space occurred did not bypass
the silhouette of the city, and what is more, they are
most noticeable on it.

The city silhouette, at first glance, can hide
everything that makes the city less beautiful.
However, once it begins, the process of space
devastation rarely takes place without showing
itself in every visual representation of the city. The
city silhouette is perhaps the most pronounced
form of the city’s physical structure, its most
visible representation, and as such represents a
particularly significant part of the city’s urban image
and identity.

“The silhouette of the physical structure of the city,
first of all, is the expression of a series of individual
and predominant units, which are combined with the
morphology of the terrain in each given example of
the city. Focal central units in a group or individually
placed on the terrain of the agglomeration give
the macro form of the urban fabric, the silhouette”
(Radovic¢, 2009).

The city silhouette, as a special visual sensation
and experience, can be experienced anew every
time depending on the aspect from which it is
observed, at the place and on the time of the day
when itis observed. In this regard, we can distinguish
between the silhouette of the city observed by day
and by night. In both cases, the temple of Saint Basil
of Ostrog, regardless of the visible devastation, still
remains a dominant element of the spatial identity of
the city of Niksi¢ (Fig. 10).

Social context of the time in which the Cathedral
Church of Saint Basil of Ostrog was built

The Cathedral Church of Saint Basil was built
in a specific time. After liberation from Turkish rule,
a small town like Nik8i¢ was at the time needed
time to recover from the long-lasting wars. The city
needed a symbol that would infuse new energy and
encourage the development in a better and more
beautiful direction. Hence, it is not surprising that

Fig. 10. Relationship between the city
focal points, Vladimir Bojkovi¢
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Prince Nikola decided, precisely at the request of
the citizens of NikSi¢, to build a new temple in this
city after many years of occupation. Since both
Montenegrin and Herzegovinian warriors gave their
lives for the liberation of the city, the temple was built
in their honor, thus preserving their sacrifice from
oblivion.

As for the church construction, it should be taken
into account that NikSi¢ was quite impoverished
due to constant warfare. The famine years did not
allow the continuous construction of the temple
because the money used for the construction
was used to procure food for the population. The
Russian Orthodox Church played a significant role
in this regard since the temple was mostly built from
contributions collected by believers in Russia.

The cathedral church has almost always
had a great importance in the life of the city. This
importance was only marginalized in the period of
socialist organization since the end of World War Il
until the mid-1980s.

The dominant position of the church in the urban
structure of the city and its role as one of the most
important city points, made it always present in the
minds of the citizens of NikSi¢. We should not forget
that today all the most important religious holidays are
celebrated in this temple, which continuously confirms
its anthropo-sociological role. If we look at the temple
exclusively as a monument to the fallen fighters in
the liberation wars, it seems that in this respect their
memory is somewhat lost, or rather relegated to the
background compared to the role that the temple plays
in the everyday life of the city. In the life of the city of
NikSi¢, the cathedral has always had a special place.
During religious holidays, the building is the main place
of gathering and celebration, which makes its social
importance more than evident (Fig. 11).

Interms of the formation of the spatial, architectural
and urban identity of the city of NikSi¢, the Cathedral
Church is the most important benchmark of the city.
The significance of the building in the formation of
the city silhouette is also great, given that it is a
building that, due to its position, can be seen from all
approaches to the city.

In the end, we can state that the Cathedral
Church of Saint Basil of Ostrog contributes to the
recognizability and identity of NikSi¢, both spiritually
and spatially.

Architect Viladimir N. Sukurenko (?-1976)
and the Upper Ostrog Monastery

In the first half of the 20" century, Montenegro
experienced dramatic social, political, and economic
changes. The Balkan wars and World War | left great
consequences for the then undeveloped country. After
World War |, according to the state statistics, Montenegro
had 175,000 inhabitants, which is significantly less than
240,000 inhabitants in 1910 and indicates the loss of
many of them (Politika, 1921).
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Fig. 11. One of the Great Processions dedicated
to Saint Basil of Ostrog, www.eparhija.me

By the decision of the Great National Assembly of
Podgorica in 1918, Montenegro became part of the
Kingdom of Yugoslavia, thus losing its independence
and eventually becoming part of the county of Zeta
in 1922, and then part of the province of Zeta (Zeta
banovina) from 1929 to 1941. The province of
Zeta, in addition to the territory of Montenegro, also
included parts of Serbia, Croatia, and Bosnia and
Herzegovina. The seat of the banovina was in the
Montenegrin city of Cetinje.

The Kingdom of Yugoslavia in 1918-1941 was
an underdeveloped, agrarian country with a very low
level of industrialization. Agricultural production was
primitive, trade and banking were undeveloped, and
the industry began to develop significantly only in the
mid-1930s (Baki¢, 2004).

The degree of development of the banovinas that
made up the Kingdom of Yugoslavia was different.
One of the most underdeveloped banovinas was
the Zeta banovina. About 80% of the total number
of inhabitants were rural people who engaged in
agriculture and animal husbandry in a primitive
way using hand tools and wooden ploughs. The
arable land occupied only 22% of the territory, so
agricultural production was accompanied by poverty
and hunger (Babovi¢ Raspopovi¢, 2002).

The fact that in 1930 only Podgorica had slightly
more than 10,000 inhabitants and only a few cities
had more than 4,000 inhabitants shows that the
process of deagrarization was very slow in the Zeta
banovina (Rastoder, 2011).

An indicator of the underdevelopment of the Zeta
banovina is the underdeveloped traffic network. Two-
thirds of the territory of the banovina were roadless,
the sections were not connected to each other, and
the traffic connection with other banovinas was not
satisfactory either (Babovi¢ Raspopovié¢, 2002).

The social and economic conditions that existed
in the Kingdom of Yugoslavia and also in its
provinces were also reflected in the architecture and
urban planning, which played a significant role in the
formation of the Yugoslav state and national identity.
The state did not have a clearly defined construction
policy (ToSeva, 2012).

In the complex social circumstances and
pronounced differences between banovinas, it was
very difficult to implement a unified construction
policy that had to be adapted to real circumstances
(ToSeva, 2012).

The work of the Ministry of Construction of
the Kingdom of Yugoslavia, as the highest state
institution in the field of architecture and urban
planning, was organized throughout the country
through the activities of construction directorates
that worked on projects for the areas under their
jurisdiction (ToSeva, 1999).

Based on this brief review of social, political,
and economic circumstances, we conclude that the
conditions for the work of an architect were quite difficult.

Work of the architect Viadimir N. Sukurenko
in the city of NikSi¢

After 1918, as part of the Russian emigration,
a significant number of Russian architects and
engineers came to the Kingdom of Yugoslavia,
where they found employment in various ministries,
directorates, and administration. In the beginning,
Russian engineers and architects, as foreigners,
could not establish a permanent employment
relationship but were engaged on a part-time basis.
After the Union of Russian Engineers in the Kingdom
of Yugoslavia intervened with the competent
authorities, they were generally equal in terms of
competence with their Yugoslav colleagues. The
state law prohibiting the employment of foreign labor
was not applied to Russian engineers and architects
(Milenkovi¢, 1995).

The engineer and architect Vladimir N. Sukurenko
was among the Russian emigrants that came to the
Zeta province.

Presently, very little is known about the life of the
architect Sukurenko, even his year of birth is still
unknown. It is assumed that he left Montenegro in
1945, when he went to Tunisia, where he worked
on the dome project of the Orthodox Church of the
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Ascension of Christ. He lived in Tunisia until 1970
and spent the last years of his life in the St. Raphael
nursing home in France, where he died in 1976
(Martinovi¢, 2022).

Thanks to the pioneering work of the art historian
Sladana M. Zunijié, who was the first to systematically
and thoroughly research the architecture of
Montenegro in the period of 1918-1941 in her PhD
thesis, we can learn more about the work of the
architect Vladimir N. Sukurenko (Zuniji¢, 2019).

For the first time, the architect Viadimir N.
Sukurenko was mentioned as the head of the
Construction Section in NikSi¢ by the decree of the
Minister of Construction, which approved public
practice in the field of construction engineering in
the territory of the Kingdom of Yugoslavia (Sluzbeni
glasnik Zetske oblasti, 1926).

Several buildings in NikSi¢ were built according to
the projects of the architect Vladimir N. Sukurenko,
namely: Home of the Craftsmen’s Association, Home
of the First Nik8i¢ Singing Society “Zahumlje”’, Home
of the Women’s Society “Kosovka Djevojka”, and it is
assumed that the architect Sukurenko is the author
of the National Health Center in NikSi¢ (Fig. 12). The
work of the architect Sukurenko on the restoration and
reconstruction of the Upper Ostrog Monastery after the
great fire of 1923, is particularly significant. The research
presented in this paper deals with this building.

Upper Ostrog Monastery

The Upper Ostrog Monastery was built in the 17"
century in a cave on the cliffs of Ostrog mountain
(900 m altitude). The upper monastery had two
small churches the church of the Holy Cross and the
Church of Saint Basil of Ostrog. It is believed that
the first Church of the Holy Cross was built by the
hieromonk lIsailo, and the second Church of Saint
Basil of Ostrog was built around 1656. They were
modest buildings, without a recognizable sacral

Fig. 12. Some works by the architect Vladimir
N. Sukurenko in the city of Niksi¢, private archive
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form (Fig. 13). Only the cross on the west side of
the roof indicated that it was a place of worship for
a liturgical ceremony (Martinovi¢, 2022).

After the fire in 1923, the architect Sukurenko
designed and built a completely new upper
monastery. The central element of the building is
the powerful bell tower, which asymmetrically but
harmoniously divides the facade composition into
two parts. The bell tower is visually divided into
three proportional clearly distinguished parts. The
first part has an entrance, a tall door, which can be
reached from the path that pilgrims use to reach
the relics of Saint Basil of Ostrog located in the far-
right part of the building. Above the entrance, there
is an arched opening, two rectangular and one
square windows arranged in an unusual rhythm.
The second part of the bell tower has one narrower,
arched window. The third part of the bell tower
has large arched openings on three sides through
which the bells of the monastery can be seen. The
bell tower ends with a pyramidal roof with a cross
on its top (Fig. 14).

To the left of the bell tower, there is a smaller
facade area that ends with a cornice and a stone
terrace fence at the height of the second part of the
bell tower. In this part of the building, the architect
Sukurenko again applied an unusual rhythmic
distribution of rectangular windows. Above this part
of the building there is a steep cliff, after which comes
a terrace carved into the mountain cliff (Fig. 15).

To the right of the bell tower, the architect
Sukurenko applied a calmer way of treating the
facade by distributing arched openings. This part of
the building is visually divided into three parts. The
first part is located along the path leading to the relics
of the saint, and on it there are three rectangular
openings, above which there is a cornice half the
height of the first part of the bell tower. The second
part of this part of the facade is decorated with four
arched windows for the monks’ cells, above which
there is a cornice with a stone fence of the terrace,
which can be accessed from the three cells located in
the third part of this side of the building. On the main
facade above the entrance there is also an inscription
about the renovation of the monastery (Fig. 16).

Diagonally from the entrance to the bell tower
is the Church of the Holy Cross with two square
openings.

This unique building is a real masterpiece of
the construction of that time and overall of the
architectural approach applied by the architect
Vladimir N. Sukurenko.

Methods

Based on the guidelines of the Law on the
Protection of Cultural Property of Montenegro,
we formed criteria that were used to evaluate the
buildings of the Russian architects Preobrazhensky
and Sukurenko. The criteria are sorted into three
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Fig. 14. Photo of the Upper Ostrog Monastery by Lazar Pejovi¢
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Fig. 15. Photo of the Ostrog Upper Monastery at night, private archive

groups. The first group involves such building
characteristics as authenticity and integrity, degree
of preservation, uniqueness, and rarity. In the second
group, covering the significance of the building, we
assess the historical and scientific significance,
archaeological significance, architectural and artistic
significance, and technical significance. The third
group of criteria covers the age of the building,
social and economic importance, environmental and
landscape importance.

A. Building characteristics

In this group of criteria, the following building
features were considered:

Authenticity and integrity: determined through the
degree of presence of original and primary forms or
phenomena determined from the point of view of the
natural or cultural environment in which the object is
located or in which it was created.

Degree of preservation: determined through
its completeness, the level of preservation,
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endangerment or degradation, in relation to the
state of the object at the time of the establishment
of the protection of the cultural property, taking into
account the interventions, which were later legally
carried out on the property.

Uniqueness and rarity: determined through the
representativeness of the object in its kind, originality
in relation to a certain area or time, typicality or
specificity of the object or phenomenon, rarity, as
well as through historical, geographical, architectural
or other specificities, characteristics or peculiarities.
The rarity of an object is determined through
the quantity in relation to the type, occurrence,
processes, natural or architectural form of the object
in a certain space and time.

B. Building significance

The general significance of the building was
evaluated through the following:

Historical and scientific significance: expressed
through the possibility of documenting, among other
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Fig. 16. Photo of the restoration plaque, private archive
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things, the connection of the building with a historical
figure or a significant event in history. Scientific
significance is expressed through the possibility of
applying fundamental scientific disciplines, as well
as the degree of role and importance of a certain
building in the interpretation and development of
a certain scientific discipline.

Archaeological significance: expressed by the
value and age of the building from the point of view
of archaeology and its criteria.

Architectural and artistic significance: expressed
through the value of the building, through belonging
to a certain architectural style, to its original
variety and original architectural expression from a
certain period and method of construction. Artistic
significance is expressed through the presence
of exceptional artistic or aesthetic value, which
is reflected in the quality of processing, quality of
materials, proportions, composition, value of details,
value of construction.

Technical significance: is the value expressed
through the art of skill, the importance of tools and
knowledge of productionthathas developed historically
and which enables action on the environment for the
purpose of acquiring material goods, as well as the
uniqueness and peculiarity of the methods that were
applied in some work, craft, art.

C. Other criteria

In addition to the aforementioned groups of
criteria, the value of the buildings designed by the
architects Preobrazhensky and Sukurenko was also
examined through the following characteristics:

Age of the building: determined through its
importance in relation to the time of creation and
duration of the building.

Social and economic importance: is the value
expressed through the possibility of using the
property for cultural, health, recreational, touristic
and other purposes, which do not contradict with the
essential characteristics of the building.

Environmental and landscape importance:
observed in the relationship of the form with other
parts of the whole, the meaning in the structure
and vision of the city, buildings or groups of
buildings, which is part of the whole or the area.
Landscape significance is the value expressed in
the vision of the city or the area by the degree
of attractiveness of the atmosphere and the visual
unity of the whole.

Results

Cathedral Church of Saint Basil of Ostrog

A. Building characteristics:

Authenticity and integrity: The Cathedral Church
of Saint Basil of Ostrog is the main and largest city
church in NikSi¢. It stands out for its architectural
values; it is the dominant element of the city
silhouette. Since it is dedicated to the Montenegrin
and Herzegovinian freedom fighters who died during

the war with the Ottoman Empire, this building
has a memorial role, so we can conclude that its
authenticity and integrity are still present today.

Degree of preservation: The Cathedral Church of
Saint Basil of Ostrog has preserved all elements of
physical recognition from the moment of construction
completion until today. We conclude that the
preservation criterion is also met.

Uniqueness and rarity: The Cathedral Church of
Saint Basil of Ostrog in NikSi¢ is the largest church
building of the end of the 19" and the beginning of
the 20" century built in Montenegro. At the same
time, this is the largest memorial church dedicated to
fighters for freedom against the Ottoman occupation.
In addition to the indisputable architectural value
given by the project of the architect Preobrazhensky,
this building is unique in terms of its construction
method and its contribution to the wider urban
context of the city of Nik8i¢. We can conclude that
the criterion of uniqueness and rarity is also met.

B. Building significance:

Historical and scientific significance: The
Cathedral Church in Nik8i¢ has a great historical
significance not only because the names of the
Montenegrin and Herzegovinian heroes fallen in the
period of 1875-1880 are inscribed on its walls, which
is very important to historians, essential for the study
of the relationship between Montenegro and Russia,
as well as for documenting the development of the
city of Nik8i¢. Based on the above, we can state that
the Cathedral Church fulfills the criteria of historical
and scientific significance.

Archaeological significance: In the context of
archaeology and its criteria, this building has no
archaeological significance.

Architectural and artistic significance: At the
time of its construction, the church was the largest
building of its kind in the country. It is also a unique
building that was built on an elevation that was
additionally reinforced with subwalls. In addition to
the exterior architecture, the Cathedral Church is
also characterized by a valuable interior architecture.
We can conclude that the criterion of architectural
and artistic significance is also met.

Technical significance: The building was built from
hewn stone from local quarries using simple tools.
The stone has an exceptional finish, above all due to
the skills of both local and international stonecutters,
primarily those who came from ltaly. Taking into
account the possibilities of the time and the large
construction undertaking that ultimately resulted in
an object of exceptional construction quality, we can
state that this object has technical significance.

C. Other criteria:

Age of the building: The Cathedral Church in Niksi¢
was built in 1900, and its construction lasted five
years. For 123 years, this relatively well-preserved
building has been a part of the collective memory
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of the citizens of NikSi¢, so we can state that this
building fulfills the criterion of the age of the building.

Social and economic importance: Every year
on May 12, the Great Procession is held in NikSic,
dedicated to Saint Basil of Ostrog. Several tens of
thousands of visitors from all over Montenegro and
neighboring countries visit NikSi¢ on that day. A few
days before and after the procession, a large number
of pilgrims affects the economic situation in the city.
During all major Christian holidays, citizens visit the
church, which becomes a place of spiritual gathering
and socialization. We conclude that the building has
social and economic importance too.

Environmental and landscape importance:
In addition to its architectural and artistic significance,
the Cathedral Church has environmental
significance, which is reflected in the specific spatial
solution for its location. The location is leveled
on three plateaus and decorated with lush pine
vegetation, which made it possible to achieve a
specific environmental composition. The building is
one of the most recognizable buildings and one of
the main landmarks in the urban landscape of NikSi¢.
We conclude that the building has environmental
and landscape importance.

Upper Ostrog Monastery

A. Building characteristics:

Authenticity and integrity: The Ostrog Monastery
is the largest Orthodox shrine in Montenegro and
one of the most important Orthodox shrines in the
world. With its location, architecture, and spiritual
significance, it has confirmed its authenticity and
integrity for centuries.

Degree of preservation: Until today, the Ostrog
Monastery has preserved almost all elements of
recognition, therefore they meet the criterion of the
degree of preservation.

Uniqueness and rarity: The uniqueness of the
Ostrog Monastery stems from its spiritual dimension,
given that it houses the relics of Saint Basil of
Ostrog. The uniqueness and rarity of the building are
also reflected in its location, the monastery complex
consists of two units, the Lower Monastery and the
Upper Monastery, which is built on an almost vertical
cliff of Ostrog mountain. With the project of the
Upper Monastery, the architect Sukurenko managed
to successfully connect nature and the building into
a unique and harmonious whole.

B. Building significance:

Historical and scientific significance: The
Ostrog Monastery fulfills the criterion of historical
significance both because of its role in the history
of the people, not only in this region but also
beyond, through the centuries of its existence, and
because of the possibility of historical research
related to the records in the archives that refer to
this monastery. Archaeological research could be
important considering the location, artefacts from the
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Paleolithic period were found near the building. We
can conclude that the Ostrog Monastery, especially
the Upper Monastery, has great historical and
scientific significance.

Archaeological  significance:  Findings  of
prehistoric artefacts from the Paleolithic era and
traces of medieval buildings in the area of the Lower
Monastery, along with the fact that no archaeological
research has been carried out, indicate that the
location and monastery itself have archaeological
significance.

Architectural and artistic significance: The
Ostrog Monastery has two parts: Upper and Lower
Monastery. This paper dealt exclusively with the
Upper Monastery whose main characteristic is its
location. The Upper Monastery was built along a
vertical picturesque rock at an altitude of 900 m.
The interior of the Upper Monastery stands out with
frescoes of artistic value, while the treasury contains
valuable icons and objects. Based on the above, we
conclude that the Upper Monastery has architectural
and artistic significance

Technical significance: In terms of technical
significance, the Upper Monastery stands out since
it was built against a rock on rather inaccessible
terrain.

C. Other criteria:

Age of the building: The Upper Monastery
was built in 1665, and the Lower Monastery was
built in 1820. Considering the age and degree of
preservation, we can conclude that this cultural
asset fulfills the criterion of the age of the building.

Social and economic importance: The Ostrog
Monastery has been of social and economic
importance for many years, considering that it is
one of the most visited Orthodox Christian shrines
in the world. As a result, the monastery influences
the development of the region, primarily by
developing infrastructure connections with NikSic¢
and Danilovgrad. Religious and cultural tourism can
be the backbone of the development of this region.
It should be noted that the monastery is visited, in
large numbers, by both Roman Catholic Christians
and Muslims, which confirms the social importance
of the monastery.

Environmental and landscape importance:
In terms of environmental importance, it is clear
that the complex consisting of the Lower and Upper
monasteries with all the associated monastery land
represents a harmonious whole with the special
genius loci. The plateau on which the Lower
Monastery is located, together with Ostrog Mountain
in which the Upper Monastery is built, forms a unique
visual entity that is easy to notice, especially from the
main road connecting the country’s two largest cities
Podgorica and Niksi¢. The monastery gives a unique
visual experience of the landscape both during the
day and at night due to specific lighting.
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Conclusion

Numerous historical data speak of the century’s
old connections between Russia and Montenegro,
which confirm the great familiarity of the two Slavic
nations with each other. In the last few decades, it
has only begun to be determined in detail, in the field
of architecture and urban planning, to what extent
Russian architects contributed to the formation of
architectural heritage in Montenegro. The aim of this
work was to present perhaps the two most significant
achievements that Russian architects designed and
built in Montenegro, the Cathedral Church of Saint
Basil of Ostrog in the very center of the city of NikSi¢
and the Upper Monastery of Ostrog near the city of
Niksié.

Considering the defined criteria of the building
characteristics, on the basis of which we determine
the building value, and which are fully fulfilled, we
can conclude that the Cathedral Church of Saint
Basil of Ostrog in NikSi¢ represents an exceptional
architectural achievement of the architect
Preobrazhensky. With this building, the architect
made a great contribution to the architectural
heritage of the city as well as to its morphology and
spatial identity. The value of this building is reflected

in the cultural and spiritual life of the citizens of not
only Niksi¢ but also of Montenegro (Table 1).

The Ostrog Monastery has represented a unique,
spiritual center and place of pilgrimage in a long
historical period. In addition to records in literature
and historiography, its importance has become
part of the collective consciousness in an area
that in many ways exceeds the state boundaries
of Montenegro, making this unique building
internationally recognized (Table 2).

It seems that the architects Preobrazhensky
and Sukurenko understood the specifics and
circumstances of the time in which they worked during
their stay in Montenegro and with a personal touch
designed recognizable objects that are essential
elements of the spatial architectural identity not only
of the city of NikSi¢ but also of Montenegro.

The fact that significant Russian artists are still
present in the city of NikSi¢ with their works in the
21st century is evidenced by the sculpture of the Holy
Mother, which was gifted to Montenegro in 2003 by
the great Russian sculptor Vyacheslav Mikhailovich
Klikov (1939-2006). The sculpture is located on
Duke Sako Petrovié Square, in front of the Cathedral
Church of Saint Basil of Ostrog (Fig. 17).

Table 1. Evaluation of the Cathedral Church of Saint Basil of Ostrog
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Fig. 17. The sculpture of the Holy Mother by the sculptor Vyacheslav Mikhailovich Klikov, mitropolija.com
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OCOBEHHOCTU U SHAYEHUE TBOPYECTBA
PYCCKUX APXUTEKTOPOB B rorPOAE HUKLLUNY B YEPHOIOPUU
B KOHLLE XIX — MEPBOW MOJIOBUHE XX BEKA
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AHHOTaUuA

BBeageHue: Ha NpoOTSHXKEHUWM CBOEW AONMON M OpamMaTuyeckor uctopum YepHoropusi MMena TecHble MOoNUTUYeckue,
3KOHOMMWYECKME W KYNbTypHble cBA3M ¢ Poccueirr. OgHako B KOHTEKCTE apXWUTEKTYpbl CBA3U Mexay STUMU [ABYMsi
CTpaHamy HaMMeHee M3BECTHbI U n3yyeHbl. Llenb nccnegoBaHus: Lenb HacTosilen paboTel — BnepBble NPEACTaBUTb
LUMPOKOW NPOdECCUOHANbLHON ayaMTopun HEKOTOpble U3 Hanbornee 3HaYUTENbHbLIX OOCTWMKEHMWIN, CO30AaHHBIX PYCCKUMM
apxutekTopamun B ropoge Hukwund B YepHoropum B KoHue XIX — nepson nonosuHe XX Beka. B kadvectBe npegmeta
aHanm3a paccMaTpuBaloTcs NPoeKT cobopHoro xpama Bacunusa OCTPOXCKOro, BbINOMHEHHbIN apxXuTekTopoM Muxaumnom
TumodpeeBuyem MpeobpaxeHcknM, 1 NPoekT BepxHero OCTPOXCKOro MoHacTbIpsi, Hanbonee 3HaYUTENBHOTO AOCTUXKEHUS
apxutekTopa Bnagumupa CykypeHko. MeToabl: METOOOMNOMMYECKNIA NOAX0A Npeanonaran knaccudukaumio U cpaBHeHVE
apXMBHbIX MaTepuanoB Yepes NpoLecchl CMHTe3a, aHanm3a u aeaykummn. OCHOBbIBasiCb Ha NOMOXEHNsX 3akoHa o 3awute
KYyNbTYpHbIX LleHHOCTel YepHoropmun, mbl chOpMUPOBAnM KpuTepuu, KOTOpbIE WUCMONb30Banvcb Ansi OLEHKM pabot
BbILLEYMNOMSIHYTbIX apXMTEKTOPOB. Kputepnn pasaeneHsl Ha Tpuy rpynnbl. [epBas rpynna Bko4aeT B cebs xapakTepucTmk
30aHus, r4e Mbl OLLEHUBAEM ayTEHTUYHOCTb U LIENIOCTHOCTb, CTENEHb COXPAHHOCTU, YHUKamNbHOCTb U peakocTs. Bo BTopon
rpynne, OTHOCSALLENCS K 3HAYMMOCTU 3[4aHMS1, Mbl OLIEHMBAEM UCTOPUYECKYIO N HaYYHYH 3HAYMMOCTb, apXeosorM4yeckyto
3HAYMMOCTb, apXUTEKTYPHO-XYOOXXECTBEHHYIO 3HAYMMOCTb M TEXHUYECKYH 3HAYMMOCTb. HakoHeu, B TpeTben rpynne
KpUTEPUEB Mbl OLEHMBAEM BO3paCT 34aHUsl, COLMaribHO-3KOHOMMYECKYH) 3HAYUMMOCTb, @ TaKKe 3HAYMMOCTb C TOYKU
3peEHUs OKpyxatLen cpedbl U naHpwadTa. Pe3ynbraTbl: C y4eTOM MNPEONioKEHHbIX KPUTEPUEB CAeNnaH BbIBOA O
TOM, 4TO cobopHbI xpaM Bacunus OCTpOXCKOro SIBNSIETCA CUMBOMIOM M BaXXHEWLUMM NPOCTPAHCTBEHHbLIM 311IEMEHTOM
naeHTnYHocTM ropoga Hukwny, a BepxHuit OCTPOXCKUIA MOHACTbIPb, OOHA M3 BaXKHEWLUMX CBSATbIHb OPTOAOKCANbHOIO
XpUCTUAHCTBa, NpeacTaBnsieT cobor BepLUNHY CTPOUTENBHOIO 1 apXUTEKTYPHOTO npoLiecca.

KnioueBble cnoBa: Muxavn Tumodeesund NpeobpaxeHckuii, Bnagumup Cykyperko, Hukwmny, YepHoropus.
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Abstract:

Introduction: Architecture is a discipline distinguished through diversity, message transmission, and communication.
Purpose of the study: A notable phenomenon has been noticed in Erbil: most of the units in the typical housing complexes
started to redesign or change the facade characteristics. These changes were the result of the psychological trait of
aesthetic preference. This study aims to analyze aesthetic preference parameters to identify communicative action using
the Habermas model of communicative action. The analysis of the effective factors contributed to the understanding of
these changes. Methods: The methodology of this study combines case study formal analysis and a proper questionnaire
survey. A statistical analysis of the obtained results was used to formulate research objectives. Results: Five parameters
derived from the theoretical framework (unity, scale, color, proportion, and balance) serve as elements and principles of
design that affect the aesthetics. As a result, the study concludes that unity, proportion, and balance are the main factors
to create a pleasing aesthetic appearance on the house facades.

Keywords: communicative action, aesthetic preferences, diversity, residential complex, facade house, design principle.

Introduction

The aesthetic value of a building’s facade refers
to the visual appeal and overall design of the
building’s exterior. It encompasses the beauty and
artistry of a building, as well as its ability to evoke
emotions and feelings in those who experience
it. The built environment of humans should not
only respond to physical comfort criteria but also
aim to promote the psychological well-being of
communities by promoting people’s happiness and
encouraging communication in society (Prieto and
Oldenhave, 2021). Communicative action is seen
as a fundamental aspect of human social interaction
and is in contrast with strategic or instrumental
action, which is focused on achieving specific goals
or outcomes. Communicative action, as developed
by German philosopher Jurgen Habermas, refers
to a theory of social action and communication in
which individuals engage in a process of mutual
understanding and agreement-seeking through
language and discourse (Bolton, 2005). In the
context of architecture, communicative action can
be applied to the design of buildings and spaces to
facilitate communication and interaction between
people. This can include using shared spaces and
places where people can get together, as well
as adding cultural and symbolic elements that
help people feel like they belong and understand
each other (Sharlamanov and Jovanoski, 2014).
Aesthetics can play an important role in increasing
communicative action between humans and their
surroundings. The design of a building or space can
influence the way people feel, behave, and interact

with one another (Prieto and Oldenhave, 2021).
For example, the use of natural light and views can
create a sense of connection to the outdoors, and
the use of natural materials such as wood and stone
can create a sense of warmth and comfort. Art and
other cultural elements can also help the people
who live in a building feel like they have a shared
identity and understand each other better (Ferwati
and Mandour, 2008). The aesthetic of a building can
be influenced by a variety of factors, including the
historical and cultural context in which it was built,
the architect's style and design philosophy, the
elements and principles of design, and the functional
requirements of the building.

In architecture, elements and design principles
are used to make buildings that function well and
look good. Design elements like line, shape, form,
texture, value, and color are used to make a building
of good appearance. The principles of design, such
as balance, contrast, emphasis, movement, pattern,
proportion, and unity, are used to create a sense
of harmony and coherence in the overall design
of a building (Han et al., 2021). Every building’s
visual appeal is just as important as its structural
stability and quality of materials because it is the
first thing that people notice when they walk into a
space. Attitudes about aesthetics in the present day
draw from historical examples but have evolved
(Sagaonkar and Narkhede, 2018). A more aesthetic
appearance of a house facade attracts humans and
facilitates communication between them (Rezapour
etal., 2017). InlIraq, particularly in Erbil, in the second
half of the 20" century, aesthetic architecture began

34 For citations: Hamad, N. B., Baper, S. Y. (2023). Habermas model and aesthetic preference evaluation of house facades: insights
from Erbil city. Architecture and Engineering, No 4 (8), pp. 34-46. DOI: 10.23968/2500-0055-2023-8-4-34-46.
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to take place, especially after the development of the
economy and increase in population, and residential
complex projects gained more attention (Board of
Investment, 2020). But after some time, the house
dwellers start changing their facades inside the
complex, as humans have an instinctive interest in
aesthetics. Many factors contributed to this shift,
including climate considerations, the environment,
human desires and beliefs, psychological needs,
technological development, and building quality
(Ghomeishi, 2021). Typical Houses are built with
repetition, reducing diversity and communication
between humans and their surroundings. The
goal of this study is to use the Habermas model of
communicative actiontoanalyze aesthetic preference
parameters of the house facades based on the
factors that contributed to this change. This study
used exploratory mixed methods, both qualitative
and quantitative, including a questionnaire survey
and case study analysis to develop a framework
for evaluating an effective factor that contributes to
greater community action.

Theoretical Framework

Jiirgen Habermas and Communicative Action:

The model of communicative action is seen as
a process in which participants exchange not just
information, but also understandings, justifications,
and valid arguments. The success of communicative
action depends on the quality of the arguments
presented and the level of mutual understanding
and agreement reached (Smulders et al., 2008).

Jurgen Habermas developed a theory of
communicative action. The most influential author of
the second generation of the Frankfurter school of
sociology, in the beginning of the 1970s he started
developing his social theory, above all dedicated
to analyzing communication (Bolton, 2005;
Sharlamanov and Jovanoski, 2014). Habermas
argued that communication can be divided into two
types: strategic action, which is aimed at achieving a
specific goal or outcome, and communicative action,
which is aimed at reaching mutual understanding
and agreement (Sharlamanov and Jovanoski, 2014),
as shown on Fig 1.

Communication in Architecture

The architectural process encompasses various
communicative actions within distinct subject

- Strategic Action

Communication <_

Action

~._ Communicative

sectors, including social, educational, regulatory,
and creative realms (Tarasova and Markova, 2018).
Each of these domains entails its unique set of
activities. Communicative architecture necessitates
the involvement of multiple stakeholders who share
information, responsibilities, and resources. The
evaluation of architectural aesthetics is contingent
uponthe perceptions ofindividuals withinthe contextual
living environment. Hence, the communicative
process becomes an information interaction among
participants involved in architectural events and
processes across social, educational, regulatory, and
creative domains (Tarasova and Markova, 2018).

Building Facades as Communicative Elements

Building facades serve as a form of
communicative  action conveying information
and ideas about the building and its occupants to
observers (Sharlamanov and Jovanoski, 2014).
The design and materials employed in a building
facade can communicate diverse messages, such
as the building’s function, the social standing of its
inhabitants, and the cultural or historical context
of its construction. Thomas Herzog emphasizes
the role of the facade in conveying messages,
suggesting that the human eye perceives various
codes from the building, leading to a feedback loop
of understanding (Bolton, 2005).

The initial impression is profoundly shaped by
exterior elements, encompassing materials, shape,
color, texture, as well as design principles and
elements. An individual’s visual satisfaction with
the facade creates a lasting connection between
humans and their built environment (Akalin et al.,
2009; Sharlamanov and Jovanoski, 2014). There is
a direct positive relationship between urban space,
represented by building facades, and communicatve
action (Rezapour et al.,, 2017). This relation is a
dynamic interplay that significantly influences the
urban experience. The city townscape, with its
architectural diversity, infrastructure, and open
spaces, provides the canvas for this complex
interaction. Building facades, as the external faces
of structures, play a pivotal role in shaping the visual
identity of the city (Ghomeishi, 2021).

They serve as communicative surfaces that
convey information about a building’s purpose, style,
and historical context to its human inhabitants and

Achieving specific goal

Reaching mutual
understanding

Fig. 1. Types of social action (Source: Sharlamanov and Jovanoski, 2014, Designed by Author)
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visitors. In return, humans actively engage with the
city, navigating its streets, interacting with building
facades, and forming communities within this urban
framework. The aesthetics and functionality of building
facades can greatly affect the overall character of
the townscape, influencing human perceptions,
behaviors, and emotions (Ghomeishi, 2021).

The success of communicative action through
facades relies on how effectively they engage
and resonate with people, ultimately shaping the
way individuals experience and interact with the
city. Thus, the city townscape, building facades,
communicative action, and humans are intricately
linked, with each element influencing and being
influenced by the others, ultimately contributing to
the vitality and identity of urban environments.

Factors Influencing Communicative Action
in Architecture

Multiple factors contribute to the manifestation
of communicative action in architecture, including
environmental conditions, cultural and historical
contexts, amenities, economic development, and
the building’s immediate context (Rezapour et al.,
2017). Aesthetic considerations and creativity also
play crucial roles in this context (Aysha Jennath and
Nidhish, 2015). Creativity in architectural design is a
potent tool for architects and designers to express
their unique vision and imbue houses with aesthetic
value (Han et al., 2021), as shown on Fig 2.

Creativity in architecture is closely intertwined
with communication, representing a means to create
a distinct and meaningful expression of a house
and its occupants (Baper, 2001). It is important to
distinguish between creativity and aesthetics, as
creativity significantly influences the design process
and its outcomes, while aesthetics often serves as
the defining characteristic of architectural products
(Han et al., 2021).

In light of the multifaceted nature of architectural
communicative action and its complex determinants,
this research paper focuses on the role of
aesthetics as a fundamental factor contributing to
communicative action within architectural contexts.

Erbil House Facades as a Case Study

The architectural facade of a building gives the
first impression of its style, materials, and details.
It is also frequently the most decorative or detailed
part (Akalin et al., 2009). Erbil is the capital of the

Culture
Significant factors that
affect Communicative ————————
Action
History

Kurdistan Regional Government (KRG) in Iraq and
one of the country’s largest cities. It is one of the
world’s oldest cities as well, dating back to at least
2300 BCE (UNESCO, 2014). Previously, Erbil was
rich in vernacular architecture with local materials;
then, after technological development, the western
style penetrated local culture. Architecture in Erbil
has entered a new era, which can be seen in house
facades (Ahmed and Baper, 2022). Facade is not only
a reflection of the architectural character of a region
but also a representation of local cultural, social,
climatic, political and economic circumstances.
(F. H. Abdullah. et al,, 2016). The figures below
show examples of various facade designs in Erbil.
The implementation of a facade design may differ
depending on environmental, social, and cultural
elements, the designer’s conceptions, political views,
and economic and historical importance (Askari and
Dola, 2009). According to Abdel-Aziz and Shugair
(2014), a house facade has three primary zones: a
foundation that ties the building to the earth, a middle
zone with openings, and a roof zone that connects
the building to the sky through its silhouette. Building
facades combine a variety of aspects resulting from
the arrangement of the roof, openings, materials,
architectural details, and the most important element,
the design idea (Abdel-Aziz and Shugair, 2014).
Economic development of the population in Erbil
resulted in increased attention to housing complexes;
several projects have been built around Erbil with
differences in size, designs, and location. However,
after a while, habitants began to change the facades
of the houses due to several factors including: the
development of technologies and new materials,
quality of the building, climate consideration, desire,
and beliefs, physiological needs, user identity,
environment, aesthetic improvement, increased
property value, maintenance and repair, as well
as energy efficiency. The most effective factor was
aesthetic improvement as shown in Fig. 3.
Analyzing house facades provides useful
information and a great understanding of aesthetic
appearance (Askari and Dola, 2009). The facades of
the houses in Erbil city witnessed great development.
The styles used are modern, contemporary,
and neoclassical (Ahmed, 2022). The elements
concentrated on facades are openings (entrance and
windows, ornamentation, columns, and composition

Context of the

Building Environment

Economic

Aesthetics Development

Fig. 2. Factors that affect CA (source: Han et al., 2021, Baper.,2021, Aysha Jennath and Nidhish, 2015, designed by Author)
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Increase

Development . . . Desire and Energy
of technology User identity Environment Belief property Efficiency
Value
Factors that lead . -
to change the ——— — 1
houses fagade '
CI.|mate. Aesthetics Quqllt.y of Physiological Malntenan.ce New Material

consideration Building needs and Repair

Fig. 3. Factors that lead to alternating the house facade( Designed by Author)

of masses). There are also principles of design,
the scale of physical property, proportion, color,
unity, and balance. According to (F. H.Abdullah.
et al,, 2016)“facade is the first and most impacting
connection between humans and the built
environment, the outer shell of a building is not only a
reflection of the architectural character of a region but
also a representation of local cultural, social, climatic,
political and economic circumstances”. This is the
result obtained via observation and is also true for
the selected case studied. The figure below shows a
level of alternation, a case of Italian City 2 complex in
Erbil. The Figs. 4 and 5 shows a level of alternation,
a case of Italian City 2 complex in Erbil. The line of
the houses along the street was altered: the concept
of the typical housing units starts disappearing.
This is happening because aesthetic appeal can be
a significant motivating factor for inhabitants of a
residential complex to alter their home facades. The
appearance of a person’s home can represent his or
her personality, ideals, and social standing. Aesthetic
enhancements to the home’s exterior can be viewed
as a method for residents to express themselves,
distinguish their home from others, and communicate
a sense of pride and ownership (Salih, 2019).
Factors Affecting Aesthetic Value of House Facades
The exterior facade of a building, frequently
referred to as the frontage, encompasses the
architectural design and detailing of the building’s

front aspect. This brings about considerations related
to the materials employed, the arrangement of
windows and doors, and the integration of decorative
elements. Additionally, the facade extends to
encompass roofing and other exterior features, such
as porches and balconies (Majid, 2022).

The house facade comprises two distinct
categories of components: physical and nonphysical.
Physical components are tangible elements that
constitute the building’s exterior and include aspects
such as openings, mass geometry, articulation type,
materials, arches, ornaments, porches, balconies,
lighting, and fencing (Fig. 6).

On the other hand, nonphysical components
pertain to elements and principles of design. Elements
of design in architecture serve as fundamental
building blocks utilized by architects in their creative
endeavors. These elements encompass line, shape,
form, space, texture, color, light, volume, and
functionality (Ferwati and Mandour, 2008).

Principles of design in architecture pertain to
how the elements of design are organized and
employed to craft a coherent and aesthetically
pleasing architectural design. Architects utilize
these principles as guiding criteria for their design
decisions, thereby creating visually captivating and
functional designs. A comprehension and effective
application of these principles empower architects
to fashion buildings that seamlessly combine beauty

Figs. 4 and 5. House facade alternation (source: captured by author)

37



Architecture and Engineering

Volume 8 Issue 4 (2023)

Entrance

Opening Materials
| Window |
B ]
Articulation Architectural
Fagade Details
Mass

Geometry of
Mass

Material color

Roofing Material

Ornamentation Column Balconies Fences

Arch Porches Lighting

Fig. 6. Physical components of a building (Source: Designed by Author)

Principle of Design

— Balance
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Rhythm
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Unity
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Fig. 7. Principles of design (source: Designed by Author)

and functionality. Examples of principles of design
in architecture include balance, scale, proportion,
emphasis, movement, rhythm, contrast, unity,
harmony, variety, and simplicity (Pirhadi et al., 2017)
are shown on Figs. 7 and 8.

In the context of facade aesthetics, numerous
design elements and principles exert their
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Elements of Design

— Line
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— Space

— Texture

— Color

— Volume
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Fig. 8. Elements of design (source: Designed by Author)

influence. This paper underscores the most pivotal
factors contributing to the aesthetic value of
facades, including unity, scale, color, proportion,
and balance (Ferwati and Mandour, 2008). These
elements and principles (Fig. 9) play a leading
role in shaping the visual appeal and overall
impression of building exteriors, making them
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Selected Variable

Unity Scale

Color Proportion Balance

Fig. 9. Design variable (source: Designed by Author)

crucial considerations in architectural design and
the assessment of facade aesthetics.

Materials and Methods

This paper employs a mixed-method approach,
integrating both  quantitative and qualitative
methodologies, to comprehensively investigate the
correlations and implications of aesthetic appearance
in house facades. The initial methodology entails an
analysis of case studies, delving into the repercussions
of aesthetic preferences on house facades within Erbil.
The subsequent method involves the implementation
of a questionnaire survey, chosen as the primary
research strategy for acquiring quantifiable data
from the designated populace (individuals with a
background in the field of architecture) to substantiate
the research framework. The sequential progression
of research methodology steps is visually represented
in Fig. 10.

Case Study

The focal point of this study centers on the house
facades within residential complexes situated in
Erbil. For the purpose of case selection, eight distinct
cases were chosen, employing specific criteria:
zone location, land value, style approach, building
quality, number of floors, project status, allowance
for alternations, percentage of reconstruction, and

societal popularity. These criteria were meticulously
devised based on a comprehensive review of
pertinent literature and insightful discussions with
real estate experts in Erbil. The chosen case studies,
namely Royal City, English Village, Dream City, Italian
City 2, Gunjan City, Zen City, Erbil Gate Complex, and
Hiwa City, are delineated in the Appendix.

Questionnaires

Acomprehensivedistributionof300questionnaires
was administered to individuals possessing a
background in architecture, encompassing both
architecture students and professionals in Erbil.
Out of these, 217 questionnaires were effectively
completed and returned, reflecting a notable
response rate of 72.3 %. The collected dataset
underwent meticulous analysis using the Social
Package for Soft Sciences (SPSS). Consequently,
the examination yielded outcomes from 217
respondents, with 53.9% of participants identifying
as male and 46.1% as female.

Results and Discussion

Evaluation of the Factors Affecting the Aesthetic
Value of the House Facade

In relation to the primary factors influencing
aesthetic preference in house facades, the
data indicate that 25.1% of the respondents
acknowledged the impact of the design principle of
Unity, while 22.3% attributed this effect to Proportion.
Furthermore, Scale received an average agreement
of 15.3%, while both Balance and Color garnered an
average agreement of 18.4% as presented in table 1
the respondents notably associated the aesthetic
preference of house facades with elements and
principles of design. These findings affirm the
alignment of the study’s focus on house facades as
visually prominent aspect of a building’s structure
with the perspectives of the participants concerning
matters of aesthetic preference for house facades.

e Literature Review

e Subtracting Factors that affect the Research problem )

e Theoretical Framework
¢ |dentifying Dependent and Independent Variable

¢ Analysis of Case Study
e Questionnaire survey

* Proposed theoretical framework

Fig. 10. Research Methodology (Source: Designed by Author).
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Table 1. Descriptive analysis Factors that affect

aesthetics
. Responses
Variable N Percent
Unity 89 25.1 %
Proportion 79 22.3 %
Scale 54 15.3 %
Balance 65 18.4 %
Color 65 18.4 %
Other 2 0.6 %
Total 354 100.0 %

Analysis of Case Studies

The case study approach aligns with one of its
formal definitions, characterized as “an empirical
study that investigates a contemporary phenomenon
within its real-life setting, particularly when the
boundaries between the phenomenon and its
context are not immediately distinct”. To achieve
an in-depth comprehension of the phenomenon of
facade alteration, a selection of case studies was
undertaken in Erbil based on the aforementioned
criteria. The analysis encompassed nine distinct
cases through a meticulous examination of facade
designs, with the aim of identifying the principal
elements contributing to the aesthetic value of
houses, thereby aiding in the development of
a theoretical model. The characteristics of each
selected case study presented in Table 2.

Common Characteristics of Selected Case Studies

* The selected case studies employed both modern
and neo-classical architectural styles.

* Incorporating a larger entrance gate and windows
contributes to a visually appealing exterior appearance
for houses.

» The rhythmic arrangement of windows on the
facade significantly influences preferences for aesthetic
value.

* The inclusion of large-scale columns at the facade’s
forefront adds a sense of grandeur and aesthetic value.

« Skillful utilization of appropriate ornamentation
scale enhances the impressive look of the house
facade and creates a feeling of splendour.

* The use of uniform colors enhances the aesthetic
value of the house facade by fostering a sense of unity.

» Textures like natural stone, brick, or concrete,
characterized by rough surfaces, are favored over
materials like aluminum or steel, as they infuse vitality
into the facade.

* Imposing regularity in the composition of elements
contributes to the aesthetic value conveyed by the
facade.

Factors Analysis

Proposed Theoretical Model

As a result of the analysis of the case study
and questionnaire survey, this theoretical model
was figured out, which represents five parameters
consisting of scale, balance, color, proportion, and
unity. The first parameter, Scale, has two dimensions,

Table 2. Characteristics of the housing complexes (“cities”)

Name of Characteristics
Complex
Royal City | One of the most luxuriant housing complexes in Erbil: the house facades reflect unity, harmony and rhythm
between a facade and its constituent parts; the modern and neo-classical styles give the city a diverse look, it
is balancing between solid and void, by using dark and light colors.
English English Village is one of the cities with minimum alternation; with classical style, “form follows function”
Village reflected in the facade, small- and large-scale of openings, the facade looks unbalanced to the human eye;
the city has light colors and the minimum proportion between the whole and the parts.
Dream City | The city has modern, classical, contemporary, and neo-classical styles, with unity reflected between all parts in

the facade; the facades use symmetrical and asymmetrical balance; with light and dark homogenous colors, the
facades are designed proportionally; large-scale openings and architectural detail are reflected in the design.

Italian City 2

This city was almost completely changed from its basic company design; it has modern, classical, and neo-
classical design, unity between all parts reflected in the facades, large-scale openings and architecture detail,
harmony and rhythm between facades and their constituent parts; light and dark color available, balancing
between solid and void; symmetrical and asymmetrical balance in facades.

Ganjan City

Ganjan City was one of the diverse cities of house design type in size and style; what was selected for our case
was classical style, reflecting unity between all parts, proportional and harmonious design, large-scale openings,
solid fences reflect the privacy in contrast with the other selected cities; symmetrical balance reflected in facades.

Zen City

This city has both classical and modern design, symmetrical and asymmetrical balance in the facades; houses
were designed in a proportional way which reflects harmony and rhythm; large- and small-scale openings
were seen in the facades; unity between solid and void.

Erbil Gate

This city has both neo-classical and modern styles, facades with large-scale openings; houses focus on
architectural detail and ornamentation, a symmetrical balance, unity of the whole in the facades; all physical
properties with design elements are proportional; light and dark color used in the facades.

Hewa City

This city of neo-classical style with architectural details seen very strongly in the facade, balancing between
the solid and void; symmetrical balance in the facade design and unity between all parts create an aesthetic
appearance; large-scale openings; the facade design is proportional, which reflects harmony and rhythm
between the facades and their constituent parts.
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namely 1) emphasis on the elements of design, 2)
scale of openings. The second parameter, Balance,
has two factors 1) symmetry/ asymmetry and 2)
balance between solid and void. Color has two
factors: 1) dark and light color and 2) homogeneiety
of color. Proportion has three factors such as 1)
the golden ratio, 2) unity and simplicity. The last
parameter of unity has two factors: 1) harmony
and rhythm, 2) regularity. The proposed conceptual
framework is presented in Fig. 11.

Multiple Regression Analysis

Multiple regression analyses were conducted
to test the changing average between the selected
parameters. The formula of multiple regression
was employed to determine the variance of each
component of the aesthetic appearance parameter.
The independent variables were five variable
parameters of 1) scale, 2) unity, 3) color, 4) proportion,
and 5) balance; the dependent variable was the
communicative action in the house facade. Due to
that a regression model was created to determine
the relationships between variables.

* The application of the golden ratio is consistently
observed on the facade.

* Arranging columns symmetrically contributes to
an air of royalty and grandeur.

* Introducing symmetrical balance to the facade
unifies its appearance.

» Implementing proportion between shapes and
masses on the facade has a positive impact.

» The use of light colors on the facade creates
visual balance and comfort for viewers.

» Facades painted with dark colors evoke a sense
of power and dominance.

» Emphasizing the entrance porch fosters a
welcoming and regal ambiance on the facade.

* Incorporating steel fences in the vyard
establishes a connection between the interior and
exterior spaces.

As shown in Table 3, the first parameter, scale
(B =0.090, p = 0.994), showed no significant effect
on communicative action within the house facade.
However, the balance parameter demonstrated
a relationship with communicative action, with an
average of 30% (B = 0.232, p = 0.000), signifying a
positive and significant association. This parameter
corresponds to 0.307 change in communicative
action on the house facade. Conversely, the color
parameter with values (8 = -0.010, p = -0.887)
exhibited a negative and significant change in
communicative action. Meanwhile, proportion with
values of (8 = 0.148, p = 0.020) and unity with

Aesthetic Preference Parameters

Unity Proportion Color Balance Scale
. . Emphasizing the
Harmony and Golden Ratio Dark and light Symmetrlca! and elements of
Rhythm color asymmetrical desi
esign
Reaularit Unify and Homogeneous in Balance between Scale of openin
J y Simplicity color solid and void P J
Fig. 11. Proposed theoretical framework (Source: Designed by Author)
Table 3. Multiple regression analysis
Coefficients
Model T Sig. Collinearity statistics
B Std. error | Standardized Tolerance |VIEW
(Constant) 1.256 0.206 6.112 0.000
Scale 0.090 0.056 0.090 -0.010 0.994 |0.681 1.469
Unity 0.307 0.071 0.350 4.328 0.000 |0.386 2.592
Color -0.010 0.069 -0.010 -0.142 -0.887 |0.499 2.006
Proportion 0.148 0.063 0.172 2.347 0.020 |0.470 2.129
Balance 0.232 0.061 0.275 3.839 0.000 |0.494 2.026
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values of (8 = 0.307, p = 0.000) both displayed
a positive relationship with communicative action
in the house facade. As a result, balance, unity,
and proportion emerged as the main influential
factors impacting communicative action. The
presented model represents the outcome of multiple
regression analysis, indicating the extent of change
in communicative action due to these factors.

Equation 1 multi-regression equation

Communicative action = ' + 1 Scale + 32 Balance+
3 Color+ B4 Proportion+ 5 Unity+ €

B = constant

€ = standard error

Communicative action = 1.256 + 0.09 Scale + 0.232
Balance — 0.010 Color+ 0.148 Proportion+ 0.307 Unity+ 0.20

Conclusion

In conclusion, this research paper delved into
the intricate relationship between aesthetics and
communicative action (CA) on house facades,
guided by Jirgen Habermas’'s model. CA, as a
vital aspect of connecting humans with their built
environment, is influenced by numerous factors,
including the environment, culture, history, contextual
elements, psychosocial factors, and aesthetics. The
interplay between aesthetic appearance and CAis a
complex one, where each can both influence and be
influenced by the other in multifaceted ways.

Aesthetic appearance serves as a potent tool in
fostering CA, as it can effectively convey codes and
meanings about a building. Conversely, CA can exert
its influence on aesthetic appearance by shaping
the design’s messages and meanings, thereby
influencing its visual representation. Particularly in
residential complexes, where residents often havea
profound emotional attachment to their homes,

" The beta coefficient is the degree of change in the outcome
variable for every 1-unit of change in the predictor variable.
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aesthetic improvements to house facades serve as
a means for self-expression, differentiation, and a
source of pride and ownership. Well-maintained and
visually appealing homes contribute to the desirability
of a community, making it more attractive.

Through a comprehensive analysis that included
case studies in Erbil and a questionnaire survey, this
research identified key effective factors influencing
the creation of aesthetic appearances in house
facades. Elements and design principles such as
unity, proportion, scale, color, and balance emerged
as pivotal in enhancing aesthetic appeal. Among
these, balance, unity, and proportion stood out
as primary and influential factors in shaping CA
in building design. Architects and designers can
harness these elements thoughtfully to craft building
facades that are not only visually appealing but also
functional, effectively communicating messages to
the public.

In summary, this study underscores the
reciprocity of the relationship between aesthetic
appearance and CA, with each element capable
of influencing and molding the other. The interplay
of communicative and aesthetic facets in design
is crucial for conveying information, meaning, and
visual appeal, ensuring a harmonious integration of
function and aesthetics in our built environment.
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Appendix

Table 1. Table of Case studies (source: author)
Name of Complex Case 1 Case 2 Case 3
Royal City

English Village

Dream City

== RIS
1

Italian City 2

Ganjan City

Zen City
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Name of Complex

Erbil Gate

Hewa City Zone A
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MOJEJNb XABEPMACA U OLEHKA 3CTETUYECKUX NPEAMNOYTEHUN
B PACAAOAX JOMOB: OlNbIT TOPOOA 3PBUIb

Hypa b. Xamag*, CanaxagguH HO. Banep
MHxeHepHsq konnemx, YHmeepcutet CanaxagauH, Opbune, Mpak
*E-mail: architnura.1@gmail.com

AHHOTauus:

BBegeHue: ApxuTekTypa — 3TO AWCUUNIIMHA, OTNM4Yarwascs pasHoobpasvem, nepegavernt coodLieHui
n koMmmyHukauuen. lenb uccneposanus: B 3pbune 6b1no 3amedeHo npumMedaTensHoe sBneHme: 60MbLMHCTBO
CTPOEHMI B TUMUYHBIX XWMbIX KOMMIeKkcax Obinn nepenpoekTUpoBaHbl WM MNpeTepneny WU3MeHeHus
XapakTepuctuk acaga. AT U3MEHEHUss CcTanu pesynbTaToM MCUXOSNOrMYECKON YepTbl 3CTETUYECKMX
npeanoyTeHui. Lienblo 4aHHOrO UcCrefoBaHns ABNSETCS aHanu3 napaMeTpoB 3CTETUHECKMX MPELNOYTEHUN
ONs BbISIBNEHUST KOMMYHUKATUBHOIO OEWCTBUSI C UCMOMb30BaHMEM MOAENM KOMMYHUKaTUBHOIO OeNCTBUS
Xabepmaca. AHanus gencTayoLmMx akTopoB CNocob6CTBOBAT MOHMMAHMWIO YKa3aHHbIX M3MeHeHunn. MeTtoabl:
MeTogonorns gaHHOro nccnegoBaHus codeTaeT B cebe hopmanbHbI aHanM3 TeMaTtu4eckoro nccregoBaHuns
N Hagnexailee aHkeTupoBaHme. CTaTUCTUYECKUIA aHanM3 NOryYeHHbIX pPe3ynsTaTtoB Obin MCNonb30BaH Ans
hopMynuMpoBaHus 3agay uccrieqoaHus. Pesynbrathl: [8Tb NapameTpoB, BblBEAEHHbLIX U3 TEOPETUYECKOM
OCHOBbI (€QUHCTBO, MacliTad, LBeT, nponopuust U 6anaHc), crnyxaT aneMeHTaMmu U NpuHUMNnaMu ausanHa,
BMMSIIOLLMMM Ha 3CTETUKY. B pesynbrate uccnegoBaHuns AenaeTtcs BbIBOA, YTO €QUHCTBO, Nponopums u 6anaHc
ABMSATCSH OCHOBHbIMY hakTopaMu co3faHus NPUATHOTO 3CTETUYECKOro Buaa hacagoB OMOB.

KnioueBble cnoBa: KOMMYyHVKaTUBHOE AENCTBUE, 3CTETMYECKME NpeanovTeHusi, MHoroobpasue, XWUromn
KoMMekc, hacafHblii JOM, NPUHLMN MPOEKTUPOBAHUS.
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Abstract

Introduction: The utilization of colored roller compacted concrete (RCC) for pavements in order to mitigate the urban heat
island effect is a popular approach: increasing solar reflectance can reduce the effect. The paper explores the possibility of
applying the reverse mechanism for regions with cold climates. The purpose of the study was to evaluate the mechanical,
durability and solar reflectance properties of roller compacted concrete with coal powder (CP) and basalt fiber (BF) additives
for pavement. Methods: an UV-Vis-NIR spectrophotometer was utilized for the albedo measurements. Consistency of the
specimens was determined with Vebe consistometer. Compressive, flexural, and splitting tensile strengths were recorded
at 7, 28 and 90 days. Frost resistance of the specimens was also investigated. Result: The combined utilization of 5% CP
and 0.5% BF showed great performance for the roller compacted concrete pavements. Furthermore, the obtained albedo

values also have the potential to increase the ambient temperature in cold climates.

Keywords: coal powder, basalt fiber, albedo, concrete, roller compacted concrete.

Introduction

One of the most widely used forms of carbon is
coal, which was produced in the United States alone
to the tune of 756.2 million tons in 2018 (Masi et al.,
2021). In addition to being used for the production
of thermal energy, city heating, and coal chemical
conversion (Ren et al., 2022), coal currently meets
41% of the world’s electricity needs (Xu et al.,
2022). Along with providing heat for the wallboard,
aluminum, and cement industries, significant
amounts of coal are also used in metallurgical
processes, gasification, the cementindustry, and as a
source of activated carbon and many other common
and industrial chemicals (Dai and Finkelman, 2018).

Basalt fibers (BF) are renowned for their ability
to absorb energy, to bond with the matrix, to resist
mechanical and chemical properties, and to exhibit
significant acoustic and thermal characteristics
(Vinotha Jenifer et al., 2023). Compared to glass
fibers, basalt fiber has a better tensile strength
and is more affordable. In terms of resistance to
fire, chemical attack, sudden load, and good strain
capacity, basalt fiber outperforms carbon fiber
(Meesaraganda et al., 2023). To create basalt fiber-
reinforced concrete (BFRC), BF can be incorporated
into concrete as chopped fibers. The impact of
using BF in BFRC on compressive strength varies
across studies. With a specific dosage of BF, the
compressive strength increased in some studies,
decreased or did not show any significant effect in
others (Al-Rousan et al., 2023).

Compared to other naturally occurring surfaces
like vegetation and the earth, man-made or built-up
surfaces like concrete and asphalt absorb more heat
from sunlight. The urban heat island (UHI) effect is
caused by the air being heated by the heat stored
in the pavements. Because it is light gray instead of
black, concrete has a much higher initial albedo than
asphalt. However, over time, due to weathering and
the buildup of dirt, the albedo of concrete decreases.
Albedo’s typical starting value for fresh concrete is
0.35 to 0.40, and for weathered concrete it is 0.25 to
0.30 (Reza and Boriboonsomsin, 2015).

Concrete materials have high thermal inertia and
they are gray in color. They absorb a lot of solar
radiation and then release it into the air as sensible
heat, which helps create urban heat islands. The
solar reflectance of building walls, roofs, and
streets — the large proportion of which are made of
hardened Portland cement concrete — determines
the intensity of urban heat islands. Increasing the
solar reflectance, or albedo, of building and street
surfaces would reduce the urban heat island effect
by decreasing heat convection from these surfaces
to the air (Qin et al., 2019).

Roller compacted concrete (RCC) is a zero-slump
concrete that is made of sand, Portland cement,
dense-graded aggregate, and water. It is typically
laid out using an asphalt paver and compacted using
regular vibratory roller compactors (Modarres and
Hosseini, 2014). Compared to traditional concrete,
RCC contains more aggregate, less cement, and

For citations: Yildizel, S. A., Armagan, K. (2023). Evaluation of basalt fiber reinforced roller compacted concrete containing coal 47
powder for pavement. Architecture and Engineering, No 4 (8), pp. 47-56. DOI: 10.23968/2500-0055-2023-8-4-47-56.
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less water. To increase its densification, compaction
energy must be applied (Lam et al., 2017; Meddah
et al.,, 2014). To achieve the desired density and
homogeneous surface pavement, it is placed using
a standard or high-density asphalt-type paver
equipment and compacted by vibratory rollers.
When compared to conventional rigid pavement or
asphaltic pavement, RCC can reduce the cost of
pavement construction by 15% to 30% while also
allowing for an earlier opening to traffic (LaHucik et
al., 2017; Mohammed and Adamu, 2018).

This study explores the mechanical and durability
behaviors of RCC with basalt fiber and coal powder
additives. The objective was to obtain better albedo
results in RCC with these additives. The main
purpose of this study was to determine: (1) the
mechanical properties of RCC with basalt fiber and
coal powder additives; (2) the durability properties
of RCC with basalt fiber and coal powder additives;
(3) the effect of adding coal powder in RCC to albedo
characteristic. The results of this study can provide
a possibility of replacing lower albedo traditional
concrete with coal powder RCC to increase UHI in
urban areas.

Methods

In the experimental study, crushed limestone and
silica sand (SS) were used as coarse aggregate
(CA) and fine aggregate (FA), respectively. Organic
content of the aggregates was removed after the
air-drying process. Maximum aggregate size was
selected as 20 mm for preventing any possible
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segregation and its effects. Combined gradation
curves of the aggregates are presented in Fig. 1.
CEM Il type (42.5R) white cement (WC) conforming
to BS EN 197(British Standard Institution BSI, 2011)
standard was also used. Commercially available
coal powder (CP) was utilized as filler and cement
replacement material. Cement replaced with CP at
the ratios of 5%, 10%, 15% and 20% by the weight of
cement. Chemical compositions of the CP and WC
are given in Table 1. Basalt fibers (BF: 8 mm length)
were utilized with the ratios of 0.25%, 0.5%, 0.75%,
and 1% by volume of the mixtures. Water-to-cement
ratios were selected between 0.40 and 0.44 in order
to meet the requirements of ACI 207.R-11 (ACI,
2011) regarding permissible compaction and water
content limits. Utilized CP, BF and WC are given
in Fig. 2. According to the ASTM C1435 standard,
a compactor was used to compact the mixtures in
three layers at blow counts of 1000 and 1850 r/min
(10 kg of surcharge). The optimal water content
values of the prepared mixtures were well within the
limits.

Albedo values of the specimens were measured
with an UV-Vis-NIR spectrophotometer (Fig. 3). 24
mm x 24 mm x 5 mm rectangular specimens were
prepared for this measurement (Fig. 4). Wavelengths
between 200-2500 nm were investigated to
determine albedo properties. Mean reflection
percentages were measured and albedo values of
each specimen were determined according to the
measurement of the spectrophotometer.

O-RCC Upper Limit Lower Limit

15,0 18,0 21,0 24,0

SIEVES (MM]

Fig. 1. Combined aggregate gradation curves
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The mixtures were blended using a pan mixer
(60 L) with a constant rate of 250 r/min. The
consistency of all mixtures was recorded with a Vebe
test device according to the ASTM C1170 (ASTM,
2014) standard. Compressive strength tests and
splitting tensile tests were conducted on the 150
mm x 300 mm cylindrical specimens as per the
guidance of ASTM C39 (ASTM, 2016), ASTM C496
(ASTM, 2011) for 7, 28 and 90 days, respectively.
100 mm x 100 mm x 500 mm rectangular specimens
were prepared for the flexural strength test. And
the loading rate kept constant at 0.9 MPa/min in
accordance with ASTM C39 (ASTM, 2016). Frost
resistance of the specimens (100 cycles) was also
determined as per ASTM C666 (Morgan, 1991).

The albedo values of the specimens were
measured at the first step during the experimental

Table 1. Chemical ingredients of WC and CP
(provided by the supplier)

Component (%) wWC CP
Fe,O, 3.5 3.82
CaO 60.48 0.49
ALO, 4.32 14.47
MgO 2.37 0.85
SiO, - 33.9
Free CaO 1.69 -
SO, 2.61 -
Na,O - 0.25
K,O - 2.32
MnO - 0.02
TiO, - 0.941

Basalt Fiber

Coal Powder

White Cement (42.5 R)

Fig. 2. Basalt fiber, coal powder and white cement

studies after 28 days of curing. Each specimen’s
spectral reflectance was measured three times. The
mean of the three measurements was recorded.
Afterwards, mechanical and durability tests were
carried out. The mix design proportions and flow
chart of the experimental studies are given in Table 2
and Fig. 5, respectively.

Results and discussion

The calculated albedo values of the prepared
specimens are presented in Fig. 6. Test results vary
between 0.28 and 0.16. Reference mixture with no CP
and BF content showed the highest albedo of 0.28, as
expected (Kaloush et al., 2008). This lowest result can
be attributed to ingredients of the reference mixture
since the albedo of concrete is generally correlated with
the albedo of cement and aggregates (Levinson and
Akbari, 2002). Albedo decreased with the increasing
CP content (Emery et al., 2014). Albedo of the concrete
specimens increased with the increasing water-
to-cement ratios (Qin et al., 2019) due to the more
possible formation of Ca(OH), as a hydration product
(Chaussadent et al., 2000). However, this phenomenon
is not valid for color-incorporated concrete according to
the albedo test results.

Vebe test results are presented in Fig. 7. The test
results showed that Vebe time increased with the

Fig. 4. CP added specimens
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Table 2. Mixture proportions

Mixture wcC CcP BF FA CA wi/C Optimum water
code (kg/m?3) (kg/m?) (%) (kg/m?3) (kg/m?3) content (%)
R 270 - - 750 1130 0.41 5.31
P, 256.5 13.5 0.25 750 1130 0.42 5.45
P, 243 27 0.5 750 1130 0.43 5.92
P, 2295 40.5 0.75 750 1130 0.44 6.27
P, 216 54 1 750 1130 0.45 6.43
Experimental Studies

Mechanical and Durability Test:

- Compressive, splitting tensile and flexural

strength tests,

-Frost resistance test

UTEST
>

Preparation of the mixtures and Fresh State test

e

Evaulation of the test results ‘ ‘

Fig. 5. Flow chart of the experimental studies

increasing CP replacement levels and BF contents.
The Vebe time was 48 s for the control mix, and 69 s
for the P, specimen. For such mixtures, this increase
was related to the higher water absorption rate of
coal powder (Argiz et al., 2018; Singh et al., 2020)
and increased BF content that holds the mixture
and slow aggregate settlement (Kirthika and Singh,
2018).

50

Compressive strength test results are presented
in Fig. 8. The reported compressive strength values
were calculated by the mean of the three specimens.
Except P,, all specimens met the requirements of ACI
325 (ACI, 2001) (min. 27.6 MPa for 28-day strength).
The use of 5% CP together with the 0.25% BF was
found to increase the compressive strength by 10.1%
and outperformed other mixtures. The results also
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Fig. 8. Compressive strength test results

showed that increasing the CP replacement level
by more than 5% reduced the compressive strength
(Hesami et al., 2016). The compressive strength was
reduced by approximately 50% by utilizing 20% CP
and 1% BF at 28 days. This reduction is attributed to
the low cement (Radovi¢ et al., 2021) and high BF

contents of P,. Higher amount of BF (Liang et al.,
2021) could lead to poorer interfaces between fibers
and cement matrix (Algin and Ozen, 2018).

Fig. 9 shows the flexural strength test results.
According to Fig. 8, the recorded flexural strength
varied in the range of 3.1 and 5.34 MPa. The
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combined utilization of 0.5% BF and 10% CP
enhanced the flexural test results up to 20%
compared to the reference mixtures at 28 days.
These results also agree with the earlier studies
(Haido et al., 2021; Hesami et al., 2016; Liang et
al., 2021; Modarres et al., 2018), which showed that
the CP replacement level of more than 10% and
the BF exceeding 0.5% in volume fraction reduced
the flexural strength. The flexural to compressive
strength ratios at 28 days varied within the range of
14.85 and 23.1 MPa. This finding was also reported
in the paper by Hesami et al. (2016), which stated
that the ratios were calculated as higher values
compared to the traditional concrete.

Splitting tensile strength test results are given in
Fig. 10. The results show that the splitting tensile
strength varied between 2.41 and 3.84 MPa. The
splitting tensile to compressive strength ratios of
this study were calculated within the range of 6.8%
and 11.9%, which are consistent with data obtained
in earlier studies (Choi and Yuan, 2005; Gaedicke,

2016). Another finding is that the splitting tensile
strength decreased by increasing CP and BF content
by more than 5% and 0.5%, respectively.

Compressive strength losses after 100 freezing &
thawing cycles at 90 days are given in Fig. 11. The
compressive strength losses of this research were
measured between 4.2% and 26.7%. P, specimen
performed the worst with 26.7 % strength loss. This
can be attributed to the excessive BF and CP content,
which hindered the connections of the cementitious
materials (Yuan et al., 2020). P, showed the best
performance with 5% CP and 0.5% BF content. The
order of the specimens from strong to weak was
obtainedas P,>R>P,>P,>P,.

Conclusion

In this study, coal powder added roller compacted
concrete reinforced with basalt fiber was evaluated
in terms of its solar reflectance, mechanical and
durability properties. The combined effect of basalt
fiber and coal powder was investigated as well. The
main conclusion of the study can be drawn as follows:

5.5
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! 5.04 ¢ 28-day 35
Py ® 90-da e et
£ 454 ! e et
< e B
-t =) ==l B e
@ o e e
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Fig. 9. Flexural strength test results
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Fig. 10. Splitting tensile strength test results
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Fig. 11. Compressive strength losses after 100 cycles

e Basaltfiber additives and the partial replacement
of cement by coal powder produce higher optimum
moisture content, Vebe times and water-to-cement
ratio.

e The combination of 5% CP and 0.5% BF
enhanced the mechanical properties of the roller
concrete specimens.

e The potential replacement of CP in roller
compacted concrete production was also investigated

and the utilization of CP as cement supplementary
material up to 5% can lead to a greener concrete
design.

e Inclusion of 5% CP and 0.5% BF improved
the frost resistance of concrete specimens after 100
cycles.

e According to the albedo within the scope of the
study, future concretes can be designed to reduce or
increase the urban heat island effect.
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OLEHKA BA3AIJIbTO-BOJIOKOHHOIO APMUPOBAHHOIO
YMJIOTHEHHOIO KATKOM BEETOHA C OOBABJIEHUEM YIOJIbHOW
NbINK ANA QOPOXHbIX MOKPbLITUNA

Capguk Anbnep WMbingusens*, Kemanb ApmaraH
YHuepcuteT KapamaHorny Mexmet6en, nHxeHepHbin dakynsteT, KapamaH, Typums
*E-mail: sayildizel@kmu.edu.tr

AHHOTauums

BBepaeHume: Vicnonb3oBaHve LIBETHOIO yNnoTHEHHOro kaTkom 6eToHa (YKB) Ansa 4OPOXKHBIX MOKPBITUI C LIeNbio CMArYeHUs
acpbdpekTa ropogcKoro ocTpoBa Tenna ABASETCS NOnynsaApHbIM MOAXOAO0M: YBENMYEHUE OTPAXEHWUS CONMHEYHOW SHeprum
MOXeT YMeHbLUUTb achbdekT. B ctatbe nccrnenyercss BO3MOXHOCTb NMPUMEHEHNst 0bpaTHOro MexaHmama Afis PErMOHOB C
X0onoAHbIM Knmmatom. Llenbto uccnepoBaHns Gbina oueHKa MexaHWYeCKUX U MPOYHOCTHBIX CBOWCTB, @ Takke CBOWCTB
oTpaeHusa conHevHown aHeprumn YKB ¢ gobasnexvem yroneHou nbinu (Y1) n 6asanstoBoro BonokHa (BB) ons 4opoxHbIx
nokpbITuin. MeToabl: ons nsamepeHus anbbeno ncnonb3oBanca cnekrpogotometp UV-Vis-NIR. KoHcucteHumio obpasuos
onpegenany Ha koHcuctomeTpe Bebe. MpoyHoCTb Ha cxkaTtue, n3rmb n packanbiBaHWe pernctpupoBanu yepes 7, 28 u
90 gHen. Takke Gbina uccnegoBaHa MOPO30CTOMKOCTL 0bpasuoB. Pesynbrat: Covetanue 5% Y1 n 0,5% BB nokasano
OTMWYHbIE XapakTepUCTUMKN ANst OETOHHbIX OOPOXHBLIX MOKPbITUN, YNMOTHEHHbIX KaTkoM. Kpome Toro, monyyeHHble
3HayeHuss anbbefo Takke MOryT NOBbICUTL TEMMNEPATYPy OKpYXatoLLen cpeabl B XONOAHOM KnumarTe.

KnroueBble cnoBa: yronbHas nbifb, 6a3anstoBoe BOMOKHO, anbbeno, 6€ToH, YNOTHEHHBIN KaTKOM GETOH.
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Abstract

Introduction: The FEM reduces the problem of structural analysis for various building structures to the formation and
solution of a system of linear algebraic equations. For this purpose, there are techniques available for obtaining FE stiffness
and flexibility matrices where the main structural deformation characteristics are taken into account. However, the FEM
can also be considered as a special case of the Ritz method in the discrete approximation of the required functions. In
the functional of full potential deformation energy with regard to the considered structure, all adopted stress-strain state
characteristics are taken into account.

Since it is difficult or impossible to find continuous approximation functions both in the classic version of the Ritz method
and in the Bubnov—Galerkin method for some types of edge restraint in such building structures as beams, slabs, or shells,
it is possible to use the Ritz method in the discrete approximation of the required functions (by analogy with the FEM). This
paper presents a method of such calculations using slab calculations as an example. It is shown that, due to introducing
some notations (operators), the process of finding the coefficients of the system of linear algebraic equations creates no
difficulties and is easily programmable. The proposed method is not an alternative to the FEM, which is the most effective
numerical method for the calculation of complex three-dimensional building structures.

Purpose of the study: We aimed to create a method for calculating slabs by the Ritz method in the discrete approximation
of the deflection function for edge restraint cases when it is difficult or impossible to find continuous approximation functions
in the classic version of the Ritz method and the Bubnov—Galerkin method. Methods: Based on the application of the
Ritz variational method in the discrete approximation of displacements for slab calculation, all the basic relations for
rectangular finite elements with 12 degrees of freedom are obtained, and an algorithm for forming the coefficients of the
system of linear algebraic equations is developed. Results: For the first time, the solution by the Ritz method in the discrete
approximation of slab displacements is obtained for the case when two edges of the slab are rigidly restrained and other
two edges are free. In this case, the correct solution of the above problem is possible only with the use of the proposed
method and FEM. For the test problem, we performed a comparison of the results of the calculation using the proposed
method with the results using the classic Ritz method, which showed their very close agreement. The accuracy of the
obtained results was assessed.

Keywords: Ritz method, functional of full potential deformation energy, discrete approximation of displacements, slab,
deflection function, finite element, Hermite polynomials.

Introduction

In the early 1940s, the finite element method
(FEM) was developed by utilizing the idea of the
mesh method. This method originated from structural
mechanics and the theory of elasticity, and was later
comprehended by mathematicians who often call

deformation energy of the slab (plate), the stiffness
matrix [K] is found. If we introduce a vector of nodal

displacements for FE {q} = {ql,qz,...,qlz} and a
vector of nodal forces {R} , based on the expression
for work of external forces, then the relationship

this method variational-difference, thus emphasizing
its mathematical nature. Thanks to the works of
Argyris (1961), Clough (1960), Courant (1943),
Hrennikoff (1941), Zienkiewicz (1975) and others,
this method has been widely used in calculations
of various components of building constructions,
buildings, and structures (llyin et al., 1990; Postnov
and Kharkhurim, 1974; Trushin, 2018).

When slabs are calculated with the use of the
FEM, generalized displacements g, are introduced
for each FE. Based on the type of potential

between these vectors according to Postnov et al.

(1987) will have the following form: {R} =[K]{q}.
In the work by Postnov et al. (1987), the expressions
for the coefficients of the matrix [K] are not given
due to their cumbersomeness. In contrast to the
FEM, the convergence of the solution by the Ritz
method was proved (Mikhlin, 1970).

Since building structures are quite diverse and
have different configurations and characteristics,
different types of finite elements (FE) were
developed (Auricchio et al., 2016, Bishay et al.,
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Farias et al., 2018, Zienkiewicz et al., 2013). Various
works (Gander and Wanner, 2012; Li et al., 2014;
Nwoiji et al., 2017; Qu et al., 2013; Xue et al., 2021;
Weinan and Yu, 2018) address the improvement of
variational methods for the calculation of plates and
shells and the development of modern computing
systems based on them.

In construction practice, slabs having two
opposite sides free are often used. When
calculating such structures by the Ritz method in its
classic version, it is impossible to find continuous
approximation functions in this direction. Therefore,
this paper proposes to use the Ritz method in the
discrete approximation of displacement functions.
The purpose of this study is to extend the scope
of application of the Ritz method in solving new
problems and develop a programming-friendly
algorithm to calculate the coefficients of a system of
linear algebraic equations.

Discrete approximation of the deflection function

Let us divide the area D{0<x<a,0<y<b}
occupied by the middle plane of the slab into
rectangular parts D]-,i{j:1,2,...,m;i:1,2,...,n}.
Then we denote the points of intersection of these
lines by z;; (Fig. 1). Then we denote the area D, ;
limited by points z;;, z;;., zj; Zj41,41 (nodal
points) by e; ;. Let us also denote the area D division

interval in the direction of axis Ox by 4, = £ andinthe
m

direction of axis Oy —by h,, = 2. The total number of
n

the area D division points (nodal points z; ;) will be
(m+1)(n+1)=mn+m+n+1, including internal nodal
points ((m—1)(n—1)=mn-m-n+1), and boundary
nodal points (2(m—1)+2(n—1)+4 =2m+2n).

By analogy with the FEM, we will call the area e, ;
a finite element (FE). The deflection function W(x, y}
and its partial derivatives W, (x,y) and W, (x, ) will
be considered unknown functions. To approximate
these functions on the entire area D, we will first
construct them on partial areas D;;, i.e., on FE
e; ;» ensuring continuity and differentiability of the
obtained approximation of the required functions on
the entire area D.

We will calculate the values of the required
functions W, Ww,, W, at each nodal point z;;
considering those values unknown parameters. To
approximate the required functions on FE e, we will
use third-degree splines (llyin et al., 1990) in the form
of orthogonal Hermite polynomials (Korn and Korn,
1974). The most convenient form of such polynomials
was described by Postnov and Kharkhurim (1974).
From one-dimensional polynomials of variables x
and y, two-dimensional functions of variables x and y
@]'(x, y) are formed, and unknown functions W (x, y),
W, (x,y),Wy'(x,y) on FE ¢;; are presented as the
sum of products of unknown numerical parameters
(values of the required functions at nodal points) and
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known approximation functions (pf(x, y). On other FE,
this approximation is considered to be equal to zero.

Since at each nodal point Z, there will be three
unknown numerical parameters, then FE e, will have
12 degrees of freedom.

The FE are connected to one another at the
FE nodes. Let us necessitate the compatibility of
vertical displacements W(x,y) and rotation angles
Wy (x,y).,W,(x,y) at the nodal points for the FE
adjacent to the node.

On FE ¢; ;, let us denote the following:

_w it _wit _q it
Wii=Wi s Wi =W57 Wi =05,

it ) =wl
Wj+l,i+l_W4 ,(Wj,,)x _WS ’

’

(Wj’”l )x N W6j,i’ (Wj+1,i )x' - W7j’i’ (Wj+1,i)x, - W7j’i,
(Wj+1,i+1 )x =Wy, (1)
(Wj,i)y =1 (Wi )y =W (W )y — W,

(Wj+1,i+1 )y = lez’l-
Therefore, the deflection function 1 (x,y) on FE
ej; can be represented as follows:

12 L
W (53 le, = 2O (x.), @)
k=1

and on other FE, this function is taken equal to zero.
On the entire area D, W(x,y) is determined
m—1n-112
as W,,=> > >W"¢/"(x,y). Each node will
i=0i=0 k=1
have three] unknown parameters. In total, there
will be 3(m+1)(n+1)=3mn+3m+3n+3 unknown
parameters.

To approximate the required functions, Hermite
polynomials (Postnov and Kharkhurim, 1974) are
used in the FEM. On FE ¢, ;, they take the following
form (in the common coordinate system xOy)

~ h£—3hx(x—x-)2+2(x—x<)3

E({l(x)_ ;l; -
E({z (x)- 3h, (x—xj );—Z(x_xj )3’ "
x
Eljl (x)- h; (x—xj)—th (:z_xf )2 +(x—xj)3 |
x
Elfz (x): —h (x—sz;+(x—xj)3

By substituting x with y, A, with &, j with i, we

can obtain Ey; (»), Epy (»), Ef1 (»), Elz (»).
Let us introduce the following notations (Postnov
and Kharkhurim, 1974):

O () = Ef, (x)- Egr ()
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A
20 y Zj,i+l Zj+1,i+1
Zgi41 i
20, o
Zi;
20,1 ’ “i 2L
X
20,0 Zi0 Zio  Zjo Zm0 ’
Fig. 1. Area D divided into FE
¢£l (x,y) = E({l (x)~E62 (y) , d)é’ (x, ) variation limits x and y will be x; <x<x;,,
Joi -5/ LRl Vi< y< i
¢3i(an’)—E(;2(x) E(in(y)’ ""On FE e; ;1 In expansion g ), there will be
¢4”(x,y)=E0.2(x)-E(.)z(J’)’ expression W(x y)|e o ZW}[ 1¢]1 1()6 y)
03" (x.0) = By (x)- Eor (), e
-, . . B Jri— .
d%,z (x’y):Elj] (x)-E(’)2 (y) 4) W( {,) denoted by W enld, therefore,. .ﬂ:nctlon
.. . . l ' i S
()= £ () E ). o) )i e ()
00 (xy) = Ey (x)-Elp (7). Wy’(zj,) wih™ and ¢y (x,»), variation limits x
i _ i and y willbe x; <x<x;, y_ <y<y
q)?i((x,y; E(;léx; E?Ey;’ On FE e;_j; in ef;(rpar;smn (2)lthere will be
b1 (%) =Epy (x)-Epp(v), i, j-1
b : . expression V), = W (v, ),
ol (5.) =y (5)E0 (). el = L)

oy (x.7) = g (%) B2 ()
The values of Hermite polynomials at the nodal
POINtS z; ;, z; iy1, Zj41,in Zj41,i41 @€ O Or 1. The values

of the derivatives of E({l (x)and E({z (x) with respect to

x and first-order derivatives of £y, () and Eg, (») with
respect to y at nodal points are also equal to 0 or 1.

Each internal nodal point z; ; belongs to four FE
(Fig. 2).

The order of numbering at the nodes of functions
w, W, Wy' is shown in Fig. 2 by numbers. Let us
describe "in detail the W(x,y) approximation on
each FE adjacent to the node z;; Below are the
expressions W (x,y) and approxmatmg functions
in formula (2) for each of the four FEs that have
a common node z; ; (Fig. 2).

On FE e, in expansion (2), there will be

Jiio
ZW”¢ () W(z)
k=1

denoted by /' and, therefore, function ¢/ (x,),

W’é(zj”‘)_WSJ’l and 4" (x.»), Wy (z;) - " and

expression W (x,y) e

W(z_,-,i) denoted by Wy~ L and, therefore, function
S , L oy

o7 (), Wilz) — W and oM (),
W, (zj’l-) - Wlfl_ll and ¢/, 1’(x,y), variation limits x
and y will be x;_, SXSXp Y <Y S Vi

On FE e;_;;, in expanS|on (2), there will be
expression W (x, y)|e = ZWJ —Li- 1¢f —Li- 1(x ),
W( )denoted by Wf Li-1 and therefore, function
(M 1: l(x,y), W;<Z~-)—W] —1,i—1 and ¢] —1,i— l(x’y),

x,y), variation limits x
and y will be x;_, Sxij, ViolSy<y;.

Method of obtaining algebraic equations

The functional of full potential deformation energy

with regard to a rigid slab has the following form:

:_” [62W oW J2+

ow )
+2(1-p) [Gxay] -

o°wW o*w
ox? 6y2

q
2L w \axdy, (5
R ly, (9)
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Fig. 2. FE adjacent to the node z ;
EW o .
where D = — cylindrical stiffness of the
12(1-p2)
slab;
E — elasticity modulus;
h — slab height;

u — Poisson’s ratio;

W — slab deflection function;

q — transverse load;

a, b — slab dimensions in plan view.

The boundary conditions corresponding to the
type of slab contour fixing are also specified. All this
(the functional and boundary conditions) constitutes
the variational problem to be solved.

On the entire area D occupied by the slab, the
W (x,y) approximation will have the following form:
m—1n-112
PIDIDN AL CSING)
J=0i=0k=1 B

Tofindthe unknown parameters w,/”', we substitute
expression (6) into expression (5), and then find
the derivatives of the functional E, (Wm,n (x,y)) with
respect to the unknown parameters at each internal
nodal point of the area D and equate them to 0. Each
node will have three unknown parameters.

Thus, we obtain the following:

aES(Wm,n)_ oE, ( ’"”)—o Oy (Wi )
6W(zj’i)
when j=1,2,...,

Wn (%)=

- an(z,-,i) - ow! (zj,l-)
m-—1; i=12,...,n—1.
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Since there will be (m—1)(n—1) intemal nodal points,
then there will be 3(m—1 (n—l):3mn—3m—3n+3
such equations.

The missing equations can be obtained using the
boundary conditions.

Since each internal nodal point z;; belongs
to four FE at once, then each equat|on |n (7) will
contain four summands, according to the number of
FE adjacent to the nodal point Zjj

Thus, the system of equations (7) can be written
as follows:

aES(ej,,) OE ( €ji- 1) OF; ( €j- 1l')+

aVV]j,i alel aWj —Li
OEg\ej_1-
OE, (ej,,) OF, ( e 1) aEs(ej_U)
— + — +
oW owgli oL
OE, (e; ;..
+%=O, (8)
é’ES(ej,,) OE, ( e 1) OF, ( ej 1l.)
owylt am Tt ey /T "
OF, (e '71,'71)
+ 6;,12;—1,;—1 -

In equations (8), the functional E, is considered
only on those FE that are adjacent to the internal
node z;; since the derivatives of the functional of
other FE with respect to W (25 Wi (27 ) Wy (2.0 ) will
be 0.

Formation of the coefficients of the system of
linear algebraic equations

The derivatives of functional (5) are taken with
respect to the unknown parameters in each internal
node of the area D.

At each nodal point, e.g., z iz the three unknown
parameters are the deflection value W, the value W,
and the value 7. Hence, the derivatives of the functional
are taken with respect to the parameter W, parameter
W, parameter Wy’, and these derivatives are equated to
0 (Ritz method procedure). We obtain three equations
at each internal node. There are four FE adjacent to the
node z ; T . each of which has the specified parameters
in the common node z ; ;. Therefore, there will be four
terms in each equation, wh|ch are derivatives of £ with
respect to the corresponding parameter |ncluded in
each FE (see (8)).

The four FE adjacent to the node z;; ; contain nine
nodal points of the area (z; 2,1 z; 41, 2ji-1 Zj-Lis

Zj-li=1r Zj-Li+l» Zj+Li+10 Zj+1,i— 1) Therefore, in each
of the three equations, there will be nine parameters
of values W, nine parameters of values 7/, and nine
parameters of values W/, i.e., in each equation, there
will be 27 terms and, accordingly, 27 coefficients,
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the values of which must be determined to solve the
system of linear algebraic equations (SLAE), which
is obtained after applying the described method to
the initial variational problem.

For convenience of further transformations, we
introduce the following notations (operators), based
on the type of functional (5):

FW(flﬂfzaoL B):
¢ﬁXX¢f2xx ¢ﬁXX¢fzw ¢f1yy¢fzxx ¢f1yy¢fzw

+2(1~ )(¢ﬁw¢fzxy__¢ﬁqu)f2yy B ﬁyyq)szXJ’

. Yj+l o i - Xj+l oy
A= [ae [ (v A= [ dx | (v,
X Vi Xj Yi-1
Y Yia Vi

= T Oy - 7 f (a

Xj-1 Vi
Bl =40 (of )+ Af’(q)/’ 1)+
+A]l(¢] 11)+Ajl(¢j —1,i-1 ,

B{,i=Alj,i(¢g',i)+A2j,i(¢é',i—l "

)

)
B o o)

)

+Af’(¢f 1’)+AJ’(¢] L), 9)
+A]l(¢j 11)+Ajl(¢j —1,i-1
Now all three equations of system (8) can be

written as follows:
12

Z[Alj’i (W Fw (k.1 o))+
k=1
+4f (ka”"le(k,z, Jri=1))+

A (WY W (k3. -1,0)) +

i (g J-Lin1 o
+A‘{l(WkJ i FW(k,4,]—1,1—1)):|:%Bllz,
12

Z[A{J (i Fw (.5, 1,0) )+
-1)

k=1

+A{’i(W,j‘l’i“Fw(k,s,j—1,1'—1))} %B-zj’i, (10)

12

ICZ_:I[A/’(ka W (k,9,,0) )+

Ad (W (10, 7,1 -1) )+

o o
Al (YW (k11 - 10) )+
Al (W (K12, - Li-1)) = L BJ",

These equations ensure continuity of

the approximation of functions W(x,y) and
W);(x,y),Wy (x,y) on four FE adjacent to the node
Z;
NWe will denote the values of the parameters w/,
at the nodal points by wx, butitis necessary toadd 4 to
the indices of the parameter w, and, correspondingly,
we will denote the values of the parameters w', at the
nodal points by wy, but it is necessary to add 8 to the
indices of w.

The first equation of system (10) can now be
written in the foIIowing form:

Joi Joi
al WJ +a2 J+1l+a3 j,i+1+a4 jl 1+a5 j—l,i+

+06 Wj—l,i—1+a7 Wj—l,i+1+a8 Wj+1,i+1+

+ag’iwj+1’,-,l + a{éiwxj’,- + aljl’iwxjﬂ,i +
+a1jéiwxj+1,l~_1 +a1j9’iwyj’,~ + a{(’)iwyjH,i +
+aiwy it = %Blj .
The first nine coefficients alj’" -
are as follows:
al =4 (FW (L1, ,0))+ 49" (FW (2,2, j,i-1))+
Aj’i(FW(3 3,j—Li))+ 4] (FW (4,4, j-1i-1)),
= A (FW (3,1, /.0))+ 49" (FW (4,2, j,i-1)),
T= 4l (Fw(2,0,),0))+ 4 (FW (4.3, -10)),
:AJ’(FW(I 2,j,i=1))+ 4] (FW (3,4,j-1i-1)),
AJ’(FW(I 3,j—Li))+ 4] (FW (2,4, j-1i-1)),
U= a] (Fw (1,4, /-1i-1)),
aj’ = 4" (FW(2.3,j-11)),
al’ =4 (FW (4,1, /.0)),
ay’ =4y (FW (3,2, j.i-1)).
The parameter w has an index that changes
from 1 to 4, and the value of f; in the operator

FW(fl,fz,a,B) for that parameter changes as well.
For the parameter wx, the index f; wiII change from

5 to 8. Hence, the coefficients a{O’ —a18 are obtained

from the corresponding coefficients a{ —a;’ by
adding 4 to the corresponding value of f. Similarly,
to obtain the coefficients alf9’ —ajy, we need to add
8 to the value f; in the corresponding coefficients

1]1 g * In this case, in the first equation of system
(10), the parameter f, in the operator FW(fl,fz,oc,B)
changes from 1 to 4. In the second equation of
system (10), this parameter changes from 5 to 8,
and in the third equation of system (10), f, changes
from 9 to 12.

ay’' are basic and

+4
+4
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The second and third equations of system (10)
can be briefly written in the foIIowing form:

Joi Joi Sy
b w; ;i +by j+1l+b w,+1+b Wi +bswi i+

o , , ,
+bg Wj—l,i—l+b7 Wj—l,i+1+b8 Wj+1,i+1+b9 Wj+1,i—1+

Joi Joi Joi
b10 WX +b11 WX 4 +...+b18 WX 1ol +

1 Jd i _ 4 gii
+bjg wyji+b20 WYl +...+b27 WY1t _BB .

]l
]+111+C10Wx -+

Cl W +C2 j+l,i+"'+c9

ok Jsl i
+c11 WXy e F O WX +019 wy;i+

+c£(’)lwyj+1’l- +...+cé’7’wyj+17i_1 = %331,1.

To obtain the coefficients 5/ —5J5, we need
to add 4 to the value £, in the corresponding
expressions of the coefﬁments alf ’—a§7’, and to
obtain the coefficients ¢ 027, we need to add 8
to the value f, in the correspondmg expressions of
the coefficients /" —ajs. Thus, the algorithm for
calculating the coefﬁcients of the system of linear
algebraic equations (SLAE) of the method for the
discrete approximation of the initial functions can be
presented in the form of Table, which will make it
easy to design a program for their calculation with a
computer.

When we moving to a new nodal point z; ; its
coordinates x; and y; change. That is why these
values should be changed in the expressions of
the approximation of the functions ¢f'(x, y) (4).
Correspondingly, the coefficients of system (10)
should be changed too. All these changes are
carried out in a cycle with respect to variables j, i and
do not pose any difficulties.

Calculation examples

As anexample ofthe use of the considered method
for slab calculation, let us find the deflection of a
square slab with side a, which is under the uniformly
distributed transverse load g. Let us assume that the
slab has rigid restraint along the contour, therefore,
on the contour, w=0,w, =0, w’y =0. The area
D{0<x<a;0<y<a}is divided into four FE (Fig. 3).
Due to the symmetry of the problem, at the node z; ;,
the first-order derivatives with respect to x and y will

be equal to 0. Only the deflection at the node z;
remains unknown.

In this case, the approximation W (x, y) at each of
the four FE will have the following form:

a a
(=50 =3)
OnFE ¢ W(x,y) = wll’ld)%’l (x,y),

a a
Wheregﬁxﬁa, Eéyﬁa,

On FE elO

On FE ¢ : W (x,y) = w4’ ¢4’ (x, ),
whereos)cs%, OSyS%.

Here, wi', w5, wi?, wi? are w(z, ).

The equation for finding w(z;;) will have the
following form:

6f(el,1) . 6f(el,o) . 6f(eo,l) . 5f(€0,0) _
owawd® et awd?

The compact form of this equation will be as
follows (with the D multiplier omitted):

w(zll)[Alo (Fw (LLL1))+ A3 (FW (2,2,1 0))+

A (FW (3,3,0,1))+43 (FW (4,4,0,0)) | = & FLE

where ”
A ()= ax [ 0dv. 4( )= [ dx [ Odb.

al2  al2 al2 0

al2 a al2  al2
A ()= [ dc [ 0dv. 4l ()= [ dx [ Oy,

0 al2 0 0

B = ) (o1 )+ 9 (05 )+ 9 (05 )+ 9 (03°).
Since there is one unknown parameter w(z;)

in the resulting equation, then the equation can be
written in the following form:

Algorithm for calculating the SLAE coefficients for the slab

Coefficient type

Coefficient No. ]1 i Jii Jol Jl Jsl
ap —ay bi”" —by; G =6y

19 Basic 1< £ <4 1< f1<4
018 1< f, <4 fi=fi+4 NH=h+4
fi=h+4 fo=rH+4 So=/2+38

1007 1< /<4 fi=fi+8 SHi=h+8
fi=fi+8 fa=fr+4 fr=/2+8

62



V. V. Karpoy, E. A. Kobelev, A. M. Maslennikov, A. N. Panin — Pages 57-67
RITZ METHOD IN THE DISCRETE APPROXIMATION OF DISPLACEMENTS FOR SLAB CALCULATION

RS
N
o
N
N
(3]

0 al?2 a

Fig. 3. Square slab divided into four FE

W(Zl’l)’A = %Blo

Let us calculate the integrals in the corresponding

expressions.
Then we express the functions

O (3.0). 05" (x.9).45" (x.9).45° (x.), using (4):

(0) 35 (=04 +2(-23)
(9]

(o) 35 (-aa) +2(-2)
(9) |

1,1
¢1 =

The derivatives of the function ¢%=1 (x,y) will take

’ —6g+12<x—%)x
(¢5)
(e 35 0-ea) 2b-e)
(¢)

1,1 _
(I)lxx -

(ea) -35-ea) +2-ea)
(23]
X—6Z+12(y—%)’
(¢3)
L ke
(23]
e i e
)

R T REER A

Ll _
¢1yy -

L _
¢1xy -

al2  al2
2 47,177
201w (o) bt o= 227,
a a " a2
I dxj oy (x,y)dyzi.

al2  al2
Other integrals are calculated in the same way.
Thus, we obtain the following:

2
Bloza—, A:188,697’
4 a?

a4q

and, therefore, w(z;; ) =0, 00132=%.
For comparison, let us find the deflection of the
slab under consideration using the Ritz method
in the continuous approximation of W (x,y) in the

following form:

W (x,y) = w sin? nisin?n .

a a
By substituting this expression into functional (5),
we find the derivative of the functional with respect
to w; and equate it to 0. As a result, we obtain the

following equation:

OE o ! x
2 :Dfdxj w 4(—] cos? 2nZsin® w L+
a

ow 0 0 a a
T 4 X
+4| = | sin* 2 cos? 2n1+
a a a
T 4 X X
+2-4| — cosZn—sinznlsinzn—costh +
a a a a a

a a a

4
+2(1—u)w1 {(Ej sin® 21 = sin® 212 —
T 4 X X
—4(—) cos 21— sin’ n—sinznzcos%cl -
a a a a a
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~ 4 4in? 1 X sin? nz}dyzo. (12)
D a a

4
Whence it follows that: wy =w(z;) =0, 00128%

The exact solution of this problem is known:
W(" "j 000126‘1
22 D’

Thus, the solution obtained by the Ritz method
in the continuous approximation of the deflection
W(x,y) differs from the exact one by 1.6%, and
the solution obtained in the discrete approximation
differs from the exact one by 4.6%.

The discrete approximation of the deflection is
reasonable when the boundary conditions are such
thatitis difficult orimpossible to find an approximation
of the deflection by functions that are continuous
over the entire area.

Now, in the example under consideration,
let us change the slab edge restraint conditions
Let us assume that at y=0 and y=a, the edge
is rigidly restrained, and at x=0,x=gq, it is free.
Therefore, at the nodes z, ,, zj, z,; (see Fig. 2), the
deflection will not be 0. Moreover, at the nodes o,
and z,;, w, will not be equal to 0, but wy at these
nodes will be equal to 0 due to symmetry. Thus,
W(Zl,l)’w(zo,l) (Z21) (ZOI) (221) will be
the sought parameters. Let us express the W (x,y)
approximation in this case for each of the four FE.

W(x7)|a, =

=0y () +wdos! () + 07105 (x.),

W (x,5)|g, =

= w5 03° () w005 (3, 0) + g P05° (7).
W(x.9)|e, =

=103 (2, 0) + o) (3 y) + 08 (x.),
W (%.3)|ey =

89400 (5,3) w0420 (1,3 w00 (5, ).
Here

1,1 10 01 0,0 1,1 1,0
Wl , 2 . 3 ,W4 _W(Zl,l)’WS ,W4 _W(Zz,l)’

01 . 0.0
W, wy _W(ZOI)

1,1 10

W7 ,W8 —Wx(szl) ng,wgo

w'y (Zo,l ) 1

The functions ¢2"B at o equal to 0 or 1 and p equal
to 0 or 1 have form (4).
Let us denote the following:

W(Zl,l ) =M W(Zz,l ) =Wl W(ZO,I ) =Wo,1:

wy (22,1) =wxyp, Wy (20,1 ) = WXg 1.
Now we can write the following:

W(x.y)

1l 11 11
ey = W0 103 w07

64

1,0 1,0 1,0
W (2,3)|qo =103 +woidg +wxy o5,
0.1 0.1 0.1
W (x,3)|¢gy =Wiad3" +Wwo 10y +wxo 195
0,0 0.0 0,0
W (2,3)|epo = Woudy” +wiady" +wxo g -

There will be one internal point z,, therefore,
there will be one equation:

OE, (e1s) ) OE, (e10) . OE, (e0 ) . OE, (e0) ~
owy | ow ow owy
By using the previously adopted notations

(operators) and functional (5), we can write this
equation as follows:

wiy A (FW (LLL1))+wy 4 (FW (3,1,1,1)) +

+wxy A (FW (7,1,11))+ w43 (FW (2,2,1,0))+
0))+

)
+wy A3 (FW (4,2,1,0))+wxy, 43 (FW (8,2.1,
w43 (FW(3,3,0,1))+ w143 (FW (1,3,0,1)) +

wxo 143 (FW (5,3,0,1))+ w1 43 (FW (4,4,0,0)) +
0)

)
)

Having calculated the corresponding integrals,
we reduce this equation to the following form:

+wo1 A4 (FW(2,4,0,0))+wxo, 43 (FW (6,4,0,0)) =

alwl,l + a2W2,1 + G3W0’1 + Cl4W)C2’1 + aSW'xO,l = % ap,
where
1 1 1
4] :188,576—2, a) :—46,35—2, as :—46,35—2,
a a a

2
a

1

as :—16,811a—2, dg :T.

Another four equations are obtained from the
boundary conditions at the edge at x =0, x = a.. Since
these edges are free, the moment and transverse
force must be 0 here, which means thatat x =0, x =g,
the second-order derivative of the deflection wi,
and the third-order derivative w},, must be 0. Thus,
we obtain the foIIowmg cond|t|ons

W;x (22’1 ) 0 W (22 1) 0, W;x (ZO,l ) = 0,

1
ay =16,811—,
a2

n
Wi (ZO,l ) =0.
And, therefore,
” "
Wxx (22,1) 61’1 = 0’ wxxx (22,1) 61,1 = 0’
” "
Wiy (ZO,I) €1 =0, Waxx (ZO,I) €1 =0.

The missing four equations take the following
form:

2
oW 11 24 11 24 18
—_— =W ——wy —+w; —=0
e 1 3 7 ’
o> 1 a’ a* a
3
ow 96 96 24
ey = S g =<0,
ox ’ a a a
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WY a2 a2 i 8
e 3 1 5 -
ax2 0,1 aZ a2
ow 0196 0,1 96 0124
“Slen =M 3T 3 HwsT =0
ox ’ a a a
Here
1,1 1,1 _ 1,1 _
Wl = Wl,l . W3 = WZ,l ,W7 = sz,] N

0,1 _ 0,1 _ 0,1 _
W3 = Wl,l . Wl = WO,] N WS = WXO,I .

The same equations are obtained if we use the
following conditions:

" " "
Wiy (22,1) eo = 0 Wi (22,1) e = 0 Wix (20,1) o =0
"
Waxx (ZO,I) €0 0.
Thus, to find the wunknown parameters

Wl,l s Wz)l, WO,l . wxz’l . Wanl, we have five equations:

24 24 8
—— Wit Wo 1 ——wx; =0,
a a a
% W % Wy 1 +— WX, 0
M1 3 Wt wxp =0,
03 613 Clz
24 24
—2W1>1 ——2W2’1 +—WX2’1 = 0,
a a a
% W % Wh 1 +—Wx 0
SIMI T Wt wx =0,
613 Cl3 a2
188,576 46,35 46,35 16,811
T M T T Wl T Wt WA -
a a a a
16,811 a’q
— 5 WxO,l =—.
a 4D

If we add the first and third equations, we will obtain
wxg; =wxy, and if we subtract the fourth equation
from the second equation, we will obtain wy | = w; .
The equality w; (z91)=w, (zo;) is possible
only if these derivatives are 0. Therefore, since
W(ZO,I ) = W<22,1 ), then W(Zl,l ) = W(Zo’l ) = W<Z2,1 )
Given all this, based on the last equation, we obtain
the following:

188,576 96,7

2

aq
5 M1 W = >
a

2 4D

4
therefore, wi; =0, 0026"—Dq.

By analyzing the obtained solution, we can
conclude that the slab in this case deforms

axisymmetrically, i.e., the deformation along the
x axis is constant. In this case, the calculation for
the deformation of the slab can be replaced by the
calculation for the deformation of a beam of length a,
rigidly fixed at the ends at y =0, y = a. The equation
of equilibrium of the beam will have the following
form:
wiv - 4 ’
EI
and the general solution can be written as follows:
4 3 2
W(x):%;—ét+cl%+cz y?+63y+c4.
Based on the boundary conditions at
y=0,y=a,W=0,W =0, we will obtain:
2
qa q4a
C3—0, C4—0, = ,C3—12E1.
Therefore, the deflection of the beam under
consideration can be expressed by the following

function:
g(»* a 3 a* »
w =2 |yl 4+ ,
=gl 1Y "%
and at y =2, the deflection will have the following

form: 4
w|<1=0,0026%4.
2 EI

Conclusion

The system of linear algebraic equations
obtained in the above examples contains 27 x 3 = 81
coefficients. And only the first nine coefficients are
basic. Other coefficients can be found by recurrence
relations based on these nine coefficients
(see Table). Thus, due to the introduction of some
notations (operators) FW, 4/', B}, the process of
finding the coefficients of the system of resolving
algebraic equations is very simple and convenient
for programming.

The proposed method of slab calculation by
the Ritz method in the discrete approximation of
displacements cannot serve as an alternative to the
FEM, but it is very convenient for the calculation of
relatively simple components of building structures,
such as beams, slabs, and shells. However, the
calculation of complex three-dimensional structures
is possible only with the FEM.
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METOZ PUTLA MPU AUCKPETHOM ANMPOKCUMALMA
NEPEMELLEHUA ONSA PACYETA MNIUT

Bnagmnmnp Bacunbesud Kapnoe, EBreHun AHatonbeBund Kobenes*, AnekcaHap MaTtBeeBuy MacneHHUKOB,
Anekcangp Hukonaesud NaHuH

CaHkT-TleTepOyprckuii rocyaapCTBEHHbIA apXUTEKTYPHO-CTPOUTENbHbIV YHUBEPCUTET
2-aa KpacHoapwmerickas yn., 4, CaxkT-Ietep0bypr, Poccus
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AHHOTaUuA

BeeaeHue: MK3 cBoauT 3agady pacyeTa caMmbliX pasfnmyHbIX CTPOUTENbHbBIX KOHCTPYKLMIA K (DOPMUPOBAHNIO U PELLEHUNIO
CUCTEMbI NMUHENHbIX anrebpanyeckux ypaBHEHWR. [ns STOro CyLlecTBYHT METOAMKM MONyYEeHUs MaTpuL, XXEeCTKOCTU U
nogatnuneoctu K3, B KOTOPbIX YYMUTHIBAKOTCS OCHOBHbIE XapaKTEPUCTUKN AedOpPMUPOBaHNS KOHCTPYKLUMU. Ho MK moxHO
paccMaTpuyBaTh U Kak YacTHbIN cryvan metoda Putua npy AUCKpETHOM annpoKCMaLmMm UICKOMbIX (pyHKUMIA. B dyHKLMOHane
MONMHON MOTEHUMANbHOW 3Hepruv OedOpMUPOBaHUSI PacCMaTpUBAEMON KOHCTPYKUMW YUYUTLIBAKOTCH BCE MPUHATHIE
XapaKTepPUCTUKM HanpsPkeHHO-AehopMMPOBaAHHOIO COCTOSIHMS. Tak Kak [Ofisl HEKOTOPbIX BWOOB 3aKpenyieHust kpaes
TaKMX CTPOUTENbHbIX KOHCTPYKUMI Kak b6anka, nnuTa unu obonoyka CroXxHO UM HEBO3MOXHO nogobpaTtb HenpepbiBHbIE
annpokcummpytoLme yHKLMM Kak B Knaccu4eckom BapuaHTe Metoda Putua, Tak u metoge bybHoBa — ManepkuHa, 1o (Mo
aHanornm ¢ MK3) MOXHO ncnonb3oBaTh MeToaa Putua npyv AUCKPETHOM annpoKcMMaumnmM UCKOMbIX dyHKUMIA. B pabote
Ha MpumMepe pacyeTa NNUTbl JAeTCs MeToauKa MpoBedeHMst Takux pacdeToB. [MokaszaHo, YTO BBEAEHMEM HEKOTOPbIX
0603Ha4YeHNn-0NepaTopoB MPOLECC HaxXOXAEHUst KOA(PMULMEHTOB CUCTEMbI NMHEWHbLIX anredpanyeckux ypaBHEHWN
He BbI3blBAET 3aTpyaHEHWI 1 nerko nporpammupyetcs. lNpepnaraemas mMeToauka He siBnsieTcs anstepHatuson MKO,
KOTOpbIN siBNsieTca Hanbonee apekTUBHBIM YUCTIEHHBIM METOAOM AN pacyeTa CrNOXHbIX TPEXMEPHbIX CTPOUTENbHbIX
KOHCTpyKUWMIA. Llenblo paboTbl ObiNo co3gaHne MeETOAMKM pacyeTa NnvMT MeToaoM PuTua npy AUCKPETHOM annpokcuMauum
dyHKUMM NpornboB Ansi CriyyaeB 3aKpenneHust KpaeB, KOorda CMOXHO MU HEBO3MOXHO MogobpaTtb HenpepbiBHble
annpokcumupytowime dyHKUMM B KNaccuyeckom BapuaHTe meTtopa Putua n metoge bybHoa — ManepkuHa. MeTtoAabi:
Ha ocHoBe npumeHeHUs1 BapnaLuMOHHOro metoaa Putua npu OUCKPETHOW annpoKcumauum nepemeLleHnii ans pacyeta
NAWT NOMyYeHbl BCE OCHOBHbIE COOTHOLUEHUS AMsi NPSIMOYrOfibHbIX KOHEYHbIX 3remMeHToB ¢ 12 cTeneHamm ceoboabl v
pa3paboTtaH anroput™ hopMUpoBaHnNs KO3 MULMEHTOB CUCTEMBI NIMHEWHbIX anrebpanyecknx ypaBHeHuin. PeynbraTtbl:
BnepBble nony4eHo pelueHre MeToaoM Putua npy AUCKPETHON annpokcMMaLmMm nepemMeLLeHnin NnTbl AN cryyas, koraa
[Ba Kpasi NNTbI XXEeCTKO 3aLleMreHbl, a Apyrue Aea kpasi cBoboaHbl. [Mpu 3TOM KOpPEKTHOE peLleHre yKasaHHOW 3aaaun
BO3MOXHO TOMbKO Mo npeanaraemoi metoavke n MK3. [Ins TectoBoi 3agaqv 6bi10 BeINOMHEHO CPaBHEHWE Pe3ynbTaToB
pacyeTa Mo npegnaraeMon MeToauKe C pesynbratamy Mpu UCMoNb30BaHUM Kraccuveckoro metoga Putua, koTopoe
nokasarno ux Becbma 6nm3koe coBnazeHve. OLeHeHa TOYHOCTb NOMyYEHHbIX Pe3ynLTaToB.

KnroueBble cnoBa: Mmetogq Putua, QyHKUMOHaN MOMNHOWM MOTEHUManbHON aHepruv aedopmaumu, AUCKpPeTHas
annpokcumaums nepemMeLLeHnin, Nnuta, yHKLMS Npornda, KOHEYHbIN 3NIEMEHT, MHOTOYNEHbI pMuUTa.
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Abstract

Introduction: Tropical climate is characterized by high temperature, the consequence of which induces indoor thermal
discomfort. This is attributed to high solar gains through various elements of the building envelope, including windows,
walls, and roof among others. However, in an attempt to optimize indoor thermal comfort with minimal or no recourse to
mechanical installations, this study explores the roles of the walling fabrics by comparing varying thermo-physical properties
of two identified masonry units in the study area of Ogbomoso, Nigeria (adobe bricks and hollow sandcrete blocks), with a
view to identifying a more thermally comfortable and sustainable material option. The methodology involves virtual models
of two similar residential buildings each composed of either adobe bricks or sandcrete blocks, as masonry units. These
models were subjected to energy performance simulation analyses using DesignBuilder software, over a 12-month cycle
period, to experience year-round differential thermal conditions. Through the observed comparative annual heat loads as
experienced in the models, the results show improved indoor thermal comfort in the brick building (i.e., 7119.54 KWh), with
heat loads being 11% lower than that of the sandcrete building (i.e., 8875.65 KWh) due to the brick walling fabric. This
may be associated with the brick’s lower thermal conductivity (U-Value) of 1.798 W/m?-K, compared with the sandcrete
blocks’ value of 1.999 W/m?2-K. Results: In general, adobe bricks as a walling unit exhibit more thermal resistance against
the harsh outdoor weather conditions than sandcrete blocks. The study is part of an ongoing effort towards reviving this
partially neglected low impact material — adobe brick — with a view to attaining sustainable indoor thermal comfort as well

as protect the environment in the study area.

Keywords: adobe brick, sandcrete block, simulation, sustainable, thermal comfort, tropics.

Introduction

Over the past decades, architectural practice
has faced a lot of challenges and transformations
as our living conditions changed in different contexts
considering social, technological, economic, political,
and more importantly, environmental impacts. Our
emerging housing typologies, in the tropical region
particularly, as a consequence of our evolving
patterns of living, are largely influenced by the
phenomenal global environmental conditions (Altan
et al., 2015). The tropical region falls between two
lines of latitude, the Tropic of Cancer, 23.5 degrees
north, where the sun is directly overhead at noon on
June 21 (midsummer in the northern hemisphere),
and the Tropic of Capricorn, 23.5 degrees south
where the noon sun is directly overhead on December
21 (midsummer in the southern hemisphere). The
region includes much of Central and South America,
most of Africa, among others, as it is home to around
40% of the world population (Karyono, 2017; JCU,
2014). Its climate is mainly characterized by an
elevated temperature and a high relative air humidity
as these account for some level of indoor thermal
discomfort ordinarily (Prianto and Depecker, 2003).
However, buildings are required to offer sustainable,
healthy and comfortable indoor environment,

irrespective of the outdoor climatic conditions
(Lotfabadi and Hancger, 2019). The consequence
of these is the need for integration of the passive
design approach (Bay and Ong, 2006). Alternatively,
active energy sources such as mechanical cooling
systems involving mechanical ventilation, air
conditioning systems, are introduced for improved
indoor thermal comfort. However, the latter often
consume substantial energy among all building
services (about 20—40% of the total energy needs),
without which significant energy savings would have
been achieved with the attendant reduced electricity
costs (Kenisarin and Mahkamov, 2016; Prianto and
Depecker, 2002; Raja et al., 2001).

It has been established that the building sector
is responsible for around 39% of world CO,-
equivalent emissions. This is indicated in various
submissions, including the Global Status Report
for Buildings and Construction of 2019 (Ascione et
al., 2021; Attoye et al., 2017). Besides, the sector is
liable for about 36% of global energy consumption,
50% of extraction of raw materials, and 1/3 of
drinking water consumption (Ascione et al., 2021;
Lotfabadi et al., 2016; Nejat et al., 2015; World
Energy Council, 2013). In this alarming scenario,
the global building stock is expected to increase

68 For citations: Olaniyan, S. A. (2023). Adobe bricks to hollow sandcrete block walling in tropical building construction: material impact
on sustainable indoor thermal comfort attainment. Architecture and Engineering, No 4 (8), pp. 68-81. DOI: 10.23968/2500-0055-2023-8-4-68-81.
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and double by 2060 because of new constructions,
particularly in developing countries, due to the rapid
growth in population, economic activities and fast
urbanization, with an attendant increase in CO,
emissions (Lotfabadi, 2013). The building sector
is @ major energy consumer in tropical countries,
apart from the industrial and transportation sectors
(Prianto and Depecker, 2002). Thus, without any
initiatives, suitable policies and action plans, energy
demand in the construction sector could increase by
50%, with the consequent impact on global and local
warming (Attoye et al., 2017; Camanzi et al., 2017;
Jiang et al., 2016). This may otherwise affect the
general wellbeing of the occupants. Thus, energy
saving in this sector is important.

Towards such energy saving approach in building
design and construction for indoor thermal comfort
of the occupants in the tropical area, various
attempts have been made by various researchers.
Givoni (1976), Kwong et al. (2014), Longo et al.
(2011), among others, demonstrate significant
potentials of energy savings and improvements
of indoor environmental quality accruable from
adoption of natural ventilation. Attoye et al. (2017),
Koukelli et al. (2022) as well as Quesada et al.
(2012) illustrate integration of passive dynamic
adaptive fagade systems as the threshold between
building and exterior environment to improve indoor
thermal comfort (while reducing the building’s
energy consumption). Ascione et al. (2021) study
the best trade-off among transparent envelope
solutions, thermal mass of the building, and
radiative characteristics of the roof. Thermo-physical
properties of the materials used in the building
envelope have also been studied by Pacheco-Torgal
et al. (2014) as well as Pacheco-Torgal and Jalali
(2011). In general, improvement of the construction
methodology, energy efficiency technologies,
adoption of passive design, use of renewable energy,
and appropriate selection of building materials may
constitute important strategies for the energy saving
approach (Abanda et al., 2015) in this regard.

As a major point of departure, the focus of
this study is on building materials. It examines
the implications of the varying constituents of the
building walling fabrics with emphasis on the locally
available low impact building material, specifically
adobe bricks, in place of the predominantly adopted
sandcrete blocks in the study area. This is with a
view to attaining more sustainable comfortable
indoor thermal environment with minimal impact on
the environment.

Literature Review

Thermal comfort refers to that condition of mind,
which expresses satisfaction with the thermal
environment based on the heat balance of the human
body (Shastry et al., 2016). This may also refer to the
state of mind that expresses mental satisfaction with

the surrounding environment (Prianto and Depecker,
2003). It can be measured by both environmental
and personal parameters. While the former is
defined by such factors as ambient temperature,
mean radiant temperature, water vapor pressure or
relative humidity, and relative air velocity, the latter
is defined by the clothing level or thermal resistance
as well as activity or metabolic rate (Shastry et al.,
2016; Prianto and Depecker, 2003). Attainment of
thermal comfort is essential for the general wellbeing
of occupants as a building does not only confer a
spatial form to accommodate people but also acts as
a device to modify an extreme outdoor environment
to a moderately comfortable to keep their activities at
a normal metabolic rate (Vale and Vale, 2017).

In practical dimensions, Omonijo (2017) outlines
guidelines towards achieving occupants’ thermal
comfort in standard dwellings: adequate availability
of thermal capacity in the building structure and on
the interior envelope surfaces of habitable rooms;
provision of additional levels of thermal insulation
for exposed opaque walls and, when required, for
exposed ground floor elements; proper adjustment
of the window size as a function of orientation, room
size, and occupant requirements, for passive solar
heat gains; provision of internally insulated shutters
on exposed glazing elements, for control of excess
heat losses during evenings and at night; provision of
controllable means for ventilation, such as adjustable
trickle vents, extract fans, and/or individual heat
recovery ventilators; provision of operable shading
devices on the north-, east- and west-facing windows
with adjustable blinds for control of excess solar heat
gains. Other considerations affecting the energy
requirements of buildings as highlighted by Al-ajmi
and Hanby (2008) include: building location (altitude,
latitude, longitude, and orientation); local weather
conditions; heat transfer and storage characteristics
of the building’s elements, which depend on the
various thermo-physical properties of the building
components; windows, doors, and other openings;
shading of the exterior surface; building dimensions;
indoor temperature, number of occupants, lighting
and building usage; primary and secondary air-
conditioning systems; ventilation and infiltration.
Each of these factors influences the cooling load
of the building as the impact of each factor varies
from building to building subject to the architectural
design, building function, and material composition
(Al-ajmi and Hanby, 2008).

Rapid growth in population, economic activities
and general urbanization during the last decades
in the tropical countries have had several
environmental, economic, and social consequences,
with an increase in energy consumption. More
houses, schools, hospitals, roads, railways, bridges,
public libraries, and other public facilities are needed
to be built to accommodate people and meet the
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population growth. These have raised concerns
over depletion of local natural resources and supply
difficulties as the building sector constitutes one of
the major end users of energy (Koukelli et al., 2022;
Kwong et al., 2014). Buildings account for about 15%
of emissions, while transport and industry are 14
and 21%, respectively, and the remainder is emitted
by other activities (Karyono, 2015, 2017; Karyono
and Bachtiar, 2017). Thus, efficient and sustainable
utilization of energy is essential in conserving the
fast-depleting resources.

One of the main aims for sustainable development
is to reduce the use of non-renewable energy
resources. In view of industrialization and the
expansion of modernization, urban areas have
increased in size and so has the global population,
with an expected annual growth of 1.8% (Mahravan
and Vale, 2017). For these reasons, and to achieve
sustainable growth objectives, energy saving in this
sector is important. Thus, the building stock should
be re-developed from the energy viewpoint. In effect,
it is necessary to design comfortable buildings that do
not use, or hardly use, active mechanical installations
(Bastide et al., 2006). Thus, the building envelope shall
be the focus of this study. The envelope constitutes
the primary subsystem through which energy losses
occur between indoor and outdoor environments
of the building (Ascione et al., 2021). The idea is to
reduce the heat transfer through it, while still ensuring
comfort for the occupants. An improvement of the
building envelope and the energy efficiency may
reduce the ambient temperature and building’s impact
on the available natural resources. In this case,
adequate climatic responsiveness and adaptiveness
of the elements of the building envelope to extreme
heat changes in an energy-efficient way can result in
reduced building’s energy consumption (Koukelli et
al., 2022). This, therefore, gives way to comparative
research work on two locally available walling
elements as separate constituents (individually) of the
building envelope in the study area, adobe bricks and
hollow sandcrete blocks.

Brick is one of the oldest, most popular and
environmentally friendly construction materials
because of its durability, ease of handling, aesthetics
and local availability (Abdullah et al., 2015). Adobe
brick is essentially a dried mud brick, combining the
natural elements of earth, water, and sun. It is an
ancient building material usually made with tightly
compacted sand, clay, and straw or grass mixed
with moisture, formed into bricks, and naturally
dried or baked in the sun without an oven or kiln
(Craven, 2019). Bricks are used for exterior and
interior walls, partitions, piers, footings, and other
load-bearing structures (Duggal, 2008). Recipe for
its construction varies according to climate, local
customs, and the historical era. Many building
structures of architectural significance such as the
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Great Wall of China, Colosseum in Rome, pyramids
in Egypt, the San Miguel Mission in Santa Fe, New
Mexico, and the Taj Mahal in India, among others,
were built with bricks (Craven, 2019; Phonphuak
and Chindaprasirt, 2015). Introduction of chopped
straw and grass to the clay mixture of the naturally
sun-baked brick improves its quality and reduces
distortions and cracking. The brick firing is also used
to improve its strength and durability (Pacheco-
Torgal, 2015; Phonphuak and Chindaprasirt,
2015). However, introduction of Portland cement
in the 21% century led to development of masonry
hollow sandcrete block, which is characterized with
faster hardening and higher compressive strength
(Olaniyan, 2021). Hollow sandcrete blocks are
masonry units manufactured from a mixture of
cement, sand, and water, and play a crucial role in
the building construction. Hollow sandcrete blocks
are largely used for load-bearing and non-load-
bearing walls and foundations (Sholanke et al.,
2015; The Constructor, 2022).

Thus, masonry hollow sandcrete blocks
subsequently became an alternative to bricks,
thereby leading to significant reduction in the use of
the latter (Bingel and Bown, 2009; Smith et al., 2016).
This development led to partial abandonment of the
brick, despite its huge potentials in building energy
moderation and conservation. In this context, these
potentials accruable from old but partially abandoned
bricks as opposed to prevailing sandcrete blocks in
the tropical study area of Ogbomoso, Nigeria, are
subjected to thermal performance analysis using a
simulation tool, DesignBuilder. This paper, therefore,
deals with optimization of building energy efficiency
in the tropical city of Ogbomoso through comparative
evaluations of relative thermal performance of
walling fabrics, using two locally available building
materials, adobe bricks and hollow sandcrete blocks.
This approach attempts to reduce residential building
cooling energy needs for attainment of indoor
thermal comfort in the study area, by maximizing
the advantages of the thermo-physical properties of
the constituents of the low impact material, adobe
brick. This is part of an ongoing research work as
life building models will be constructed for direct
validation at a later stage.

Research Methodology

The Study Area: Climate and Design Implications

Ogbomoso lies on 8° 10' north of the equator
and 4° 15' east of the Greenwich Meridian. The city
is situated within the derived savannah region and
it is a gateway to the northern part of Nigeria from
the south. It is characterized by the tropical wet
and dry climates as it falls within the transition zone
lying between the rainforest and the savannah,
with a mean annual rainfall of about 1200 mm. The
variation in the precipitation between the driest
and wettest months is 178 mm. Both the highest
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and lowest relative humidity occur in January
(42.54%) and September (85.18%), respectively.
The highest and lowest number of rainy days are
recorded in July (24.70 days) and December (0.73
days), respectively. There is an average of 76.53
hours of sunshine per month as around 2323.51
hours of sunshine are counted through the year.
This climate is considered to be ‘Aw’ according
to the Koppen—Geiger climate classification.
The wet season falls between April and October
while the dry season is usually experienced
between November and March. The dry season
exhibits a typical harmattan season where high
radiation cooling under clear skies at night causes
temperature to fall as low as 18°C. The average
lowest and highest temperatures of about 28.3 °C
and 23.8 °C are usually experienced in March and
August, respectively. The average temperatures
vary during the year by 4.6°C (en.climate-data.org,
2022; Femi et al., 2015; Olaniyan, 2012). Below is
the summary of the climatic data for Ogbomoso,
the study area (Table).

The climate is characterized by high solar
radiation (i.e., radiation value of over 10 KJ/m?/day
for some months). This usually results in indoor
thermal discomfort of the interior spaces in most
parts of the year. Hence, there is the need for proper
thermal analyses of the materials for the building
envelope, for appropriate design interventions in the
area (Olaniyan, 2012).

Materials and Methods

In this study, impacts of the varying walling
fabrics (i.e., building materials) on attainment of
sustainable indoor thermal comfort for residential
buildings are examined. Virtual models of two similar
residential buildings with bricks and sandcrete
blocks (separately as walling components) are the
objects of assessments for comparison. The two
buildings represent a commonly adopted building
typology (design) in the study area. While the first
building type, tagged ‘Sandcrete Building’ (SB) is
made up of a predominantly adopted masonry unit,
hollow sandcrete block, the second building type,
the ‘Brick Building’ (BB) is constructed of an age-
long local building material, adobe brick (i.e., sun-
baked earth block in this context). Figs. 1 and 2 give
general outlooks of the structures.

The typical floor plan of either of the buildings is
as shown in Fig. 3. It is a four-bedroom apartment
with an approach balcony, occupying a total area of
103.85 square meters.

The wall of the Sandcrete Building is constructed
of 225 mm hollow sandcrete blocks while that of
the Brick Building is made of 230 mm traditional
sun-baked bricks. Both structures are finished with
12 mm thick sand-cement mortar on both internal
and external surfaces. As commonly found in the
study area, both roofs are constructed of 0.45 mm
thick long span aluminum sheets on a timber roof
carcass, finished underneath with 6 mm thick

Summary of the climatic data for Ogbomoso, the study area

Jan Feb | Mar Apr May Jun Jul | Aug Sep Oct Nov Dec
Avg. temperature (°C) 27.3 283 283 275 264 250 241 238 242 250 264 2638
Min. temperature (°C) 215 231 241 241 236 226 219 215 219 223 229 214
Max. temperature (°C) 34.2 35.1 35 333 314 292 280 275 285 298 319 335

Precipitation / Rainfall 5 13 40 78 121 154 175 180 182 105 13 4

mm (in) (0.2) (0.5 (1.6) (3.1) (4.8) (68.1) (6.9) (7.1) (7.2) (4.1) (0.5 (0.2)

Humidity (%) 43% 50% 62% 73% 79% 83% 84% 85% 85% 83% 71% 50%
Rainy days (d) 1 2 5 9 14 16 19 18 18 13 2 1

Avg. sun hours (hours) = 9.2 8.7 8.0 7.0 5.6 4.4 4.2 3.7 4.2 5.2 7.3 9.0

a) (source: en.climate-data.org, 2022)

T

Fig. 1. lllustrations of the components of the adobe brick masonry units for the Brick Building: (a) individual sun-baked brick
unit; (b) typical constructed walls joined with cement-sand mortar (images adopted from: Abanda et al., 2015).
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Fig. 2. lllustrations of the components of the hollow sandcrete masonry units for the Sandcrete Building:
(a) individual hollow sandcrete block unit; (b) typical constructed walls joined with cement-sand mortar
(images adopted from: Abanda et al., 2015)

asbestos ceiling sheets. The windows made of 6 mm
thick clear glass are complemented with 40 mm thick
wooden panel doors.

Virtual Building Modeling and Simulation
Approach

Virtual models of the two buildings were subjected
to energy performance simulation analysis. This is a
powerful tool that architects, engineers, and other
relevant professionals use to analyze how the form,
size, orientation, and type of building systems affect
overall building energy consumption. It is used to
optimize building energy efficiency with respect
to building input parameters (Al-ajmi and Hanby,
2008; Altan et al., 2015). This analysis is useful for
informed design decisions to improve building energy
performance in respect of the buildng envelope,
glazing, lighting, HVAC, etc. As a modern design
tool, it allows us to use the numerical simulation
to analyze the influence of design elements on
indoor thermal comfort for sustainable housing
development (Altan et al., 2015). In many cases,
few building simulations runs in the early phases of
a project assist in attaining the best design solutions
(Energy Design Resources, 2000).

DINING

SITIHNG-ROCM

Fig. 3. Typical floor plan of the building model
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In this study, DesignBuilder software was adopted
for the building simulation work (DesignBuilder, 2021)
as a typical virtual building model as illustrated in
Fig. 4. The software is integrated with EnergyPlus,
the US Department of Energy (DOE) third (3")
generation dynamic building energy simulation engine
for modeling building, heating, cooling, lighting,
ventilation and other energy flows. This integration
within DesignBuilder allows for complete simulations
within the interface, which constitutes an excellent
feature for ease of simulation. DesignBuilder uses
construction components to model the conduction
of heat through walls, windows, roofs, ground and
other opaque parts of the building envelope. In this
case, the physical properties of each element have
been defined for the building (DesignBuilder, 2021).
These simulations are run for the whole year (i.e.,
12 months) as hourly, daily and monthly results are
available. Passive solar gains and indoor comfort
temperature due to the alternative walling fabrics,
adobe bricks and hollow sandcrete blocks (external
walls and partitions) in particular, obtained through

Fig. 4. Typical virtual model of the building as displayed
in DesignBuilder Interface (sandcrete: U-Value (W/m?K) = 2.137;
R-Value (m2-K/W) = 0.468)
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cooling design simulations in the study area, are
the simulation output variables considered relevant
for the analysis. Thus, effects of the varying walling
fabrics on indoor thermal comfort are compared to
establish their individual impacts with a view to making
necessary recommendations for the study area.

Results and Discussion

Arising from the geographical location of the study
area in relation to the simulation output, relevant
climatic data particularly, solar radiation (both direct
and diffuse) is analyzed as presented in Fig. 5. It
could be observed that high solar radiation values
are recorded particularly between October and May,
with each month experiencing almost 100 kwh/m?
area of diffuse radiation. The trend is similar for direct
radiation over the same period. March witnessed the
highest diffuse and direct radiation values of 114.13
kwh/m? and 84.45 kwh/m?, respectively. Details
of this simulation output as captured directly from
DesignBuilder interface are shown in Appendix | for
referencing and verification. Of particular interest
is the impact of this radiation data, which forms the
basis for the indoor solar gains through the walling
fabrics, among others.

The primary focus of this study is to establish
comparative heat gains due to the walling fabrics
of hollow sandcrete blocks and adobe bricks, as
a basis for their respective indoor thermal comfort
analyses. Comparative monthly heat gains due to
the walling fabric received by the east end of indoor
spaces of Bedrooms 1 and 2, by both SB and BB
are as shown in Figs. 6 and 7. Details of these on a
typical dry-season peak day (i.e., March 23) are as
shown in Appendix.

Similarly, Figs. 8 and 9 illustrate comparative
heat gains received by west end bedrooms 3 and 4.

The overall annual heat gains for the entire
building through the walling fabric are illustrated
graphically in Fig. 10.

B Direct Normal Solar
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From the results above, it could be observed
that for every month, heat gains received by the
building interior both in the east and west ends
are more for the sandcrete building. Consequently,
the annual heat load for the entire building due to
the sandcrete blocks is 8875.65 KWh, with high
values recorded in the months of March, April, and
May (i.e., 791 KW/m, 788 KW/m, and 778 KW/m,
respectively). This is significantly more than that of
the brick building, which has the annual heat load of
7119.54 KWh, with high values also recorded in the
months of March, April, and May (i.e., 726.77 KWh,
726.32 KWh, and 715.80 KWh, respectively). These
are direct reflections of the components of the
walling fabric.

From the foregoing, comparative annual heat
loads as experienced in the building upon which
indoor thermal comfort is based is 11% lower in BS
(7119.54 KWh) due to the brick walling fabric. This
may be associated with the brick’s lower thermal
conductivity (U-Value) of 1.798 W/m?2-K, which may
evenbe aslowas 1.5 W/m?-K (Delgado and Guerrero,
2006), compared with the sandcrete block’s value of
1.999 W/m?2-K. It should be noted that the ability of
adobe brick to conduct heat depends on its moisture
content, which is considered advantageous in
moderate and hot climates because of the phase
transition of the water. As the material dries, the
water evaporates, leading to heat loss in the form of
latent heat, which in turn causes the external surface
temperature to decrease (Quagliarini et al., 2015).

From the thermal analyses above, adobe brick
as a walling unit exhibits more thermal resistance
against the harsh outdoor weather conditions to effect
more thermally comfortable indoor environment.
This position aligns with the findings of Martin et al.
(2010) who analyzed comfort conditions inside earth
buildings in Spain. It also agrees with the results
obtained from several other related studies inclusive
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Fig. 5. Monthly solar radiation (direct and diffuse) for the study area
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Fig. 6. Comparative monthly heat gains through the walling fabric received by east bedroom-1 for both sandcrete
building and brick building
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Fig. 7. Comparative monthly heat gains through the walling fabric received by east bedroom-2 for both sandcrete
building and brick building
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Fig. 8. Comparative monthly heat gains through the walling fabric received by west bedroom-3 for both
sandcrete building and brick building
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Fig. 10. Comparative annual heat gains through the walling fabrics

of Algifri et al. (1992), Chel and Tiwari (2009), Sale
(1990), etc., as they all show that an adobe brick
house can maintain natural indoor thermal comfort.
It could therefore be demonstrated that compared
with sandcrete blocks, adobe bricks provide a more
comfortable indoor thermal environment in the
tropical study area of Ogbomoso.

This research advances current knowledge
on improving indoor comfort temperature ranges
in naturally conditioned dwellings, at no extra
construction costs. It also expands understanding
of the thermal performance of different building
residential types using conventional and alternative
building materials.

Future Research Project / Research Validation

The simulation research approach was
employed to theoretically predict the thermal roles
of the components of the building fabrics (i.e.,
adobe bricks and hollow sandcrete blocks, in this
case) and their impacts on the thermal conditions of
the interior. However, the results obtained constitute
the preliminary outputs, which require further
validation using more empirical analysis. Thus, the

information gained from the simulation exercise will
inform comparative modeling/simulation of different
building propositions, using comparative building
fabrics as the building envelopes (by applying
combinations of different thermal insulating materials
as components of the building fabrics). Through trial
experimentations, the result will evolve preliminary
design guidelines for the proposed responsive
architectural design solution in the study area. To
achieve this, full scale testing, involving thermal
analysis, will be carried out over a 12-month period
using three prototype models as shown in Fig. 11.
Three prototype life building models will be
constructed. Each model willbe 2 mx2mx 1.8 m.
The first model will be made of the building fabric
prevailing in the study area and will serve as the
control model. Components of the building fabric
will consist of materials for the floor, wall, window,
ceiling, door, and roof. The other two models will be
constructed of different low impact building materials
in the study area and serve as comparative bases
for building performance assessment. Data
collection in respect of these is expected to last one
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year. Subsequently, results of the life models will be
compared with the simulated outcomes for validation
and acceptability of the proposed design guidelines.

Conclusion

Tropical region is characterized by harsh outdoor
weather conditions. However, the primary role of
a building is to shield the interior from the impacts
of such outdoor climatic elements. This is usually
achieved through adoption of any available fabrics
of building envelope. This is usually supported with
additional mechanical installations such as fans,
air-conditioners, etc. for indoor thermal comfort
attainment. However, the rising energy costs, coupled
with undesirable carbon emissions associated with
such active installations have necessitated the need
for more research on possible adoption of more low
impact building materials available in the study area.
Consequently, this study has demonstrated, with
regard to the indoor thermal comfort attainment, that
the partially abandoned locally available building
material, adobe brick, as a walling fabric is more

a)

suitable than the predominantly adopted hollow
sandcrete blocks in the study area. This is with a view
to minimizing building construction impacts on the
environment for overall sustainable utilization of the
available limited resources. Therefore, wherever it is
practically possible, adoption of adobe bricks as an
enclosing material in the tropical city of Ogbomoso
and its environment should be encouraged for
inexpensive residential apartments. This is an
attempt to revive an age-long partially abandoned
locally available material for overall sustainable
construction purposes. It should be emphasized that
this result is part of an ongoing research work as
life building models are to be constructed for direct
validation of the results at a later stage.
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Appendix: Simulation Output for Direct and Diffuse Solar Radiations in the Study Area

Paper I - Brick - Sandcrete House, Building 1
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CAMAH BMECTO NMYCTOTEJIbIX NECKOBETOHHbIX BJIOKOB CTEH
B TPONMUYECKOM CTPOUTEJIbCTBE: BINIUAHUE MATEPUATOB
HA OOCTUXEHUE YCTONYMBOIO TENNOBOIO KOM®OPTA
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AHHOTaUuA

BBeaeHue: Tponuyeckuin KNuMaT XapaKTepu3yeTCs BbICOKOW TemrepaTypou, BCNEACTBME Yero BO3HWKAET TEMOBOWA
anckomdopT B nomelleHun. 1o 06bACHSAETCS BbICOKMM MPUTOKOM COSTHEYHOW 3HEPrMn Yepe3 pasfnyHble 3NeMEeHThI
OrpaxaatoLLUnx KOHCTPYKLUWIA 30aHUsI, BKIOYas, Cpeadu MpoYero, OKHa, CTEHbl U Kpbilwy. TemM He MeHee, B MOorMbiTKe
ONTUMU3MPOBATL TEMNOBOM KOMGOPT B MOMELLEHUN C MUHUMAIbHbLIM MCMONb30BaHNEM MeXaHW4Yeckux npubopos unm
BooOLle 6e3 HMX B 3TOM WCCMNEefoBaHMM aHanM3vMpyeTcst Pofib CTEHOBLIX MaTepuarioB NMyTeM CPaBHEHMUS Pa3NUYHbIX
Tennogm3n4ecKkmx CBOMCTB ABYX MOEHTUMDULMPOBAHHbIX KNago4HbIX 6r10KoB B uccnenyemoi 3oHe Or6omoluo, Hurepmsa —
CaMaHHOro KMpnuya v nyctoTenbix 610KoB M3 neckobeToHa — C Lenblo onpeaenutb 6onee TepMu4eckn KOMOPTHBIN 1
yCTOM4MBbLIV BapuaHT MaTtepuana. Metoguka BknovaeT B cebsi BUpTyanbHble MOAENW ABYX OAMHAKOBbIX >XUIbIX [JOMOB,
KaXkabli N3 KOTOPbIX COCTOUT NGO M3 CaMaHHOro Kuprmya, 6o 13 NeckoGeTOHHbIX BIIOKOB B KAYECTBE KAMEHHOW Kraaku.
911 Mmogenu 6bInv NoABEPrHyThl aHANMU3y SHEPrETUHECKNX XapaKTEPUCTUK C UCMONb30BaHNEM NPOrPaMMHOro obecrneveHums
DesignBuilder B TeyeHve OBeHagLaTMMECSYHOrO LMKNA, 4TOObI paccMOTPEeTb KpyrrmoroauyHble auddepeHumanbHble
TemnepaTypHble ycrnosus. bnarogaps HabnwogaeMbiv CpaBHUTENbHBIM FOLOBbLIM TEMSIOBLIM Harpy3kam, nosny4YeHHbIM B
MOZEnNsiX, pe3ynbraThl NnokasbiBakT yNy4lleHne TEeNNoBOro komdopTta BHYTPW KMpNuYHoro 3aaHus (T.e. 7119,54 kBruy),
npuyemM Tennosble Harpyskn Ha 11 % Hwxe, yem y 3gaHua u3 neckobetoHa (T. e. 8875,65 kBT4) 3a cyeT KMpNUYHOW
06nmLoBKA. OTO MOXET ObITb CBA3aHO C Gonee HWM3KOW TennonpoBoAHOCTbi kupnuya (U-3HadeHune) 1,798 Bt/m?-K no
CpaBHEHUIO CO 3Ha4YeHNEM neckobeToHHbIX 6rokoB B 1,999 BT/M?-K. Pe3ynbrathl: B Lienom, camaH B ka4ecTBe CTEHOBOMO
6noka ieMoHCTpUpyeT 6OMbLLYI0 TEPMUYECKYHO YCTOMYMBOCTb K CYPOBbIM NMOTFOAHBIM YCIOBUSAM, YeM NEeCKOOETOHHbIE Broku.
VccnenoBaHue SBNSETCS YacTbio NpodoKatoLlencst paboTbl MO BO3POXAEHMIO TAKOro YaCTUYHO 3a0bITOr0 3KONOrMYHOro
martepuana, kak CamMmaHHbIN KUPMWY, C Lenbio JOCTUXKEHNS YCTOMYMBOIO TENOBOro KOMG0opTa B MOMELLEHUSIX, @ Takke Ans
3aLLMTbl OKpY>KatoLLEn cpeapbl B UCCreayeMOon 30He.

KnroueBble cnoBa: camaH, NneckobeToHHble 6roku, MOAENMpOBaHNe, 3KONOMMYHOCTb, TEMIOBOM KOMKOPT, TPOMMUKM.
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Abstract

Introduction: The building industry is under increasing pressure to maximize performance while reducing the costs and
the environmental impact. To solve this problem, a new type of materials, i.e., functionally graded materials (FGMs), are
proposed. These materials have the advantage of being able to withstand harsh environments without losing their properties.
Purpose of the study: The paper aims to further extend the understanding of the propagation modes and characteristics
of guided waves in FGM cylinders with infinite lengths. In the course of the study, we analyzed a cylindrical shell composed
of three annular layers, each separated by a gradient layer across the wall thickness. A modeling tool based on the
Legendre orthogonal polynomial method is proposed in the paper. Methods: The method applied results in an eigenvalue/
eigenvector problem. The boundary conditions are integrated into the constitutive equations of guided wave propagation.
The phase velocity and normalized frequency dispersion curves are calculated. Besides, the displacement distributions
and stress field profiles for a functionally graded cylinder with various graded indices in both modes (axisymmetric and
symmetric) are calculated and discussed. The results show a constant fluctuation of effective FGM material. Results:
It was found that the phase velocity curves of the same mode decrease as the exponents of the power law increase. In
addition, the boundary conditions have a greater impact on the normal stresses. The accuracy and effectiveness of the
improved orthogonal polynomial method are demonstrated through a comparison of the exact solution obtained by an

analytical-numerical method and our numerical results.

Keywords: guided waves, Legendre polynomial method, functionally graded materials (FGMs), dispersion curves.

Introduction

Material structures are becoming more complex
and delicate due to recent scientific advancements
in materials. Functionally graded materials (FGMs)
have emerged as a result of exciting developments
in engineering and material processing. FGMs
are created in order to achieve higher levels of
performance. In fact, FGMs are a class of composite
materials with graded structure and characteristics
changing spatially in the thickness direction. These
materials have a graded interface rather than a sharp
interface between two dissimilar materials. The
purpose of choosing graded materials, particularly
at the interface between layers, is to reduce inter-
laminar stress discontinuities. These can occur
around the edges of laminates due to material
incompatibility across the interface. The interface
between two layers in FGM is typically seen as having
seamless bonding, with properties that progressively
change based on their thickness. The properties
of FGM change continuously from one surface to
another due to the effective monotonic variation in
the volume fraction of the constituent phases. That
enables the elimination of stress discontinuity in most

searches, including layered structures made of two
materials. The primary advantage of these materials
is their ability to adjust specific thermomechanical
properties through a continuous spatial distribution,
resulting in increased resistance to interfacial failure
(Yang and Liu, 2020). Another advantage is their
ability to withstand various external factors such as
temperature or thickness gradients while maintaining
their structural integrity (Gong et al., 1999).

Due to their graded properties in several
dimensions, many researchers have focused
greater attention on FGMs, utilizing a variety of
techniques and mathematical approaches. Among
those, the finite element method has become the
most widely used for their structural analysis. Wang
and Pan (2011) used the three-dimensional finite
element method to investigate the behavior of FGM
multiferroic composites under different types of loads.
Hedayatrasa et al. (2014) used the time-domain
spectral finite element method based on Chebyshev
Lagrangian expansion to numerically describe the
characteristics of elastic wave propagation in 2D
FGMs. Using an analytical method, Gong et al. (1999)
investigated the effects of the constituent volume

82 For citations: Raghib, R, Nacin, |., Khaffi, H., Eimaimouni, L., Yu, J., Bybi, A., Sahal, M. (2023). Free vibration modeling in a functionally graded hollow
cylinder using the Legendre polynomial approach. Architecture and Engineering, No 4 (8), pp. 82-98. DOI: 10.23968/2500-0055-2023-8-4-82-98.
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fraction on various structures of FG shells. Other
researchers applied the same method to investigate
elastic waves in an FG cylinder (Han et al., 2002) and
an FG piezoelectric cylinder (Han and Liu, 2003).
Furthermore, higher-level modeling techniques
such as the Legendre polynomial series approach
were developed to improve its accuracy. Some
researchers also studied guided wave dispersion
curves and displacement distributions in FGM plates
(Lefebvre et al., 2001) and radially graded cylinders
(Elmaimouni et al., 2005). This approach was further
developed to explain the behavior of guided waves
in more complex structures, including thermoelastic
(Yu et al., 2010) and viscoelastic FGM plates (Yu et
al., 2012) as well as functionally graded piezoelectric-
piezomagnetic plates (Zhang et al., 2018). Liu et al.
(2021) relied on the modified couple stress theory to
examine the Lamb wave propagation properties in
a small-scale functionally graded piezoelectric plate.
Several other methods were utilized to analytically
solve the wave equations in FGMs (Ashida et al.,
2022; Bezzie & Woldemichael, 2021; Bian et al.,
2022; Radman et al., 2023; Velhinho & Rocha, 2011;
Wang et al., 2022).

The study of elastic wave propagation and

dispersion is essential in the most diverse
applications and domains like earthquake
engineering, architecture and non-destructive

testing (Yilmaz et al., 2020). The use of ultrasonic
guided waves represents a rapid, effective, and
delicate non-destructive testing method commonly
employed for various engineering materials. Zhang
et al. (2022b) explored the influence of polarization
variation on phonon modes and phason modes in
the quasi-periodic direction. Based on the Legendre
polynomial method, Li et al. (2022) studied the
propagation of longitudinal axisymmetric guided
waves in a full-length bonding resin bolt, which is a
bilayer structure. Zhang et al. (2022a) analyzed the
propagation of generalized thermo-elastic waves
in bars with a rectangular cross-section. Naciri et
al. (2019) investigated the numerical vibrational
characterization of an annular piezoelectric disc
resonator partially covered with electrodes to
express the mechanical displacement components
as well as the electric potential.

In this perspective, the current research intends to
provide an analytical framework to investigate wave
propagation properties in a composite functionally
graded (FG) structure made of stainless steel (SS)
and silicon nitride (SN). In particular, it aims to
numerically analyze wave propagation in a three-
layered (SS/SN/SS) FGM cylinder. For this purpose,
the volume fraction distribution is used to confirm
that Young’s modulus, Poisson’s ratio, and the
density of FGM cylinders vary gradually in the radial
direction. Mathematical equations are converted
into a complex eigenvalue and eigenvector problem,

enabling the calculation of dispersion curves for
normalized frequencies and phase velocity. The
numerical results enable the evaluation of dispersion
curves for longitudinal, torsional, and flexural
modes. We also studied displacement distributions
and stress field profiles to reveal and extend our
understanding of the characteristics of guided waves
in FG materials. The results of our comprehensive
model are in line with the theoretical numerical
results found in literature.

Methods

In this paper, the Legendre orthogonal polynomial
method is proposed to model guided wave
propagation in a multi-layered functionally graded
hollow cylinder. In fact, the propagation of guided
waves and their physical properties still remain an
essential tool in several application domains, such
as: non-destructive testing and evaluation (NDT&E)
(Yilmaz et al., 2020) and structural health monitoring
(SHM) (Wang et al., 2020). In this case, the acoustic
waves are reflected when they encounter changes
in the characteristic properties or geometry of
materials, caused by specific phenomena, e.g.,
corrosion, discontinuities, welds, etc., thus making it
possible to localize defects and providing information
about their nature. This simplifies testing over long
distances and prevents the need to scan the entire
structure. Thanks to this method, it is possible to
inspect even hard-to-reach areas without having
to remove the insulation material in certain cases
(Huang et al., 2020). This study represents a crucial
step for non-destructive evaluation (NDE) of material
properties and, therefore, for better understanding
of its potential applications in manufacturing and
quality control. The scope of this research could
be expanded to encompass numerous other
applications, including aeronautics, biomechanics,
biomedicine, and automotive. Besides, FGMs are
suitable for aerospace applications due to their
ability to withstand extremely high thermal gradients.
FGMs were first created for the aerospace sector.
Their use has since expanded to cover components
of rocket engines, heat exchangers, turbine wheels,
turbine blades, space shuttles, and other machines
(Ghatage et al., 2020).

Basic equation

In this section, a hollow FGM cylinder with infinite
length is used to describe the problem as a part of
the three-dimensional linear elasticity theory with
various material parameters (Poisson’s ratio v,
density p, and Young’s modulus E) varying in the
radial direction, where a and b are the inner and
outer radius, respectively. Let us also introduce such
values as H, which is the thickness, and R, which
is the average surface radius of the cylinder, with
H=b-a and R=(a+b)/2as shown in Fig. 1.

The problem will be solved in a cylindrical
coordinate system (r, ¢, z), where r, ¢, and z are
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Silicon Nitride

Fig. 1. FGM cylindrical structure with the (SS/SN/SS)
configuration

the radial, circumferential, and axial directions,
respectively. As the first assumption, the propagation
of the acoustic waves is considered throughout the
z-axis.

The usual approach is to start from an
infinitesimal element in an infinite elastic isotropic
solid with density p. In this case, a change of variable
is proposed to solve the wave equations for circular
cylinders:

@ =kr, gy =0, q3=kz,
where k is the wave number.
The following equations can be used to represent

the law of variation of stiffness CiS.M) and density p(M)
as a polynomial with degree L:

C;M)(ql)zci(j())+ci(jl)£q_lJl+C%(q_lJ2+

kH Y\ kH
L
e +C’§(:_IL] ; (1.a)
1 2
P (g)=p +p<1)£:_;[] +p(2>(%J N
|4 -
Frreene +p (EJ (1.b)

where:

Cig-M)(ql), i, j=1,2,..6 are the ordinary elastic
constants of the space constituting the cylinder at
the point M(ql)'

p(M) ql) is the density of the structure at the
point M q&).

In F hollow cylinders, the radial variation
of material properties is considered progressive
(Elmaimouni, 2005). As a result, material
characteristics may be described in terms of q;.

Using the Einstein summation convention, Eq. 1.b
can be expressed as follows:

=21

y

YRR OI
84 P )= [kH]

where:

Cl(jl) and p(l) are the coefficients of a polynomial
with degree /.

In a cylindrical coordinate system, the
relationship between the deformation tensors and
the displacement components for an elastic medium
was described by Zhang et al. (2022a):

o gw:l[%;%j
" g 20093 q1 9q,
ou; 0
PP RV 5 R T B § .03
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where u;, u, and uy are the components of mechanical
displacement in the radial, circumferential, and axial
directions, respectively.

According to the three-dimensional theory of
elasticity, Hooke’s law describes the properties of
both homogeneous and inhomogeneous materials.
For each layer, the stress-strain expressions can be
represented as follows (Elmaimouni, 2005):
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where T;; denote the components of the stress tensor
and Cj;; denote the elastic coefficients.

By neglecting the body force, we can write the
three-dimensional stress motion equations and
displacement components of a linear elastic material
in cylindrical coordinates as follows (Li et al., 2022):

_ 2
aTrr +laT’”(P +6Trz +Tr T‘P(P :pa ul;
or r 09 Oz r or2
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or r 0p 0z r or2
aTrz L aT(PZ + aTZZ + i — %
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Boundary conditions
The electrical and mechanical boundary

conditions are embedded directly into the equations
of motion, using position-dependent physical
quantities C;; (¢;) and rectangular window functions
n(ka,kb) (Elmaimouni et al., 2005; Lefebvre et al.,
2001; Naciri et al., 2019), defined according to
the studied geometrical structure, in order to take
into consideration the entire surface of the studied
structure without the need of meshing. Thus, the
cylindrical structure can be defined as follows:

kaéqlﬁkb, Oﬁqz SZTC, —OOSq:; < 40

When the boundary condition of the material is
taken into account, the position-dependent elastic
constants and density can be obtained by the
following expressions:

!
M N[ q
clg. )(ql):cg.){k—é] n(ka, kb)
, (6)

M UK !
o) (@) =py; [ﬁ] n(ka, kb)

where:
n(ka,kb) is the rectangular window function
defined as follows:

n(ka, kb) = {

According to Eqgs. 6 and 7, the density and the
elastic modulus in the outer cylinder are equal to
zero. As a result, the vacuum outside the cylinder is
regarded as a medium with zero impedance, which
ensures that the stresses outside the cylinder are
equal to zero.

Mechanical displacements

Since in this research guided waves are assumed
to propagate in the z-direction, the components of
the mechanical displacement in an orthonormal
basis can be represented as follows:

=" Y 90, (01):62)

m=0

1 ka<q <kb

0 elsewhere

(7)

u (91,92.93.1)
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where n = 0, 1, 2, ... — the circumferential wave
number, o — the pulsation, p(a=1,2et3) — the
amplitudes of the polynomial Q,,, a =1 pertains to the
radial direction, o =2 pertains to the circumferential

u3 (91,92, 93:1) =

direction, and a =3 pertains to the axial direction.
The polynomials 0, (4;) can be written as follows:

2m+1 2g1 —(kRy + kR
Qm(QI): IZH Pm[ 1 (klj 1)}

where:

P, is the Legendre polynomial with degree m,

0, (q1) is the complete orthonormal set in
the range ka<gq <kb, which can represent any
continuous function. Each of these three components
of mechanical displacements is represented by a set
of three functions. The functions associated with
the circumferential and axial terms are expressed
by exponential functions while the radial term is
represented by Legendre polynomials (Yilmaz et al.,
2020).

The stress tensors in Eq. 4 and the mechanical
displacement in Eq. 8 can be embedded into the
motion equations given in Eq. 5, and the derivatives
of the rectangular window function n(ka, kb) produce
terms 8(g; =ka) and 8(g; = kb). Such formulation
gives us the equation system shown below:
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Each element of Eq. 9 (a—c) was multiplied by
L —ingy, with j ing fi infini
— 0. e , Jvarying from 0 to infinity. The
o Q; (1)

obtained equations were integrated over j from 0 to
infinity, over ¢, from kR, to kR ,, and over ¢, from 0
to 2n. Thus, we can deduce the following system of
equations:

Amjl lAmJZ Amj3

21, ,m 1
11 Pt 4 Pyt A3 Py =T M

P

m,j 1 1 mj 2 m,j 3 21, m

A21 P * A22 P * A23 Py =N M pm’(10)
| m,J m, j 210, m 3
A+ 435 o+ 455 =

These characteristic equations may be expressed
as the product of two matrices with the following
eigenvalues and eigenvectors:

e 2 a
ap
The guided velocity is as  follows:
N~ =pVou, Vo =0/ k.

pm (a =1,2 and 3) is the eigenvector enabling the

calculation of the displacement components and all
other associated field parameters.
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IAZ%J (o,p=1,2,3), ZM;?’ are the equations
required to calculate all the matrix elements (more
details are given in the Appendix below).

Allthe equations required to calculate the pertinent
matrix elements are provided in the Appendix below.
A three-layered FGM cylinder is examined using the
suggested approach following the above derivation
steps. In this regard, MATLAB software is used to
numerically solve the matrix of eigenvalues and
eigenvectors in Eq. 11. Finally, we point out that when
the wave number k and the graded index change,
the eigenvalue problem is resolved using MATLAB
eig function. Eigenvectors can be used to define
the wave profile, and eigenvalues — to calculate
the phase velocity. As a result, it is clear that the
suggested approach represents an efficient way to
simultaneously acquire the displacement, stress
distribution and dispersion curves of an FGM cylinder.

Results and discussion

Configurations of cylindrical FGM structures

In order to verify the accuracy and effectiveness of
our polynomial approach, we examined the acoustic
waves in a three-layered hollow inhomogeneous
cylinder made of two different materials, as
discussed by Gong et al. (1999) and Han et al.
(2002) and shown in Fig. 1. In our investigation,
silicon nitride and stainless steel were used. FG
cylinders have silicon nitride (SN) at the central
surface and stainless steel (SS) on the exterior and
interior. Table lists the elastic properties of stainless
steel and silicon nitride required to solve the FGM
frequency equation.

A computer program was developed to calculate
the dispersion behavior using the preceding
equation. In this case, the Voigt-type model is
applied to determine the effective FGM property of
two mixed materials at the i" layer level. It can be
written as follows:

D=7+ AN @12k, (12)
where .f(i) is the effective material proportion of FGM
and the volume fraction, V(i)( ) is the ji" material
volume fraction with V( )(q1)+ (g(ql) =1

In case of FGM structures, the displacement
and stress components should be continuous at the
interfaces between the layers due to the advantages
of the monotonic change in the volume fraction of
the phase components, which allows the elimination
of stress discontinuities. These considerations are
adopted to align with those utilized by Gong et al.
(1999) for validation, with position to thickness ratio
:_;] in the range from -1 to 1. Additionally, the shape of

the local volume fraction is shown as a power series
S using the following equation in the radial direction:
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This research examines a three-layered FGM
cylinder. Here, Vn(jl) is the volume fraction of silicon
nitride, and Vrff)z is the volume fraction of stainless steel

in the (SS/SN/SS) cylinder arrangement. It is assumed
that the values of the gradient index S vary from 0.1 to
25 for the functionally graded material along the radial
direction. The variation tendency of volume fraction
distribution along the radial direction significantly
changed due to gradient exponents, as observed in
Fig. 2. The amount of silicon nitride in the inner layer of
the FGM cylinder equals 0, increasing continuously to
1 at the middle surface [kq—;] = 0) as the gradient index
S rises before continually decreasing to 0 in the outer
layer. As for the stainless steel volume fraction, it roughly
decreases from 1 in the inner layer to 0 at the middle
surface as the gradient exponent grows, and then
exponentially increases to 1 at the outer surface. This

proves that in the inner layer [q—l = —1j and the outer
layer (i :1), the surface is uniformly dominated by

stainless steel, whereas at the middle surface (:—11{ = OJ

, the silicon nitride volume fraction is dominant.
Based on Egs. 12 and 13, we have calculated the
spatial distributions of the mechanical characteristics

a) 1
o9} 1
s=0.1
08} 1
0.7 ¢ 0.3 1
06| 05 E
£ 05
=
04 1
0.3 1.
0.2 2
0.1 5
19 bs
0708 06 04 02 0 02 04 05 08 1
q1IkH

of the FGM cylinder along the thickness direction.
Figs. 3(a-c) show the variations of FGM Young’s
modulus, Poisson’s ratio, and density for the (SS/
SN/SS) configuration with the variation of the power-
law exponent (S) across the radial direction when
S =041, 0.3, 0.5 1, 2, and 4. Furthermore, it is

possible to calculate the stiffness coefficient CiS'l) of
order / of the examined FGM based on Poisson’s

ratio v(q;), density p(l), and Young’s modulus E(q)
of the silicon nitride and stainless steel volume
fractions previously determined using Eq. 12. As

/ /
for the numerical results, the coefficients Cl(l)’ Cl(z)

and C(Z) of the studied FGM are shown in Fig. 4.
It can be observed that Poisson’s ratio, density,
Young’s modulus, and position-dependent elastic

constants CIU) of the functionally graded material
vary contindously along the radial direction. This
research also demonstrates a significant influence of
the graded index on changes in material properties
in the radial direction ¢; when kH = ka.

Dispersion curves

The resolution of the system of equations (10)
results in the dispersion curves of the propagation
modes in the structure, relating the frequencies
(f) to the wave numbers (k). In this context, a
computer program was developed to plot the
dispersion curves of cylindrical structures. We
decided to express the phase velocities as a
function of frequency-thickness. Moreover, the

Stainless steel and silicon nitride material

properties
Properties
E (GPa) v p (kg/m3)
Silicon nitride 322.4 0.24 2370
Stainless steel 207.82 0.317 8166

Fig. 2. Variation of the volume fraction in the cylindrical layer of FGM in the radial direction with different graded index S values:
(a) volume fraction of silicon nitride (b) volume fraction of stainless steel
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numerical results are used to demonstrate how
the graded index affects the convergence of
dispersion curves. It provides a theoretical support
for the quantitative measurement of the structural
properties of the FGM cylinder by utilizing the
relationship between the gradient distribution and
propagation characteristics. Figs. 5 and 6 show the
dispersion curves for the (SS/SN/SS) configuration
of the FGM cylinder for axisymmetric (longitudinal
L(0, m), torsional T(0, m)) and symmetric (F(1,
m)) modes, respectively. It can be noticed that for
all propagation modes for the functionally graded
cylinder in the (SS/SN/SS) configuration, only the

Mass density

Poisson's ratic

q,/kH

Fig. 3. Spectral variation of: (a) Poisson’s ratio, (b) density,
(c) Young’s modulus
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first modes L(0,1), T(0,1) and F(0,1) did not show
any cut-off frequencies.

In this section, the relationship between the
guided wave phase velocity and gradient distribution
is examined. Figs. 7 and 8 present the phase velocity
curves of the axisymmetric (n = 0) and symmetric
(n = 1) modes of the configuration (SS/SN/SS) as a
function of the frequency (f)-thickness (H) product,
where HIR = 1.

In this study, only three mode values are taken
into account: 0.1, 1, and 4. Figs. 7 and 8 show that all
modes are dispersive. Besides, it was found that only
the first modes (the lowest modes) did not have any cut-

a) 3

37

A1 448 06 24 02 1] 0.2 0.4 0.6 0.8 1
q,/kH

9 2
C,,x10? Nim?)

-1 08 06 D4 D2 0 0.2 0.4 06 0.8 1
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Fig. 4. Spectral variation of the stiffness coefficient Cl(j[): (a) cl(i),
/ /
®) ). @ clf
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Fig. 5. Normalized frequency Q = mH/(C44/p)l/2 as a function

of kH in the hollow cylinder for longitudinal and torsional modes
(n=0):(a)S=0.1,(b)S=1,(c) S=4

off frequency. Fundamental modes L(0,1), T(0,1), and
F(0,1) are the only modes that exist at extremely low
frequencies. At higher frequencies, all the fundamental
modes are transformed into Rayleigh surface waves
and propagate at the Rayleigh speed (V = 2940 m/s).

It is clear that there is a relationship between
the values of the graded index and phase

)1/2

Fig. 6. Normalized frequency Q = wH/(Cy4/p) "~ as a function
of kH in the FGM hollow cylinder for symmetric modes (n = 1):
(a)S=0.1,(b)S=1,(c)S=4

velocity curves for L(0, 1) and T(0, 1) modes of
the three-layered FGM cylinder. Furthermore,
in both figures, the effects of the graded index
on the cut-off frequencies differ in propagation
modes that are symmetric and axisymmetric. The
graded index has a considerable effect on the
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Fig. 7. Phase velocity dispersion curves as a function
of the frequency-thickness product in the hollow FGM cylinder
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(c)S=4

phase velocity curves in longitudinal and torsional
modes. Fig. 7a shows that the phase velocity of
L(0,1) and T(0,1) modes is substantially higher
than that in Figs. 7b and 7c¢ for hollow FGM
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Fig. 8. Phase velocity dispersion curves as a function
of the frequency-thickness product in the hollow FGM cylinder
for flexural modes: (a) S=0.1,(b)S=1,(c)S=4

cylinders. These results demonstrate that the
phase velocities of the same mode decrease as
the exponents of the power law increase. This can
be explained by the fact that small values of s
correlate to the large volume fractions of stainless
steel (Figure 2a V,,), while the large values of s
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correlate to the small volume fractions of silicon
nitride (Fig. 2b V,,5).

Mechanical displacements
distributions

In this section, the conundrum lays in determining
the profiles of the mechanical displacements
and normal stresses corresponding to different
normalized frequencies, through the thickness
of the cylinder. Therefore, we examined the normal
stresses and mechanical displacement profiles for the
axisymmetric (n = 0) and non-axisymmetric modes
(n = 1) in the hollow inhomogeneous functionally
graded cylinder. Figs. 9 and 10 show the mechanical
displacement profiles for both axisymmetric (n = 0)
and non-axisymmetric (n = 1) modes, respectively.
In case of longitudinal modes, the circumferential
component v always remains zero along the cylinder
thickness, whereas the axial component dominates
in the mechanical displacements. However, the
axial and radial components are zero for torsional
modes. In case of flexural modes, as opposed to
compression and torsional modes, each component
of the mechanical displacement is coupled with each
and every other component.

Stress distributions and boundary conditions

Figs. 11 and 12 show the normal stress profiles
of the hollow FGM cylinder for longitudinal modes

and stress

a) 0-16.0761; KH=4

(n = 0) and flexural modes (n = 1), respectively. As
can be observed, in case of axisymmetric modes,
the circumferential stresses 7., are zero, while in
case of flexural modes they are very low. In case
of axisymmetric and flexural modes, it is evident
that all normal stresses are zero on the inner and
outer surfaces of the cylinder. This demonstrates
the effectiveness of the mathematical approach
employed to establish the boundary conditions.
Although the elastic constants of two adjoining
layers differ, it is widely known that at the interfaces,
the normal stresses and displacements vary
continuously from one surface to the next due to the
advantages of monotonic fluctuation in the volume
fraction of the component phases. All higher order
modes propagate inside the cylinder, and the motion
of the particles becomes more complicated. The
latter is what explains why all the constraints are
zero at the edges of the cylinder.

Method validation

In the course of the study, we investigated the
dispersion curves of the guided waves propagating
through the hollow inhomogeneous FGM cylinder of
the (SS/SN/SS) configuration with various gradient
shapes. For this purpose, a computer program
using the Legendre polynomial approach based
on the previous formulations was implemented
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Fig. 9. Normalized mechanical displacement profiles of the hollow cylinder in case of longitudinal modes,
n=0, HIR=4.00 for (SN/SS/SN): (a) S=1, (b) S=4
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Fig. 10. Normalized mechanical displacement profiles of the hollow cylinder in case of flexural modes,
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in MATLAB software. The dispersion curves of
normalized frequencies and phase velocity for
three layers of FGM with a cylindrical shape are
completely undetermined. As shown in Fig. 13, to
compare our results with the available data (Gong
et. al., 1999; Hedayatrasa et al., 2014), we calculate
the normalized frequencies of the hollow FGM
cylinder with two layers made of stainless steel and
silicon nitride. Simulations are made considering
the axisymmetric mode (n = 0) with three different
gradient index S values for a specific limit when
kR = 20kH with truncation M = 25. The comparison
of our results with those reported in literature by Han
et al. (2002) demonstrates that our methods has a
high degree of precision and reliability in addition to
the theoretical and programming equation accuracy.

It is clearly observed that the results of the
numerical analytical method (reported by Han et al.
(2002)) are compatible with the results obtained with
the use of our method. This approach can predict
the behavior of an infinite-length FGM cylinder
with quite a high accuracy. The comparison of our
findings with those found in literature demonstrates

92

that our method has a high degree of accuracy and
reliability.

Conclusion

The goal of the study was to develop a
numerical approach to solve and compute the wave
propagation problem in a continuous three-layered
FGM cylinder, without discretizing the gradient
structure. The polynomial approach considerably
reduced the challenges experienced in this context
and offered access to more rapid and precise
numerical results. The propagation characteristics
of the guided waves in three-layered FGM cylinders
were determined. The obtained results showed that
the variations of the material properties in the radial
direction are significantly influenced by the graded
index. The dispersion curves of the normalized
frequencies and phase velocities are considerably
impacted by the graded index due to the continuous
variation of the volume fraction. The influence of
the boundary conditions on the normal stresses
across the radial direction of FG material was
examined. Based on the simulations, it was found
that the field profiles are strongly influenced by the
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Fig. 13. Comparison for the normalized frequency using the results obtained by Han et al. (2022)
and the results obtained by the polynomial method at n = 0 and R = 20H

electrical and mechanical boundary conditions. The the current approach is extremely accurate when
comparisons with the results published in literature compared to other available reference data. All
showed that the Legendre polynomial approach can acoustic eigenmodes, regardless of their kind, can
model the propagation of acoustic waves in a three- be precisely identified due to the fast convergence
dimensional FGM cylinder. The results reveal that of the presented method.
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Appendix

The elements required to calculate the eigenvalues and eigenvectors:
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AHHOTauus

BeepeHue: CTponTenbHas oTpacrb UCNbITbIBAET BCe bonbluee AaBrneHne B CBA3M C TeM, YTO TpebyeTcsi MakCMMU3npoBaTh
JKCMIyaTauMoHHbIE XapaKTepUCTUKM MpU  OOHOBPEMEHHOM CHWDKEHUW 3aTpaT W YMEeHblUeHWW BO3AEWCTBUS Ha
OoKpy>KatoLLyto cpeay. [Inga pelleHus aTov NpobnemMbl NpeanaraeTcs HOBbIM TUM MaTepuasnoB, @ MUMEHHO (PYHKLUMOHArNbHO-
rpaguneHTHele matepuansl (OPrM). MNpermMyLLecTBO 3TUX MaTepuarnoB B TOM, YTO OHM CMOCOOHbI BbIAEPXKUBATL XECTKME
yCInoBus aKcnnyatauumn 6e3 notepu cBomx cBocTB. Llenb nccnegoBanus: AaHHasa paboTa HanpaenieHa Ha JanbHenwee
paclupeHve NpeacTaBreHnin O TUNax pacnpocTpaHEHUs N XxapakTepruCTUKax HamnpaBneHHbIX BOIH B uunuHapax n3d ®rm
¢ BeckoHe4HoW AnMHON. B xoge nccnegoBaHus Mbl MPOaHanM3npoBany LUMMMHAPUYECKY0 060MOYKy, COCTOSLLYIO U3 TPex
KONbLEBbIX CIOEB, KaXAbli N3 KOTOPbIX pa3derneH rpagveHTHbIM CNoeM Mo TOrWwMHe CTeHku. B ctatbe npepnaraetca
WHCTPYMEHT MOAENMPOBaHWS, OCHOBaHHbIN HAa METo4Ee OPTOroHarnbHbIX NONMMHOMOB JlexaHapa. MeToabl: NpUMeHsSEMbI
METOA NPUBOAUT K Npobrieme cobCTBEHHbIX 3HAYeHUN /| COBCTBEHHbBIX BEKTOPOB. PaHNYHbIE YCIOBUSA MHTEIPUPYIOTCH B
onpegensoLye ypaBHeHNs pacnpocTpaHeHWs HanpaBneHHbIX BOMH. PaccunTtaHbl kpyBble aucnepcumn hasoBo CKOPOCTU U
HOPMUPOBaHHON YacToTbl. Kpome TOoro, paccymTbiBalOTCA M paccMaTpyBaloTCs pacrnpegeneHns nepeMeLleHni n npodunm
nons HanpshkeHnn Ans PyHKLMOHANbHO-rPagnueHTHOro LMNNHAPA C pas3nuyHbIMY rpaaMeHTHbIMM nokasaTensiMu B 060oumx
TMnax (OCeCUMMETPUYHOM UM CUMMETPUYHOM). Pe3dynbraTbl 4EMOHCTPUPYIOT MOCTOSHHbIE KonebaHus B ahdeKTVBHOM
®I'M. Pesynbratbl: 6bin0 0OHapyxeHO, YTO KpvBble (Pa30BOW CKOPOCTM OLHOMO M TOrO Xe TuMna pacrnpocTpaHeHUs
YMEHBLLAKTCS C yBEMMYEHNEM IKCMOHEHTbI CTEMEHHOTO 3akoHa. Kpome Toro, rpaHuyHbIe yCroBusi oKasbiBaloT GonbLuee
BMUSHWE Ha HOpMarbHbIe HanpsPKkeHWs. TOYHOCTb M 3PEKTVBHOCTb YCOBEPLLUEHCTBOBAHHOIO METOAA OPTOrOHarbHbIX
NMONMMHOMOB AEMOHCTPUPYETCA Ha MpYMepe CpPaBHEHWS TOYHOTO PeLUeHUs, MOMYYEHHOro YMCIEHHO-aHaNUTUYECKNM
CNocoboMm, ¥ HaLIMX YNCTIEHHBIX PEe3ynbTaToB.

KnioyeBble cnoBa: HanpaBrneHHble, MeToq NOnMMHOMOB Jlexanapa, yHKUMOHaNbHO-rpagneHTHele matepuansl (M),
KpUBbIE AUCNEPCUN.
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Abstract

Introduction: This study is part of research aimed at valorizing dredged sediments through the development of formulations
for use in road engineering. The purpose of the study was to determine if the materials selected for pavement layers
comply with road design standards, in particular, with specific requirements for density, grain size, plastic properties, organic
matter, and mechanical performance. Methods: To determine the physical-chemical and mechanical characteristics of the
dredged sediments obtained from samples taken from the Bakhadda dam located in western Algeria’s semi-arid climate,
the sediments were treated with binders in small amounts (3% lime (L), 6% cement (C)) for reuse in road construction. The
study focused on the evolution of physical and mechanical characteristics of the treated sediments, including LL, PI, VBS,
immediate bearing index (IBI%), UCS, tensile strength 6,, as well as small strain modulus E ¢ and large strain modulus E,.
The results showed that adding lime and cement to the dredged sediments improved their strength, as evidenced by
the increased compressive strength (UCS) over time for the samples containing different amounts of binders (3%L,
6%C, and 3%L + 6%C). Additionally, the effect of the water content on the mechanical properties of the formulations was
demonstrated. The study showed that the strength increased when the water content decreased.

Keywords: valorization, dredged sediments, compaction, modulus of elasticity, UCS, tensile strength, eco-geo-material,

road construction.

Introduction

The dredged sediments from western Algeria
provide a new source of materials for pavement
layers. This study aims to investigate the feasibility of
using raw dredged sediments as a road construction
material and improving their mechanical properties.
One of the methods used is to amend them with
binders such as lime and cement (Hussan et al.,
2022; Tribout et al., 2011; Wang et al., 2013). Large
quantities of dredged sediments pose a significant
challenge for their valorization in road engineering.
However, these sediments from dams are ecologically
sustainable and recyclable materials. The Bakhadda
sediments are also advantageous because they are
uncontaminated, allowing for direct reuse without any
decontamination treatment. Nevertheless, the weak
geotechnical properties of dredged sediments often
hinder their use in road techniques due to their low
resistance and durability (Larouci et al., 2021; Wang
et al., 2013; Zentar et al., 2021). Therefore, we will
explore potential solutions to enhance their properties
and increase their potential use in road construction.

In order to overcome these limitations, it is
essential to understand the criteria required for road

construction materials (Association Francaise de
Normalisation, 1992a; LCPC, SETRA, 1992, 2000)
such as:

e Controlling particle size is crucial as it can
affect the physical and mechanical properties of
pavement layers.

e Compressive strength (UCS > 1 MPa) is an
important parameter in determining the material
capacity to support the circulation of construction
machinery on the treated layer (Association
Francaise de Normalisation, 1992a, 2003b; Qureshi
et al., 2021; Wang et al., 2013; Zentar et al., 2021).
As per the NF P11-300 standard, the recommended
minimum and maximum compressive strength
(UCS) is 2 to 4 MPa to ensure the bearing capacity
of vehicles and 8 MPa for re-excavation of the base
coat, subgrade, and sub-base layer.

e Indirect tensile strength and E,, modulus shall
also be verified since the (G, E) pair at 28, 90, and 360
days should show a minimum of mechanical material
class 5. Tensile strength is a significant mechanical
parameter that controls the development of tensile
cracking (Gajewska et al., 2017; Jamsawang et al.,
2021; LCPC, SETRA, 2000; Zentar et al., 2021).

For citations: Serbah, B., Bourabah, M. A., Eid, J., Bouchemella, S., Hariche, M., Abou-Bekr, N., Taibi, S. (2023). Valorization of dredged 99
sediments from dams in pavement design. Architecture and Engineering, No 4 (8), pp. 99-117. DOI: 10.23968/2500-0055-2023-8-4-99-117.
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e The minimum recommended values of
Immediate bearing capacity IBI vary from layer to
layer (Association Frangaise de Normalisation, 1997,
2012; Banoune et al., 2016), which also determines
the material capacity to support the weight of
construction machinery on the treated layer. The
CBR test is both simple and cost-effective, offering
advantages that vary depending on such factors
as the road class and material placement within
the pavement structure (Association Frangaise
de Normalisation, 2012; Banoune et al., 2016;
Hamouche and Zentar, 2018).

e The ability of treatment depends on
volume swelling (LS(%) < 5) and mechanical
performance represented by the Brazilian tensile
strength 6, 2 0.2 MPa (Association Francgaise de
Normalisation, 2015).

To achieve the target strength, dredged sediments
shall be treated with a specific ratio of cement or lime.
Various studies (Jamsawang et al., 2021; Tribout et
al., 2011; Zentar et al., 2021) showed that cement
and lime are the binders most frequently utilized in
laboratory experiments aimed at reinforcing dredged
sediments. Macroscopic changes in clayey soil are
caused by the addition of binders at the microscopic
scale, which involves interactions at that level (Eid,
2017; Jamsawang et al., 2021). The strength of
sediments and hardened stabilized layer is reliant
on the cement and water content. When cement is
added, the formation of calcic hydrates (Banoune et
al., 2016; Baston et al. 2012; Jamsawang et al., 2021;
Zentar et al., 2021) can enhance the soil strength.
Hussan et al. (2022), found that the increase in the
unconfined compressive strength (UCS) of the soil
was noted at 7, 14, and 28 days, with an increase
of 10 to 15% per day following the replacement of
3% and 5% of ordinary Portland cement (OPC) with
lime. the results showed that sediments treated
with traditional hydraulic binders did not achieve
the required UCS values for use in road layers.
However, the development of a geopolymer using
alkali-activated GGBS and the incorporation of 30%
sediments yielded a UCS value above 2 MPa at 28,
60, 90, and 180 days. Furthermore, the addition of 5%
lime and 3% granular calcium carbonate in the same
mixture (geopolymer + 30% sediments) increased
the UCS by up to 60% and 90%, respectively.
Gajewska et al. (2017) showed that the compressive
strength UCS of the tested cement-soils ranged from
0.74 to 9.19 MPa, but most of the UCS results were
within the 0.74-4.00 MPa range.

In studies by Wang et al. (2012, 2013), the effects
of cement and lime on Dunkirk sediments were
evaluated using modified Proctor compaction and
UCS tests. The researchers classified the sediments
as sandy soil and concluded that 6% cement is a
cost-effective and practical amount for enhancing the
mechanical properties of the sediments, particularly
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for use in road construction. This finding is consistent
with the recommendations from the French guide
on the treatment of soils with lime and/or hydraulic
binders and application to the construction of
pavement base layers (LCPC, SETRA, 2000). This
guide divides lime stabilization into two phases:
short-term reactions, which include cation exchange
(studied by Baston et al. (2012), Eades and Grim
(1966), Khattab et al. (2007), and Townsend (1979)),
and flocculation and agglomeration. Khattab et al.
(2007) also investigated the second phase, i.e.,
long-term pozzolanic reactions and carbonation.
The fundamental parameters for designing road
layers are tensile strength 6, and modulus E (Tribout
et al., 2011; Zentar et al., 2021). Most researchers
(Gajewska et al., 2017; Tribout et al., 2011; Zentar
et al., 2021) observed a sharp increase in 6, from
the beginning of the treatment, making it possible
to achieve a better mechanical class, and a slow
increase in modulus (E) preventing a decline in
mechanical class. Gajewska et al. (2017) also found
that the elastic modulus increased by 2.5 times
when the cement content increased from 6 to 8%.
According to Venkatarama and Gupta (2005) as
well as Gajewska et al. (2017), the relationship
between O, and E is primarily influenced by the
type and quantity of the binder used as well as the
grain size distribution in the material. Interestingly,
the universal correlation E = f(R) can be applied to
various cement-stabilized soils regardless of their
grain size.

Many Maghreb researchers (Banoune et al.,
2016; Laroucietal. 2021; Loudini etal., 2020) showed
the possibility of using these dredged sediments in
road construction materials, which allows for better
use of this natural resource. The study by Achour
et al. (2014) focused on the use of fine dredged
sediments in road construction. The tests showed
that the chemical properties of the sediments are
acceptable for use in road construction, but their
bearing capacity is insufficient. To improve the
mechanical properties, a mix of 1/3 fine sediments,
and 2/3 dredged sand with 6% cement and 1% lime
was proposed. The tests showed that the mixture
meets the mechanical requirements for use in the
road , subgrade and sub-base layer.

This paper discusses the technique of using
dredged sediments from dams for road construction,
which has severaladvantages such asreducingwaste
and cost. However, it is important to conduct specific
studies for each case as sediment composition can
vary depending on the dam’s location and nature.
The example of the Bakhadda dam is mentioned as
a particular case where feasibility studies should be
conducted. In our research, we examined the effect
of binders on the mechanical strength parameters
of the treated sediments, which will enable us to
characterize the behavior of the treated sediments
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in the short and long term. This will also allow us
to determine their appropriate age for machinery
to circulate on the treated layer and the frost
resistance. In this paper, we study the possibility of
valorization in pavement design with regard to the
sediments dredged from a dam in western Algeria.
The originality of the study is related to the fineness
and high plasticity of the sediments, which requires
double treatment with hydraulic binders to meet
the updated recommendations and standards for
pavement design.

Material and Methods

The materials consist of a deposit of fine
particles. Raw dredged sediments (RDS) were taken
from the area on the upstream side (settling basin of
the Bakhadda dam in north-west of Algeria), where
the dredged sediments are found accumulated in
remarkable quantities. The dam is located near the
village of Machraa Sfa, 25 km west of Tiaret, on
the upper reaches of the Mina river, a tributary of
the Oued Chéliff river. This basin receives annually
38%10% m® of water with a specific degradation of
860 t-km=-year™ (Hallouz et al., 2018).

Due to the siltation rate of approximately 30% of
its total capacity, a dredging operation was assigned
to  Hydrodragage-C-T-Systems, a company
specializing in dredging, with a goal of removing
20 million m® of material (Fig. 1) (hydrodragage-
c.t.systems, 2005). A number of identification tests
were carried out on the collected sediments, making
it possible to classify the sediments according to
French standard NF P11-300 (Association Frangaise
de Normalisation, 1992a) and GTR 92 (LCPC,
SETRA, 1992).

The RDS samples were oven-dried at 50°C for
48 hours prior to testing, with the aim of preventing
any damage to the soil structure and organic matter
that could potentially impact the accuracy of the test
results. Then they were crushed and sieved through

.‘

5 mm sieves without any additional treatment. The
set of samples was then evaluated for geotechnical
properties, including specific gravity, water content,
particle-size distribution, Atterberg limits, methylene
blue absorption (VBS), organic matter content,
calcium carbonate content (CaCO,), and pH, as
well as compaction properties with the immediate
bearing index (IBl). These geotechnical properties
allowed for the classification of the material in its
natural state.

Grain-size analysis

The particle size distribution of the RDS was
analyzed by wet sieving in accordance with French
standard XP-P94-041 (Association Francgaise de
Normalisation, 1995). This analysis separated the
particles with dimensions greater than 80 pym by
sieving, and then the fraction less than 80 um — by
sedimentation test, according to French standard NF
P94-057 (Association Frangaise de Normalisation,
1992b). Fig. 2 presents the particle size curves of the
RDS, which show that the material is fine particles
in almost all its composition, with nearly 32% of
clay and 60% of silt, while the presence of sandy
particles greater than 63 um is the least significant
(% sand < 8%).

The calculation of the coefficients of uniformity
(Cu = D,/D,,) and curvature (C_ = d?, /(d, d,))
indicates that the RDS are well-graded (Cu = 16).

Atterberg limits tests

The Atterberg limits tests of the RDS were carried
out in accordance with French standard NF P94-051
(Association Francaise de Normalisation, 1993a).
The RDS sediments exhibited a high liquidity
limit of 55% and a plasticity limit of 33%, resulting
in a plasticity index of 22. When plotted on the
Casagrande plasticity chart (Fig. 3), the material
was found to be located below the line A of equation
Pl = 0.73(LL — 20). This position falls outside the
recommended range in terms of road engineering

Fig. 1. View of the reservoir of the Bakhadda dam and the Djebel Debbagh stationary dredger
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due to a high plasticity index of Pl > 20, indicating
highly plastic silt.

Other parameters

Methylene blue test

The methylene blue absorption (VBS) and the
specific surface area (SSA) were investigated on
the RDS samples according to French standard NF
P94-068 (Association Francaise de Normalisation,
1993c). The testresultsindicate thatthe VBS and SSA
are significantly high, with values of approximately
2.4 (g/100g, dry) and 50.4 (m?3/g), respectively.
According to the Unified Soil Classification System
(USCS), the RDS could be classified as silt of high
plasticity, implying potential sensitivity of the tested
soil to water invasion. Thus, the results suggest that
the VBS is enough for accurate swelling potential
estimates (Cokga, 1993; Seed et al., 1962; Yukselen
and Kaya, 2008).

Organic matter content (OM%)

The OM content was estimated by two methods,
the calcination method (CMOC) and the chemical
method, according to French standards XP-P94-047
(Association Frangaise de Normalisation, 1998), NF-
EN-12879 (Association Francaise de Normalisation,
2000) and NF P94-055 (Association Francaise de
Normalisation, 1993b). The sediments have organic
content values ranging from 0.5 to 2.6%. Moreover,
these are slightly below the maximum limit of 3%
recommended by French standards NF P11-300
(Association Francaise de Normalisation, 1992a)
and GTR 92 (LCPC, SETRA, 1992) for using them
in pavement design. According to these standards,
the F11 subclass refers to weak organic materials
with an organic content ranging from 0.5 to 3%.

Calcium carbonate content (CaCO,%)

The volumetric calcimeter method in accordance
with French standard NF P94-048 (Association

Francaise de Normalisation, 1996) was used to
determine the percent calcium carbonate (CaCO,%)
content of the RDS sample. The results showed
that the calcium carbonate level in the sediments is
18%, indicating the presence of a small amount of
limestone (10% < CaCO,% < 30%). The presence
of calcium carbonate in the sediments creates hard
points within the material, leading to a significant
reduction in swelling, as noted in previous studies
(Molnar et al., 2021).

Specific density (y,)

The specific density of the RDS determined using
a pycnometer according to French-standard NF-
P94-054 (Association Frangaise de Normalisation,
1991) is 2.66 g/cm?.

Material acidity determination (pH meter test)

The acidity of the material was determined using
the pH metertestaccordingtoNF ENISO 10390:2022
(NF EN, 2022). The suspensions of the sediments
showed an average pH value of 8.4, indicating that
the sediments from Bakhadda dam exhibits an
alkaline nature. Table 1 presents the geotechnical
characteristics of the RDS, which initially fall under
class F according to LPC-USCS, GTR 92 (LCPC,
SETRA, 1992), and French standard NF P11-300
(Association Francaise de Normalisation, 1992a)
classifications for natural materials with an organic
matter content less than 3% (OM = 2.6%). The
sediments contain a dominant fine fraction less than
63 um (silt and clay), which accounts for almost
90% of the material. The sediments have a poorly-
graded particle size distribution with a low density
due to the lack of sand particles. The coefficient of
uniformity Cu is 16, and the coefficient of curvature
C, is 0.81, indicating well-graded and poorly-graded
fine sediments. The particle size analysis, methylene
blue value (VBS), and Atterberg limits (Pl) indicate

Particle size distribution
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Fig. 2. Particle size distribution of the RDS
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Fig. 3. Position of the RDS on the Casagrande plasticity chart

Table 1. Characterization parameters of the Bakhadda dam RDS

Bakhadda dam sediment Sand (%) Silt (%) Clay (%) Cu C.
Particle size distribution 8 60 32 16 0.81
characterization Atterberg limits
parameter LL (%) PL (%) IP (%) Whn (%) IL (%) Ic (%) Ac ys (kN/m3)
55 33 22 20 -1.1 1.14 0.69 26.57
VBS S.S.T (m#qg) CaCoO, (%) OM (%) pH
24 50.4 18 0-26 8.4

that the material falls under class A2 (silty, clayey)
as per the classification guide for fine soils (French-
standard NF P11-300 (Association Frangaise de
Normalisation, 1992a), GTR 92 (LCPC, SETRA,
1992)).

Compaction tests

The modified Proctor compaction test was
performed on the RDS in accordance with French
standard NF P94-093 (Association Francaise de
Normalisation, 1993d) to determine the optimal water
content and maximum dry density. The immediate
bearing index (IBl,,,) of the samples compacted
in the CBR Mold was evaluated in accordance with
French standards NF P94-078 (Association Francgaise
de Normalisation, 1997) and NF EN-13286-47
(Association Francaise de Normalisation, 2012).

Figs. 4, 5 show the modified compaction and IBI
curves, respectively. It can be noted that the clear
appearance of the peak on the compaction-bearing
curve of the RDS indicates sensitivity to the water
content. The IBI,., at modified compaction is low,
approximately 16%, indicating a low bearing capacity
of the RDS, which cannot ensure the trafficability of
compaction machinery on the site. In terms of the IBI,
the value remained below the minimum value required
for use as an alternative road material (the IBI greater

than 20%). According to GTR 92 (LCPC, SETRA,
1992) and GTS 2000 (LCPC, SETRA, 2000), the sub-
base layer and base layer of pavement should have a
minimum value of 35 and 45%, respectively.

Results and Discussion

The RDS has high plasticity and swelling
potential due to its fineness and was classified
as Lt (MH), a highly plastic silt. The densification
and bearing capacity (yd,,o, Wypo 1Blypo) Were
lower than the values prescribed for use in road
engineering, indicating the need for prior treatment
for its use in pavement layers. The RDS in its
current state is not suitable for road construction
and requires treatment, particularly with binders.
Various mixtures of sediments, cement, and lime
in different proportions were tested to meet the
recommendations of French standard NF-P11-300
(Association Francaise de Normalisation, 1992a),
GTR 92 (LCPC, SETRA, 1992), GTS 2000 (LCPC,
SETRA, 2000) and Bourabah et al. (2013).

RDS treatment with binders

Treatment protocol

For this study, a CPJ CEMII/A 42.5 compound
Portland cement and quicklime were chosen. It is
crucial to consider the added percentage of these
binders, as it provides an additional fine fraction
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Fig. 5. Compaction-bearing curves (IBI) of the Bakhadda dam RDS

in the granular skeleton. Various studies were
conducted on the optimum percentage of lime
for different types of soils, based on pH testing
(ASTM, 2006; Djelloul et al., 2017; Eades and
Grim, 1966; Eid, 2017; Khattab et al., 2007; Makki-
Szymkiewicz et al., 2015; Sivapullaiah et al., 2000).
These studies showed that the minimum effective
dosage of lime required for stabilization, called
Lime fixation point (PFC), ranged from 1 to 4%.
It is important to note that treating soil with a lime
content equal to or greater than the PFC of the soil
can ensure better homogeneity of the treatment
and long-term structural resistance, regardless of
the humidity conditions. Most studies (Akula et al.,
2021; Baston et al. 2012; Eades and Grim 1966)
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showed that the pH increases to approximately
12.45 at 25°C. The pozzolanic reaction continues
with time and results in consistency changes and
strength gain. In response to the release of OH-, the
pH of the soil increases to high alkaline pH (>10),
which partially dissolves clay minerals, releasing
soluble silica and alumina. C-S-H and C-A-H are
strength-enhancing pozzolanic products formed
by free Ca?" ions reacting with soluble silica and
alumina (Akula et al 2021; Baston et al., 2012; Hilt
and Davidson, 1960).

Khattab et al. (2007) discussed two methods
proposed by Eades and Grim (1966) as well as Hilt
and Davidson (1960) for determining the optimum lime
percentage for FoCa soils. To activate the pozzolanic
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reaction between lime and soil, a pH value of 12.4
is required for a soil-water mixture containing varying
masses of lime, as suggested by Eades and Grim
(1966). Adding lime to the soil increases alkalinity,
which, in turn, leads to better flocculation during
the pozzolanic reaction by increasing the pH value.
To achieve a pH value of 12.4 or higher, 3% lime is
required. The second method related to the minimum
lime content (L ), suggested by Hilt and Davidson
(1960), involves an empirical expression given by
them as the minimum lime percentage or lime fixation
point in Eq. (1). The expression is as follows:

I - Clay content(< 2um) +12
" 35

Moreover, Khattab et al. (2007) confirmed that the
treatment efficiency is excellent, sometimes reaching
more than 90%, in the presence of an optimal lime
percentage of 4% and optimal compaction conditions.
On the one hand, it is important to note that there is
a limit to the amount of cement that can be used
in soil stabilization, depending on the clay content
of the soil. However, GTS 2000 (LCPC, SETRA,
2000) states that adding a reasonable quantity of
lime and cement (not exceeding 9%) can increase
the unconfined compressive strength (UCS) of
the soil and reduce volumetric shrinkage strains.
Based on this analysis, the RDS was treated with
3% lime and 6% cement to improve its mechanical
properties. The proposed formulations were F1
(97%RDS + 3%L), F2 (94%RDS + 6%C), and F3
(91%RDS + 6%C + 3%L) for use in road sub-base
layers and/or backfills.

RDS identification after treatment

After treatment with binders, the properties of the
treated RDS (TRDS) were measured, including the
soil suitability for treatment and determination of the
grain size distribution curves, consistency limits, and
methylene blue value for each formulation.

Suitability for treatment based on volume swelling

The evaluation of soil suitability for treatment is
frequently carried out in accordance with French
standard NF P94-100 (Association Frangaise de
Normalisation, 2015). The evaluation process
includes two steps. First, the volume swelling (LS)
of the soil samples immersed in water at 40°C for
7 days is determined using cylindrical specimens
(@ =5 cm, h =5 cm), which are made with an optimal
water content W, . and 96% yd(,,.,) dry density by
static compaction according to French standard NF
P98-230-2 (Association Frangaise de Normalisation,
1993e). The demolding of each specimen is carried
out immediately after its making. Table 2 shows the
results of volume swelling (L) and splitting tensile
strength 6, (in immersion) for the formulations studied.
The average value of three test specimens is taken.
This value is calculated using the Eq. (2), which
measures the variation in volumes V,, V,, and V.

5. (1)

URARN
0

Volume V| is the initial volume of the specimen.
Volumes V, and V, are measured by performing
hydrostatic weighing of the test specimens both in
open air and under water, while taking into account
the Flexible Plastic Mesh + elastic bands. Then
tensile strength 6, is measured through a Brazilian
splitting test (BST), which involves curing the soil
samples (@ =5 cm, h = 5 cm) in water at 40°C until
the 7-day crushing deadline is met. It is important to
note that each recorded result is an average of three
separate samples.

Table 2 shows the results of volume swelling
(Ly) and resistance 6, (in immersion) for the treated
sediments, based on the type of binder used. The
formulations of the raw sediments treated with
binders are found to be suitable for treatment, as they
meet the relevant criteria (i.e., low volume swelling
(Lg) of 5% and good development of resistance
6, > 0.25 MPa) and can be used for the remainder
of the study. Furthermore, the frost resistance is
deemed satisfactory, since resistance 6, at the age
corresponding to the first statistical appearance of
freeze is greater than 0.25 MPa, as per GTS 200
(LCPC, SETRA, 2000).

Granulometry

The particle size distribution of the treated
materials is presented in Fig. 6. It can be observed
that the sediments mainly consist of the silt fraction.
The particle size distribution of the sediments treated
with binders shows a slightly improved granularity,
compared to the curve of the raw sediments without
treatment. Additionally, the values of the uniformity
coefficient Cu exceed the reference value of 4,
satisfying the spread particle size of the mixtures.

On the other hand, the recommended values
for the curvature coefficients of the sediments
treated with binders are verified according to their
uniformity coefficients (Cu = 11 for cement, Cu = 10
for combined lime-cement, and Cu = 5.5 > 4 for
lime), C.=1.61>1and C_=1.41> 1 for cement
and combined lime cement, respectively (Table 3).
They indicate that the materials generally have a
well-graded character.

Effect of treatment on the Atterberg limits

Fig. 7 illustrates the effect of binder addition on
the Atterberg limits of TRDS, revealing the following
findings: adding binders significantly decreases
plasticity, indicating particle flocculation.

Lime, once added to the RDS, acts on the
electric charges through cation exchange, where
calcium (Ca*) cations from the lime replace
exchangeable cations, such as sodium (Na*),
hydrogen (H*), potassium (K*), etc., on the soil’s
exchange sites. This alteration of inter-particle
electric fields leads to particle flocculation and
agglomeration (Cabalar et al., 2014; Townsend,

Lg(%) = 100. )
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Table 2. Results of volume swelling (L) and splitting tensile strength 6, (in immersion)
for the formulations studied

No.| Formulations studied | Volumetric swelling L (%) Tensile strength 6, Suitable for treatment
1 97%RDS + 3%L 2.74 0.26 adapted
2 94%RDS + 6%C 3.38 0.275 adapted
3 | 91%RDS + 6%C + 3%L 1.66 0.29 adapted
4 100% RDS 8.23 0.14 Unsuitable
Particle size distribution
Clay Silt Sand Gravel
100
90
80
;E‘ 70
E 60
2
E 50
=]
£ 40
o
& 30 + --RDS (Raw Dredged Sediment)
20 7 ~£-94%RDS+6%C
10 = 5-91%RDS+3%L+6%C
-0-97%RDS+3%L
]
0,001 0,01 0,1 1 10
Grain size (mm)
Fig. 6. Particle size distribution of the RDS and RDS treated with lime and cement
Table 3. Influence of the addition of binder on the treated RDS
. . % > 63 um % < 63 um
No. F lat tudied C C
° ormulations stucie Coarse sand (%) | Fine sand (%) Silt (%) Clay (%) " ©
1 97%RDS + 3%L 4 15 54 27 5.5 0.73
2 94%RDS + 6%C 3 21 60 16 11 1.61
3 91%RDS + 6%C + 3%L 7 26 57 10 10 1.41
50 ) A
45
S
__40 ) »\’,19\
7.
€35 | re E 0"\"’\
- 7
%5 30 - // = S
225 - g
Z 90 | >N ® inorganic Silts of high
= 9% compressibility
815 / ¢
T .. o/ ]
10 Vs
54 /
0 10 20 30 40 50 60 70 80 90 100
Liquid limit LL(%)
@ RDS # 91%RDS+3%L+6%C B 97%RDS+3%L A 94%RDS+%6C

Fig. 7. Atterberg limits of the RDS and RDS with lime and cement

1979). This flocculation results in an increase

in the soil

plastic

limit without significantly

affecting its liquid limit, leading to a reduction in
the plasticity index (Pl). This confirms that the
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sediment plasticity is

significantly reduced by

the binder treatment. As a result, the concurrent
reduction of the water content and plasticity index
radically modifies the material behavior.
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Classification according to GTR 92, NF P11-300/
LPC-USCS

Fig. 8 shows the treated material positioned in
class A1 as loamy sand. The addition of binders
such as 3% lime and 6% cement to the sediments
reduced their plasticity, which positively influenced
the flocculation of the particles.

Additionally, the identification test results showed
agoodreductionin the plasticity degree with anotable
decrease in the plasticity index (Pl = 11.89%) and
the percentage of swelling-shrinkage. The plasticity
index was significantly reduced, making it suitable
for use as a road layer.

Characterization of the TRDS mechanical
properties

Compaction after treatment

Fig. 9 shows the modified Proctor optimum for
the TRDS curves, while Table 4 summarizes the
results of the optimum parameters (wW,,., V4. @nd
bearing tests (IBl,,,,) of the TRDS. The compaction-
bearing tests showed that the modified Proctor curve
of the RDS exhibited a peak shape, indicating the
sensitivity to the water content enhancement.

The addition of binders (lime and cement)
resulted in an increase in the optimum water content
at MPO and a significant reduction in the maximum
dry density. If the curing time is not allowed in the
compaction test, the densification may be negatively
influenced, but the immediate bearing index can be
greatly improved.

It should be noted that Fleureau et al. (2002),
presented the correlations between the optimal
water content and maximum dry unit weight of
soils compacted under modified Proctor conditions
(MPO), as well as their liquid limit LL in %. The
regression equations (3, 4) for these correlations are
as follows:

Wipo (%) =4.55+0.32LL —0.0013LL; (3)

Vg max (KN / m>) = 20.56 —0.086LL +0.00037LL?. (4)

The compactness and bearing parameters
obtained at modified Proctor optimum (MPO) for
the RDS are compared with those given by the
correlations in Table 4. Consistency is observed
between the values, despite a notable difference
in the water content of approximately 6% for MPO.
Good agreement is shown for the maximum dry
density. Besides, the results for the treated materials
in Table 4 show that the water content values for
cement-treated and lime-treated sediments are
approximately 4.5 and 6%, respectively, greater than
the values given by the correlation.

As shown in Table 4, the maximum dry unit weight
of the treated sediments y, _ was approximately 0.7
to 1.2 kN/m? less than the correlated values.

Concerning the IBI, adding of 6%C and 3%L
to the RDS resulted in a reduction in the plasticity
index, leading to an increase in the IBI (16% for

RDS to 30.75%; 33.15%; 35.25% for RDS+3%L;
RDS + 6%C; RDS + 3%L + %6C, respectively)
(Fig. 10). These results confirm the feasibility of the
beneficial reuse of treated dredged sediments in
road layers.

UCS tests on the treated RDS

The unconfined compressive strength (UCS) test
was performed according to French standard NF EN
13286-41 (Association Francaise de Normalisation,
2003a). The UCS was measured on the samples
compacted at MPO. The samples 50 mm in diameter
and 100 mm in height were compacted in a mold
equipped with two pistons, upper and lower ones, to
ensure homogeneous compaction. The unconfined
compressive strength tests were carried out until
failure. To assess reproducibility, three samples were
tested for each state. Using the stress-strain curve,
two parameters were derived: the secant modulus E
and the unconfined compressive strength.

The secant modulus decreases with the axial
strain E(¢), and the mean secant modulus E,, (Daheur
et al. 2023; Taibi et al., 2009) is defined at a strain level
€., corresponding to 50% of the maximum strength
(Fig. 11). The results of the UCS measurements of
the RDS and RDS treated with binders (lime, cement)
are presented in Fig. 12. The curves show good
reproducibility, but low stiffness is observed for the
RDS. Three formulations of the treated sediments
met the French criteria (UCS = 1 MPa) according to
GTS 2000 (LCPC, SETRA, 2000) to authorize the
circulation of machinery on the treated layer, and the
mechanical strength increased with the binder content.

The strength increased from 0.69 MPa for the
RDS to 2.64, 3.72, and 3.84 MPa for 3% lime and
6% cement and their combination (3%L + 6%C),
respectively. At a curing time of 90 days, the
mechanical strength stabilized at 3.20, 4.13, and
4.06 MPa (Table 5).

The influence of 3% lime addition was
initially weak but increased in the long term. In
comparison of the treated RDS with the untreated
RDS, the stiffness of the treated material and the
elasticity modulus increased. Overall, the study
demonstrated the feasibility of the beneficial reuse
of treated dredged sediments in road layers. The
values of the compressive strength of the treated
materials increased with increasing curing time,
as expected. The use of binders had a significant
influence on the durability of this treated material,
particularly on strength and modulus of elasticity.
Finer particle size sediments were found to be more
reactive with pozzolanic binder (lime and cement),
producing higher strength in terms of mechanical
properties. Overall, the study provides insights into
the mechanical performance of treated sediments,
with specific recommendations for their use in
road construction based on their classification and
performance values.
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Fig. 8. Classification of the RDS according to the soil classification table of the NF P11-300
standard (Association Francaise de Normalisation, 1992a) (fraction 0/50 mm)
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Table 4. Compaction parameters of the RDS and RDS treated with binders

Type Compaction parameters IBl,., |Correlation of Fleureau et al. (2002)
Natural sediments (RDS) with Ve (KN/M?) W e (%) (%) Ve (KN/M?) We0 (%)
LL =55%

RDS at MPO 16.33 23.5 16 16.95 18.20
97%RDS + 3%L at MPO 15.74 24.79 30.74 16.8 18.91
94%RDS + 6%C at MPO 15.95 23.38 33.15 16.56 18.51

91%RDS + 6%C + 3%L at MPO 16.2 24.4 35.25 16.90 18.40
UCS(KPa)
900 4
chmax 800 2
700 -
600 -
500 4
400 4 ____ ¥
50%UCS, Ly |
300 1
|
200 - ! T
1
1
100 - 1
1
0 1 {;:'50 T T T T ™
0 1 2 3 4 s €(%) ¢

Fig. 11. Secant modulus E,; versus strain (g)

Table 5. Results of the UCS and E, on the dredged sediments and sediments treated with binders

"p":r‘;'::t':fs' RDS | Curing (days) | 97%RDS +3%L | 94%RDS +6%C | 91%RDS +6%C + 3%L

ucs 0.688 7 1.687 1.565 1.841
(MPa) 14 2.516 3.279 2.838
28 2.644 3.724 3.84
90 3.19 4.128 4.057
E., 0.10 7 0.30 0.26 0.21
(MPa) 14 0.37 0.44 0.39
28 0.39 0.49 0.54
90 0.60 0.54 0.63

Tensile strength o, and small strain modulus E Ez60 = E2g /0.65 (6)

The tensile strength o, was derived from the
Brazilian splitting test (BST). The BST was carried out
on cylindrical specimens, with diameter ¢ = 50 mm
and a height h = 50 mm, according to NF EN 13286-
42 (Association Francaise de Normalisation, 2003b).
The tensile strength and modulus of elasticity at
360 days of curing (6,,,, and E,,,) were estimated
according to NF EN 14227-1 (Association Francgaise
de Normalisation, 2013) and NF EN 13286-42
(Association Francaise de Normalisation, 2003b),
using Egs. 5, 6:

01360 = 128 / 0.60 (5)

where 6,, and E,, are the tensile strength and
modulus of elasticity at 28 days of curing, respectively.

Furthermore, the modulus of elasticity at very
small strains of the samples was measured using the
ultrasonic wave propagation method. The velocity
of sound wave propagation was used to estimate
Young’s modulus and Poisson’s ratio of the material,
according to the following Eq. 7:

_ V2 xpx(1+v)x(1-2v)

Egg
2(1-v)x10°

(7)
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where V is the velocity [m/s], p is the density
[KN/m?], g is the gravity [m/s?], and v is Poisson’s
ratio.

The relationships (6,, E,,) were plotted according
to standards GTR 92 (LCPC, SETRA, 1992) and
GTS 2000 (LCPC, SETRA, 2000), which exhibit five
mechanical performance classes ranging from S1 to
S5. The objective of the treatment was to achieve
the highest possible mechanical class, i.e., the one
closest to zone 3 (Fig. 13). The results show that the
RDS samples belong to class SO, while the samples
treated with 3%L and 6%C at 90d, 360d belong to
class S2 and are suitable for use as a sub-base
material for roads (Fig. 13). The samples at 28d
belong to class S1 and can be used as road bed
filling materials or subgrade layers for roads. The
maximum mechanical performance was reached
quickly between 28 and 90 days.

Discussion

Effect of curing time

Fig. 14 presents the ratio of tensile (6, to
compressive (UCS) strength as a function of curing
time for the treated sediments, which ranges from
10-15% for all treated sediments. The objective of
this report is to evaluate the effectiveness of lime
and cement in soil stabilization by examining the
mechanical properties of the treated sediments.

Specifically, the report presents the relationship
between tensile and compressive strength as
a function of curing time for the treated sediments
and compares them with expected values for similar
materials (Baldovino et al., 2018; Gajewska et al,

UCS (MPa)
4,5

4,0 - o
3,5 -
3,0
2,5 -
2,0 4
1,5
1,0 -

0,5 -

0,0 . T T

2017; Zentar et al., 2021). The findings indicate that
the use of lime and cement significantly improved
the mechanical properties of the treated sediments.
However, it is worth noting that the specific values
of 6/UCS may vary depending on such factors as
the type of sediment, treatment method, and curing
conditions. In addition, the report provides a linear
equation that relates the two parameters, enabling
the determination of one in terms of the other.
The bar graphs in Fig. 15 show the relationship
between curing time and the compressive strength
UCS, mean modulus E,;, and small strain modulus
E.s. Which increased with increasing curing time,
indicating improved durability of the treated
materials.

1.1.1. Relationship between the UCS and
modulus E_, E,,

Fig. 16 shows that there are linear and proportional
relationships between the compressive strength
(UCS) and the small and large strain moduli (E,
E,,) for all treated materials. It can be seen that there
is a relatively good linear relationship between the
UCS and E, E,, for all treated dredged sediment
samples. The correlations between the small
strain and large strain moduli and the compressive
strength (UCS) are proposed in Table 6 as a way
to reduce the time and cost of advanced laboratory
experiments used to determine the modulus. It was
observed that the moduli increased with the UCS.

Additionally, the use of binders (3%L and 6%C)
had a positive effect on the UCS, IBI, 6, E,, and E
at all times.

50’

91%RDS+3%L+6%C at 7d
——91%RDS+3%L+6%C at 14d
——91%RDS+3%L+6%C at 28d
| ——91%RDS+3%L+6%C at 90d
| ——97%RDS+3%L at7d
——97%RDS+3%L at14d
- - 97%RDS+3%L at 28d
——97%RDS+3%L at90d
- . -94%RDS+6%C at7d
| - 94%RDS+6%C at 28d
94%RDS+6%C at 90d
[i==4:20026RD5at MPO

3,0 4,0 €(%)

Fig. 12. Evolution of the maximum UCS as a function of curing time for each mixture
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Fig. 13. Positioning of the raw sediments and three formulations studied at 28, 90 and 360 days in the GTS classification chart
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Fig. 14. Ratio of tensile (6,) to compressive (UCS) strength versus curing time
for the sediments treated with binders

Conclusion

The valorization of the dam dredged sediments
showed promising results for their use in road
engineering. The addition of binders, specifically
3%L and 6%C, improves significantly the
mechanical properties of the sediments, resulting
in increased values of the UCS, IBI, 6, E,,, and
E.s- The use of treated sediments as a pavement
layer is now feasible, with better durability and non-
swelling properties. The addition of 3%L to 97%RDS

led to the highest mechanical performance,
with significant reduction in the plasticity index
and swelling shrinkage. The formulations of
97%RDS + 3%L and 91%RDS + 3%L + 6%C were
found to be suitable for use as a, subgrade layer,
with maximum mechanical performance achieved
between 28 and 90 days of curing. At 90 days, it was
located in class S2, with high values of the 1Bl and
6,. The addition of 6% cement to this formulation
further improved its compressive strength, porosity,
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and tensile strength. Although the 94%RDS + 6%C
formulation had good mechanical properties, it
was located close to class S3 at 360 days. It is
recommended to avoid using cement alone for the
improvement of fine soils, according to the GTS
2000 standard. The study shows that adding lime
to dredged sediments improves its compressive
strength over time in samples containing 3%L. It
can also help reduce the water content in dredged
sediments by promoting the processes of hydration
and contribution of dry matter, which can lead to
increased strength and durability. Overall, the RDS
treatment with binders is an effective method for

improving mechanical properties and suitability for
use as a pavement layer.
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Table 6. Correlations between the small strain and large strain moduli
and the compressive strength (UCS) for the treated sediments

Formulations Relationship between E and UCS | Coefficient of determination
97%RDS + 3%L E, =0.761 UCS + 0.544 R2=0.97
E,, =0.189 UCS - 0.059 R2=0.80
91%RDS + 3%L + 6%C E,, =0.435UCS + 1.328 Rz=0.88
E,, = 0.115 UCS + 0.071 R2=0.93
94%RDS + 6%C E,, =0.655 UCS + 1.045 R2=0.95
E,, =0.157 UCS - 0.053 R2=0.93

113



Architecture and Engineering Volume 8 Issue 4 (2023)

References

Akula, P., Naik, S. R., and Little, D. N. (2021). Evaluating the durability of lime-stabilized soil mixtures using soil mineralogy
and computational geochemistry. Transportation Research Record: Journal of the Transportation Research Board,
Vol. 2675, Issue 9, pp. 1469-1481. DOI: 10.1177/03611981211007848.

NF EN ISO 10390:2022 French & European Standard, Soil, treated biowaste and sludge — Determination of pH, March
2022

Association Frangaise de Normalisation (1991). NF P94-054. Sols : reconnaissance et essais - Détermination de la masse
volumique des particules solides des sols - Méthode du pycnometre a eau. Paris: Association Francaise de Normalisation,
6 p.

Association Frangaise de Normalisation (1992a). NF P11-300. Exécution des terrassements -Classification des matériaux
utilisables dans la construction des remblais et des couches de forme d’infrastructures routiéres. Paris: Association
Francaise de Normalisation, 21 p.

Association Francgaise de Normalisation (1992b). NF P94-057. Sols : reconnaissance et essais - Analyse granulométrique
des sols Méthode par sédimentation. Paris: Association Francaise de Normalisation, 17 p.

Association Frangaise de Normalisation (1993a). NF P94-051. Sols : reconnaissance et essais - Détermination des limites
d’Atterberg - Limite de liquidité a la coupelle - Limite de plasticité au rouleau. Paris: Association Frangaise de Normalisation,
15 p.

Association Francaise de Normalisation (1993b). NF P94-055. Sols : reconnaissance et essais - Détermination de la
teneur pondérale en matiéres organiques d’un sol - Méthode chimique. Paris: Association Frangaise de Normalisation, 7 p.

Association Frangaise de Normalisation (1993c). NF P94-068. Sols : Reconnaissance et essais - Mesure de la capacité
d’adsorption de bleu de méthylene d’un sol ou d’un matériau rocheux - Détermination de la valeur de bleu de méthylene
d’un sol ou d’un matériau rocheux par 'essai a la tache. Paris: Association Francaise de Normalisation, 8 p.

Association Frangaise de Normalisation (1993d). NF P94-093. Sols : Reconnaissance et essais - Détermination des
références de compactage d’un matériau - Essai Proctor Normal - Essai Proctor modifié. Paris: Association Frangaise de
Normalisation, 28 p.

Association Francaise de Normalisation (1993e). NF P98-230-2. Essais relatifs aux chaussées - Préparation des
matériaux traités aux liants hydrauliques ou non traités - Partie 2 : fabrication des éprouvettes de sables ou de sols fins par
compression statique. Paris: Association Frangaise de Normalisation, 10 p.

Association Frangaise de Normalisation (1995). XP-P94-041. Sols : reconnaissance et essais - Identification granulométrique.
Méthode de tamisage par voie humide. Paris: Association Frangaise de Normalisation, 11 p.

Association Francaise de Normalisation (1996). NF P94-048. Soil: investigation and testing - Determination of the carbonate
content - Calcimeter method. Paris: Association Frangaise de Normalisation, 11 p.

Association Frangaise de Normalisation (1997). NF P94-078. Sols : Reconnaissance et essais. Indice CBR aprées
immersion. Indice CBR immédiat. Indice Portant Immédiat - Mesure sur échantillon compacté dans le moule CBR. Paris:
Association Francaise de Normalisation, 12 p.

Association Frangaise de Normalisation (1998). XP-P94-047. Sols : reconnaissance et essais - Détermination de la teneur
pondérale en matiéres organiques d’un matériau. Méthode par calcination. Paris: Association Francaise de Normalisation,
6 p.

Association Frangaise de Normalisation (2000). NF EN-12879. Caractérisation des boues - Détermination de la perte au
feu de la matiere seche. Paris: Association Frangaise de Normalisation, 11 p.

Association Francaise de Normalisation (2003a). NF EN 13286-41. Unbound and hydraulically bound mixtures. Part
41: Test method for the determination of the compressive strength of hydraulically bound mixtures. Paris: Association
Francaise de Normalisation, 12 p.

Association Francaise de Normalisation (2003b). NF EN 13286-42, Unbound and hydraulically bound mixtures. Part

42: Test method for the determination of the indirect tensile strength of hydraulically bound mixtures. Paris: Association
Francaise de Normalisation, 10 p.

114



Boumediene Serbah, Maghnia Asmahane Bourabah, Joanna Eid, Salima Bouchemella,
Moussaab Hariche, Nabil Abou-Bekr, Said Taibi — Pages 99-117
VALORIZATION OF DREDGED SEDIMENTS FROM DAMS IN PAVEMENT DESIGN

Association Francaise de Normalisation (2012). NF EN-13286-47. Mélanges traités et mélanges non traités aux liants
hydrauliques - Partie 47 : Méthode d’essai pour la détermination de l'indice portant Californien (CBR), de lindice de
portance immeédiate (IPl) et du gonflement linéaire. Paris: Association Francaise de Normalisation, 13 p.

Association Frangaise de Normalisation (2013). NF EN-14227-1. Mélanges traités aux liants hydrauliques - Spécifications
- Partie 1 : Mélanges granulaires traités au ciment. Paris: Association Francaise de Normalisation, 32 p.

Association Frangaise de Normalisation (2015). NF P94-100. Sols : reconnaissance et essais - Matériaux traités a la chaux
et/ou aux liants hydrauliques - Essais d’évaluation de I'aptitude d’un sol au traitement. Paris: Association Francgaise de
Normalisation, 16 p.

ASTM (2006). ASTM Standard D6276-99a. Standard test method for using pH to estimate the soil-lime proportion
requirement for soil stabilization. West Conshohocken: American Society for Testing and Materials, 4 p.

Baldovino, J. A., Moreira, E. B., Teixeira, W., Izzo, R. L. S., and Rose, J. L. (2018). Effects of lime addition on geotechnical
properties of sedimentary soil in Curitiba, Brazil. Journal of Rock Mechanics and Geotechnical Engineering, Vol. 10,
Issue 1, pp. 188-194. DOI: 10.1016/j.jrmge.2017.10.001.

Banoune, B., Melbouci, B., Rosquoét, F., and Langlet, T. (2016). Treatment of river sediments by hydraulic binders for
valorization in road construction. Bulletin of Engineering Geology and the Environment, Vol. 75, Issue 4, pp. 1505-1517.
DOI: 10.1007/s10064-015-0844-4.

Baston, G. M. N., Clacher, A. P., Heath, T. G., Hunter, F. M. |., Smith, V., and Swanton, S. W. (2012). Calcium silicate
hydrate (C-S-H) gel dissolution and pH buffering in a cementitious near field. Mineralogical Magazine, Vol. 76, Issue 8,
pp. 3045-3053. DOI: 10.1180/minmag.2012.076.8.20.

Bourabah, M. A., Serbah, B., Abou-Bekr, N., and Taibi, S. (2013). Geotechnical characterization of waste dredged
sediments for Algerian dams. In: Manassero, M., Dominijanni, A., Foti, S., and Mussp, G. (eds.). Coupled Phenomena in
Environmental Geotechnics: From Theoretican and Experimental Research to Practical Applications. London: CRC Press,
pp. 299-305. DOI: 10.1201/b15004-34.

Cabalar, A. F., Karabash, Z., and Mustafa, W. S. (2014). Stabilising a clay using tyre buffings and lime. Road Materials and
Pavement Design, Vol. 15, Issue 4, pp. 872—-891. DOI: 10.1080/14680629.2014.939697.

Cokga, E. (1993). Prediction of swelling potential of Ankara soils by methylene blue test. Doga, Turkish Journal of
Engineering & Environmental Sciences, Vol. 17, No. 1, pp. 57-63.

Daheur, E. G, Li, Z.-S., Demdoum, A., Taibi, S., Goual, I. (2023). Valorisation of dune sand-tuff for Saharan pavement
design. Construction and Building Materials, Vol. 366, 130239. DOI: 10.1016/j.conbuildmat.2022.130239.

Djelloul, R., Mrabent, S. A. B., Hachichi, A., and Fleureau, J.-M. (2017). Effect of cement on the drying—wetting paths and
on some engineering properties of a compacted natural clay from Oran, Algeria. Geotechnical and Geological Engineering,
Vol. 36, Issue 2, pp. 995-1010. DOI: 10.1007/s10706-017-0370-1.

Eades, J. L. and Grim, R. E. (1966). A quick test to determine lime requirements for lime stabilization. Highway Research
Record, Issue 139, pp. 61-72.

Eid, J. (2017). New construction material based on raw earth: cracking mechanisms, corrosion phenomena and physico-
chemical interactions. European Journal of Environmental and Civil Engineering, Vol. 22, Issue 12, pp. 1522-1537.
DOI: 10.1080/19648189.2017.1373707.

Fleureau, J.-M., Verbrugge, J.-C., Huergo, P. J., Correia, A. G., and Kheirbek-Saoud, S. (2002). Aspects of the behaviour
of compacted clayey soils on drying and wetting paths. Canadian Geotechnical Journal, Vol. 39, No. 6, pp. 1341-1357.
DOI: 10.1139/t02-100.

Gajewska, B., Kraszewski, C., and Rafalski, L. (2017). Significance of cement-stabilised soil grain size distribution in
determining the relationship between strength and resilient modulus. Road Materials and Pavement Design, Vol. 19,
Issue 7, pp. 1692—1701. DOI: 10.1080/14680629.2017.1324808.

Hallouz, F., Meddi, M., Mahé, G., Toumi, S., and Rahmani, S. E. A. (2018). Erosion, suspended sediment transport and

sedimentation on the Wadi Mina at the Sidi M’Hamed Ben Aouda Dam, Algeria. Water, Vol. 10, Issue 7, 85. DOI: 10.3390/
w10070895.

115



Architecture and Engineering Volume 8 Issue 4 (2023)

Hamouche, F. and Zentar, R. (2018). Effects of organic matter on mechanical properties of dredged sediments for beneficial
use in road construction. Environmental Technology, Vol. 41, Issue 3, pp. 296—-308. DOI: 10.1080/09593330.2018.1497711.

Hilt, G. H. and Davidson, D. T. (1960). Lime fixation in clayey soils. Highway Research Board Bulletin, Issue 262, pp. 20-32.

Hussan, A., Levacher, D., Mezazigh, S., and Jardin, L. (2022). Valorization of a highly organic sediment: from conventional
binders to a geopolymer approach. Journal of Composites Science, Vol. 6, Issue 5, 147. DOI: 10.3390/jcs6050147.

hydrodragage-c.t.systems (2005). Rapport technique barrage BAKHADA Wilaya De Tiaret Levés Bathymétriques Des
Barrages En Exploitation Lots Il Et Ill Echelon Cheliff Et Centre.

Jamsawang, P., Charoensil, S., Namjan, T., Jongpradist, P., and Likitlersuang, S. (2021). Mechanical and microstructural
properties of dredged sediments treated with cement and fly ash for use as road materials. Road Materials and Pavement
Design, Vol. 22, Issue 11, pp. 2498-2522. DOI: 10.1080/14680629.2020.1772349.

Khattab, S. A., Al-Mukhtar, M., and Fleureau, J.-M. (2007). Long-term stability characteristics of a lime-treated plastic soil.
Journal of Materials in Civil Engineering, Vol. 19, No. 4, pp. 358-366. DOI: 10.1061/(ASCE)0899-1561(2007)19:4(358).

Larouci, A., Senhadji, Y., Laoufi, L., and Benazzouk, A. (2021). Dredged dam raw sediments geotechnical characterization
for beneficial use in road construction. International Journal of Engineering Research in Africa, Vol. 57, pp. 81-98.
DOI: 10.4028/www.scientific.net/JERA.57.81.

LCPC, SETRA (1992). Guide des Terrassements Routiers. Réalisation des remblais et des couches de forme. Paris:
LCPC, SETRA, 102 p.

LCPC, SETRA (2000). Traitement des sols a la chaux et/ou aux liants hydrauliques. Application a la réalisation des remblais
et des couches de forme. Guide technique. Paris: LCPC, SETRA, 240 p.

Loudini, A., Ibnoussina, M., Witam, O., Limam, A., and Turchanina, O. (2020). Valorisation of dredged marine sediments for
use as road material. Case Studies in Construction Materials, Vol. 13, e00455. DOI: 10.1016/j.cscm.2020.e00455.

Makki-Szymkiewicz, L., Hibouche, A., Taibi, S., Herrier, G., Lesueur, D., Fleureau, J.-M. (2015). Evolution of the properties
of lime-treated silty soil in a small experimental embankment. Engineering Geology, Vol. 191, pp. 8-22. DOI: 10.1016/].
enggeo0.2015.03.008.

Molnar, Z., Pekker, P., Dédony, 1., and Pésfai, M. (2021). Clay minerals affect calcium (magnesium) carbonate precipitation
and aging. Earth and Planetary Science Letters, Vol. 567, 116971. DOI: 10.1016/j.epsl.2021.116971.

Qureshi, M. U., Alsaidi, M., Aziz, M., Chang, |., Rasool, A. M., and Kazmi, Z. A. (2021). Use of reservoir sediments to improve
engineering properties of dune sand in Oman. Applied Sciences, Vol. 11, Issue 4, 1620. DOI: 10.3390/app11041620.

Raouf Achour, Nor-Edine Abriak, Rachid Zentar, Patrice Rivard & Pascal Gregoire , Valorization of unauthorized sea
disposal dredged sediments as a road foundation material, Environmental Technology Volume 35, 2014 - Issue 16, https://
doi.org/10.1080/09593330. 2014.889758

Seed, H. B., Woodward, R. J., and Lundgren, R. (1962). Prediction of swelling potential for compacted clays. Journal of the
Soil Mechanics and Foundations Division, Vol. 88, Issue 3, pp. 53—-87. DOI: 10.1061/JSFEAQ.0000431.

Sivapullaiah, P. V., Sridharan, A., and Bhaskar Raju, K. V. (2000). Role of amount and type of clay in the lime stabilization
of soils. Ground Improvement, Vol. 4, Issue 1, pp. 37—45. DOI: 10.1680/grim.2000.4.1.37.

Taibi, S., Duperret, A., and Fleureau, J.-M. (2009). The effect of suction on the hydro-mechanical behaviour of chalk rocks.
Engineering Geology, Vol. 106, Issues 1-2, pp. 40-50. DOI: 10.1016/j.engge0.2009.02.012.

Townsend, F. C. (1979). Use of lime in levee restoration. Technical report GL-79-12. Vicksburg: US Army Engineer
Waterways Experiment Station, 110 p.

Tribout, C., Husson, B., and Nzihou, A. (2011). Use of treated dredged sediments as road base materials: environmental
assessment. Waste and Biomass Valorization, Vol. 2, Issue 3, pp. 337-346. DOI: 10.1007/s12649-011-9068-4.

Venkatarama Reddy, B.V., & Gupta, A. Characteristics of soil-cement blocks using highly sandy soils. Mat. Struct. 38,
651-658 (2005). https://doi.org/10.1007/BF02481596

Wang,D.,Abriak,N.E.,Zentar,R.,andChen, W.(2013). Effectoflime treatmentongeotechnical properties of Dunkirk sediments
in France. Road Materials and Pavement Design, Vol. 14, Issue 3, pp. 485-503. DOI: 10.1080/14680629.2012.755935.

Wang, D., Zentar, R., Abriak, N. E., and Xu, W. (2012). Experimental investigation on consistency limits of
cement and lime-stabilized marine sediments. Environmental Technology, Vol. 33, Issue 10, pp. 1197-1205.
DOI: 10.1080/09593330.2011.633565.

116



Boumediene Serbah, Maghnia Asmahane Bourabah, Joanna Eid, Salima Bouchemella,
Moussaab Hariche, Nabil Abou-Bekr, Said Taibi — Pages 99-117
VALORIZATION OF DREDGED SEDIMENTS FROM DAMS IN PAVEMENT DESIGN

Yukselen, Y. and Kaya, A. (2008). Suitability of the methylene blue test for surface area, cation exchange capacity and
swell potential determination of clayey soils. Engineering Geology, Vol. 102, Issues 1-2, pp. 38—45. DOI: 10.1016/j.
enggeo0.2008.07.002.

Zentar, R., Wang, H., and Wang, D. (2021). Comparative study of stabilization/solidification of dredged sediments with
ordinary Portland cement and calcium sulfo-aluminate cement in the framework of valorization in road construction material.
Construction and Building Materials, Vol. 279, 122447. DOI: 10.1016/j.conbuildmat.2021.122447.

BANOPU3ALNA U3BNEYEHHbIX OTNOXEHUU MNNIOTUH
NMPU MNPOEKTUPOBAHUN OOPOXHOW OAEXAbI

BymenbeH Cepbax'?*, MarHusa AcmaxaHe bypabax?, [pxoaHHa Mpd, Canuma Bywmenna*, Myccaab Xapuye®,
Habune Aby-bekp?, Cang Tanbu®

"YHuBepcuteT Tuapeta, Armxup

2YHuBepcuTeT TnemceHa, Armxmp

3Mpynna Ai Environnement FACEA, Hyasu-ne-l'paH, $paHums
“Yuuneepcutet Cyk-Axpaca, Amxup

SYHuepcuteT xenbdbl, Amkup

SYHuBepcuteT MaBpa, ®paHuus

*E-mail: boumediene.serbah@univ-tiaret.dz

AHHoOTauus

BBeaeHue: faHHas paboTa SABNSETCs YacTbo MCCreA0BaHUst, HaNpPaBIEHHOTO Ha Banopun3aumio U3BIEYEHHbIX OTIOXEHWIA
nytem pa3paboTky COCTaBOB A1 MUCMONb30BaHUSA B JOPOXHOM cTpouTenbcTBe. Llenb nccnepoBaHusa 3aknioyanach
B TOM, 4TOObI OnpeaenuTb, COOTBETCTBYIOT N MaTepuansl, oTobpaHHble ANS CIOEB LOPOXHOW OfeXabl, cTaHaapTam
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XapaKTepPUCTUKN U3BMEYEHHbBIX OTMOXEHWI, MONYyYEHHbIX U3 NPo6, 0ToOpaHHbLIX Ha NNoTMHe baxagaa, pacnonoxeHHoON B
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(3% wn3Bectu (L), 6% uemeHTa (C)) 4N NOBTOPHOIO MCMONMb30BaHWsA B JOPOXHOM CTpouTenbcTBe. B xoae nccnenoBaHus
Obina nsyvyeHa guHamMmmuka pranko-MexaHNMYeCKMX XapakTepUCTUK 06paboTaHHbIX OTNOXEHWIA, BKIHOYasi peaen TeKy4ecTu
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