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Abstract

Introduction: Ten Books on Architecture (De Architectura) is a treatise by Vitruvius that describes construction work,
as taught and practiced in the 15t century. In it, the functions and duties performed in the built environment by architects,
construction workers, civil engineers, surveyors, sculptors, decorators, etc., are all lumped together into either architecture
or civil engineering. However, for civil engineers, who operate both in built and unbuilt environments, the scope and depth
of subjects covered by this work could serve as useful resources as they develop their competences in core practical
aspects of civil engineering. Materials and Methods: This paper explores Ten Books on Architecture in relation to civil
engineering in the 215 century. The materials used for this work were obtained from internet sources, university libraries,
textbooks, write-ups and commentaries that were purchased from open markets and bookshops. Results: The review
shows that: (i) the profession of the architect, used in the times of Vitruvius interchangeably with the civil engineer and town
planner, as well as the very concept of architecture or civil engineering, in terms of social standing, differs significantly from
the present times; (ii) most of the projects discussed in the book form the core of what is classified in the 21t century as
civil engineering; (iii) civil engineers ought to be versatile in the art solving of problems that may arise during the course of
construction, both in the built and unbuilt environments; and (iv) the buildability issues of civil engineering make knowledge
of how to assemble simple construction equipment a necessity. Conclusion: Though not recommended in the curriculum,
a working knowledge of either Latin or Greek will help to make the book an indispensable companion for structural and civil
engineering practitioners and also enhance their performance capacity.

Keywords: architecture, built environment, civil engineering, structural materials.

Introduction

The title that Vitruvius gave his treatise, Ten
Books on Architecture (Vitruvius, 1914) may be
misleading on the surface, as one can easily
conclude that its subject is the modern-day concept
of architecture. But a closer look at the book’s table
of contents will reveal a curious discovery. Apart from
the fact that Vitruvius’s perception of construction as
such is very broad in scope and includes all major
projects classified today as civil engineering, other
topics covered are medicine, astrology, philosophy,
and construction of military machines. Putting
these together, one may conclude that Vitruvius’s
interpretation of architecture, representing how
architecture was seen during his time, was quite
different from the architecture of today. His concept
of architecture and civil engineering reflects the
work of many different 21t century professionals
in the modern built environment, specifically
civil engineers, structural materials engineers,
surveyors, mechanical engineers, etc. But one may
ask: who was Vitruvius as an individual? According

to biographical overviews given in De Architectura
(Wikipedia, 2011) and Cigola and Ceccarelli (2014),
Marcus Vitruvius was a Roman military engineer
and architect under both Julius Caesar and his son
Augustus Caesar between 46 B. C. and 14 A. D.
This is further confirmed in the preface to this book
by Vitruvius himself, as he dedicates his work to
Augustus Caesar as follows:
“...for in the first place, it was this subject which made

me to be known to your father to whom | was devoted on

account of his great qualities. After the council of Heaven

gave him a place in the dwellings of immortal life and
transferred your father’s power to your hand, my devotion
continues unchanged as | remember him, inclined me

to support you...”

He can thus be described as the architect and
engineer of Caesar’s Roman Empire, responsible
not only for building utilitarian public infrastructure,
but also for supplying and maintaining military
structures like those he referred to as ballistae,
scorpions and artillery. Given that in the times of
Julius and Augustus Caesar, multiple wars were
fought on land and sea, covering extensive territories
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over the course of many years, it is understandable
that Vitruvius’s brand of architecture was shaped by
its military undertones and subjects. Furthermore,
the book was based on the average Roman’s world-
view at the time, hence the inclusion of subjects like
astronomy and philosophy, as well as the choice of
certain building and construction models, adopted
exclusively to please the divine being. According to
Barrow (1955), Romans of the time believed that
there was a power, in form of divine beings that
ruled the world, that was superior to humans and
had to be submitted to in order to ensure human
wellbeing. This submission to divine beings was
also what allowed the ruler to dominate over the
human race. Thus, Ten Books on Architecture also
contains copious amounts of religious notions and
thinking habits of the first-century Romans. Next,
environmental and health issues cannot be divorced
from construction activities, since construction
workers must be healthy and able to overcome the
environmental challenges at their place of work in
order to proceed. This may justify the inclusion of
climate and medicine concerns.

Thus, the book seems to rest on the following
underlying  substructures:  Vitruvius's  imperial
military background, subjection to divinity, and
environmental and health issues. It also must be
noted that, in the language of that period, architects
and civil engineers were considered to be the same
thing as city planners and builders, and the word
for them was derived from the word for kings and
emperors (Barrow, 1955). No one could pursue any
of those professions without previously having being
a successful farmer and soldier, for a typical Roman
was essentially both a farmer and military man
(Barrow, 1955). According to Barrow (1955),

“The Roman mind is the mind of the farmer and soldier,
not farmer, not soldier, but farmer-soldier. Unremitting
work is the lot of the farmer, for the seasons wait for no
Man. Yet his own work by itself will achieve nothing, he
may plan and prepare, till and sow, in patience he must
await the aid of forces which he cannot understand, still
less control. If he can make them favourable, he will, but
more often, he can only cooperate and he places himself
in line with them that they may take him as their instrument
and so he may achieve his end. Accidents of weather and
pest may frustrate him, he must be patient. Routine is the
order of his life; seed-time, growth and harvest follow in
appointed times. The life of the field is his life. If as citizen
he is moved to political action at last, it will be for the
defence of his land or markets or the labour of his sons.
To him the knowledge born of experience is worth more
than speculative theory. His virtues are honesty and thrift,
forethought and patience, work, endurance and courage,
self-reliance, simplicity, and humility in the face of what
is greater than himself. Such are the virtues of a soldier.
He too will know the value of routine, which is part of
discipline, for he must respond as by instinct to a sudden
call. He must be self-reliant. The strength and endurance
of the farmer serve the soldier; his practical skill help him
to become what Roman soldier must be, a builder and
digger of ditches, and maker of roads and ramparts. He
lays out a camp or a fortification as well as he lays out
a plot or a system of drains”

The above statement is echoed in De
Architectura (Wikipedia, 2011). This work notes
that Roman architects were skilled in engineering,
art, and craftsmanship combined. The present-day
understanding of architecture, especially in the
developing world, which is linked to houses, had
no place in architectural practice during the times
of Vitruvius, as we will see later in Table 4. The
Romans’ understanding of the word architecture,
as per the classical studies of the time, can be
described through Eq. 1:

architecture =
= arche (prince/state/government) + teknon (to build) (1)

“To build” had the implication of “to construct”
or “to assemble together” (Seward, 2007), i.e.,
form a resilient whole, a concept derived from the
militaristic Roman mindset of the time. That is why
Roman architecture encompassed not only houses,
but also bridges, waterways, roads, urban drainage
systems, machines, ships, and more. That Vitruvius
was first and foremost a military engineer who tried
to put the knowledge acquired in military campaigns
to peacetime use, becomes evident in the preface to
Book 1 of the Ten Books of Architecture.

Inthe preface, he mentions enjoying the patronage
of Julius Caesar as he built war machines and
engines for his military operations. This continued
under Augustus Caesar, both in his wars and in
the reconstruction work that followed his victory,
ushering in a reign of peace. Vitruvius covers a wide
variety of subjects he saw as relevant to first-century
architecture or civil engineering. This includes
many aspects that may seem irrelevant to modern
eyes, ranging from mathematics to astronomy,
meteorology, and medicine. In the Roman mindset,
architecture or civil engineering needed to take into
account everything touching on the physical and
intellectual life of man and his surroundings. Thus,
the Ten Books on Architecture treatise was the work
of a Roman man with the characteristic farmer-
soldier outlook.

This work has been reviewed by multiple authors
and researchers. For example, Cartwright (2015)
reviewed the book by summarizing each chapter and
bringing out salient points. In a review by Erismis
and Gezerman (2013), an attempt was made to
critique the treatise, by asking questions such as:
how can the time of Vitruvius be interpreted? How
did Vitruvius conceptualize architecture? What did
Vitruvius emphasize the most in his study? Are there
any surviving buildings from the time of Vitruvius,
and if there are, how exactly do they fit Vitruvius’s
explanations? What insights can this study offer
our peers? Did Vitruvius, in fact, ever live and is
there really a book called De Architectura? Their
conclusions were that neither such a book nor
the author ever existed. These conclusions were
apparently drawn without knowledge of the Roman
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mind, the Roman society and the political system of
the time when Ten Books on Architecture was written.
Some authors focused on specific aspects of the
book: for example, Thiemann et al. (2010) and Small
(2019) examined its plaster and painting aspects,
Bosman (2015) looked at architectural theory and
practice, as applied to proportions and building
materials. Others like Ghazvini et al. (2020), Grunova
and HoleSova (2018), Heath (1989), Newman and
Vassigh (2014), Patterson (2004), Schulzova and
BoSova (2019), and Wozniak-Szpakiewicz and
Zhao (2018), treated the book exclusively within a
present-day architectural framework. The book’s
examination by civil engineers, either in practice or
in academia, is very scarce. Apparently, the title of
the book gives the firstimpression that it is dedicated
only to present-day architectural practices. That is,
the book is perceived to contain nothing of interest
to civil engineering training and practice. This paper
intends to change this mindset by attempting to
give insight into the civil engineering aspect of the
book, which is very deep and wide in scope. This
will demonstrate that civil engineers can avail
themselves of the plentiful resources contained in the
book for robust professional practice and academic
research, especially the principles governing the
design of civil works and selection of construction
materials.

Thus, the aim of this study is to review the Ten
Books of Architecture treatise by Vitruvius (1914),
by adapting the training and practices from what
was called architecture or civil engineering in the 1%t
century into 21%t century civil engineering. The paper
will focus on bringing out insights that can provide
useful resources for civil engineering training and
practice. This review focuses on civil engineer
training, buildings, construction economy, and
construction materials.

Methodology

The method employed in this review was to
search the archives for materials covering the time
when the Ten Books on Architecture treatise was
written. These materials were obtained from internet
sources and university libraries, as well as from
textbooks, write-ups and commentaries that were
purchased from open markets and bookshops. They
were studied in an attempt to understand the society
and the practices at the time when Vitruvius wrote
his book.

Review

As stated in the Introduction, the concepts of
architect, engineer, and town planner were used
interchangeably in the times of Vitruvius because
of similar professional training (Wikipedia, 2011).
It is, however, obvious that in the present times, the
education paths for each of these professions are
different, though they do occasionally intersect, and
may finally converge into a single genius architect

or civil engineer as described by Vitruvius, through
continuous training and practice. Bearing this in mind,
the authors, being civil engineers, have decided to
give insight into the book within the context of civil
engineering, and have ftried to situate 1%t century
architecture, or civil engineering, exclusively in the
21t century civil engineering framework.

Education and Training in Civil Engineering

There is no doubt that Vitruvius drew up his
curriculum with his own prior education in mind. He
expected civil engineers to be well-versed in many
varied fields, putting all the work done by others to
test through his professional judgement. Table 1
provides a summary of Vitruvius’s civil engineer’s
curriculum.

Vitruvius’s curriculum requires instruction in
9 (nine) branches of learning, which, during his
time, served as the foundation for nurturing and
training a potential architect, civil engineer, or urban
planner. He also provided reasons for the branches’
relevance, which are briefly summarized in the table.
Tables 2 and 3 outline a typical curriculum of BSc.
(or BEng.) degree in civil engineering, as approved
by the Accrediting Agency of Nigerian Universities
(NUC, 2022). The comparison between this
curriculum and the contents of Table 1 reveals an
inherent weakness in training a person to become
Vitruvius’s idea of a civil engineer.

Some elements of Vitruvius’s curriculum
are particularly strange to the present-day civil
engineering students and professionals, but in the
long run, they prove necessary for robust practices.
For instance, his inclusion of political history as part
of the curriculum was informed by the reasoning that
a building or any form of civil infrastructure, either in
part or as a whole, likely has some historical events
associated with it.

He cited some structures from his time, pointing
to features were meant to serve as a reminder of
certain historical, cultural, and political events that
had shaped the life of the nation. This is shown in
Fig. 1 (Vitruvius, 1914).

Similar examples of modern-day structures
conveying a political message include the Statue of
Liberty and the Empire State Building, both located
in the United States of America. These are shown in
Fig. 2 (Maguth et al., 2013).

Analysis of Borucinska-Bienkowska (2020)
showed that cultural factors and past historical
events not only influence civil infrastructure, but
also provide inspiration for new art directions.
Vitruvius includes philosophical knowledge in the
training of civil engineers to help develop their
moral character and professional ethics. He lists
concepts like honesty, courtesy, righteousness, and
incorruptibility. Vitruvius believes that a civil engineer
cannot function without being honest and resisting
corruption. According to him, these qualities can
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Table 1. Breakdown of Vitruvius’s civil engineer curriculum (Vitruvius, 1914)

Knowl_edge Relevance to the profession
required
1 | Pencil drawing skill |a) Required for sketching the proposed design
2 |Knowledge a) Knowing to use a ruler and a compass is required for planning buildings on the ground
of geometry b) Teaches the right application of the square, the level and the plummet
c) The optical aspect of geometry shows how natural light enters the building
d) The arithmetical aspect of geometry allows for calculating construction costs and
computing measurements
e) Geometrical theories and methods help to solve symmetrical issues
3 |Knowledge a) Allows the civil engineer to explain the underlying ideas and stories behind the ornamental
of (political) history elements (see Figure 1 for illustrations)
4 | Knowledge a) Teaches the civil engineer to be not self-assuming and avaricious, but courteous, just,
of philosophy and honest
b) Honesty and incorruptibility are essential qualities for the civil engineer
c) The fundamentals of physics, which were also taught under philosophy at the time, allow
for handling numerous construction tasks
5 | Knowledge of music |a) Provides knowledge of canonical and mathematical theory
b) Allows for properly attuning ballistae, catapults and scorpions
c) Allows for building water organs and objects resembling them
6 |Knowledge a) Required for addressing issues with climate, air, healthiness and other site properties,
of medicine and using different water sources to ensure that the dwelling is healthy to live in
7 | Knowledge of the a) Required for safeguarding the interests of both the employer and the contractor while
law drawing up contracts
b) The civil engineer must understand laws applicable to specific building elements,
for example, drains, windows, water supply, etc.
8 |Knowledge a) Required for locating the cardinal directions: East, West, South, and North
of astronomy
9 |Theory of Heavens |a) Theory of Heavens includes knowledge of the equinox, solstice, and course of the stars
b) The civil engineer must be able to comprehend the Theory of Heavens

only be obtained through philosophical studies. In
the present day, when corruption is rampant in the
construction industry, taking the form of extortion,
contract inflation, working for officials who steal

public money, abandoning professional integrity
for pecuniary gains, bribery, nepotism, and so on
(Chan and Owusu, 2017; Locatelli et al., 2016), this
curriculum recommendation is most apt. Vitruvius’s

Table 2. Breakdown of a typical curriculum for BSc/BEng. Degree in Civil Engineering

Level General Basic Basic Core Electives | SIWES Total
Studies | Sciences | Engineering | Courses

100 10 30 4 0 0 0 44
200 6 0 34 2 0 0 42
300 0 0 6 38 0 0 44
400 0 0 2 21 0 6 29
500 0 0 3 28 6 6 43
TOTAL 16 30 49 89 6 12 202
Percent of Total |  7.92% 14.85% 24.26% 44.06% | 2.97%% 5.94 100%

Table 3. Divisions in the Curriculum for BSc/BEng. Degree in Civil Engineering

Curriculum

Contents

General Studies

English Language, History

Basic Sciences

Mathematics, Physics, Chemistry, Computer Skills, Drawing

Basic Engineering

Computer Skills, Introduction to Computer Programming. Drawing, Mechanics, Strength of
Materials, Engineering Materials, Surveying

Core Courses

Highways, Transportation, Geotechnics, Structures, Water Resources, Hydraulics, Environmental
Engineering

Electives

At the student’s discretion. Usually departmental electives

SIWES

Students Industrial Work Experience Scheme

6
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Fig. 1. Columns with decorations depicting
historical events (Vitruvius, 1914)

a) Statue of Liberty

b) Empire State Building

Fig. 2. Statue of Liberty and American Empire
State Building (Maguth et al., 2013)

recommendation to include medicine on the civil
engineering curriculum will not come as a surprise
to a civil engineer involved in road construction
or civil projects in unbuilt areas. In fact, most civil
engineering construction is performed in the open

field under harsh environmental conditions. Itis thus
necessary that civil engineers approach the issues
of health and environmental resilience as pivotal
to their professional excellence. In addition, there
is a growing concern regarding the environmental
impact of construction and the concomitant
sustainability issues. The recent COVID-19
pandemic has underscored the importance of some
medical training and knowledge, not because a civil
engineer might want to become a medical doctor,
but because they need to take the necessary
precautions for preventing health hazards and
fatalities in an environment where there are no
medical facilities. Thus, training and acquisition
of knowledge on how to adapt to different climate
conditions and air quality, improve unhealthy site
properties, and treat unpotable water becomes a
necessity. Vitruvius appears to imply that it takes
being a sound and rational person, not necessarily
academic brilliance, to practice civil engineering.

The practice of civil engineering involves two or
more parties, either as individuals, or as institutions
and even governments; therefore, knowledge
of legal principles and opinions of lawyers is
necessary. Thus, Vitruvius included legal training as
part of his curriculum in civil engineering. However,
by law and lawyers, Vitruvius meant the civil law
and lawyers from Rome, which he saw as a force
that had established peace over the known world,
and which his client, Emperor Augustus Caesar,
personified at the time of writing his book. This was
briefly stated in the Introduction. It should also be
noted here that, in the Roman mindset of the time,
peace meant “settled order and security of life and
property” (Barrow, 1955). This is the environment
that gave birth to civil engineering (Merdinger, 1949;
Watson, 2020). Thus, without peace, there can
be no civil engineering. Furthermore, it is through
the Roman law that the established peace was
administered. According to Justinian (The Ames
Foundation, 2020), the precepts of Roman law are
to live honestly, injure none, and give every man his
due. This applies to persons, actions, and objects.
Thus, in drawing up civil engineering contracts at
the time, the interests of both the customer and the
contractor were safeguarded under the prevailing
Roman peace and law.

In our modern times, we will do well to learn
the prevailing law of peaceful corporate existence,
as established by the constituted authority, while
practicing the civil engineer’s profession. This will
be a continuous process, because human society
is dynamic, and law changes with the government.
Nonetheless, the civil engineer’s intent is to remain
(The Ames Foundation, 2020), regardless of whether
the government was overthrown, established where
it is non-existent, or continues to operate; and that
intent is: to conduct oneself honestly, injure none
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(either individuals or society as a whole) and give
everyone their due while practicing one’s profession,
at all times. According to Bonenberg (2015), basing
construction planning documents on peace-
driven and civilization-driven principles facilitates
subsequent modernization, especially for complex
metropolitan projects.

The knowledge of music, astronomy and “Theory
of Heavens” may not seem relevant to many of us
in the present day. This is because only few people
now have the same background and experience as
Vitruvius, which warranted his recommendations for
the curriculum. The experience of military service and
having a reigning Emperor as client is not particularly
relevant to many of us. No doubt, Vitruvius’s
exposure to challenges in a nation of wayfaring men
from a law-based republic seemed to be the bedrock
of professional competence that broadened his
horizons. It must be said at this point that Vitruvius’s
treatment of astrology and Theory of Heavens (i.e.,
a discussion of such things as the universe, the
power of nature, etc.), though outside the scope
of this paper, does not contradict the definition of
civil engineering according to the Institution of Civil
Engineers (ICE, 2018) of the United Kingdom. In the
charter granted to the Institution of Civil Engineers
(ICE, 2018) in 1828, to incorporate the profession
into the body politic and corporate, civil engineering

was defined as:

“... the art of directing the great sources of power
in Nature for the use and convenience of man, as the
means of production and of traffic in states both for
external and internal trade, as applied in the construction
of roads, bridges, aqueducts, canals, river navigation and
docks, for internal intercourse and exchange, and in the
construction of ports, harbours, moles, breakwaters and
lighthouses, and in the art of navigation by artificial power
for the purposes of commerce, and in the construction
and adaptation of machinery, and in the drainage of cities
and towns...”

Similarly, the phrase “forces of nature” is also
included in the definition of civil engineering by the
American Society of Civil Engineers (ASCE, 2008). In
order words, in order to fit the ICE (2018) and ASCE
(2008) definition of civil engineering, a person must
complete the curriculum designed by Vitruvius. All
things considered, it becomes clear that continuous
learning is “desiderata” to reach the peak of being
recognized as authority in the profession. It is not

possible to acquire all the skills recommended for a
civil engineer by Vitruvius at any Civil Engineering
Department in any University at any level, from
undergraduate to PhD. Thus, as their duty demands,
a civil engineer will have to seek further tutelage in
other areas and at other departments that are not part
of present-day curriculum offered by conventional
civil engineering departments at universities
worldwide. It is obvious that Vitruvius was an erudite
scholar and voracious reader.

Practice of Civil Engineering

Knowing the nature of civil engineering in the
18t century and understanding its scope is necessary
if one is to situate it within the 21t century practice.
First, Vitruvius divides the civil engineering of his era
into three sections, namely (i) the practice of building,
(ii) construction of time pieces, and (iii) fabrication
and construction of machinery. The breakdown of the
building practice is presented in Table 4. Although
items 1 and 2 in Table 4 were originally grouped
together into one, it has been broken down into two
parts for the purpose of this work.

Most of the construction projects described in
Table 4 are civil engineering projects in nature from
the standpoint of the 21st century practice, though
some would have to be completed in collaboration
with other professionals like 21t century architects.
Thus, we should not lose sight of the immense overall
civil engineering aspects of Table 4. Considering
item 1, for example, the execution of such a project
will involve nearly all the 21t century branches of
civil engineering, like survey, soil and foundation
engineering, structural engineering, construction
materials, and provision of water and sanitation.
Correspondingly, in Book 2 of De Architectura,
Vitruvius deals with construction materials, while in
Book 8, he sets out principles to be employed when
searching for potable water in different locations, for
use in homes, towns and cities. All other aspects
are also addressed in different chapters of the
book. Building defensive structures is purely civil
engineering work. While we may not be considering
military attacks in this case, structural loads on
buildings can be modeled in a similar manner
to resist other threats, such as erosion, winds,
hurricanes, seismic effects, etc., which also bring
about destruction from the civilian perspective. Such

Table 4. Types of built structures according to Vitruvius

Type Description Example
1 Fortified towns Fortified towns Site planning for towns and cities
2 Public works Defensive Walls, towers, gates, devices against hostile attacks
Religious Shrines and temples to the gods
Utilitarian Harbors, markets, colonnades, baths, forums, circuses, emporiums,

theaters, promenades, aqueducts, etc.

3 Dwellings of private | Dwellings of high-
individuals status Roman citizens

Houses for different classes of people, farm houses, houses
in cities and towns.
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situations call for suitable, robust, strong and stable
construction in form of retaining walls, shear walls,
etc. Vitruvius's work gives us insight into how to
create these. Religious buildings in Vitruvius’s time
were similar in nature to the churches, mosques
and synagogues of the 21t century. But unlike the
21t century, the construction of religious edifices
in the 1%t century was the duty and function of the
state, which was personified by the Emperor, hence
Vitruvius grouping such buildings together with
public projects. All these contained a substantial civil
engineering element. In the same vein, the examples
of construction projects Vitruvius grouped under
utilities are relevant to civil engineering. The same
is true for building houses for private individuals with
different status and means. These are described in
the respective chapters of the book. A brief analysis
of Table 4 demonstrates that the projects that
Vitruvius described as construction in his 1%t century
language, in fact, either are civil engineering projects,
or contain substantial civil engineering elements.
The execution of these projects requires training in
the legal, philosophical and psychological aspects
of human behaviors, as recommended by Vitruvius.
First of all, contracts will have to be drafted for
different clients, suppliers, and labor. Furthermore,
daily peaceful administrative control over workers is
important for maintaining an undisturbed construction
process. Lastly, harmonious interactions between
the construction work force and the environment
where the construction is taking place cannot be
neglected either, if disturbances are to be prevented.
According to Arya (2009), a civil engineer should,
by training amongst others, become capable of:
(i) carrying out, both in concept and execution, the
entire planning process for a new building structure
(as seen in Table 4), (i) studying project feasibility
through mathematical calculations and drawings,
and (iii) preparing the bills of quantities, specifications
and contracts that will form the necessary legal
and organizational framework. Civil engineering
professionals should thus turn to Vitruvius’s book to
enrich their practices.

The second branch of civil engineering, according
to Vitruvius, was the making of time pieces. What
are time pieces? According to Dictionary (2020) and
Merriam-Webster.com (2022), a time piece is an
instrument such as a clock or watch, intended for
measuring or showing progress of time. For the civil
engineering practice in the 21st century, the relevance
of making time piece may not make sense, since we
have grown up with wrist watches and lately mobile
handsets, which show time in any place and in any
weather. But the 1%t century Romans did not have
the luxury of being able to determine the time of
day regardless of location or weather conditions.
Hence time piece creation, described by Vitruvius in
Book 9, formed part of the civil engineering practice.

Although 21t century civil engineering may not
involve the construction of time pieces, there is an
underlying principle to be kept in mind. Namely, that
civil engineering training in any century must include
elements that will allow civil engineers to be versatile
in the art of solving any problems that may arise,
both in the built and unbuilt environments.

Finally, the third type of civil engineering in
Vitruvius’s work is the construction of machinery,
that is, machines and engines. In the 21st century,
it is normal to expect this function from mechanical
engineering, but this was not the case in the 1t
century. It is to be noted, however, that general
knowledge of mechanical science and engineering
does form an integral part of civil engineering
practice, even in the 215t century. This is because the
sentence leading to the definition of civil engineering
by the Institution of Civil Engineers (ICE, 2018),
contains the following wording:

“...advancement of mechanical science...”.

Thus, we can deduce that this requirement
is still expected in civil engineering practice in
the 21t century, just as it was in the 1%t century.
According to Vitruvius, machines and engines are,
in principle, practical necessities in civil engineering.
Many constructs that fall under these terms are
discussed by Vitruvius in Book 10. The machines
covered in Book 10, in terms of operation principles
and structures, range from military to non-military
equipment. The non-military machines described by
Vitruvius and relevant to this paperinclude, but are not
limited to: (i) climbing machine — for the construction
workers to view the construction site, (ii) hoisting
machines of various types — for lifting materials and
workers, (i) water raising engines like water wheels
on rivers, water screws, water mills, and water
pumps, (iv) odometers — for measuring mileage on
roads and sea, (v) balances — for testing weight,
(vi) utilities like ladders, cranes, and so on. The civil
engineer is expected to be conscious of the equipment
requirements and include them in their designs,
especially at the conception and development stage.
The civil engineer either procures the necessary
equipment or has the ability to construct it, or at least,
was expected to do that in the 1%t century practices.
This is also important in the 21t century practice.
Availability of construction equipment relates
to the 21t century concept of buildability in civil
engineering. This cannot be overemphasized (Arya,
2009). In developing countries, where resources for
equipment procurement are scarce, it is imperative
for civil engineers to be familiar with the principles
of constructing simple essential tools like cranes,
balances, etc., as described by Vitruvius, to keep
their work going.

Economical Civil Engineering

One of the fundamental principles of civil
engineering design projects is that the structure must
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be economical in cost and maintenance (ASCE,
2008; Fapohunda, 2019).

That said, a substantial percentage of
construction costs, over 40%, accounts for materials
alone (Adedeji, 2012; Deepa et al.,, 2019). As a
way to make civil construction more economical,
Vitruvius noted that, firstly, the civil engineer
should not recommend materials or items that
cannot be obtained or assembled without great
expense. Additionally, it ought to be noted that,
apart from procuring the materials themselves,
their transportation to the site also increases the
materials cost component of the total construction
costs (Ahmadian et al., 2014; Shakantu et al., 2003).
Here, we ought to explore the importance of using
any unconventional construction materials available
in the site’s vicinity, as a way to make the process
more economical (Fapohunda and Daramola, 2019).
To be able to do this, the civil engineer must be able
to not only experiment, but also assemble, if required,
the equipment and machines for such experiments.
Engineering practice founded on a curriculum is as
diverse, broad and deep as what was recommended
by Vitruvius is essential for accomplishing this.

Construction Materials in Civil Engineering

The materials that were used for civil engineering
in the 15t century should also interest the 215t century
civil engineering practitioners. While these materials
did not include steel and aluminum, what they did
include was brick, sand, lime, stone, timber, and
pozzolans. Vitruvius describes them from what can
be considered a 215t century structural engineering
perspective, with emphasis on strength and durability.
For each of them, he extensively covers issues like
material types and sources, time spent on making
the material, how long it ought to be left to dry before
use, how best to apply the material, simple tests
to determine suitability, possible combinations with
other materials, how and when the material is to be
applied, and more. In this discussion, he highlights
the natural, “primordial” state of each of the materials,
which he considers to be a fundamental part of
learning more about their nature and application.
According to Vitruvius, all materials, including civil
engineering construction materials, are composed
of four fundamental elements, namely, heat, water,
earth, and air. He believed that all things consisted
of these elements or were produced by the elements
coming together, resulting in infinite combinations.
Thus, his book does not discuss concrete, which is a
product of combining other materials, though it does
mention it. Today, the world is gradually becoming
aware of the negative environmental impact of
using non-renewable resources, perceiving it as a
portent of danger to future generations (Kau, 2007;
RILEM, 2019). The construction industry is also
facing some challenges due to the materials used.
Concrete in particular is associated with such issues
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as CO, emissions, depletion of natural resources,
and landfills, which are becoming major concerns
(Savija, 2020). The fear that the construction
industry will be unable to sustain the current use of
materials, especially structural concrete, is driving
innovation and academic research, aimed at finding
alternative sources of construction materials.
Researchers are looking into obtaining structural
materials from industrial and agricultural wastes, as
well as non-traditional materials. Familiarity with, or
even in-depth knowledge of, Vitruvius’s principles
of the four primordial elements, which he believed
all materials consisted of, would help researchers in
no small measure, either to innovate new materials,
or enhance suitability of previously unsuitable
materials.

Final Comments About Vitruvius’s Ten Books
on Architecture

This exploration of Vitruvius’s Ten Books on
Architecture from the civil engineering perspective
is not meant to be exhaustive, and neither was it a
detailed discussion of every matter relevant to civil
engineering that was contained in the book. The
paper’s main intent is to encourage civil engineers to
look past the title of the book and study its contents.
It appears that the word “architecture” as used in the
18t century was different from the usage in the 21t
century. Architecture, as in Eq. 1, is a combination
of two Greek words: “arche”, meaning the state or
its ruler, such as an emperor or prince, and “tekton”,
meaning to build or to construct. When these two
words are combined to form the term “architecture”,
it can be understood in two ways. The first meaning
it conveyed in the times of Vitruvius was a reference
to a person who built an Empire, or a State. This
could be Emperors, Kings, Princes, etc. The second
meaning referred to a person who built for the
Emperor, the King, or the State. That is, such a
person had a King, an Emperor, a Prince, etc. as
their client. Throughout the book, Vitruvius uses
the word “architect” in the second sense, that is, a
builder for the ruling Emperor, King, or Prince. This
was because Vitruvius himself was the builder for
two Emperors, Julius Caesar and Augustus Caesar,
the two men who personified the state in their time. In
addition, his work mentions others in this profession
who built for rulers, namely: Dinocrates, who built
the city of Alexandria for Emperor Alexander, along
with  Myron, Polycleitus, Phidias, and Lysippus.
Furthermore, Vitruvius speaks of builders who
constructed machines and engines in Book 10,
for instance Diognetus (Rhodes architect), Callias
(Aradus architect), Epimachus (Athenian architect
under King Demetrius) and Trypho (Alexandrine
architect), which clearly demonstrates a scope that
no professional group in the 215t century construction
industry can capture in its training. At the same time,
if we place the word “architecture” within the context
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of its 1t century use, we will discover that the projects
discussed in Vitruvius’s book actually form the core
of 21%t century civil engineering. Thus, the book is
relevant to civil engineering training and practice. It
can also serve as a guideline for the modern civil
engineer in the process of skill building and in the
pursuit of continuous professional training.

Conclusions

From the exposition above, it can be concluded
that (i) most of the activities classified by Vitruvius
as construction are, in fact, civil engineering activities
in nature, if we look at them from the 215t century
perspective, thus the content of his treatise ought
to appeal to civil engineering professionals; (ii) civil
engineers need to be versatile in the art of solving

problems that may arise during the course of
construction, bothinthe builtand unbuiltenvironments;
and (iii) the buildability issues associated with civil
engineering make the knowledge of construction
equipment a necessity. It should also be noted that
in the 1%t century, the language of communication
was Latin and Greek, which everyone understood;
and thus, it was not part of the curriculum designed
by Vitruvius. His treatise uses copious amounts of
Latin and Greek terminology, which may make the
book unreadable for 21st century civil engineers.
Though it is not required for the curriculum, a working
knowledge of either Latin or Greek will help make
the book an indispensable companion for the civil
engineering practitioner.

References

Adedeji, Y. M. D. (2012). Sustainable housing provision: preference for the use of interlocking masonry in housing delivery in
Nigeria. Architecture Research, Vol. 2, No. 5, pp. 81-86. DOI: 10.5923/j.arch.20120205.03.

Ahmadian, A. F. F., Akbarnezhad, A., Rashidi, T. H., and Waller, S. T. (2014). Importance of planning for the transport
stage in procurement of construction materials. In: 2074 Proceedings of the 315 ISARC, Sydney, Australia, pp. 466—473.
DOI: 10.22260/ISARC2014/0062.

Arya, C. (2009). Design of structural elements: concrete, steelwork, masonry, and timber designs to British standards and
Eurocodes, 37 edition. London: Spon Press, 528 p.

ASCE (2008). Civil engineering body of knowledge for the 21 century — preparing the civil engineer for the future. [online]
Available at: https://ascelibrary.org/doi/book/10.1061/9780784409657 [Date accessed October 12, 2021].

Barrow, R. H. (1955). The Romans. London: Penguin Books, 224 p.

Bonenberg, W. (2015). Planning documents as an element of modernizing the urban structure of the Poznan metropolitan
area. Civil and Environmental Engineering Reports, Vol. 17, No. 2, pp. 25-32.

Borucinska-Bienkowska, H. (2020). The influence of cultural-historical determinants on functional-spatial development of rural
areas. Civil and Environmental Engineering Reports, Vol. 30, No. 4, pp. 48-55.

Bosman, L. (2015). Proportion and building material, or theory versus practice in the determination of the module. Architectural
Histories, Vol. 3, Issue 1, 10. DOI: 10.5334/ah.cm.

Cartwright, M. (2015). Vitruvius. [online] Available at: https://www.ancient.eu/Vitruvius/ [Date accessed April 21, 2020].

Chan, A. P. C. and Owusu, E. K. (2017). Corruption forms in the construction industry: literature review. Journal of Construction
Engineering Management, \Vol. 143, Issue 8, 04017057. DOI: 10.1061/(ASCE)C0.1943-7862.0001353.

Cigola, M. and Ceccarelli, M. (2014). Marcus Vituvius polio (Second half of the 15t Century B. C.). In Ceccarelli, M. (eds.)
Distinguished Figures in Mechanism and Machine Science. Springer. History of Mechanism and Machine Science, Vol. 26.
https://doi.org/10.1007/978-94-017-8947-9_15 [Date accessed March 13, 2023]

Deepa, V., Eldhose, S., and Anu, V. V. (2019). Analysis of material cost in road construction through lot sizing techniques.
Journal of Civil and Construction Engineering, Vol. 5, Issue 1, pp. 38—45.

Dictionary (2020). Timepiece. [online] Available at: https://www.dictionary.com/browse/timepiece [Date accessed April 21,
2020].

Erismis, M. C. and Gezerman, A. O. (2013). Acritical look at Vitruvius. Elixir International Journal, Vol. 55A, pp. 13324—13328.

Fapohunda, C. A. (2019). Limit state design of reinforced concrete structural elements. [online] Available at: http://
repository.fuoye.edu.ng/bitstream/123456789/1463/3/Limit%20State%20Design%200f%20Reinforced%20Concrete %20
Structural%20Elements%20by%20C.%20A.%20Fapohunda.pdf [Date accessed January 11, 2011].

Fapohunda, C. A. and Daramola, D. D. (2019). Experimental study of some structural properties of concrete with fine
aggregates replaced partially by pulverized termite mound (PTM). Journal of King Saud University - Engineering Sciences,
Vol. 32, Issue 8, pp. 484—490. DOI: 10.1016/j.jksues.2019.05.005.https://doi.org/10.1016/j.jksues.2019.05.005

11



Architecture and Engineering Volume 8 Issue 1 (2023)

NUC (2022).Core Curriculum and Minimum Academic Standards for the Nigerian University System (CCMAS). https://www.
nuc.edu.ng [Date assessed march 13, 2022]

Ghazvini, K., Zandieh, M., and M. Vafamehr (2020). Exploring KPIS utilization effects on decision making for the architectural
design process in industrial buildings. Civil and Environmental Engineering, Vol. 16, Issue 1, pp. 198-209. DOI: 10.2478/
cee-2020-0019.

Grunova, Z. and HoleSova, M. (2018). Columnar entasis In Vignola’s and other renaissance works. Civil and Environmental
Engineering, Vol. 14, Issue 2, pp. 132-137. DOI: 10.2478/cee-2018-0017.

Heath, T. (1989). Lessons from Vitruvius. Design Studies, Vol. 10, Issue 4, pp. 246-253. DOI: 10.1016/0142-694X(89)90008-2.
ICE (2018). Royal Charter, By-Laws, Regulations and Rules. London: Institution of Civil Engineers, pp. 1 — 29.

Kau, K. W. (2007). Incorporation of sustainability concepts into a civil engineering curriculum. Journal of Professional Issues
in Engineering Education and Practice, Vol. 133, Issue 3, pp. 188—191. DOI: 10.1061/(ASCE)1052-3928(2007)133:3(188).

Locatelli, G., Mariani, G., Sainati, T., and Greco, M. (2016). Corruption in public projects and megaprojects: there is an elephant
in the room! International Journal of Project Management, Vol. 35, Issue 3, pp. 252—268. DOI: 10.1016/j.ijproman.2016.09.010.

Maguth, B. M., Dustman, J., and Kerr, M. (2013). Re-examining the Statue of Liberty: different perspectives on history and the
promise of America. Social Studies and the Young Learner, Vol. 25, No. 4, pp. 9—14.

Merdinger, C. J. (1949). A history of civil engineering. PhD Thesis. [online] Available at: https://ora.ox.ac.uk/objects/
uuid:76bd9626-ba71-4339-840e-92c39c64ac?7 [Date accessed April 1, 2021].

Merriam-Webster.com (2022). Timepiece. [online] Available at: https://www.merriam-webster.com/dictionary/timepiece. [Date
accessed May 19, 2022].

Newman, W. E. and Vassigh, S. (2014). What would Vitruvius do? Re-thinking architecture education for the 21 century
university. In: Rockwood, D. and Sarvimaki, M. (ed.). Proceedings of the ARCC/EAAE 2014 International Conference on
Architectural Research Beyond Architecture: New Intersections & Connections. Honolulu, HI: University of Hawaii at Manoa,
pp. 67-74.

Patterson, R. (2004). Interpretations of Vitruvius critical misunderstanding. Classical rhetoric. Architectural Research Quarterly,
Vol. 8, Issue 2, pp. 101-102. DOI: 10.1017/S1359135504210120.

RILEM (2019). A global call for sustainable developments of the built environment. In: International Union of Laboratories and
Experts in Construction Materials, Systems and Structures. 2019—2020. Technical Report, pp. 15—-16.

Savija, B. (2020). Use of 3D printing to create multifunctional cementitious composites: review, challenges and opportunities.
RILEM Technical Letters, Vol. 5, pp. 16—25. DOI: 10.21809/rilemtechlett.2020.113.

Schulzova, K. and BoSova, D. (2019). The quality of daylight in various types of

residential buildings. In: Proceedings of International Conference, ENVIBUILD — Buildings and Environment, November 7,
2019, Bratislava, Slovakia, pp. 159-164. DOI: 10.2478/9788395669699-026.

Seward, D. (2007). Understanding structures: analysis, materials, design. 2™ edition. London: MacMillan Press Ltd, 320 p.

Shakantu, W., Tookey. J. E., and Bowen, P. A. (2003). The hidden cost of transportation of construction materials: an overview.
Journal of Engineering Design and Technology, Vol. 1, Issue 1, pp. 103—118. DOI: 10.1108/eb060892.

Small, J. P. (2019). Circling round Vitruvius, linear perspective, and the design of Roman wall painting. Arts, Vol. 8, Issue 3,
118. DOI: 10.3390/arts8030118.

The Ames Foundation (2020). Justinian, Institutes. [online] Available at: https://amesfoundation.law.harvard.edu/digital/CJCiv/
JInst.pdf [Date accessed April 21, 2020].

Thiemann, L., Gerzer, S., and Kilian, R. (2010). Vitruvius and antique techniques of

plaster work and painting. In: 2@ Historic Mortars Conference HMC2010 and RILEM TC 203-RHM Final Workshop, September
22-24, 2010, Prague, Czech Republic.

Vitruvius, M. P. (1914). The Ten Books of Architecture. Cambridge: Harvard University Press, 331 p.

Watson, J. G. (2020). Civil engineering. [online] Available at: https://www.britannica.com/technology/civil-engineering [Date
accessed April 21, 2021].

Wikipedia (2011). De Architectura. [online] Available at: https://en.wikipedia.org/wiki/De_architectura# [Date accessed
October 21, 2021].

Wozniak-Szpakiewicz, E. and Zhao, S. (2018). Modular construction industry growth and its impact on the built environment.
Technical Transactions, Vol. 115, Issue 12, pp. 43-52. DOI: 10.4467/2353737XCT.18.178.9666.

12



DOI: 10.23968/2500-0055-2023-8-1-13-24

COMPUTATIONAL DESIGN FOR FUTURISTIC ENVIRONMENTALLY
ADAPTIVE BUILDING FORMS AND STRUCTURES

Aref Maksoud*, Hayder Basel Al-Beer, Aseel Ali Hussien, Samir Dirar,
Emad Mushtaha, Moohammed Wasim Yahia

United Arab Emirates University of Sharjah
Sharjah, United Arab Emirates

*Corresponding author’s e-mail: amaksoud@sharjah.ac.ae

Abstract

Introduction: With the rapid development in computational design, both architectural design and representation processes
have witnessed a revolutionary change from the analog to the digital medium, opening new doors for adaptability in
the architectural design process by leveraging nature concepts in design. The computational design approach starts
with the mathematical model definition based on numerical relations and equations, thus, replacing the standard visual
representation. Purpose of the study: We aimed to integrate computational design technologies to create self-learning
buildings that could adapt to environmental challenges and adjust accordingly by collecting data from the surrounding
environment via the implementation of sensors. Methods: We started with extensive research on state-of-the-art
computational design in architecture, followed by the design implementation and the implementation of the architectural
design of a building. The design followed a parametric approach to design and strategies. An algorithm was developed
with Grasshopper Scripting to generate documents that mimic the growth process of cellular bone structures and adapt
that form to a selected project site. To ensure that the generated form is adaptable, we performed multiple analyses, such
as sunlight, radiation, and shadow analysis, before selecting the form and finishing its development. The results show
that an environmentally responsive form that extends from the surrounding environment is characterized by high levels of
adaptability. Results: In the course of the study, the effectiveness of computational design technologies in architecture

was established.

Keywords: computational design; Grasshopper; parametric design; architecture; adaptive design.

Introduction

Integrating computational design (CD) via
parametric architecture has been done with machines
mimicking the human mind. The ability to mimic
such skills as critical thinking, problem-solving, and
decision-making refers to the desired attribute of CD
intelligence and its ability to think and make decisions
to achieve a specific goal (Choi et al., 2010).

The advancement of technology increases
the evolvement of CD to benefit a wide variety of
industries (Dimitropoulos et al., 2021). Nowadays,
various tools are being developed in the AEC industry
that leverage CD to automate tasks and decrease the
time of their performing from days to minutes.

This big jump in technology is setting a new
standard for the way architecture is practiced.
It is taking architectural practices in a direction
where it will no longer be optional to upgrade to
new design methods (Emaminejad and Akhavian,
2022). Caetano et al. (2020) identified the positive
impact of CD on architecture and established that
it enables architects to enhance the design process
by expanding its conceptual boundaries. Nisztuk
and Myszkowski (2017) demonstrated that recent
studies still focus on finding accurate and effective
computational approaches for the generation of

floor plans with less focus on the effectiveness of a
particular algorithm or IT solution.

Caetano and Leitao (2020) focused on three
aspects: analyzing CD, discussing advancements
in CD tools, and presenting architectural projects
and events that explored CD. The results showed
that technological developments continue to shape
architectural theory and practice and, simultaneously,
are guided by their needs and aspirations.

In this study, we explore the potential of integrating
Artificial Intelligence in architecture to create self-
learning buildings that can adapt to future challenges
and enhance their performance, and improve the
architectural design process using computational design
technologies. This paper focuses on two aspects. First,
we dive into the subject of CD and how it would serve
architecture in a hypothetical scenario.

The second part shows the architectural
design process in implementing a building using
computational design. By looking at the factors that
influenced architecture throughout history, it can be
noticed that a new historical event happens every
few decades, such as a natural disaster, war, or
pandemic, which inspires architects, engineers,
and designers to address new design challenges
(Hendy, 2020).
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This study aims to create a building that uses
a system providing innovative solutions for any
potential challenge facing the building. Such a
system would take advantage of the latest machine-
learning technologies. It would merge sensors and
bio-digital materials, which work perfectly together
to deal with any challenge (Estévez and Navarro,
2017). An example of this would be the challenges
that occurred during the COVID-19 era. In this
case, the building would adapt by activating social
distancing from within the building, which could be
done through the communication between the CD
cloud system of the building and the robots, which
are inside the building. This means the CD would
take the necessary actions to adapt and achieve the
goal of social distancing (Ahmed, 2021).

Another way to deal with COVID-19 challenges
could be by placing an innovative skin on the
buildings’ interior walls, which does not pick up
germs. This can ensure that the spaces are sanitized
at all times (Assaf, 2021).

The goal of this study is to create a self-learning
building. It would be a building that can adapt and
learn from all sorts of aspects of its environment
(Cortigos, 2019). For example, if a project is
implemented in a particular place, the intelligent
building system would be able to study and collect
information internally about the culture of that place
and adapt itself to that culture. It would use sensors
to know the number of people in the building, the time
they spend together, the clothes they are wearing,
and the actions they are taking.

After some time, it would see patterns and learn from
them to predict what will happen in the future (Hutson,
2017). Another example of what the building can learn
is the environmental conditions of its site, which can be
sensed externally. This means the building would be
able to collect and store data about the environmental
conditions and energy use of the building.

Based on the data collected, it would decide on
the actions needed to reduce the energy use of the
building, such as changing the tint of the windows
to reduce the amount of heat in the building (Mehra
and Sharma, 2019).

1. Use of technology to enhance building
performance

When it comes to the performance of buildings,
new automation systems can be used to control
security, comfort, and energy efficiency (Birangal
et al.,, 2015). Al enables buildings to become
places driven by real-time data and feedback,
communicating with itself like a living organism
(Cotrufo et al., 2020).

It creates a system where buildings, smartphones,
cars, and public places share to improve living
conditions, limit waste and traffic, and increase safety.
This would allow the building’s Al to predict any
challenges that might come up (Alexander, 2020).
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Al also opens the doors to creating smart homes,
living spaces that are complex real-time data-driven
living organisms (Pala and Ozkan, 2020).

For architects, the challenge is how to use Al to
fit it into the design language of the home to improve
the lives of the residents (Chua, 2013). With Al, we
would be able to tailor the building performance
according to the people’s needs and have buildings
learn, adapt, and respond to the data that they
receive from the users (Zhao et al., 2019).

Al in buildings takes complete care of residents’
comfort and safety and helps with energy and
financial savings (Joshi, 2019). Al-based energy
management platforms can track usage patterns
to create proper conditions for tenants, conserving
energy and saving money (Chen et al., 2021). Fig. 1
shows a Nest Thermostat, an excellent example of
a system that can adapt and keep the building at a
safe and optimal temperature. It can also alert users
if the temperature increases to reach a dangerous
range. Al devices can analyze data from sensors to
monitor leaks or malfunctions. This makes it easier
than ever to track the building’s performance and
efficiency (Oberste-Ufer, 2019).

In addition, building managers can maximize
operational efficiency, properly utilize assets, and
improve the comfort level of occupants (Rocha et al.,
2021).

2. Use of Al in the architectural design process

As architects, we start our projects by spending
many hours on research to understand the design
philosophy of that project and analyze previous
similar projects. However, this process takes much
time, and here Al comes in (Al-Azzawi and Al-Majidi,
2021). Al can collect and combine limitless amounts
of data in little time, make decisions, and give
recommendations that ease the architect’s research
process (Kurtoglu et al., 2009).

The architect can test many ideas and conceptual
designs simultaneously without needing a pen and
paper, and, as a result, better understand the design
philosophy using a faster strategy. We are living in
the world where Al has become a tool to leverage
the design process. However, it is not convenient

Fig. 1. Al Nest Thermostat device keeping the building
at an optimal temperature (Wollerton, 2018)
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to automate the entire design process and solely
depend on Al as there are always possible errors.

The real advantage of using Al comes from
a collaboration between human intelligence and
Artificial Intelligence (Wang, 2011). Today, there are
many Al engines, such as DeepArt, MidJourney, and
DALL-E, which open doors to a wide variety of
possibilities that can affect the architectural design
process. These engines can visualize anything the user
desires. The user (provided that they have some prior
knowledge in coding) just needs to type a prompt.

This means that the concept stage in the design
process will no longer need to involve sketching the
ideas. It can simply be visualized with high quality
in seconds (Jaruga-Rozdolska, 2022). Fig. 2 shows
images of buildings generated by the Al engine
MidJourney in a matter of minutes. These images
were obtained by typing a prompt to generate a
building in a nature-inspired style. The engine
creates four images and allows the user to select the
best ones to further create more images and make
enhancements. Traditionally, it might take days to
manually design and render, but with Al, it can be
reduced to minutes.

3. Computational design in the architectural
design process

Parametric/Computational Design is a significant
field where technology and architecture work
together harmoniously and where programming
tools have quite an impact on architecture. CD
allows us to create a parameter-based system that
can generate the desired output, such as forms,
structures, and systems, with the ability to control
high levels of complexity.

The CD approach to architectural design gives
the designer many advantages, such as creating
complex structures and having complete control
over them, automating redundant tasks, which
take a lot of time in the design process, and easily
modifying the design at the late stages (Oxman,
2017). Intelligent software like Grasshopper
Scripting gives the architect the opportunity to use
geometric component-based programming with
complex algorithms to generate design variations
that follow a specific design vocabulary and offer
numerous design options. One of the advantages
of using Grasshopper is its ability to control and
produce high-quality complex organic geometries
(Cubukcuoglu et al., 2019).

Another advantage is that it is supported by
a variety of plugins, providing access to external
libraries such as Ladybug, thus giving you the
opportunity to perform a real-time environmental
analysis of your project, which will be demonstrated
in Section 2.2.2 below (Roudsari et al., 2013).
Another popular CD software is Dynamo. It is a
visual programming software created by Autodesk,
which can be used with Revit, a BIM software. As

Fig. 2. An example of images of buildings generated
by MidJourney (source: the authors)

opposed to Grasshopper, Dynamo’s advantage is
not in creating geometries but rather in ensuring
data management for the project, which makes it an
excellent choice for BIM. Dynamo is a very important
tool in the automation of a lot of BIM processes,
which increases the efficiency of the design process
(Shishina and Sergeev, 2019).

It works on a node-based system. Each node
carries a piece of code inside, but instead of writing
the code, a node can be dropped easily with a
ready-to-use code. These nodes can be connected
with wires to be merged into one piece of code that
performs a specific function. A full algorithm would
usually look similar to the one shown in Fig. 3, where
groups of nodes connected perform one or more
specific actions. These CD strategies are almost like
an architect’'s own programming language. They can
be made even more vital when paired with Virtual
Reality (VR) and Augmented Reality (AR) devices,
where you would be able to use devices like the
Magic Leap to observe your design as if it is built in
front of you and make adjustments from a different
perspective (Philips, 2020).

Methods

The approach followed in this paper to show the
architectural design process for the implementation
of the building is divided into three phases. The first
phase is the form generation process. In this phase,
a concept for an adaptable organism is selected to
inspire the form generation strategy. After that, an
algorithm is designed using Grasshopper Scripting
to generate various adaptive forms. The second
phase is the form selection process. In this phase,
the forms generated in the previous phase get
filtered according to many different analyses, such
as structure, radiation, and shadow analysis. The
filtration process will help in selecting the most
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Fig. 3 shows an example of an algorithm design in Dynamo. As seen from Fig. as well as Fig. 5, which is a Grasshopper
algorithm, the way these tools work is similar to coding but more convenient

environmentally responsive form. In the third phase,
the final selected generation is developed further to
finalize the design and ensure a more ecologically
responsible approach.

1. Phase 1: Form generation process

1.1. Concept development

The basis of this project was adaptation.
The research interests lie in form finding, form
optimization, architectural facades, skin, and other
geometrical explorations using computational tools
such as Rhino and Grasshopper. When we look at
nature, we can see a lot of naturally adaptive forms
and processes. This makes nature the mother of
inspiration for adaptive designs. We followed the
natural process of adaptation, combining parametric
modeling and CD modeling to explore avant garde
bio-inspired concepts. We also aimed to take
a concept from idea to form and visually present
it in a convincing rendering. It was planned to use
growth as a generative tool to create unexpected
forms that resemble those found in nature and
organisms.

In the course of the study, we used Rhinoceros
paired with Grasshopper + plugins to obtain
biomorphic designs. We tried to use computational
tools and strategies to create complex forms
morphing and mimicking the growth of bone cellular
structures, which are shown in Fig. 4. The goal was to

16

bio-mimic the process of growth in these organisms
that causes them to evolve into an adaptive structure.
These organisms grow in a way that produces voids
of different sizes in structures.

In architecture, such voids could help create
different-sized patios that would allow sunlight to
go into the building to reach the internal spaces and
wind to flow and naturally ventilate the building, thus
making an environmentally responsive form. These

Fig. 4. Cellular structures’ growth pattern (Naboni and Kunic,
2017)
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structures also could melt into each other forming
bridges between the different cells. The formed
bridges would connect functions on different levels
(Chen et al., 2015).

1.2. Grasshopper script design

To generate architectural forms that mimic the
growth of bone cellular structures, intelligent CD
technology and component-based programming
tools such as Grasshopper were used in the
design process. This design technology allowed for
developing an algorithm creating a system that can
generate complex forms based on logic.

The CD tools and principles were used to design
a Grasshopper definition that can generate adaptive
forms bio-mimicking the natural process. The
Cocoon plugin was applied in the process since it
helps generate organic forms that connect masses
by melting them into each other. As shown in Fig. 5,
the main component is called the Cocoon, which is
the script’s core. The Cocoon generates the form
based on the inputs, which are shown on the left side
and called Charges.

These charges include three input parameters.

The first parameter is the site-surrounding blocks
shown in Fig. 6. Using the site surroundings as a
parameter guarantees a form specifically tailored
to the selected site. The second parameter is the
connection lines including the connection to the
surrounding blocks, the entrances to the site, and the
overall circulation pattern. Using those as a parameter
helps in defining the mobility and circulation path of
the building. To generate a final form, the volume of
the function was used as the third input.

It was used as an input parameter instead of the
area of each function to generate 3D forms, not 2D
patterns. Finally, the last component on the right is
the Smooth component which is used to smoothen
the connection between the masses.

2. Phase 2: Form selection process

2.1. Experimental studies

The approach followed to generate an adaptive,
environmentally responsive form was subject
to experimental studies. In this phase, tens of
experimental studies are generated and filtered by
analyzing and selecting the most adaptive form.
To achieve this, the Grasshopper definition was
developed further by using the Millipede plugin. This
plugin gives an opportunity to analyze the structure
of each generated form and provides essential
values such as maximum deflection, weight, yield,
bending moment, and more.

The generation process for all the experimental
studies was implemented using the Grasshopper
Galapagos tool. It is an Artificial Intelligence tool in
Grasshopper that changes the selected parameters
to find the best solution which maximizes or
minimizes a selected value. In this case, the value
that was selected to be minimized is the maximum
deflection of each form, which was calculated with
the Millipede components.

The parameters that were altered to change
the form were the radius and the position of each
Cocoon charge assigned to the site-surrounding
blocks and connections. Fig. 7 shows the best 24
generated results of experimental studies with the
Galapagos tool.

2.2. Selection analysis.

At this stage, we analyzed the results of
experimental studies generated at the previous
stage. Fig. 8 shows all the structural analyses for the
generated forms. The colors show the distribution
of deflection around the form; the red color shows
the high-deflection areas, and the blue color shows
lower amounts of deflection distribution.

The filtration process will depend on the forms with
the lowest maximum deflection, deflection distribution

Fig. 5. Grasshopper algorithm designed to generate building forms
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Fig. 7. Experimental studies performed in the process of generating the best form
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pattern, density of the structure, and availability of
errors in the form. According to these criteria, the
best four forms are generations 21, 22, 24, and 24,
with the minor deflection in all the experiments.

In addition, as seen from the colors, their
deflection distribution pattern is acceptable. It can
be noticed that all four of these generations are very
similar, which makes sense since they have similar
performances. These four forms then went through
shadow and radiation analysis to select the most
adaptive final form. Fig. 9 shows the shadow analysis
for the four selected forms. It can be seen from Fig. 9
that the best selection would be generation 21.

Since this selection has more considerable
curvature, it provides a more extensive surface area
towards the side of the Sun’s movement. It casts
shadows for a longer time of the day, with only one hour
of direct sunlight hitting the internal part of the building.
Fig. 9 also shows the radiation analysis for the same
four generations (Maksoud et al., 2022). Similarly, the
same selection performed the best in terms of radiation
on the internal part of the building with a value below
467.98 kWh/m?, which makes sense since this form
will have the least amount of direct sun exposure.
The performed analysis helped in selecting the most
environmentally responsive form.

3. Phase 3: Form development process

3.1. Skin and structure development

After selecting the most adaptive form, we
developed it into a finalized form. At this stage, another
Grasshopper definition was designed to generate the
skin and the structure of the building. As you can see
in Fig. 10, this definition uses the Weaverbirds plugin,
which helps in generating triangle-shaped panels
forming the geometry of the form.

It also helps in generating the structural members
that are supporting these panels. The skin that is
used for the building is smart skin. It can sense the
Sun’s heat using CD and change the tint of the glass
when the heat increases and decreases. The panels
that are facing the Sun moving from the south will be
filled with solar PV panels to generate energy for the
building. As for the rest of the panels that are facing
the other sides, they will be filled with smart glass,
which helps bring diffused light into the building.
(Abdalla, S.B et al., 2022)

Results and discussion

1. Adaptive expansion system using CD

The final form of the building was produced after
finishing the form development, shown in Fig. 11.
As seen from the Figure, the strategy of using CD
in the design process helped in creating an elegant

Fig. 8. Algorithm and results of the structure analysis
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Fig. 9. Shadow and radiation analysis for the best four generations

originally looking building adapted to the site. The
obtained final design looks futuristic, and some
might argue that it's not buildable. However, CD
tools provide more strategies for us in the digital
fabrication of such designs.

For example, each of those panels that make
the skin of the building can be easily tracked with
Grasshopper to produce a report with all the pieces
required to build this using manufacturing and
assembly data.

The story does not end here because a new
analysis must be made to test the performance of
the final building after its development and check if
the building is environmentally responsive.

To analyze the performance, a new Grasshopper
algorithm was developed using the Ladybug plugin,
which is shown in Fig. 12.

The table in Fig. 12 shows the results of the
analysis that was generated from the algorithm. As
seen from the Table, the total radiation per year is
161.36 kWh/m?2. To know if that is a good result, it
can be compared to the Emirates GBC BEA Project
from the Emirates GBC 2020 Green Building Market
Brief, which is shown in Fig. 13.

2 LANZN \
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Fig. 10. Skin and structure of the building
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Fig. 13 shows that the best performers in terms
of radiation are the buildings that have less than
171 kWh/m? for hotels, 193 kWh/m? for resorts,
92 kWh/m? for schools, and 378 kWh/m? for malls
(Emiratesgbc.org, 2020). Fig. 14 shows that a
significant part of this building is a CD Mall, and there
are some parts of the building that act as a CD Hotel
and CD Institute. (Mushtaha, Emad et al., 2022)

When comparing our results to those of the
BEA project, it can be concluded that the building is
considered a best performer when it comes to the mall
and hotel and a median performer when it comes to the
institute. These results prove that the building generated
by CD is, in fact, environmentally responsive.

In addition, it can be noticed from Fig. 12 that the PV
panels placed on the south fagade provide 368,070.02
kWh per year, which is 12% of the building’s energy.

2. Adaptive expansion system using CD

CD has many potentials in design. At this stage,
a CD engine called Deepart.io was used to predict
the future expansion of the building on the project’s
site and in the city of Dubai. This is a global CD engine
that has been used by international universities like
MIT & organizations like AA in London. It can alter
a picture based on a given style, which acts as a
parameter controlling the output. So, a picture of the
site was uploaded as an input with another picture of
one of the experimental studies, as shown in Fig. 14.

The CD engine was able to study the style of
the building and produce an output showing how
the entire site would look when filled with this
form. In architectural terms, this CD engine could
predict future expansion of the building based on its
information as a parameter. This makes architecture
no longer about one building; it is rather about an
adaptive system that can be applied in any location.
By changing the picture of the site to a picture of a
different site, the CD engine will adapt the form to
the new site and produce a different result.

Conclusion

CD technologies not only enhance the efficiency
of the design process but also help create adaptive
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Fig. 11. Final form of the building after the development stage

AC Energy |Average Daily AC Energy | DC Energy |Total Radiation|Total Radiation
per year per year per year per year per year
(KWh) (kwh/day) (KWh) {kWh/mi') {kwh)
RFeilgg{t 322024.56 884,72 368070.02 161.36 2689300

Fig. 12. Algorithm and results of the energy use

BEA RESULTS - Energy Use in Dubai Hotels,
Malls and Schools

Median

Best Performers Worst Performers

Hotels | <171 kWh/m®year

249 kWh/mZyear

> 414 kWh/m?year

Resorts

<193 kWh/mZyear

334 kWh/m year

> 444 KWh/m’year

Schools

< 92 KWh/m’year

134 KWh/mZ’year

> 233 kWh/m®year

Malls

<378 kWh/myear

465 KWh/miyear

> 580 kWh/mZyear

Fig. 13. Emirates GBC BEA Project from the Emirates
GBC 2020 Green Building Market Brief

and environmentally responsive designs. The
studies on the effects of these technologies in
architecture consisted of two parts. The first part
focused on studying how CD could enhance building
performance and analyzing some hypothetical

scenarios of how it might be implemented. The
second part focused on the implementation of the
architectural design of a building.

This process used CD technologies to enhance
the architectural design process and create more
adaptive designs. This stage included three phases:

Phase 1: Using CD tools such as Grasshopper
Scripting to design a script that can generate different
kinds of adaptable forms.

Phase 2: Performing experimental studies and
selecting the best form based on structure, shadow,
and radiation analysis.

Phase 3: Developing the skin and the structure
of the building, which consisted of triangular panels
filled with PV panels from the south and smart glass
from the other sides.

After those phases, further analyses were
conducted to test the final performance of the building.
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Adaptive Expansion System using Al

Al engine: depart.io

Fig. 14. Using Al to predict the future expansion of the building

The radiation analysis resulted in 161.36 kWh/m?2,
which was compared to the values of the Emirates
GBC BEAProject from the Emirates GBC 2020 Green
Building Market Brief to prove that the resultant form
is, in fact, environmentally responsive.

Anotheranalysis was done to testthe performance
of the PV panels in producing energy for the building,
which showed that the PV panels cover 12% of the
building’s energy.

A CD engine was then used in developing an
adaptation system for the building. In conclusion,
this research explored the potential of using CD
and its technologies in architecture. With the results
that showed how the technology helped in creating
an environmentally responsive design, it is obvious
that these technologies are powerful strategies to be
considered and implemented in architecture.

The implementation of CD technologies in
architecture starts from the beginning of the design
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process all the way to the functionality of the actual
building. Dubai, being one of the most competitive
cities regarding technology, has enormous potential
to implement a project like this.

The significant limitation in this field is the
scarcity of expertise in CD technology, which makes
implementation expensive.

Finally, design and technology are increasingly
becoming more connected to each other; it will open
doors for new areas of research and redefine how
future architecture will look like.
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Abstract

Introduction: Window shading is considered one of the most effective passive design approaches that improves indoor
thermal performance, minimizing the usage of HVAC and reducing energy consumption. Purpose of the study: We
aimed to investigate the impact of external window shading on thermal performance of three existing residential buildings
having different forms (rectangular, L-shaped, and U-shaped) in hot-dry climate in Amman, Jordan. Methods: Three types
of shading, namely: vertical, horizontal, and combined, of different lengths (0.75 m, 1.00 m, and 1.25 m) were introduced
to the existing buildings. The effect of those types of shading was studied using the OpenStudio SketchUp 2020 plugin
and EnergyPlus simulation program. Results: It was established that vertical shading slightly improves the indoor air
temperature in all building forms, while horizontal shading and combined shading improve the thermal performance of
buildings to a more significant extent. Combined shading of 1.25 m in length shows the optimum behavior in all buildings
since it reduces the indoor air temperature in the range of 2.6-3.3°C. Besides, it improves thermal sensation, which seem
to be closer to the comfort zone, by reducing the predicted mean vote (PMV) and predicted percentage of dissatisfied
(PPD) values as compared with the baseline situation without shading. In addition, the rectangular building demonstrated

the best response for shading by showing the largest reduction in the indoor air temperature.

Keywords: EnergyPlus, shading, thermal comfort, PMV, hot-dry climate, residential building.

Introduction

Windows are responsible for a large share of heat
gain during summer and heat loss during winter in
buildings. A number of solutions have been proposed
to minimize energy exchange through windows such
as the use double glazing and window shading or
decrease in the window-wall ratio (Bataineh and
Alrabee, 2018). Shading devices significantly
improve the thermal performance of buildings by
reducing heat gain since they block direct sunlight
in summer and reduce heat losses in winter, thus
minimizing the cooling and heating loads and saving
energy (Mushtaha et al., 2021). Generally, shading
of openings includes exterior and interior window
shading. Exterior window shading is more effective
in minimizing the heat gain of direct sunlight than
interior window shading. However, interior window
shading is more advantageous since it offers more
user-friendly control (Ohene et al., 2022). There
are other types of shading ensured by architectural
elements such as Iwan, which is more popular in
the Middle Eastern and North African architecture
(Eskandari et al., 2018). Shading effect can also be

achieved thanks to tall trees improving the thermal
performance of the buildings nearby (both residential
and commercial) in hot climate (Minangi and
Alibaba, 2018). Window shading is considered the
most effective since it can be adjusted to minimize
solar radiation received by the building (Feng et al.,
2021). Besides, the availability of numerous kinds
of window shading on the market in a wide range
of prices makes them the preferable choice of
occupants (especially in residential buildings) who
install them even at the late stage of construction to
achieve the optimal thermal comfort.

Some researchers investigated the impact of
using different types of shading on the thermal
performance and energy consumption of various
buildings in Jordan. For instance, Freewan (2014)
analyzed the effect of using three window shading
devices (egg crate, vertical fins, and diagonal fins)
on the air temperature of the south-west facade
of an office building in Irbid, Jordan. He found that
those shading devices can improve the indoor air
temperature returning it to the acceptable range
compared to the office without shading devices.
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Moreover, egg crate and diagonal fins showed better
performance in terms of improving air temperature
compared to vertical fins. Ali and Hashlamun (2019)
studied the effect of adding 100 cm horizontal
overhang on the southern facade of a school in
Amman on energy saving in terms of both cooling
and heating. They established that the proposed
shading system can save 20.3% of annual cooling
energy but shows minimum effect regarding energy
saved on heating, which amounts to 9.8%. Abu
Qadourah et al. (2022) examined the impact of
such shading devices as horizontal shading on the
southern facade and horizontal fins on the eastern
facade, having different lengths, in a multi-family
apartment building in Amman, Jordan. They found
that both types of shading can decrease the cooling
energy demand and increase the heating and lighting
energy demands. In addition, an increase in the size
of the shading devices enhances their effect.

We have noticed that only a limited number of
works focused on investigating the effect of window
shading on thermal performance and thermal comfort
in Jordan, while most of them dealt with window
shading devices as passive design strategies to
improve energy performance (Abu Qadourah et al.,
2022; Bataineh and Alrabee, 2018; Bataineh and

b)

Al Rabee, 2021). Therefore, this study addresses
the influence of different types of exterior shading,
particularly: vertical fins, horizontal overhang, and
the combined structure of vertical and horizontal
shading, on the thermal performance and thermal
comfort of existing residential buildings of different
forms (rectangular, L-shaped, and U-shaped) in
Amman, the capital of Jordan. To study the impact
of shading on the thermal performance of these
buildings, we analyzed the indoor air temperature
and evaluated its influence on the thermal comfort of
the buildings using the predicted mean vote (PMV)
and predicted percentage of dissatisfied (PPD)
indicators.

Methods

Case studies

We considered three case studies representing
different residential building forms, namely:
rectangular, L-shaped, and U-shaped, located in the
same district of Amman. Fig. 1 shows photos of the
main facades of those buildings facing the west. All
buildings have the same constructions and consist
of three floors. Only three west-facing rooms (one
on the middle floor of each building) were taken for
this study. We investigated the impact of vertical fins,
horizontal overhang, and the combined structure of

! HH[[Hfim :

oA

Fig. 2. 2D plans with the rooms in the buildings of different forms: (a) rectangular, (b) L-shaped, and (c) U-shaped
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vertical and horizontal shading of different lengths
on the thermal performance of these rooms. We
also analyzed the thermal comfort of these rooms
using the PMV and PPD indicators. Fig. 2 shows
the middle floor plan of each of the three buildings
where the west-facing rooms under consideration
are highlighted with blue color. These rooms were
selected since the west facade is facing solar
radiation for longer time during the day (see the sun
path chart in Fig. 3).

Amman, the capital of Jordan, lies at latitude
31°57'23.76" North and longitude 35°56'44.52" East.
About 90% of Jordan areas are semi-arid or arid since
the climate is mainly of the Mediterranean type, hot
in summer and cold in winter (Abdulla, 2020). We
focused on the hot-dry summer season, which lasts
for three months from June 21 to September 21,
where July 21 July was picked as the design day. In
summer, the air temperature at peak hours from 1:00
PM to 3:00 PM can be as high as 40°C (Albatayneh
et al., 2021). Besides, summer in Amman is known
to have long daytime hours, where on July 21 they
lasted from 5:45 AM until 7:40 PM, which is about
14 hours (Table 1). This means that the buildings
are exposed to sun radiation for long time during the
daytime.

name ; SunEarthTools.com

lat: 31.5845368

lon: 35.902553 350° N g

date: 21/07/2022

time: 12:00 gat3

arim.: 137.71°
?50

180 5

For further understanding of summertime and
solar radiation in Amman, which is located both in
the northern and eastern hemispheres, we need to
analyze the sun path. The sun path is the seasonal
and daily arc that Sun follows as the Earth goes
around the Sun throughout the year. The sun path
affects the length of the daytime and the amount of
solar radiation received by the buildings at certain time
during the day or season. Besides, the sun altitude
and azimuth play an important role in the amount
of shading cast on a building by the surrounding
buildings and trees (Nwankwo et al., 2021).

We downloaded the polar sun path chart for
Amman (Fig. 3) using the sun path tool available
on sunearthtools.com. Here, the orange line
represents the sun path on July 21. The polar chart
shows the Sun elevation, azimuth, clock line, and
date line. Another type of chart for the Sun path
is the Cartesian chart (not shown), where the Sun
position is plotted hourly by the solar elevation angle

Table 1. Amman, Jordan — sunrise, sunset, dawn
and dusk times (GIASMA, 2022)

Date sunrise | sunset dawn dusk
July 21, 2022 | 5:45 19:40 5:18 20:07

21/06/2022

10% 21/12/2022

21 Jun solstice
21 May-Jul

s 21 Apr-fug

.
B an-tow
21 Dec solstic

176°

Fig.3. Polar sun path chart for July 21 in Amman, Jordan
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as a function of the solar azimuth angle. According
to the polar chart, at midday time (12:00 PM), the
Sun was located at an azimuth angle of 137.71°
and elevation angle of 75°. The estimated track
angle for the Sun from 12:00 PM till sunset was
157.1°, while the track angle from sunrise till 12:00
PM was 72.66°. This means that the west facades
of the buildings would receive higher solar radiation
as compared with the east facades. For further
understanding of the Sun position effect during
daytime and the times when the building facades
are exposed to sun or shaded, the Sun path at 8:00
AM, 12:00 PM, and 4:00 PM was plotted for the
buildings under consideration (Figs. 4—6). It should
be noted that the azimuth and elevation angles
at 8:00 AM were 81.46° and 26.61°, respectively,

while at 4:00 PM they were 267.78° and 44.67°,
respectively. Based on Figs. 4—6, it can be seen that
since the selected rooms face the west, they would
be shaded in the morning (except for the room in
the U-shaped building, which has two windows
facing the east, exposed to sun in the morning) and
receive the afternoon sun.

Simulation

We performed a simulation study to investigate the
effect of shading devices on the thermal performance
and thermal comfort of the residential buildings of
differentforms located inAmman. To do that, we started
with the measurement of environmental parameters
at the sites, i.e., air temperature, air velocity, mean
radiant temperature, and relative humidity regarding
the baseline situation with the windows closed and

e

Fig. 5. Sun path diagram for the L-shaped building on July 21 at (a) 8:00 AM, (b) 12:00 PM, and (c) 4:00 PM

Fig. 6. Sun path diagram for the U-shaped building on July 21 at (a) 8:00 AM, (b) 12:00 PM and (c) 4:00 PM
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without shading. These measurements were used to
validate the simulation results, and they were found to
be very close to each other.

At the early stage of simulation, we drew two-
dimensional plans of the buildings of different forms
using AutoCAD, and then built three-dimensional
models for all the three buildings using the
OpenStudio SketchUp 2020 plugin. In the existing
buildings, we determined the construction system
for the roof, walls, and ground. We also determined
characteristics of each building space (where the
space type was selected as residential), and set
the number of floors to be equal to three. Then
we uploaded the climate file for Amman in the
EPW format to the OpenStudio platform. July 21
was imported in the DDY format as the summer
design day. Besides, we defined the infiltration
schedules and internal loads such as people,
electric equipment, and light for the spaces. Finally,
models were simulated in baseline situations without
shading using the EnergyPlus simulation program.

The impact of shading on the thermal performance
of the buildings (rooms under consideration) was
studied by introducing different types of shading,
particularly: vertical fins, horizontal overhang, and
combined shading structure. These shading devices
had different lengths of 0.75 m, 1.00 m, and 1.25 m.
For more accuracy, the output environmental
parameters were set to be simulated every
15 minutes, and then four readings per hour were
averaged. The thermal performance of the buildings
was analyzed based on the indoor air temperature.
The air temperature in the rooms was measured with
the presence of shading devices while the windows
were closed, both individually and compared to the

baseline case without shading. Finally, the output
environmental parameters were used to evaluate
the thermal comfort of the buildings by studying the
PMV and PPD indicators for the baseline situation
and for the optimum type of shading at its optimum
length. Figs. 7-9 show different types of shading
devices for three building forms: vertical shading
(fins), horizontal shading (overhang), and combined
shading, respectively. These types of shading were
investigated at three different shading device lengths
of 0.75m, 1.00 m, and 1.25 m.

Results and discussion

Air temperature depending on the type of
shading device in the buildings of different forms

Fig. 10 shows the effect of the vertical, horizontal
and combined shading devices having different
lengths on the thermal performance of the rectangular
building. It can be seen that all shading devices have
a notable impact on reducing the air temperature in
the room as compared with the baseline case without
shading. Furthermore, one can notice that as the
length of the shading device increases, the indoor
air temperature slightly decreases. For instance, in
Fig. 10a, the air temperature slightly decreases with
the presence of vertical shading fins in the range of
0.4-0.6°C regardless of length as compared with
the baseline situation. While in the presence of
horizontal overhang shading, the air temperature
shows better results since it decreases by 2.1°C,
2.5°C, and 2.8°C at an overhang length of 0.75 m,
1.00 m, and 1.25 m, respectively, as compared with
the case without shading at 4:00 PM (Fig. 10b).
In case of the combined shading structure, the
air temperature shows the largest difference as
compared with the case without shading: at a length

Fig. 7. Shading devices: (a) vertical shading (fins), (b) horizontal shading (overhang),
and (c) combined shading for the rectangular building

Fig. 8. Shading devices: (a) vertical shading (fins), (b) horizontal shading (overhang),
and (c) combined shading for the L-shaped building
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Fig. 9. Shading devices: (a) vertical shading (fins) of a west side window, (b) horizontal shading (overhang) of a west
side window, (c) combined shading of a west side window (d) vertical shading (fins) of east side windows, (e) horizontal
shading (overhang) of east side windows, and (f) combined shading of east side windows for the U-shaped building

of the shading device of 0.75m, 1.00 m, and 1.25 m,
the air temperature decreases by 2.4°C, 2.9°C, and
3.3°C at 4:00 PM, respectively (Fig. 10c).

A similar trend is observed for the air temperature
in the presence of different shading devices as
compared with the case without shading for the
L-shaped building (Fig. 11). Fig.11a shows almost
negligible air temperature reduction in the presence
of vertical fins, where it reaches its maximum of
0.3°C at 1.25 m in length. On the other hand, in the

presence of horizontal overhang, the air temperature
is characterized by a significant reduction of 1.8°C,
2.2°C, and 2.5°C at a length of 0.75 m, 1.00 m, and
1.25 m, respectively, as compared with the case
without shading (Fig. 11b). The combined shading
device shows the optimum behavior with regard to
the air temperature by reducing the temperature
by up to 1.9°C, 2.4°C, and 2.7°C at 4:00 PM at a
length of 0.75 m, 1.00 m, and 1.25 m, respectively
(Fig. 11c).
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Fig. 10. Comparison of the air temperature in the rectangular building for different shading devices having
different lengths: (a) vertical fins, (b) horizontal overhang, and (c) combined shading device
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A similar trend

is observed for the

indoor

temperature reduction in the presence of shading
devices in the U-shaped building as compared with
the rectangular and L-shaped buildings (Fig. 12). As
compared with the case without shading, vertical
fins ensure the maximum air temperature difference
of 0.35°C at a length of 1.25 m (Fig. 12a). While in
case of horizontal overhang, larger air temperature
differences are noticed (Fig. 12b), where at 10:00
AM, the temperature difference of 2.2°C, 2.6°C, and
2.9°C is recorded for 0.75 m, 1.00 m, and 1.25 m
of length, respectively. At 4:00 PM, the temperature
difference of 1.7°C, 2.0°C, and 2.3°C is recorded at
the same length values, respectively. Fig. 12c shows
the performance of combined shading at different
lengths, where the air temperature reduction is also
noteworthy: the temperature difference reaches
2.4°C, 2.5°C, and 3.2°C at 10:00 AM and 1.9°C,
2.3°C, and 2.6°C at 4:00 PM at a length of 0.75 m,
1.00 m, and 1.25 m, respectively. These differences
in the indoor temperature when using horizontal and
combined shading at 10:00 AM in the U-shaped
building are attributed to the existence of the east
windows in addition to the west window. Moreover,
the lower temperature reduction at 4:00 PM as
compared with that obtained at 10:00 AM is due to
self-shading as a result of the U-shape for the west
window, which is predominant during daytime (Fig. 6).
Thus, extra shading would have less effectiveness

as compared with the east windows exposed directly
to the sun during morning hours where shading
devices make more obvious difference.

Based on the discussion for Figs. 10-12, it can
be concluded that for all proposed types of shading,
the optimum length is equal to 1.25 m. This means
that the longer the shading device, the better shading
effectis obtained, which results in lower temperature
values. To determine the optimum shading device to
be used for each building form, the air temperature
during the day was plotted for different types of
shading with a length of 1.25 m for each building
form (Fig. 13). The results show that the vertical fins
demonstrates the lowest temperature difference
of 0.3-0.6°C as compared with the baseline case
without shading for all building forms. This indicates
that the use of vertical fins on the west facade is
not practical. The horizontal overhang shows better
performance as it reduces the indoor air temperature
by 2.3-2.9°C for all building forms. Besides, it is
considered practical for the exterior facade and
ensures better view as compared with the vertical
fins. The combined shading device shows the
optimum results for all building forms in terms
of reducing the air temperature since the lowest
values of 2.6-3.3°C were recorded. Interestingly,
the maximum reduction in the air temperature of
3.3°C was recorded for the rectangular building with
combined shading.
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Table 2. Seven-point thermal sensation scale
according to Fanger’s model (Fanger, 1970)

Scale Sensation
3 Hot
2 Warm
1 Slightly warm
0 Neutral
-1 Slightly cool
-2 Cool
-3 Cold

PMV and PPD of different shading devices for
different building forms

To gain a better understanding of the impact of
shading devices on the thermal performance of the
buildings under consideration, the optimal shading
device (combined shading) was compared with the
baseline case without shading using the predicted
mean vote (PMV) and predicted percentage of
dissatisfied (PPD) indicators. The PMV and PPD
indicators are usually determined with the use of
Fanger’s model, which was originally developed
by collecting data from a large number of surveys
on people subjected to different conditions within
a climate zone (Emir, 2016). The PMV indicator is
the average comfort vote based on the seven-point

thermal sensation scale from cold -3 to hot +3
(Table 2), while the PPD indicator is used to evaluate
the ability of occupants to withstand high and low air
temperatures in terms of thermal comfort conditions
(Duan et al., 2022; Fanger and Toftum, 2002; Hailu
et al.,, 2021; Kumar and Sharma, 2022). For an
indoor thermal zone to provide comfort sensation,
the acceptable range of PMV should be in the range
from —1 to +1 and PPD should be less than 26%.

According to Fanger’s model, PMV can be
calculated by the following equation (Duan et al.,
2022; Rinjea et al., 2022):

PMY =(0.303¢ %M 10.028)
M =W —3.05x107 x
x[5733-6.99(M ~W) - Pa]-
~0.42[ (M -w)-58.15]-
~1.72x107 M (5867 — Pa) -
~0.0014M (34-1,)~3.96x107% £, x

x[(tc, +273)* (1, +273)* = £k (1 — 1, )}

where M is the energy metabolic rate in W/m?, Wis
the effective mechanical power generated by the

Table 3. PMV, PPD, and thermal sensation for the west room in the rectangular building in the baseline case

and with optimum shading devices 1.25 m long

PMV PPD Sensation PMV PPD Sensation
Time (h) | Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular
Baseline Baseline (%) Baseline Combined Combined (%) Combined
1:00 2.64 95.9 Warm 2.36 90.1 Warm
2:00 2.45 92.4 Warm 2.2 84.9 Warm
3:00 2.27 87.4 Warm 2.03 78.4 Warm
4:00 212 82 Warm 1.91 72.58 Slightly warm
5:00 2.00 76.8 Warm 1.8 67.2 Slightly warm
6:00 1.95 74.7 Slightly warm 1.77 65.7 Slightly warm
7:00 1.96 75.3 Slightly warm 1.78 66.4 Slightly warm
8:00 2.03 78.3 Warm 1.84 69.3 Slightly warm
9:00 2.08 80.3 Warm 1.88 711 Slightly warm
10:00 212 82.2 Warm 1.92 73 Slightly warm
11:00 2.19 84.6 Warm 1.99 76.3 Slightly warm
12:00 2.26 87.1 Warm 2.07 79.9 Warm
13:00 2.36 90.1 Warm 2.1 81.3 Warm
14:00 2.60 95.2 Warm 2.16 83.5 Warm
15:00 2.92 98.6 Warm 2.23 86.2 Warm
16:00 3.28 99.7 Hot 2.4 91.1 Warm
17:00 3.54 99.96 Hot 2.68 96.4 Warm
18:00 3.58 99.97 Hot 2.86 98.3 Warm
19:00 3.48 99.95 Hot 2.9 98.6 Warm
20:00 3.38 99.90 Hot 2.89 98.5 Warm
21:00 3.28 99.8 Hot 2.86 98.3 Warm
22:00 3.1 99.4 Hot 2.74 97.1 Warm
23:00 2.87 98.3 Warm 2.56 94.6 Warm
0:00 2.65 96.1 Warm 2.35 89.8 Warm
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Table 4. PMV, PPD, and thermal sensation for the west room in the L-shaped building in the baseline case and
with optimum shading devices 1.25 m long

PMV PPD Sensation PMV PPD Sensation
Time (h) L-shaped L-shaped L-shaped L-shaped L-shaped L-shaped
Baseline Baseline (%) Baseline Combined Combined (%) Combined
1:00 2.75 97.27 Warm 2.6 95.29 Warm
2:00 2.54 94.32 Warm 2.42 91.56 Warm
3:00 2.34 89.67 Warm 2.24 86.45 Warm
4:00 218 84.3 Warm 2.1 81.17 Warm
5:00 2.03 78.42 Warm 1.97 75.61 Slightly warm
6:00 1.96 75.07 Slightly warm 1.91 72.66 Slightly warm
7:00 1.95 74.71 Slightly warm 1.9 72.32 Slightly warm
8:00 2.02 77.75 Warm 1.97 75.57 Slightly warm
9:00 2.09 80.79 Warm 2.03 78.5 Warm
10:00 2.16 83.52 Warm 2.1 81.33 Warm
11:00 2.24 86.29 Warm 2.18 84.32 Warm
12:00 2.31 88.68 Warm 2.26 87.06 Warm
13:00 2.41 91.4 Warm 2.28 87.91 Warm
14:00 2.64 95.83 Warm 2.33 89.26 Warm
15:00 3 98.99 Hot 2.4 91.46 Warm
16:00 3.37 99.87 Hot 2.59 95.12 Warm
17:00 3.66 99.98 Hot 2.89 98.45 Warm
18:00 3.73 99.99 Hot 3.09 99.44 Hot
19:00 3.63 99.98 Hot 3.15 99.6 Hot
20:00 3.51 99.96 Hot 3.14 99.57 Hot
21:00 3.4 99.91 Hot 3.09 99.44 Hot
22:00 3.21 99.7 Hot 2.96 98.92 Warm
23:00 2.97 98.92 Warm 2.77 97.48 Warm
0:00 2.74 97.14 Warm 2.56 94.66 Warm

Table 5. PMV, PPD, and thermal sensation for the west room in the U-shaped building in the baseline case
and with optimum shading devices 1.25 m long

PMV PPD Sensation PMV PPD Sensation
Time (h) | U-shaped U-shaped U-shaped U-shaped U-shaped U-shaped
Baseline Baseline (%) Baseline Combined Combined (%) Combined
1:00 2.43 91.82 Warm 2.15 83.08 Warm
2:00 2.22 85.6 Warm 1.96 75.09 Slightly warm
3:00 2.01 77.31 Warm 1.78 66.01 Slightly warm
4:00 1.84 69.31 Slightly warm 1.63 58.41 Slightly warm
5:00 1.7 61.89 Slightly warm 1.51 51.57 Slightly warm
6:00 1.71 62.32 Slightly warm 1.5 51.03 Slightly warm
7:00 2 76.63 Warm 1.64 59.03 Slightly warm
8:00 2.44 91.93 Warm 1.81 67.91 Slightly warm
9:00 2.71 96.89 Warm 1.83 68.83 Slightly warm
10:00 2.86 98.32 Warm 1.91 72.81 Slightly warm
11:00 2.9 98.63 Warm 2.06 79.59 Warm
12:00 2.87 98.4 Warm 2.22 85.77 Warm
13:00 2.88 98.45 Warm 2.3 88.28 Warm
14:00 3.01 99.15 Hot 2.38 90.58 Warm
15:00 3.21 99.71 Hot 2.46 92.68 Warm
16:00 3.42 99.92 Hot 2.58 94.97 Warm
17:00 3.5 99.96 Hot 2.71 96.94 Warm
18:00 3.46 99.94 Hot 2.77 97.54 Warm
19:00 3.34 99.87 Hot 2.77 97.55 Warm
20:00 3.21 99.72 Hot 2.72 97.08 Warm
21:00 3.07 99.38 Hot 2.65 96.1 Warm
22:00 2.87 98.35 Warm 2.52 93.82 Warm
23:00 2.65 95.97 Warm 2.32 88.85 Warm
0:00 2.41 91.27 Warm 2.09 80.86 Warm
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human body in W/m?2, Pa is the partial pressure of
water vapor in Pa, determined as follows:

3800 +0.0487,, +
Pa =10-5®exp lq , (2)

+4.1x1078 ¢ +6.545InT,

a

t is the air temperature in °C, ® is the relative
humidity, 7, =t _+273.15in K, t is the mean radiation
temperature in °C, determined as follows:

=14 +2.4va0.5(tg —ta) (3)
v,is the average air speedinm/s, t_is the temperature
of the black sphere, f, is the clothing area factor,
determined as follows:

fcl :1'0+0'3Ic] (4)

t is the clothing area temperature in °C, determined
as follows:

1o =35.7-0.028(M —W)—1, %
3.96x1078 £,
x 4 4
x[(tcl w273 (1, +273) — (i —ta)}

and h_is the surface heat transfer coefficient in W/
(m2-K), determined as follows:
h, =
2.38(1y ~1,)7, i12.38(1y —1, )7 212,10,
12.1v,, i 2.38(ty —1,)> <12.1 v, ©)
The PPD and PMV indicators have the following
relationship (Duan et al., 2022; Rinjea et al., 2022):

[(—0.335.PMV4—0.217.PMV2 )}

®)

PPD =100-95¢ (7)

In this work, the PMV and PPD values were
obtained by setting the environmental variables
extracted from the EnergyPlus simulation program (air
temperature, relative humidity, air speed, and mean
radiant temperature) as well as the personal variables
(thermal resistance of clothing and metabolic rate) in
the OpenStudio platform. The thermal resistance of
clothing was considered to be equal to 0.5, which
represents light summer clothing, and the metabolic
rate was taken as 1.25 met (1 met= 58 W/m?) to
represent the routine and relaxed state.

The hourly variation of the PMV and PPD values,
corresponding to different building forms on July
21, was determined for the baseline case without
shading and for the case with the combined shading
device 1.25 m long (Tables 3-5). The results show
that with the shading device, most of daily hours are
brought closer to the comfort zone. In the rectangular
building, the sensation percentages for hot, warm,
and slightly warm for the baseline case were 29.16%,
62.5%, and 8.33%, respectively. With the combined
shading, they became 0% for hot sensation, 66.67%
for warm sensation, and 33.33% for slightly warm
sensation, indicating significant shifting closer to the

comfort zone. In addition, combined shading in the
L-shaped building brings daily hours’ percentage for
indoor sensation from 33.33% in the baseline case
to 16.67% in the case with combined shading for hot
sensation, 58.33% in the baseline case to 66.67% in
the case with combined shading for warm sensation,
and 8.33% in the baseline case to 16.67% in the case
with combined shading for slightly warm sensation,
indicating good shifting for sensation to the comfort
zone. Combined shading in the U-shaped building
brings daily hours’ percentage for indoor sensation
from 33.33% for hot sensation, 54.17% for warm
sensation, and 12.5% for slightly warm sensation
for the baseline conditions to 0%, 62.5%, and
37.5%, respectively, indicating significant shifting for
sensation closer to the comfort zone.

Based on these results, it can be concluded
that combined shading of an optimal length of 1.25
m obviously improves the sensation feeling in all
buildings. The rectangular and U-shaped buildings
show better results than the L-shaped building.
This can be attributed to the compactness factor
of the rectangular building, which has less surface
to volume ratio for the building envelope exposed
to the direct sunlight, while the U-shaped building
is characterized by self-shading since its shape
creates more shadows.

Besides, Tables 3-5 it also show that the PPD
percentage for all buildings significantly decreases
with the presence of shading devices for all day
long as compared with the case without shading,
which indicates obvious improvement of the thermal
comfort in the rooms with shading.

Conclusions

This papers addresses the impact of different
shading devices of different length on the thermal
performance and thermal comfort of different
residential building forms in hot-dry climate in
Amman, Jordan. Based on the results, we can draw
the following conclusions:

e Vertical fins facing west make almost no
difference in all types of buildings except for the
rectangular one, which shows maximum reduction
in the indoor air temperature of 0.6°C.

e Horizontaland combined shadings demonstrate
significant reduction in the indoor air temperature
and enhance the thermal performance.

e The length of shading is a significant factor in
improving the indoor temperature, and it was found
that 1.25 m length ensures the best performance,
minimizing the air temperature in all building forms.

e Combined shading shows the best results as
compared with other types of shading as it reduces
the indoor air temperature by 2.6-3.3°C for all
building forms.

e Combined shading with 1.25 m in length
can improve the thermal comfort of all buildings,
especially in rectangular and U-shaped buildings,
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where hot sensation was minimized. This is explained for hot, warm, and slightly warm sensation were
by the compactness and self-shading factors. recorded, respectively. The rectangular building

e The U-shaped building shows the best PMV shows the largest air temperature reduction when
and PPD results when using combined shading using combined shading with 1.25 m in length as it

with 1.25 m in length since 0%, 62.5%, and 37.5% reduces the air temperature by 3.3°C at 4:00 PM.
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Abstract

Introduction: Earthquakes are one of the most frequent and potentially disruptive natural disasters. Up to this day, numerous
methods have been tested and applied to prevent damage to buildings and structures as a result of earthquakes. Currently,
one of the widely used methods is to provide seismic isolation between the building and the ground. Its main purpose is
to reduce the interaction between the building and the ground as well as the impact of soil movement on the building. For
our study, we chose a system of lead rubber bearings as isolators used to improve the seismic resistance of buildings.
Purpose of the study: We aimed to expand the tool kit for the analysis of seismic isolation based on rubber bearings and
demonstrate the effectiveness of ETABS software. Methods: The paper investigates the behavior of an isolation system
with lead rubber bearings for various earthquake records with the use of ETABS software according to UBC-97 standards
and software developed specifically for this study in Excel. Results: Based on the developed software, we analyzed how

changes in properties of base isolators affect the behavior of structures exposed to earthquakes.

Keywords: seismic isolation, seismic bearing, rubber bearing, seismic isolation effectiveness.

Introduction

One of the important challenges of structural
engineers is to find a suitable solution to reinforce
structures so that they could withstand earthquakes.
In traditional design methods, the seismic resistance
of buildings is provided by the combination of
stiffness, plasticity, and energy losses in the main
components of the structure. In modern design
methods, seismic isolation systems are utilized
to ensure the safety and resistance of structural
components to earthquakes as well as to reduce
material consumption for structural components.
Currently, seismic isolation systems are widely used
to prevent structural vibrations from earthquakes,
which allows structural components to remain in the
elastic deformation range and makes it possible to
prevent their significant damage and destruction
(Tamim Tanwer et al., 2019).

There are many damping devices, including
rubber bearings (with/without a lead core), friction
and kinematic dampers. In recent decades, they
have been used in practical seismic design of
structures and are still being developed (Buckle
and Mayes, 1990; Rutman and Ostrovskaya, 2019;
Tyapin, 2020; Uzdin et al., 2012).

Fig. 1 shows an example of a lead rubber bearing
(LRB) widely used all over the world (Jangid, 2007;
Tyler and Robinson, 1984). The LRB is made of
alternating layers of rubber and steel plates with one
or several lead cores inside. The core is deformed,
ensures the hysteresis operation of the structure as

well as sufficient stiffness, strength and resistance to
low lateral loads, light winds, and minor earthquakes
(Bhandari et al., 2018).

The LRB force/displacement relationship is non-
linear, and the correct prediction for the behavior
of isolated base structures under seismic effects
depends heavily on the mathematical model chosen
to describe the system. For instance, there are
several hysteresis models to describe the dynamic
behavior of the LRB: linear, polynomial, and
curvilinear (Wen, 1980). A suitable model for the
dynamic behavior of the system is usually based
on the characteristics of pulse energy, obtained as
a result of dynamic or static experiments. In recent
decades, much effort has been made to develop
methods to identify non-linear hysteresis systems.
These methods include least squares estimation in
the time domain (Kilar et al., 2011; Lin et al., 2001;
Wenbin, 2000; Yang and Lin, 2004). Thus, the task
of determining the parameters of seismic bearings
and simulating the behavior of the structure / seismic
isolation system is quite relevant.

Subject, tasks, and methods

Fig. 2 shows a design scheme and main design
parameters of the LRB (Sharbatdar et al., 2011). To
determine the isolator parameters, Uniform Building
Code UBC-97, corresponding to the regulations,
was used (ICBO, 1997). The target period of the
building and material properties were determined
based on the following considerations: the values
from 2 to 3 seconds are the desired values of the
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Fig. 1. Schematic diagram of the LRB (Smirnov and Bubis, 2014):
1 — support plates fastened to the non-seismically isolated and seismically isolated parts of the structure;
2 — flanged steel plates; 3 — steel plates located between rubber plates; 4 — rubber plates; 5 — a rubber
cover protecting the inner layers of rubber and metal; 6 — holes for anchor bolts required to fasten the bearing
to the non-seismically isolated and seismically isolated parts of the structure; 7 — key holes; 8 — a lead core.

isolation system oscillation period. The modulus of
elasticity E, the shear modulus G, and the maximum
shear strain y__ differ depending on the type of the
LRB selected.

The main stages of the calculation were as
follows: first, a building with rigid fixing was modeled,
and vertical loads in the interior, exterior and corner
columns were determined. After that, the design
parameters of the LRB were calculated using an
Excel spreadsheet. Then those parameters were
used to determine the LRB parameters in ETABS.
As a result, the following design parameters were
obtained for three different types of the LRB (Table 1).

Description of the design solutions adopted with
the use of the LRB. To test the model, we considered
a standard 10-story reinforced concrete building
located in the earthquake-prone area V, with an open
floor, as shown in Figs. 3 and 4. The dimensions of
the building in plan view are 30 and 24 m in the x
and y directions, respectively (Ferraioli and Mandara,
2017). The height of the first floor is 3.6 m, and the
height of the rest floors is 3 m. Thus, the total height

- D]_RB -
_ End Plate
Rubber Layers
ek Shim Plates
“ Dz .

of the building is 30.6 m. The slab thickness is 0.150
m. The design static loads are taken to be equal to 3.4
kPa for the partitions and 1.5 kPa for the floors and the
roof. Table 2 shows other characteristics of concrete
and reinforcement. The axial load for the interior,
exterior and corner columns is 5332.06 kN, 4529.19
kN, and 3911.39 kN, respectively. The design was
performed as per American standard ASCEQ7 and
UBC-97 (ICBO, 1997). In the calculations, concrete
of grade M35 was used, and high yield strength
deformed (HYSD) bars with a minimum yield strength
of 415 MPa were utilized as both longitudinal and
transverse reinforcement.

Modeling and design of a building with an LRB.
ETABS software was used for the calculation. Fig. 5
shows a design scheme in the form of a spatial
frame. It should be noted that in ETABS (and in
some foreign design programs), static non-linear
pushover analysis is implemented by introducing
plastic hinges into the sections of the design
scheme components where, from the point of view
of the program user, inelastic deformations should

, kp

]impl:h:clm'nl

dy D

Fig. 2. Design scheme and main design parameters of the LRB
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Table 1. Design parameters of the LRB for ETABS

Final input data for ETABS Exterior Interior Corner
columns columns columns

Rotational inertia (kN/m) 0.0146 0.0207 0.0107
U1 Effective stiffness (kN/m) 721.991 849.977 623.510
U2 & U3 Effective stiffness (kN/m) 2913 3430 2516
U2 & U3 Effective damping 0.1 0.1 0.1
U2 & U3 Distance from the end — J (m) | 0.0058 0.0058 0.0058
U2 & U3 Stiffness (kN/m) 24.559 28.913 21.209
U2 & U3 Yield strength (kN) 142.2 167.4 122.8
Bearing diameter, DLRB (m) 0.789 0.856 0.75
Total height of the LRB, h (m) 0.34 0.35 0.34

develop. This significantly increases the error
probability since it is almost impossible to define
an appropriate mechanism for the destruction of a
complex structure and criteria for the transition of its
components into plastic condition.

The use of the response spectrum function in
accordance with the standards is a more unified
procedure, which does not require additional user
control over the structure operation, and that creates

Table 2. Initial data for structural modeling

No. Parameter Value

1 | First floor height (m) 3.6

2 | Floor height (m) 3

3 | Building height (m) 30.6

4 | Column size (m) 0.6x0.6 or 0.5x0.5

5 | Number of floors 10

6 |Beam size (m) 0.4x0.5

7 | Floor slab thickness (m) |0.150

8 | Modulus of elasticity 25

of concrete Ec (GPa)

9 | Design strength 30

of concrete Fck (MPa)

10 | Reinforcement yield 415

strength (MPa)

11 | Poisson’s ratio 0.2

12 |Dead load ontheslab |4.5

(kN/m?2)

13 | Load on the floor 34

with partitions (kN/m?)

14 | Load on the roof (kN/m?) | 1.5

15 | Load on the walls (kN/m) | 7.5

16 | Specific weight 25.00

of reinforced concrete
(kN/md)

17 | Material Concrete M35
and reinforcement Fe-415
(HYSD, compliant with IS-
2002)

18 | Reinforcement High strength deformed
steel compliant with
1S-2002. Modulus
of elasticity — 200 kN/mm?

the advantage of using the response spectrum
analysis method compared with the calculation
according to the plastic mechanism.
Results and discussion
The spectral analysis of the structure isolated with
the use of the LRB and the non-isolated structure
yielded the following results presented in Figs. 6-10.
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Fig. 3. Standard floor plan
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Fig. 4. Scheme of the transverse frame of the
reinforced concrete building structure
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Table 3. Seismic characteristics
of the construction facility as per UBC-97

No. Parameter Value Remark
1 |Seismic zone factor (Z) |0.36 (UBC 97,
Table 16-1)
2 |Seismic load As per
ASCEQ7
3 | Seismic source type B (UBC 97,
Table 16-S)
4 |Distance to a known 5 (UBC 97,
source Table 16-S)
5 | Soil profile type S, (UBC 97,
Table 16-J)
6 |Near-source factor (Na) | 1.2 (UBC 97,
Table 16-S)
7 |Near-source factor (Nv) | 1.6 (UBC 97,
Table 16-T)
8 |Seismic coefficient (Ca) |0.36 (UBC 97,
Table 16-Q)
9 |Seismic coefficient (Cv) |0.56 (UBC 97,
Table 16-R)
10 |Design period TD, s 2.5
11 |Behavior coefficient 1.25
12 | Effective damping (Bd [0.05
or m)
13 |Damping coefficient (Bd |1
or m)

The following designations are used in these figures:
FB — a system without seismic isolation; LRB —
a system with seismic isolation using the LRB. The
results are given for the effects of an operating basis
earthquake as well as for the system response
spectrum analysis.

A comparison of the values of the maximum
displacement for story drift and the shear force for
each story, obtained based on the response spectrum
analysis, makes it possible to note that displacement,
drift, and shear forces decrease by 30% or more
when the LRB is used. In the assessment of the
maximum displacement of the LRB system, which is
one of the main parameters in the design of seismic
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Fig. 5. Scheme of the spatial frame of the reinforced
concrete building structure with the LRB

isolation, as well as the maximum displacement of
the base section of the structure and the building as
a whole, the spectrum analysis method proved to be
a simple and effective method.

In conclusion, it should be noted that it is
important to choose the right parameters of seismic
isolators. The system response spectrum analysis is
one of the easiest and effective tools to determine
the required properties of isolators, taking into
account the complex movement of the structure.
The proposed method for determining the LRB
parameters using Excel in accordance with UBC-
97 has acceptable accuracy in terms of assessing
the design parameters of the LRB. Considering
the behavior of the isolated structure and the fact
that the bearings have non-linear characteristics, it
is possible to choose the most effective model for
the seismic bearing and structure by analyzing the
response spectrum of the system.
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Fig. 6. Drift in the X and Y directions (earthquake)
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KOHCTPYKTUBHbIA N NTAPAMETPUYECKUA AHATIN3 CBUHLOBbIX
PE3SUHOMETAJIJTUMECKUX OINOP U BITMAHUE UX XAPAKTEPUCTUK
HA AHAJIU3 CIMNEKTPA OTKITUKA

®dakupu AmoHannax, Hagexaa BnagnmmnposHa OcTtposckas™®, KOpwuii JlazapeBud PyTmaH

CaHkT-lNeTepbyprckuii rocyaapCTBEHHbIN apXUTEKTYPHO-CTPOUTENbHBIN YHUBEPCUTET
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AHHoOTauus

BBeaeHue: 3emneTpsiceHns SIBNAIOTCA OOHWMM U3 4acTo HabniogaembiX CTUXWMIAHBIX GEOCTBMI, KOTOPblE MOTYT MMETb
BeCbMa paspyLunTenbHble nocneacTems. [Jo cerogHswHero AHA 6b1no onpo6oBaHO U MPUMEHEHO MHOXECTBO Pa3nuYHbIX
METOLOB ANS NPEeAoTBPaLLEHUS MOBPEXAEHUA COOPYXXEHUN U KOHCTPYKUMIA, KOTOPblIE MOTYT BO3HWKHYTb B pesyrnsraTte
3emneTpsiceHnin. OgHNM M3 LUIMPOKO UCMONb3yEMbIX B HACTOSLLEE BPEMS METOAOB SIBNAETCA NPYMEHEHUE CENCMON30NALNA
MeXAy 304aHVWEeM W TPYHTOM, OCHOBHOM LEMbi KOTOPOro SIBMSIETCA YMEHbLUEHUE B3aMMOAENCTBUSA MEXOY HUMU ©
YMEHbLLEHWNE BMUSHUSA ABWXEHNSA FPyHTa Ha 3aaHue. B kauecTBe U30NsTopoB, NPUMEHSIEMbIX B CENCMOCTONKMX 30aHUSIX,
Obina BbibpaHa cuctemMa pe3mHOMETanIMYecknx onop Co CBUHLIOBbLIM cepaedHukoMm. Llenb nccnegoBaHus: HacToswas
CTaTbsl CTABUT LiENbIO PacLUMpUTb MHCTPYMEHTAPUI CPEACTB pacyeTa cecMomn3onsaummn Ha 6ase pesmHoMeTanImyeckux
onop 1 nokasatb 3PEKTMBHOCTb NPUMEHEHUS MporpammHoro komnnekca ETABS. MeTtoabl: B cTaTbe MpOBOAMTCSA
nccrnenoBaHUe NOBEAEHUS CUCTEMbI U30MALMM C MPUMEHEHNEM PE3NHOMETaINYECKNX OMOP CO CBMHLOBLIM CEPAEYHNKOM
ONS pasnUyHbIX 3anuncert 3eMNeTpsiCeHMIA C UCMONb3oBaHWEM nporpammHoro komnnekca ETABS cornacHo Hopmam
UBS-97 n nporpammHoro obecrneyeHuns, paspaboTaHHOro crneumansHo Ans 3Toro uccnenosaHus B Exel. Pesynbratbi:
C NOMOLLbI0 pa3paboTaHHOro MPOrpaMMHOro obecneyeHnst aHann3npPoBanoch BrUSIHWE U3MEHEHUST PasfiMYHbIX CBOMCTB
N30MNSITOPOB OCHOBaHWUSI HA NMOBEAEHMNE KOHCTPYKLMMN NoA AENCTBUEM 3EMIETPSCEHWIA.

KnioyeBble croBa: cericMoun3onsuns, cemncMmoornopa, peavHoMeTannnyeckasi onopa, 3pMeKTUBHOCTb CEMCMON3ONSALINN.

43



DOI: 10.23968/2500-0055-2023-8-1-44-50
USEFUL STRATEGIES FOR LOW-COST CONSTRUCTION

Omar Moustafa Alomari*!, A M Faten Albtoush?, Mohammad Al-Rawashdeh'
' Al-Balga Applied University, Alsalt, Jordan
2 Jadara University, Irbid, Jordan

*Corresponding author's e-mail: omar.alomari@bau.edu.jo

Abstract

Introduction: Everyone, regardless of culture, seeks a dwelling that provides comfort and safety at an affordable cost.
Many countries worldwide have witnessed increased demand for residential buildings due to population growth. However,
because of the economic conditions that most countries suffer from, the search for low-cost housing without compromising
the quality of construction and materials has become extremely essential. Low-cost construction meets the demand for
cost-effective design solutions without prejudice to quality. Purpose of the study: We aimed to determine the applicability
of building materials and technologies used in low-cost construction. Methods: In the course of the study, we thoroughly
reviewed literature sources addressing low-cost construction. Results: Based on the review, we determined six strategies
of low-cost construction: effective planning, use of low-cost materials, use of environmentally-friendly materials, use of cost-
efficient construction techniques, use of available alternative construction methods, and sustainable community through
involvement and training. All over the world, knowledge exchange and technology development within local societies are
considered techniques that reduce the cost of buildings at the expense of local manpower. We recommend governments
to enhance the involvement of local resources by developing training programs in cooperation with local communities.
Besides, governments should provide opportunities for the application of environmentally-friendly construction materials
and encourage their use. This study will help researchers delve deeper into the issues and obstacles occurring in low-cost

construction.

Keywords: low-cost construction, sustainability, environmentally-friendly materials.

Introduction

In all parts of the world, housing is not only a place
of residence but also a place where one can live
calmly, in prosperity and development. It is a place
where people feel safe and enjoy privacy and sense
of belonging. Besides, adequate housing allows
people achieve their environmental, economic, and
security needs. Therefore, everyone seeks a home
that guarantees basic requirements for living a decent
life. One of the most pressing challenges faced by
developing countries is the provision of adequate
shelter for all people (Tam, 2011). For these reasons,
housing is one of the essential components of any
country’s national strategy. To stay healthy, people
need a proper place to live for the rest of their lives,
and that is home (Srivastava and Kumar, 2018).

According to Adeniyi et al. (2020), there is a
major problem with providing adequate housing to
the population globally. As the worldwide population
increases, there is an increase in the demand for
housing, leadingtoamassive demandforconstruction
materials, such as cement, wood, steel, etc. This
means that the consumption of natural resources
to produce these materials increases as well. The
continuous exploitation and depletion of natural
resources damage the environment (Srivastava
and Kumar, 2018). The production of construction
materials from natural resources results in emissions
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of toxic gases harmful to the environment: nitrogen
oxides, sulfur oxides, and carbon monoxide. These
toxic substances contaminate soil, water, air,
and aquatic life, affecting the human health and
standards of living (Srivastava and Kumar, 2018).
Besides, the process of producing construction
materials from natural resources is costly. Thus,
it is necessary to adopt cost-effective, advanced,
and environmentally-friendly housing technologies
enabling ordinary people to build houses at affordable
cost (Tam, 2011). Many studies have addressed the
possibility of using new technologies based on cost-
effective materials in construction to design low-cost
and efficient housing.

Low-cost architecture emerges as a response to
the demand for economical construction solutions
that still ensure good visual, hygrothermal, and
acoustic performance (Oliveira et al., 2013). Cost-
effective construction is a relative concept that has
more to do with budgeting and seeks to reduce
construction costs through better management
and appropriate use of local materials, skKills,
and technology while maintaining performance
and structure life (Tiwari et al., 1999). With the
current economic crisis, this concept is becoming
increasingly important in all areas and social strata
(Oliveira et al., 2013). Low-cost housing is also a
philosophy of cutting-edge budgeting ideas and



Omar Moustafa Alomari, A M Faten Albtoush, Mohammad Al-Rawashdeh — Pages 44-50

USEFUL STRATEGIES FOR LOW-COST CONSTRUCTION

strategies that help to minimize construction costs by
developing expertise and technology while utilizing
locally accessible materials without compromising
the structure’s effectiveness, existence, or strength
(Varun Raj et al, 2021). Accordingly, high-
quality construction materials are long-lasting,
have appealing features, and require only a little
maintenance (Bredenoord, 2017). Cost reduction
can be achieved through the effective use of locally
available construction materials and techniques
that are durable, economical, accepted by users,
and do not require costly maintenance (Tam, 2011).
The study conducted by Tam (2011) demonstrated
that using low-cost housing technologies is a cost-
effective construction approach for the industry. In
the case studies for walling and roofing, it was found
that by employing low-cost housing technologies,
it is possible to reduce construction costs by about
26.11% and 22.68%, respectively, in comparison
with traditional construction methods.

There is a huge misconception that low-cost
housing can only be a result of substandard works
when constructed from low-quality materials
(Srivastava and Kumar, 2018). Thus, it is important
first to understand the concept of low-cost
construction to determine its benefits. That is why
this study focuses on providing a clear concept of
low-cost construction in addition to determining its
importance and strategies required to construct
affordable housing.

Literature review

Governments around the world, and particularly
in developing countries, are concerned with the
rising cost of construction (Danso, 2013). Most
countries are aware of the importance of affordable
housing, especially those with a huge population. For
example, India is currently facing a housing shortage
of approximately 17.6 million houses (Tam, 2011).
For this reason, some studies focus on the adoption
of low-cost construction in India. Osman et al. (2017)
conducted a study in Malaysia and established that
despite the affordable housing policy for the state
of Johor, house prices are still quite high, making
it difficult for most people to reach their goal of
owning a home. This is evidenced by the fact that
the housing affordability index for some areas was in
the unaffordable category.

Low-cost construction technologies seek to
reduce construction costs by replacing traditional
methods and materials. Effective planning and
project management, low-cost materials, cost-
effective construction technologies, and the use of
alternative available construction methods can help
to provide low-cost housing. In this paper, we aim
to present different strategies to achieve the goal
of low-cost construction. It is about using local and
indigenous building materials, local skills, energy-
saving, and environmentally-friendly options (Tam,

2011). That is why in the next sections, we will
focus on those strategies in more detail, in addition
to presenting some practical ideas about low-cost
construction at this stage of development.

Effective planning

There is a widespread misconception that low-
cost housing involves only substandard work and
uses cheap, low-quality building materials. But the
fact is that it is implemented by appropriate planning
and efficient management of resources. Effective
planning of a low-cost building actually starts from
site selection. The nature of soil at the construction
site plays an important role in reducing the cost of
construction. It is worth noting that the foundation
takes approximately 11-16% of the total construction
cost. Therefore, it is essential to choose such a
construction site where it is not necessary to lay
foundations at such a high cost. In case of soft soil,
the goal of cost reduction may not be fully achieved
or implemented properly. As known, this type of
soil requires original designs and large volumes of
reinforcement steel and concrete.

It is also important to select simple drawings,
which do not demand additional materials. As for
building materials, their selection and purchase
require prior knowledge that allows a specialist to
choose high-quality and, at the same time, low-cost
materials. This can be achieved through effective
planning at each stage of construction, which
makes it possible to avoid numerous costly changes
throughout the structure’s life cycle.

Low-cost materials

Due to the economic factors that most countries
suffer from, which have also clearly affected the
construction industry, a serious search for ways to
reduce the cost of construction has started. It should
be noted that one of the important factors affecting
the final cost of construction is the cost of building
materials. It is actually the single most important
factor in carrying out a project (Ugochukwu and
Chioma, 2015). The cost of materials takes more
than one-third of the overall cost of erecting a
structure. Thus, the use of low-cost materials can be
one the ways to obtain a low-cost building without
compromising the desired quality. Based on the
source of building materials, Srivastava and Kumar
(2018) classified low-cost building materials into
natural and man-made ones.

There are several options to obtain low-cost
and effective materials: producing low-cost building
materials by recycling construction waste, using
local building materials, or using energy-efficient
materials that consume less energy.

It is common for most countries, especially
developing ones, to rely on importing construction
materials from other countries. Such materials
usually turn out to be quite expensive. Therefore,
the use of locally available materials will help to
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reduce construction costs since transportation takes
approximately 30% of the total construction budget
(Chowdhury and Roy, 2013). Furthermore, rather
than importing from elsewhere, it is also possible to
build a cooperative to supply alternative raw materials
and thus save 20-30% of the costs (Srivastava
and Kumar, 2018). Moreover, the introduction
of technological improvements to local building
materials can improve traditional construction
techniques in local communities (Bredenoord,
2017). Ideally, low-cost housing should use locally
available raw materials. It also would be preferable
if those raw materials were abundantly available or
renewable in nature (Danso, 2013).

Numerous researchers have investigated the
use of natural fibers derived from various plants in
building materials. When compared with concrete
blocks, fiber cement composites show better
properties. This is primarily due to the presence
of fibers in them (Moslemi, 2008). Some of those
properties include better workability, resistance to
cracking, a lighter weight, high fracture toughness,
and a greater degree of flexibility, which are quite
important in the market. Thus, those materials can
be used in low-cost construction. Table 1 shows
the performance profiles of some important fibers
produced in India, as compiled by Chowdhury and
Roy (2013).

Use of environmentally-friendly materials

The majority of resources required to build
houses are non-renewable. These issues highlight
the necessity to reconsider the promotion of
materials that result in lower construction costs
and minimal environmental costs (Adegun and

Adedeji, 2017). Green building materials are
environmentally-friendly, which means that they
are characterized by low environmental impact.
Potential green building materials should be locally
available and composed of renewable resources
(Hebatalrahman and Mahmoud, 2016). In their
work, Adeniyi et al. (2020) demonstrated that green
materials are cost-effective, readily available,
energy efficient, adaptable to the environment,
eco-friendly, reduce construction costs and waste,
improve the economy of the community, promote
cultural heritage, enhance social well-being, and
reduce carbon dioxide emissions. Moreover, the
use of green materials cuts the costs of building a
structure to a bare minimum, while also increasing
cost-effectiveness and making houses affordable
for more people (Ugochukwu and Chioma, 2015).
Some researchers agree that the use of green
materials provides a cost-effective solution when it
comes to affordable housing (Adegun and Adedeji,
2017; Danso, 2013; Shen et al., 2019).

In various countries, such as Zimbabwe, Botswana,
Mozambique, South Africa, Egypt, Tanzania, Kenya,
and Nigeria, such environmentally-friendly building
materials as earthen materials are used. Studies
show that earthen materials are relatively clean to
produce because the process involves little or no
fossil fuel (Atolagbe and Fadamiro, 2005; Elkhalifa,
2011; Henry et al., 2014). In the production of 25 kg of
ordinary Portland cement, approximately 2 kg of CO2
are emitted (which is up to 900 kg per ton) (Browne,
2009). As a result, cement use reduction means
lower carbon emissions and embodied energy in
housing construction (Adegun & Adedeji, 2017).

Table 1. Performance profiles of some important fibers produced in India

flexibility than steel and a lower
Young’s modulus.

- Properties
Building Temperatur Cost (in Rs/
materials Structural Thermal emperature Buildability ost (in Rs
and water resistance square meter)
Bamboo Works better with moisture Excellent | Moderate Moderate Depends on
in shear forces; has a higher thickness

Concrete blocks | Strength may be added as
needed; less mortar joint as the
size grows, which increases

stability

Excellent | Excellent

Excellent 31.25

(with bricks) power

Ferrocement Lightweight, does not require wet | Excellent | Excellent Excellent Depends on
and aerocon plastering (aerocon); high strength, thickness
panels low density, and high mortar crack

resistance (ferrocement)
Mud blocks Economic and energy efficient Excellent | Excellent Excellent 15.625
(compressed)
Straw bales Stable, high load bearing Moderate | Also depends on brick | Moderate NA

composition as it is
mixed with bricks and
mud

Source: (Chowdhury & Roy, 2013).
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According to Srivastava and Kumar (2018), the
following environmentally-friendly building material
technologies for low-cost housing can be adopted:
paint for interior and exterior walls, wall plaster,
cement-waste slag brick, lightweight concrete block,
decorative concrete block, concrete paving block,
lime- sand brick, and concrete hollow block.

Cost-effective construction technologies

To reach the goal of low-cost construction, in
addition to the use of low-cost materials, new and
advanced construction technologies mustbe followed
without compromising the quality of materials and
construction. It was found that cost-effective and
alternative construction technologies, in addition to
lowering construction costs by reducing the quantity
of building materials though improved techniques,
can play a significant role in providing better housing
as well as protecting the environment. It is worth
noting that cost-effective construction technologies
do not compromise the security and safety of
buildings and generally comply with the applicable
building codes (Tam, 2011). Tam (2011) also found
that the use of low-cost housing technologies instead
of traditional construction methods for walling and
roofing can save approximately 26.11% and 22.68%
of the construction cost, respectively, including
material and labor costs.

Precast concrete technology is an example of
advanced construction technology. It is one of the
technologies used in low-cost construction (Adabre
et al., 2020). It is also one of the only to combine a
whole range of benefits. Precast concrete technology
is also a proven solution like rapid construction and
mass production.

Although bricks remain the backbone of the
building industry, the quantity of blocks that are
broken into different sizes to fit into position at site is
very large, which results in material waste. Increased
wall block size will be more cost-effective due to faster
construction and less mortar consumption, which can
be achieved by producing low-density larger-size wall
blocks from industrial wastes such as blast furnace
slag and fly ash (Srivastava and Kumar, 2018).

To design buildings that meet the requirements of
technical standards at the lowest possible cost, many
researchers have sought to evaluate the application
of construction technologies. In this section of the
paper, we review a number of technologies currently
applied, which make it possible to reduce the total
cost of construction.

There are various construction techniques, which
can be used for affordable housing (Kshirsagar et
al., 2018), such as:

e On a terraced site, it is less expensive to build
a house in the middle of the terrace.

o If a building is placed parallel to the contours
rather than crossing them on a sloped site, less
excavation and filling up will be required.

Among other techniques, the following,
investigated by Manoj and Mohd (2016), can be
mentioned:

e Rat-trap bond technology: This masonry
technique uses bricks to create a cavity within the
wall while maintaining the same wall thickness as
for a conventional brick masonry wall. Because of
the cavity formed in the wall, the main advantage of
rat-trap bond is reduction in the number of bricks and
mortar as compared to English/Flemish bond.

e Solid concrete and stone blocks: Walls can
be built using modern methods that combine solid
blocks with both lean concrete and stones.

e Filler slab technology: Part of concrete in a
conventional reinforced cement concrete slab is
replaced with a filler material, which can be waste
material, to provide an economical advantage over
an RCC slab.

It is worth mentioning through the proper
management of resources, which contributes to
reducing waste of various materials, it is possible to
obtain a low-cost building. Besides, developing an
effective plan to determine project’s requirements
corresponding to actual conditions makes it
possible to avoid a lot of risks leading to continuous
losses during building operation. For instance, it is
suggested not to use wood for doors and windows.
Instead, concrete or steel section frames shall be
used to reduce costs by up to 30—40%. It is also
suggested to use burnt bricks, which are immersed
in water for 24 hours and then shall be used for the
walls.

Use of alternative available construction
methods

Low-cost housing can be implemented by the
application of particular techniques and effective
planning reducing the construction budget thanks to
the use of locally available materials and economical
construction technologies without compromising the
structure’s performance, strength, and service life.
Profits from the use of such methods can decrease
construction costs and make low-cost housing
available to all (The Constructor, 2015).

3D printing is acomputer-controlled manufacturing
technique used to construct a product in layers from
a CAD model or a digital 3D model (Varun Raj et
al., 2021). By detecting and eliminating errors early
in the design process, it is possible to reduce the
costs associated with incorrect design (Varun
Raj et al., 2021). Han et al. (2021) found that 3D
printed concrete requires a larger amount of cement
than cast-in-situ construction. However, they also
concluded that 3D printed concrete is more cost-
effective since it helps to reduce the cost of heavy
formwork and labor (Han et al. 2021). Varun Raj et
al. (2021) stated that such building components as
windows, doors, etc. can be produced quickly and
economically with technology in the future.
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Haselau (2013) summarized five alternative
construction methods, which can be used to erect
low-cost buildings. They include: Moladi housing
technology, speedwall building systems, hydraform
interlocking bricks, modular and timber construction,
and straw bale construction, as shown in Table 2.

Sustainable community through involvement
and training

To provide low-cost housing, local communities
can be engaged, educated, and trained since
exchange of knowledge and technology plays
an important role in the development of various
economic sectors. Bredenoord (2017) proved that
using local workforce and involving local residents
in housing construction is beneficial for developing
the communities. Local residents, craftspeople, and
businesses can all be involved in procuring raw
materials and their processing into ready-to-use
building materials. This way, local residents can
reduce their housing costs, which is the underlying
goal of self-help housing and self-reliance
(Bredenoord and van Lindert, 2014).

When local residents participate in housing
construction as much as possible and gain
knowledge and skills, we can talk about long-term
socioeconomic development. There are, however,
some excellent examples of corporate involvement
in housing construction. For instance, a Mexican
cement company developed a social aid program
(Patrimonio Hoy) that provides self-builders with
building materials and technical assistance as well
as credit for home renovations (Bredenoord, 2017;

CEMEX, 2023). Another example is a cement
company in Malawi and other East African countries
that provides durable soil and cement construction
solutions for affordable housing, such as earth brick
production, soil analysis and mix design training, and
project technical assistance. The product is called
Stabilized Compressed Earth Bricks (Bredenoord,
2017). The municipal training program ‘Escuela
Taller’ in Ledn, Nicaragua, among other things,
provides young people with opportunities to learn
basic carpentry, masonry, electricity, and welding.
Practical training is provided in inner city renovation
projects that restore traditional style housing.

Conclusions

Given the increasing population growth around
the world, the future focus on providing low-cost
buildings will be a challenge for most countries.
Therefore, it is necessary to search for techniques,
materials, methods and strategies that would
provide buildings at a low cost. In this paper, we
have presented the findings of previous studies
addressing low-cost construction methods. The
results show that it is possible to provide low-cost
dwelling through the use of effective planning and
project management, low-cost materials, cost-
effective construction technologies, and the use of
alternative available construction methods. Recent
advancements gave a boost to many new materials
and technologies, which can significantly reduce
the cost of construction. It should be noted that
it is not necessary to use low-cost materials and
technologies to obtain low-cost buildings. The use

Table 2. Summary of alternative construction methods

of any length and height for various walls in a
building.

Alternative
construction Description Construction cost reduction
method
Moladi housing Moladi technology involves easy-to-use plastic It is 50% cheaper than ordinary brick wall
technology panels joined to create plastic structures/forms methods.

Speedwall building
systems

Speedwall construction technology uses a mobile
panel manufacturing machine to manufacture the
floor, wall, and roof panels on site.

Speedwall structures are characterized by high
energy efficiency reducing energy costs, which
is an advantage for low-cost homes.

Hydraform
interlocking bricks

Hydraform blocks are used in strip footing
foundations, eliminating the use of mortar in 70%
of the building structure with no need for concrete
or steel columns.

Hydraform machines are perfect for remote sites
with high transportation, cement and sand costs
since the dry-stacking technique ensures savings
(by 30%) in time and construction costs.

Modular and timber

Timber homes were reintroduced as an alternative

In comparison to bricks, blocks, and concrete,

constructing a frame (usually out of wood) and
stacking straw bales as if they were cement bricks
to create walls.

construction to traditional brick and mortar dwellings. which have an embodied energy of 80%, and
steel, which has an embodied energy of 95%,
manufactured timber components have an
embodied energy of 14%.

Straw bale Straw bale structures represent a low-cost This technique can save up to 50% of the cost of

construction alternative for building highly insulating walls by traditional wall materials.

48




Omar Moustafa Alomari, A M Faten Albtoush, Mohammad Al-Rawashdeh — Pages 44-50

USEFUL STRATEGIES FOR LOW-COST CONSTRUCTION

of sustainable materials, which consume less
energy, significantly reduces the cost of buildings
and their maintenance. Besides, the quality of
construction is not compromised. We argue that
it is important to use environmentally-friendly
materials, which contribute to the sustainability
of buildings and reduce energy consumption. In
addition, governments should encourage the use

of local materials and workforce to enable them
to compete with imported materials. Governments
can also develop training programs to prepare the
local workforce and involve them in construction,
which in the end will be less costly. The study will
help other researchers investigate the obstacles
that developing countries face when adopting low-
cost construction technologies.
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Abstract

Introduction: Searching for methods to improve the efficiency of water treatment with reagents is quite important in both
water conditioning and industrial wastewater purification. Among the technologies providing high efficiency and reducing
resource consumption in combination with reagent methods, hydrodynamic cavitation water treatment is of particular
interest. The analysis of scientific and technical data made it possible to determine the main indicators of hydrodynamic
cavitation water treatment that can affect the efficiency of reagent purification. Extreme parameters occurring during intense
cavitation are associated with the formation of high temperatures up to 2000°C and high pulse pressures of 100—1500 MPa
in local areas of hydrodynamic systems. In such conditions, the initiation and intensification of the physical and chemical
processes of water treatment are observed. Purpose of the study: Improving the efficiency of existing traditional water
purification technologies, allowing to improve its quality at the lowest cost. Methods: To study the parameters affecting
water treatment efficiency and occurring with the cavitation flow of water, simulation in Ansys CFX was performed with the
use of the finite volume method. The calculation was carried out with account for the turbulent nature of the flow based
on the k-¢ turbulence model. The cavitation process was calculated with the use of the Rayleigh-Plesset cavitation model.
Results: Steam formation in the cavitation reactor promotes sufficiently complete absorption of the gaseous disinfectant
by water. An increase in temperature is also considered as one of the factors increasing the efficiency of water treatment
with reagents. During cavitation, water temperature increases in local micro-volumes. Thus, to intensify the process, there
is no need to heat the entire volume of liquid, and, as a result, the total energy consumption for water treatment is reduced.

Keywords: cavitation reactor, cavitation parameters, water treatment processes, simulation.

Introduction

Since clean water is becoming one of the most
valuable and expensive natural resources, great
attention has been recently paid to the issues of
drinking water treatment and industrial wastewater
treatment. The current trends are moving in the
direction of tightening regulatory requirements
for the quality of water used for various purposes.
That is why specialists focus on enhancing the
efficiency of the existing traditional water purification
technologies, which will make it possible to improve
water quality in the least-cost manner.

To achieve those goals, in terms of environmental,
process, and operational advantages, the use of
physical methods seems the most appropriate.
To increase the efficiency of processes and, as a
consequence, reduce operating costs, it is required
to develop and utilize efficient devices characterized
by relatively low energy and material consumption
and ensuring intensive impact on the treated
medium. The development of devices providing
energy impact on the treated media due to the pulsed
flow conditions is one of the promising technical
directions in purification intensification. Such devices
include hydrodynamic cavitation reactors where the
intensification of processes is provided by special

flow conditions with mechanical and acoustic effects
(Carpenter et al., 2017; Holkar et al., 2019; Pandit et
al., 2021; Patil et al., 2021).

Extreme parameters occurring during intense
cavitation are associated with the formation of high
temperatures up to 2000°C and high pulse pressures
of 100-1500 MPa in local areas of hydrodynamic
systems (Belyaev and Flegentov, 2014; Chandra
et al, 2019). In such conditions, the initiation
and intensification of the physical and chemical
processes of water treatment are observed. The
authors conducted numerous experimental studies
confirming the possibility of intensifying water
treatment with reagents by applying hydraulic
cavitation in a flow reactor. Those studies were
carried out both during water conditioning and
wastewater treatment (water disinfection by
ozonation and chlorination (Belyaev and Flegentov,
2014); silica removal from water with magnesium
oxide (Gimranov et al., 2014b), swimming pool water
disinfection (Lysov et al., 2016), removal of phenol
and petroleum products (Kuts, 2003), ammonium
compounds from water (Gimranov et al., 2013)).

The technology for removal of organic compounds
from water with simultaneous water disinfection can
be improved by intensifying the mixing of disinfectant
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(ozone, chlorine) with treated water through the use
of hydrodynamic cavitation (Belyaev and Flegentov,
2014; Belyaev et al., 2012; Fleguentov et al., 1997;
Gogate etal., 2014). This technology can improve the
quality of water treatment at water treatment facilities
and in industrial wastewater treatment systems of
chemical and machine-building enterprises, thermal
power and other plants. Intensification of mixing
two-phase flows by hydrodynamic cavitation can
also be used to reduce disinfectant consumption
when introducing it into the treated water at water
purification plants (Belyaev et al., 2012).

The use of underground water sources for
the needs of heat and power facilities as well as
chemical and pharmaceutical, pulp and paper
industry often requires silicon compounds to be
removed from water in water conditioning (Huuha et
al., 2010). Therefore, the search for ways to upgrade
the existing technologies of silica removal from
water and improve the efficiency of treatment with
reagents in the applied technologies remains quite
urgent. The authors also studied intensification of the
process of silica removal from water of underground
sources by its additional exposure to hydrodynamic
cavitation in a flow reactor (Belyaev et al., 2019).
It was established that the rate of silica removal
from water using magnesium oxide with additional
cavitation treatment increases by 17.1%.

The authors also studied the wuse of
hydrodynamic cavitation to intensify swimming
pool water purification (Gimranov et al., 2014a;
Lysov et al., 2016). The possibility of obtaining
aqueous suspensions of metals with oligodynamic
effect by cavitation erosion was considered. The
sizes of silver and copper particles formed during
cavitation treatment in a hydrodynamic flow unit of
original design were experimentally evaluated using
a scanning microscope.

Subject and methods

We aimed to study the parameters occurring
with the cavitation flow of water and affecting the
efficiency of water conditioning and purification.

To do that, we considered the flow of water in
a cavitation reactor, the parameters of which were
proposed in the patent by Belyaev and Flegentov (2012)
(Fig. 1). The flow of water in the unit was determined in
Ansys CFX (Abdulin et al., 2011) with the use of the
finite volume method (Zamankhan, 2015).

The calculation was carried out with account for
the turbulent nature of the flow based on the k—¢
turbulence model (Ranade, 2022). The cavitation
process was calculated with the use of the Rayleigh-
Plesset cavitation model (Hilgenfeldt et al., 1998).
The differential equation serving as the basis of this
model takes the following form:

d*R 2(de2 L 20 _ps—p
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where R — the radius of a steam bubble formed
during cavitation, m; t — time, s; 0 — the coefficient
of surface tension in a steam bubble at the liquid
boundary, N/m; p — liquid density, kg/m? p_—
pressure of saturated vapors, Pa, (assumed to be
equal to p, = 3169 Pa), p — absolute pressure in the
flow point, Pa.

In the model put in Ansys CFX, an approximate
solution of Eq. (1) is used to determine the rate of
steam bubble formation and collapse depending on
the pressure difference in the right part. The average
diameter of a steam bubble, taken as nominal, was
assumed to be equal to 2:10° m (Rooze, 2012).

In each finite volume, it was assumed possible to
find water and steam parameters at the same time,
the proportions between which depend on the rate of
vaporization, while water enters the reactor as a liquid.

Figs. 2 and 3 show the division into finite volumes.
The number of division elements was m = 114061,
and the number of nodes was n = 231263.

Along the solid walls, no-slip conditions and
mesh refinement in the boundary layer were set.
The number of boundary layers was 5, the element
height in the boundary layer did not exceed 1 mm.
A uniform velocity field was set at the inlet to the
cavitation reactor, and zero relative pressure was set
at the outlet from the cavitation reactor (Fig. 4). The
calculation was performed at two water flow velocity
modes at the inlet: at 15 and 23 m/s. The studies
were carried out with a reactor previously used in
other works (Belyaev and Flegentov, 2014; Belyaev
etal., 2012; Fleguentov et al., 1997; Gimranov et al.,
2013, 2014a, 2014b; Kuts, 2003), with parameters
asper Fig.1: H=h=D =10 mm, b =20 mm.

Water flow direction

Fig. 1. Scheme of the cavitation reactor according to patent RU
2445272: 1 — walls of the reactor channel; 2 — a cylindrical
cavitation exciter; 3 — metal substrates; 4 — a reactor vessel;
H and D — height and diameter of the cavitation exciter,
respectively; h and b — height and width of the cavitation
channel, respectively; L — length of the metal substrate
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Results and discussion

At the first stage of the calculations, we studied
the flow of water without cavitation effect. Then the
calculation results were set as initial conditions for
the flow with account for cavitation.

As a result of the calculations, absolute pressure
distribution fields were obtained, shown in Figs. 5
and 6.

It can be seen from the pressure distribution fields
that pressure does not drop below the boiling point
of water. The highest values p = 1.291 MPa (Fig. 5)
and p = 0.5524 MPa (Fig. 6) are reached in front of
the cylinder, and as the flow flows around, they drop
to the boiling point p = 3169 Pa.

Figs. 7 and 8 show distribution of the volume
fractions of steam in the flow.

Figs. 9 and 10 show distribution of the volume
fractions of steam in the longitudinal section passing
through the axis of the cylinder. The study of this
parameter showed that boiling is more intense on

e st lisemorx  leabony  lieaven: |ueosen timenang.

Fig. 2. Scheme of division into finite volumes
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7,500 22500

Fig. 3. Cross-section of the mesh model
for visualization of the boundary layer

Fig. 4. Boundary conditions

the back side of the cylinder and at the channel
walls behind it, which are parallel to the bases. It is
expedient to install substrates with active materials
for chemical reactions in these zones.

Figs. 11, 12, 13, and 14 show distribution of steam
bubble and water velocities in the cavitation area.

Figs. 15-22 show distribution of the calculated
values of steam and water temperature in the
corresponding longitudinal sections of the reactor.

T 4

Fig. 5. Absolute pressure distribution in the axial section
of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 23 m/s

o

Fig. 6. Absolute pressure distribution in the axial section
of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 15 m/s

Fig. 7. Steam volume fraction distribution in the axial
section of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 23 m/s
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Fig. 8. Steam volume fraction distribution in the axial Fig. 12. Steam bubble velocity distribution in the axial
section of the cavitation reactor, perpendicular to the axis section of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 15 m/s of the cylinder at a water velocity at the inlet of 15 m/s

. — e Fo

Fig. 9. Steam volume fraction distribution in the axial Fig. 13. Water velocity distribution in the axial section
section of the cavitation reactor, passing through the axis of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 23 m/s of the cylinder at a water velocity at the inlet of 23 m/s

. o , . G
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Fig. 10. Steam volume fraction distribution in the axial Fig. 14. Water velocity distribution in the axial section
section of the cavitation reactor, passing through the axis of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 15 m/s of the cylinder at a water velocity at the inlet of 15 m/s

- | -

Fig. 11. Steam bubble velocity distribution in the axial Fig. 15. Steam temperature distribution in the axial
section of the cavitation reactor, perpendicular to the axis section of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 23 m/s of the cylinder at a water velocity at the inlet of 23 m/s
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Let us take a look at a three-dimensional image
of elements with a steam volume fraction of more
than 0.7 (Figs. 23, 24)

With an increase in the input flow rate from 15
to 23 m/s, an increase in the length of the steam
bubble plume is observed. Besides, there is a slight
increase in the temperature of water in the flow when
the absolute pressure required to create a velocity of
23 m/s is doubled.

The obtained results allow us to see the data
obtained during field studies (conducted earlier
with the use of the same cavitation reactor design)
in the new light. For instance, in experiments to
obtain aqueous suspension of silver (Gimranov et
al.,, 2014a). Fig. 25 shows the surface of a silver
substrate located at the base of the cavitation exciter.

On the left, we can see a plume of half of the base
of the cylindrical exciter with a diameter of D = 8 mm;
in the center, above and below, we can see clear
outlines of an erosive plume from the cavitation torch,
flowing around the exciter at a flow rate in the channel
of 23 m/s. By comparing the sizes of this plume and
distribution of the steam volume fraction in the axial
section of the cavitation reactor, shown in Figs. 9 and
10, we can see a clear correspondence between the
sizes of the red/orange zone (see Figs. 9-10) in the
lower part of the channel and cavitation deformations
observed at a distance up to 3D.

A more detailed study of erosive surfaces in the
areas of initial deformation with the use of a JSM-
6510 LV electronic scanning microscope (JEOL,
Japan) with 500x magnification (Fig. 26) shows
the presence of mechanical deformations caused
by the separation of silver microparticles under the
influence of water micro-jets due to the collapse of
cavitation steam bubbles (Gimranov et al., 2014a).
The thermal nature of the deformations in the image
shall be ruled out with a high probability because of
the absence of particular characteristic features.

The low effect of the temperature component on
the cavitation deformations of the silver substrate
is confirmed by images of temperature fields in the
cavitation reactor, shown in Figs. 21 and 22. Here we
can see the temperature dynamics in the cavitation
zone at maximum deviation values of 43.6°C and
maximum absolute value of 65.2°C, which is not
sufficient for thermal deformations on the surface
of the silver substrate. However, such dynamics
causes changes in the cavitation conditions of the
liquid flow in the reactor channel and contributes to
the formation of cavitation cavities collapsing with an
increase in pressure with the formation of micro-jets,
thus facilitating the formation of erosive deformations.

In other studies on silica removal from water
with magnesium oxide (Belyaev and Flegentov,
2014; Belyaev et al., 2019; Gimranov et al., 2014b)
conducted with the use of the same cavitation
reactor design (Belyaev and Flegentov, 2012), the

3.192e+02
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Fig. 16. Steam temperature distribution in the axial section
of the cavitation reactor, perpendicular to the axis of the
cylinder at a water velocity at the inlet of 15 m/s
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Fig. 17. Water temperature distribution in the axial
section of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 23 m/s
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Fig. 18. Water temperature distribution in the axial
section of the cavitation reactor, perpendicular to the axis
of the cylinder at a water velocity at the inlet of 15 m/s
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Fig. 19. Steam temperature distribution in the section
of the cavitation reactor, passing through the axis
of the cylinder at a water velocity at the inlet of 23 m/s
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= .
Fig. 20. Steam temperature distribution in the section Fig. 24. Distribution of elements with a steam
of the cavitation reactor, passing through the axis of the volume fraction of more than 0.7 in the cavitation
cylinder at a water velocity at the inlet of 15 m/s reactor at a water velocity at the inlet of 15 m/s

—_ I St B b

Fig. 21. Water temperature distribution in the section
of the cavitation reactor, passing through the axis of the
cylinder at a water velocity at the inlet of 23 m/s Fig. 25. Silver substrate with traces of cavitation erosion

Fig. 22. Water temperature distribution in the section
of the cavitation reactor, passing through the axis
of the cylinder at a water velocity at the inlet of 15 m/s.

Fig. 26. Photo of the cavitation zone of the
silver substrate at 500x magnification

temperature component had to play a key role in
reaction intensification. In the course of the studies,
the linear dependence between the changes in the
rate of heating dynamics and the duration of treatment,
expressed by the number of cycles, was determined.
S As a result, the dynamics of water heating per one
ﬂﬂﬂﬂﬂ T cycle did not exceed 2.9°C at an initial temperature of

Fig. 23. Distribution of elements with a steam 15°C (Belyaev and Flegeptov, 2014). Its low Va'“‘?s
volume fraction of more than 0.7 in the cavitation caused the need for multi-cycle treatment to obtain
reactor at a water velocity at the inlet of 23 m/s the required parameters necessary for efficient
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reactions during silica removal from water with
magnesium oxide. This fact is also confirmed by the
built model, which indicates the possibility of its use
when applying cavitation in practice.

Conclusions

1. In the course of the study, we analyzed the
parameters occurring with the cavitation flow of water
and affecting the efficiency of water conditioning and
purification. It was established that it is expedient to
install substrates with active materials for chemical
reactions on the back side of the cylindrical exciter
and at the walls of the channel behind it, parallel
to its bases, since intense boiling occurs in those
very areas. The length of the zone is 7...9 cylinder
diameters at water velocities at the inlet to the
cavitation reactor of 15...23 m/s.

2. It is expedient to introduce liquid or gaseous
reagents directly into the cavitation zone where
pressure drop is the highest.

3. The resistance of the cavitation reactor
increases significantly from 0.4 to 1.1 MPa with an
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AHHoOTauus

BBeaeHue: [Novck nyTen noBbilleHUs 3PHEKTUBHOCTU peareHTHbIX MeTooB 00paboTku BoAbl SBMNSIETCA aKTyarbHOW
3ajavel kak B npoLeccax BOAONOArOTOBKM, Tak U B MPOLECCaX OYUCTKN NPOU3BOACTBEHHbIX CTOYHbIX BoA. Cpeay TEXHOMNOIUNA,
CMOCOOHbIX B KOMMIEKCE C peareHTHbIMU MeTogammn 06ecneynTb BbICOKYH NPOM3BOAUTENBHOCTL U CHUKEHUE PECYPCHBIX
3aTpart, 0coObIi MHTEPEC NpeacTaBnseT rMapoaMHaMmMyeckas kaButaunoHHas obpabotka sogbl (FOK). AHanma Hay4Ho-
TEeXHU4YecKo MHopMaLumn NO3BoNWI BblAENNTL OCHOBHbLIE NMOKasaTenu npouecca rmapoaMHaMnmyeckon KaBUTaLMOHHOMN
006paboTku BoAbl, CNOCObHbIE NOBNUSATL HA 3P DEKTUBHOCTL NpoLiecca peareHTHOM OYUCTKU. QKCTpeMarbHble napamMeTpbl,
KOTOpble BO3HUKAIOT NPU UHTEHCMBHOW KaBUTaLuW, CBsA3aHbl 06pa3oBaHNEM Ha NOKanbHOM y4acTKe rMapoavHaMUyeckom
cucTeMbl BbicOkMx Temnepatyp go 2000 °C u umnynbCHbIX AaBneHui Gonblumx BenuumH 100-1500 MMa. B Takux
YCMNOBUSIX MPOUCXOONUT MHULMALUA U UHTEHCUdUKaLMUS NpoTekaHus hU3NKO-XMMUYECKMX MpoLieccoB 06paboTku BoAbl.
LUenb uccnepoBaHuA: [loBbiweHne 3(EKTUBHOCTU CyLLECTBYIOLUX TPaAOULMOHHBLIX TEXHOMOIMA OYUCTKU BOAbI,
NO3BOMAIOWMX YNYyYLUTb €€ KadyecTBO C HauvMeHblummu 3aTpatamu. Metoabl: [Insi uccrnegoBaHusi napameTpos,
BMUSAIOLLMX Ha 3PPEeKTUBHOCTb MPOLECCOB BOAOMOATOTOBKA M BO3HUKAOLIMX MPU KaBUTALMOHHOM TeYeHun Boabl Oblno
npoBefeHo MoaenvpoBaHue B nakete Ansys CFX, B KOTOpOM NpvMeHeH METOZ, KOHEYHbIX 06beMoB. PacyeT nposoauncs
C y4yeToM TypOyneHTHOro xapaktepa TeueHust no mopenu TypbyneHTHocTu k-g. MNpouecc kaButaumm paccumTbiBancs c
ucnonb3oBaHneMm mogenu kaesutauumm Penesi-lNMneceta. Pesynbratbi: [Npouecc napoobpasoBaHus B KaBUTaLUOHHOM
peakTope crnocobCTBYET AOCTAaTOMHO MOMHOMY MOMMOLLEHMI0 ra3oobpasHoro AesvHdekTaHTa Bogow. [loBbiweHue
TemnepaTypbl Tak ke paccMaTpuBaeTcsl Kak OAMH U3 (haKTOpoB MOBbIWEHUS 3(EKTUBHOCTM METOOOB peareHTHOMN
06paboTku Boapl. Mpy KaBUTaLMM NOBLILLEHWE TEMMEPATYPbl BOAbI MPOUCXOAUT B NOKamNbHbIX MUKPOOOBbEMaX, NO3TOMY
ONst MHTeHcudmMKaLumMm npouecca oTCyTCTBYEeT HEOOXOAMMOCTb OCYLLECTBIEHMS HarpeBa BCero obbemMa XXUOKOCTU U1, Kak
CrneacTBUe, CHKaKTCs 00LLMe aHepro3aTpaTthl Ha NPOLLECC BOAOMNOATOTOBKM.

KniouyeBble cnoBa: KaBUTaLMOHHLIN peakTop, NnapaMeTpbl KaBuTauumn, NpoLecchl 06p360TKI/I BOAbl, MOOENNPOBaAHNE.
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Abstract

Introduction: Part of the territory of Russia is located in a seismically dangerous area. In recent years, glued laminated
wood has been gaining popularity in private housing construction as well as other construction sectors. However, Russian
standards lack design and structural requirements for buildings and structures made of glued laminated wood. Methods:
The paper reviews the foreign experience in construction with the use of glued laminated wood and presents seismic
design for a multi-story building made of wood and materials based on it. Results: We considered the seismic design of a
multi-story timber building and reviewed foreign experience in the construction of buildings made of glued laminated wood.
Besides, we analyzed how the choice of the material for individual load-bearing structures affects seismic resistance.

Keywords: glued laminated wood, seismic resistance, earthquakes, multi-story buildings.

Introduction

Climate changes on our planet are forcing
the population and the governments of various
countries to pay more attention to environmental
issues directly related to human construction
activities. The increase in temperature is largely due
to anthropogenic emissions of greenhouse gases
into the atmosphere. Compared with concrete and
steel, the use of wood as a building material is the
most preferable since it reduces carbon dioxide
emissions into the atmosphere. Wood production
waste is environmentally friendly and can be
used in the future as biofuel or for other industrial
purposes. All this testifies to the relevance of using
wood in the construction of buildings for various
purposes. Besides, due to its high performance
characteristics, wood has a huge potential in the
field of building construction in specific climatic
and seismic conditions, reducing the risks of
structural collapse and minimizing economic costs
of restoration after potential natural disasters, e.g.,
after violent earthquakes (Black et al., 2010; Goda
and Yoshikawa, 2013; Goda et al., 2011; Sahin
Gighan, 2007).

Centuries of experience in the operation of timber
buildings show that they can last for hundreds of
years. Modern studies on the fire resistance of
timber constructions allow us to consider timber
buildings quite fire-resistant. This is mainly due to
the moisture content in the wood, including the most
dried samples. As the research results show, glued
laminated wood is characterized by the greatest
resistance.

Despite the positive experience of using wood in
civil engineering, its use in multi-story or high-rise
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construction is still quite problematic. This is related
to one of the significant disadvantages of wood, i.e.,
limited choice of geometric dimensions of structures,
which increases the cost of wood harvesting and
processing. Among other disadvantages of timber
structures, the following can be mentioned: changes
in the geometric shape as a consequence of
shrinkage or swelling, persisting during the operation
of structures. As known, additional stresses occur
in the nodal joints as a result of shrinkage and
settlement, which significantly increase throughout
the height of the building. These negative factors are
mainly typical for solid wood. They can be largely
overcome by using a wide range of wood composite
materials, which are quite popular abroad. These
include glulam (glued laminated wood), CLT (cross
laminated timber) plates, plate materials capable
of withstanding loads in loaded structures (OSB
plywood), parallel strand lumber (PSL), etc. The main
feature of the developed wood composite materials
is the possibility of their use in the construction of
multi-story and high-rise buildings due to their high
performance characteristics, which primarily include
strength, rot resistance, corrosion resistance, high
vapor permeability, fire resistance, unlimited cross-
section sizes, and low specific weight compared
with reinforced concrete and steel. Products made
of wood composite materials can be used as load-
bearing and enclosing structures.

As an example, we considered the multi-story
Brock Commons Tallwood House consisting mainly
of timber structures, shown in Fig. 1. The building
has a hybrid structure consisting of PSL beams,
CLT floors, and reinforced concrete stiffening cores
where escape routes and elevator shafts are located.
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The first floor is also made of reinforced concrete.
The structural system is frame, post-and-beam. The
used PSL material is isotropic, so it can be used in
structures without preferred load direction. Wood
fibers in the longitudinal direction are characterized
by the best strength indicators at tension and
bending. Besides, these products have increased
moisture resistance.

Glued laminated wood (glulam) (Fig. 2) is a
structural material made by linking individual wood
segments glued together using special industrial
adhesives, e.g., polyurethane adhesives.

The obtained products are characterized by
high strength, fire and moisture resistance. These
segments can be used to create construction
facilities of various shapes and sizes. One of the main
advantages of this type of materials is that it is light
and easy to assemble. The joints between various
elements can be made not only with adhesives but
also with steel dowel pins. An important property of
this material is its stable behavior; shrinkage and
swelling are minimized.

Another popular wood composite material is cross
laminated timber (multilayer cross laminated wooden
panels), better known as CLT. This technology
was first developed and used in the early 1990s in
Germany and Austria and became widespread in the
2000s.

CLT is a wooden panel made of timber
layers glued together, with each layer oriented
perpendicular to adjacent layers. Panels are made
from layers of wood dried to optimum moisture
content. The cross arrangement of the longitudinal
and transverse layers reduces the shrinkage and
swelling of wood in the panel plane to insignificant
values, which increases the bearing capacity and
minimizes changes in the geometric sizes of the
elements. CLT panels can be used as load-bearing
and enclosing structures. Due to stiffness and the
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Fig. 1. Brock Commons Tallwood House

absence of residual deformations, structures made
of this material also found their use in seismic areas.
In Japan, a 7-story building made of CLT panels was
tested on special equipment simulating earthquake
conditions. The results showed high seismic
resistance of CLT elements at 7-8 earthquake
magnitudes (Porcu et al., 2018; Shen et al., 2013).

Fig. 3 shows the Mjgstarnet building. It is the
18-story building built in Norway, with a total height
of 84.5 m. To erect this large object, load-bearing
columns, beams, and massive diagonal members
made of glued laminated wood were used.

The total area of living space in the building is ca.
11,300 m2. The building is based on the post-and-
beam structural scheme. The posts and beams are
made of glued laminated timber and reinforced with
additional braces. The floor slabs are made of CLT
panels. However, reinforced concrete structures
were also used in the construction. Up to the 12t
floor, wooden beams are covered with laminated
veneer and a 50 mm concrete layer to improve
acoustic properties and reduce oscillations. From
the 12" to the 18" floor, the floor slabs are reinforced
concrete. Thanks to this structural solution, it is
possible to erect a building with such a height and
ensure optimal wind load resistance. The semi-
basement floor, the foundation, and the slab of the
first floor are also made of reinforced concrete. The
building has a stiffening core made of CLT panels,
where a staircase and an elevator shaft are located.
Fig. 4 shows the general view of the load-bearing
structures.

Another example of using CLT is the Via Cenni
residential complex in Milan. It is based on the
technology for the construction of high-rise buildings
with the use of CLT panels. The residential complex
consists of four 9-story towers, each 28 m high,
connected by two-story buildings. The structural
scheme used in the design is panel-wall. This
technology made it possible to erect the residential
complex in just 14 weeks. The construction area is
located in a 7-magnitude seismic zone. The building
(except for the semi-basement floor, the floor of the
first story, and the foundation) is completely made
of CLT panels. To ensure the required horizontal

2
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Fig. 2. Glued laminated wood
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Fig. 3. Mjgstarnet Tower, Norway

stiffness, each panel has at least 5 layers. Reinforced
concrete stiffening cores play an important role in
the seismic vulnerability of the building since they
resist horizontal loads transmitted from the CLT
floor panel through steel joints (resistance bars),
thus ensuring the frame resistance to loads of this
nature. To avoid the transmission of vertical loads in
the bearing areas of the columns to the CLT panels,
a steel bond is provided, directly connecting the
upper and lower columns, thereby preventing the
deformation of the floor panels due to the pressure
from the columns. The enclosing structures of the
building consist of CLT-based prefabricated panels
finished with refractory materials. The erection
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Fig. 4. Mjgstarnet Tower, general view
of the load-bearing structures
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of the building took only 70 days. As of today, the
seismic resistance of buildings made of reinforced
concrete and steel is most extensively studied, and
those studies are systemic and reflected in Russian
and foreign standards. The studies addressing
the seismic resistance of timber buildings are
either local or deal with local issues of wooden
house construction (Belash and Ivanova, 2006,
2019; Belash et al., 2010, Kirkham et al., 2014).
Those studies also do not provide the specifics of
structural engineering with regard to buildings made
of glued laminated wood: methods for accounting
the anisotropic properties of wood or methods for
accounting the mutual arrangement of fibers. Based
on the aforesaid, we aimed to study the seismic
resistance of a multi-story building with load-
bearing structures made of glued laminated wood
and determine the possibility of using this material
in large-scale construction at the current level of
science and technology development.

Subject, methods and materials

To assess the load-bearing capacity of the
analyzed structural solutions under seismic impacts,
we performed calculations and theoretical studies.
The subject of the study is an 18-story building with
load-bearing structures made of glued laminated
wood (Fig. 5). The floors of the building are made
of CLT panels consisting of 5 layers of 40 mm each.

The vertical load-bearing structures (with the
transmission of vertical loads as the main function)
are columns made of glued laminated wood of
first grade with a cross-section of 600x600 mm.

Fig. 5. Building under consideration. General view



Aleksandr Chernykh, Tatiana Belash, Viktor Tsyganovkin, Anton Kovalevskiy — Pages 60-70
ON THE POSSIBILITY OF USING TIMBER STRUCTURES IN THE CONSTRUCTION

OF HIGH-RISE BUILDINGS IN SEISMIC AREAS

Fig. 6. Horizontal load resistance system

To increase the stiffness of the building as a whole
to horizontal loads as well as to increase its seismic
resistance, it is necessary to provide a transverse
load resistance system in the building (hereinafter —
the TLRS). In this building, the TLRS elements are
the walls of the elevator shafts made of CLT panels
as well as external diagonal members forming
vertical trusses (Fig. 6). For comparison, a design
scheme was developed where only reinforced
concrete stiffening cores act as the TLRS, and the
walls of the elevator shafts are made of reinforced
concrete with a thickness of 200 mm.

The design model does not take into account the
ductility of the element joints, which can affect the
stress-strain state of individual elements (Astakhova
et al., 2022). The design model adopts completely
hinged and completely rigid joints. The braces
in the bases of the columns are rigid. To simulate
the seismic impact, we used the accelerogram
for Friuli, Italy (Finetti et al., 1979). Based on this

Sa [mis2] ] | T:0.345 5; 55: 8.650 m/s2 |

7.000+

5.000+

accelerogram, the response spectrum of the system
was generated (Fig. 7).

Based on the given response spectrum,
equivalent loads were formed, which were applied to
the joints of the finite elements. The design scheme
of the adopted structural system was analyzed using
the finite element method. The design scheme was
built by replacing horizontal and vertical elements
modeled in the academic version of Autodesk Revit
with rods, and flat structures — with flat elements,
and assigning to them stiffness characteristics in
accordance with design solutions for each type of
load-bearing elements (Chernykh et al., 2020). The
calculations were performed using the academic
version of DLUBAL RFEM software.

Results and discussion

An analysis of the existing materials in high-
rise wooden housing construction shows that most
developments were carried out abroad (Filiatrault
et al., 2003; Leimke et al., 2017). This is primarily
due to the fact that Russia has not yet developed
the production of more innovative types of timber
structures, and regulatory documents are still under
development. Meanwhile, the interest of specialists
in these products is quite high (Benin and Ivanova,
2000; Ivanova, 2005) since the use of timber
structures is one of the most popular and priority
directions in the field of building materials widely
used in Russia.

Based on the calculation results, we determined
horizontal displacements caused by a specific
combination of loads (Fig. 8). We also determined
stresses in the multilayer CLT panel of the floor
(Fig. 9).

As the isofields of stresses in the slab show, the
maximum stresses are observed only in the bearing
areas of the columns (Fig. 10).

Let us consider the stress-strain state of the
main vertical load-bearing structures as well as the
elements of the transverse load resistance system.
Figs. 11-13 show forces arising in the columns.

As can be seen, the columns of the multi-story
building mainly act as a compressed-bent rod.
Figs. 14-18 show forces in the elements of the
vertical truss.

0.500 1.500 2.500 3.500 4.500

5.500 6.500 7.500 8.500 9.500 TIsl

Fig. 7. Synthesized response spectrum from the seismogram
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Fig. 14. Force N in the elements
of the vertical truss of the building

Based on the presented values of internal forces
arising in the mesh elements, we can conclude that
the mesh elements act as a compressed-bent or
stretched-bent element. The bending moment acts
in two planes, being caused under the action of
a load equivalent to seismic impact.
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Fig. 15. Force My in the elements
of the vertical truss of the building

Let us consider the modes of the building
oscillations calculated during the intermediate modal
analysis of the scheme. The first two modes of
oscillations with the greatest contribution in dynamic
analysis are shown in Figs. 19-20.
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Fig. 16. Force M, in the elements
of the vertical truss of the building
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Fig. 21. The third mode of the building oscillations

It should be noted that bending-torsional modes
of oscillations should be avoided in multi-story as
well as high-rise buildings to prevent the occurrence
of significant torsion forces, which are the cause of
a significant increase in the cross-sections of the
bearing elements of the building.

Let us consider the natural oscillations of
a building with reinforced concrete stiffening cores.
The first two modes of oscillations with the greatest
contribution in dynamic analysis are shown in
Figs. 23-24. The first two modes are bending-
translational modes of oscillations.

The third mode of oscillations is bending-torsional.
This mode does not affect the stress-strain state
in the elements of the building, since the effective
mass inclusion factor for this mode of oscillations is
zero (Fig. 25). Figs. 26—28 show forces arising in the
columns.

The horizontal displacements of the scheme
with the reinforced concrete stiffening core amount
to 25.7 mm (Fig. 29).

Mode | To Generate Frequency Period Acceleration Hfective Modal Mass Factor []
No. @ [rad/s] f [Hz] TEl Salm/s?] fmex [ fmev [] fmez [
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4 31.333 4987 0.201 5.106 0168 o000 T
= 36.495 5308 0.172 5.056 0.000 0.182 0.000
6 45.051 7.807 0.128 4509 0.001 0.000 0422
7 53.668 3541 0.117 3961 0.002 0.000 0.041
8 54 339 2648 0.116 3864 0.015 0.000 0.036
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10 54.625 8694 0.115 3.84 0.000 0.000 0.000
11 b4 722 8709 0.115 3810 0.000 0.000 0.000
12 hd 847 8729 0.115 3793 0.000 0.000 0.000
3 54 582 8751 0.114 3757 0.000 0.000 0.000
14 55133 8775 0.114 3713 0.000 0.000 0.001

Fig. 22. Effective modal mass inclusion factors according to the modes of oscillations

Fig. 23. The first mode of the building oscillations

1.00000

Fig. 24. The second mode of the building oscillations
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Mode | To Generate Period Acceleration Effective Modal Mass Factor [-]
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Fig. 25. Effective modal mass inclusion factors according to the modes
of oscillations for buildings with reinforced concrete stiffening cores
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Conclusions
The studies performed confirm the possibility
of using wood-composite systems for high-rise

both the first and second design schemes, since the
inclusion of masses in this mode of oscillations has
a zero or near-zero value;

buildings without the use of concrete and reinforced
concrete structures in the superstructure. Special
attention should be paid to the selection and design
of the horizontal load resistance systems, which
withstand most of the seismic impact and reduce the
possible oscillation amplitude.

During the comparative analysis of the two design
schemes, we established the following:

e The first two modes of free oscillations are
bending-translational in both cases;

e Bending-torsional modes of oscillations do
not affect the stress-strain state in the elements for

e The horizontal displacements of the building
consisting entirely of wood composite materials
amount to 28 mm, and the horizontal displacements
of the building with the reinforced concrete stiffening
core amount to 25.7 mm;

e The elements of the diagonal members in the
first design scheme with load-bearing elements made
of wood composite materials are characterized by a
compressed-bent stress-strain state, while the forces
of bending moments arise from loads equivalent to
seismic impact.
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O BO3MOXXHOCTU UCMNOJIb30BAHUA OEPEBAHHbLIX KOHCTPYKLIUNA
B CTPOUTENbCTBE 30AHMA NOBbILEHHON 3TAXXHOCTU
B CEMCMUYECKUX PAUOHAX

AnekcaHap puropbesuny YepHbix, TaTbsHa AnekcaHapoBHa benauw, Buktop LibiraHOBKMH,
AHTOH Briagumnposuy Kosanesckui

'CaHkT-lMeTepbyprckmin rocyaapCTBEHHBIN apXMTEKTYPHO-CTPOUTENBHbBIA YHUBEPCUTET
CaHkT-lNeTepbypr, Poccus

*E-mail: viktorts@bim-structure.ru

AHHOTauunA:

BeepeHue: Yactb Tepputopun Poccum Haxogutcs B CeMCMUYECcKM onacHom 3oHe. B nmocnegHee Bpems, Gonbluyto
NONynsipHOCTb B YAaCTHOM [OMOCTPOEHUW, a Tak Xe B [OPYrux CekTopax CTpouTenbCcTBa HabupaeT nonynspHOCTb
KneeHas apesecuHa. Ho B oTe4eCTBEHHOM HOPMAaTUBHOWM 6a3e OTCYTCTBYHOT pacHeTHble U KOHCTPYKTUBHbIE TpeboBaHUA
Mo MPOEKTUPOBAHMIO 30aHUA U COOPYXEHUA U3 KneeHon ApesecuHbl. MeToa: B AaHHOM cTaTbe Mpov3BoanTcs 0630p
3apy6exxHOro onbiTa CTPOMTENbLCTBA C NPYMEHEHUEM KIEEHOW APEBECUHbI, a TaK e MPUBOAMTCS pacyeT MHOTO3TaXHOro
30aHUS U3 OPEBECUHbl M MaTepuanoB Ha ee OCHOBE Ha CEWCMOCTOMKOCTb. Pesaynbratbl: Gbin paccMoTpeH pacdeT
MHOIO3TaXHOrO 34aHUS U3 OPEBECUHbI HA CEMCMOCTONKOCTb, PACCMOTPEH 3apy0exHbIV OMnbIT CTPOUTENLCTBA 34aHUN U3
KneeHom apeBecuHbl. PaccMoTpeHo BnvsiHve Bbibopa MaTepuana oTAernbHbIX HECYLLMX KOHCTPYKLMIA Ha CEMCMOCTOMKOCTb.

KnroueBble cnoBa: kneeHas apeBecuHa, CeNCMOCTOMKOCTb, 3eMNneTpAceHna, MHOroaTaXxHble 34aHuna.
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Abstract

Introduction: Ferrocement is a low-cost material that can be utilized as a replacement for expensive fiber-reinforced
polymer (FRP), which is generally used for retrofitting structural and non-structural reinforced concrete members. The
objective of this paper is to investigate the effectiveness of wire mesh in the retrofitting of flexural members such as
reinforced concrete beams. It also investigated the flexural capacity of the beams, which are reinforced with wire mesh as
a partial or complete replacement of regular rebar. The orientations and various forms of the wire mesh within the beam
section are taken into consideration. The finite element method is used to model and analyze the beams. The structural
performance of the studied beams, including the load-deflection relationship, first cracked and ultimate cracked loads,
crack patterns, and flexural stress, were evaluated using the finite element method. The finite element model of the beam
which is reinforced with wire mesh has been verified with experimental results. The results show that beams retrofitted
with ferrocement or beams in which rebar is replaced by wire mesh have superior flexural performance and low crack
depth. The beams retrofitted with wire mesh have a high ultimate load-carrying capacity and ductility. The confinement of
three-sided wire mesh improves the flexural performance of the beam. It is observed that flexural performance remains the

same when the length of the wire mesh exceeds half of the span length.

Keywords: Reinforced concrete beam; wire mesh, retrofitting; load-deflection; stress; crack.

Introduction

A reinforced concrete  structure  often
exhibits partial damage due to improper design,
overloading, corrosion of the reinforcement, and
adverse environmental conditions that reduce the
serviceability of the structure. It is uneconomical to
completely replace or demolish a structure that has
impairments. Therefore, retrofitting or restrengthening
is necessary to increase the performance at the
serviceability levels of a partially damaged structure
or structural components. Retrofitting using carbon
fiber (CFRP) (Hasan et al., 2020; 2022) or glass fiber
(GFRP) polymers (Tanaka et al., 1994), steel plate
bonding (Zisan et al., 2011; Oehlers et at., 2000), and
concrete jacketing (Kaish at al., 2012; 2013; 2014;
Jamil et al., 2013) are generally used to regain the
serviceability of deficient concrete structures. The
fiber-reinforced polymer known as FRP is widely
recommended due to its high strength, effectiveness,
and durability (Pham and Al-Mahaidi, 2014; Adhikary
and Mutsuyoshi, 2006; Obaidat et al., 2011; Kibria
et al, 2020). In addition, the seismic protection
efficiency of the FRP retrofitting method is superior to
that of traditional retrofitting methods (Al Rjoub et al.,
2019; Cao and Nguyen, 2019).

However, application of FRP material in developing
countries is rare due to the cost and paucity of FRP
materials. On the other hand, ferrocement composites
are low-cost and relatively light and have been used
in repairing concrete structures (Gaidhankar et al,
2017; Leeanansaksiri et al., 2018). Instead of steel or

timber formwork, ferrocement formwork can be used
as a permanent component of structural elements
(Matalkah et al., 2017; Shaaban, 2002). It is claimed
that ferrocement composite has high strength,
homogeneous crack propagation and distribution,
including a low crack depth, and high toughness,
which makes ferrocement a superior building material
(Fahmy et al., 2004; 2012; Husein et al., 2013;
Shaheen and Eltehawy, 2017). The ferrocement has
sufficient bending capacities, and its well-distributed
cracks provide adequate warning before failure (El-
Wafa and Fukuzawa, 2008; 2010; Kadir et al. 1997;
Al-Sulaimani et al., 1991). Therefore, ferrocement
composite could be an important retrofitting tool for
reinforced concrete beams.

In previous research, it has been concluded
that ferrocement increases the shear capacity
while limiting the crack opening (Fahmy et al.,
2014). It was reported that RC slabs and masonry
walls retrofitted with ferrocement have superior
performance under different loading conditions
(Hago et al., 2005; Ashraf et al.,, 2012). The
ferrocement composite has been widely used in
column jacketing because of high confinement and
ductile performance of the column under cyclic
and axial loads (Kaish et al., 2012; Abdullah and
Takiguchi, 2003). Some researchers claimed that
ferrocement enhances the shear bond performance
of RC beams (Li et al., 2018; 2013; El-Sayed and
Erfan, 2018). The structural behavior of concrete
beams fabricated with lightweight core material
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and then furnished with various wire mesh has
been examined by Shaaban et al. (2011; 2013).
It is claimed that these beams are lightweight
and cost-effective for the retrofitting of residential
buildings. The effectiveness of ferrocement for
retrofitting beam-column joints was studied by
Shaaban and Seoud (2018) and Li et al. (2013).
It indicated that ferrocement layers revealed high
ultimate capacities, high ultimate displacements,
and large ductility. It did not suffer heavy damage,
as was observed for the traditionally reinforced
concrete RC beam. Muhit et al. (2021) and Niloy
and Islam (2017) conducted flexural tests on RC
beams retrofitted with ferrocement and discovered
that elastic stiffness and ultimate load carrying
capacity increase in ferrocement beams while
crack width decreases. The performance of a
ferrocement beam due to the orientation of wire
in the wire mesh and the amount of layer to be
used, was studied by Fahmy et al. (2014), using a
U-shaped form of the ferrocement. Shaheen and
Eltehawy assessed the effectiveness of U-shaped
ferrocement forms (Shaheen et al. 2017). However,
these studies do not cover the flexural performance
of beams with partial or complete replacement of
shear and main reinforcements with ferrocement,
which is considered in this study. It also studied
the flexural performance of a reinforced concrete
beam with a rectangular shape of ferrocement as
well as ferrocement placed only at the bottom of
the beam.

The use of ferrocement throughout the length of
beams is costly. Therefore, the optimum length of
the wire mesh is necessary to minimize the cost and
labor. In the current study, RC beams retrofitted with
a U-shape, closed-rectangular shape ferrocement,
or ferrocement added at the bottom of the RC
beam were investigated in order to identify the
effectiveness of wire mesh in enhancing the flexural
performance. In addition, the effectiveness of
ferrocement in retrofitting of a beam with partial and
complete replacement of conventional steel bars is
being investigated. The finite element (FE) method
is an efficient tool for analyzing nonlinear behavior
such as stress-strain and crack patterns in beams.
This method was used by several researchers to
analyze the nonlinear flexural characteristics of
RC and prestressed concrete beams (Faherty,
1972; Anthony and Wolanski, 2004; Sowmya and
Venkatasubramani, 2017). Tijitradi et al. (2017)
examined the collapse mechanics and observed
the flexural crack generation method. In this study,
analysis of beams was carried out using the ANSYS
program. The critical load, deflection, and stress at
the midspan of the beam, and the crack within the
concrete are taken as key parameters to measure the
performance of the beam with different ferrocement
approaches.
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Finite Element Modelling

Table 1 defines and describes the various types of
beams that are modeled and examined in this study.
A standard reinforced concrete beam, which is called
an experimental beam, is abbreviated as CB. The
length of the CB is 1000 mm, and the cross section
is 225 x 150 mm. The effective span is assumed
to be 900 mm. There are two 12 mm bars at the
bottom and two 10 mm bars at the top of the beam.
The clear cover for the main steel is assumed to be
25 mm. The diameter of the web reinforcement is 8
mm and it is placed at a rate of 8 mm center-to-center
distance. A detailed description of the geometric
properties, vertical load, and boundary conditions
of the experimental beam is given in (Fig. 1) (Niloy
and Islam, 2017; Chanda et al., 2022). The original
bar in the experimental beam is substituted by an
equal amount of wire mesh by mass in the type |
beams (CB-1 and CB-2). In CB-1, only the web
reinforcement is replaced, whereas in CB-2, both
the web and the main reinforcement are replaced by
wire mesh. The wire diameter and the size of the
wire mesh opening are given in Table 1. In beam
type Il, the experimental beam is reinforced with
wire mesh, as shown in (Fig. 2), which includes the
possible arrangement of wire mesh from a practical
point of view. The opening size of the wire mesh is
25 mm, which is used for retrofitting beams in Group
Il. In group Il, the wire mesh is first glued around
the periphery of the beam and then tightened using
the royal plus and screw (Niloy and Islam, 2017).
Then a 25 mm fresh cement mortar cover was used
above the wire mesh. Table 2 shows the material.
An isotropic and bilinear stress-strain model is
assumed for the wire mesh and rebar. To determine
the compressive strength of concrete, cylindrical
specimens were prepared while experimental
control beams were cast. The compressive strength
of concrete, 22 MPa, is determined by a laboratory
test (Niloy and Islam, 2017). A multilinear isotropic
material model specified by Eqns. (1) and (2) as
shown in (Fig. 3), is assumed for concrete materials.

fe—tt (1)
1+[8j
€0
_2
o == @

Here, f is the concrete stress (MPa) at strain ¢,
g, is the strain at crushing strength, ' The rupture
modulus of concrete is measured by Eq. (3).

fr =077 (3)

The shear transfer coefficient determines the
amount of shear transfer through a crack, and it
ranges from 0 to 1.0, with O representing no shear
transfer and 1.0 representing full shear transfer.
In this study, the coefficient of open shear transfer
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Table 1. Definition of various types of beams

Beam type | Model | Definition of the beam

I CB |Experimental beam

CB-1

The web reinforcement of CB is replaced by wire mesh (3.5 mm wire has 25 mm mesh opening)

CB-2

Both web and main bars of CB are replaced by wire mesh (4.7 mm wire has 25 mm mesh opening)

Il FRB-1

Ferrocement retrofitted beam with square wire mesh along three sides

FRB-2

Ferrocement retrofitted beam with only bottom side square wire mesh

FRB-3

Ferrocement retrofitted beam with diagonal wire mesh along three sides

FRB-4

Ferrocement retrofitted beam with only bottom side diagonal wire mesh

FRB-5

Ferrocement retrofitted beam with all side square wire mesh

P/2 300 mm P/2

1000 mm
(a) Longitudinal section

" 2-10mm dia bar
3

225
mm

225 mm
- 8mm tie bar @75mm c¢/c

v

% 2-12mm dia bar

150 mm
(b) Transverse section

Fig. 1. Geometry and boundary conditions of experimental beam (CB)

(a) CB: Control beam  (b) FRB-1: Square mesh  (c) FRB-2: Square mesh

(d) FRB-3: Diagonal mesh (e) FRB-4: Diagonal mesh (f) FRB-5: Square mesh

Fig. 2. Cross-section of different retrofitted
beams with wire mesh

is assumed to be 0.30. It is assumed to be larger
than 0.20 to avoid the difficulties related to the
convergence of solutions. The close shear transfer
coefficient is assumed to be 1.0 (Tjitradi et al., 2017;
Si et al., 2008). In the finite element analysis, it is
assumed that concrete and steel are isotropic. There
is adequate bond strength at the interface of these
two materials.

(]
=

—
i
i
i
:

Compressive stress (MPa)
=)

5 - -
0 :
0 0.0005 0.001 0.0015  0.002 0.0025
Compressive strain

Fig. 3. Multilinear stress-strain curve of concrete

The Solid65 and Link180 elements that are used
to discretize the reinforced concrete beam are shown
in (Fig. 4) (ANSYS, 2013). Solid65 has eight nodes.
It is used to model concrete parts, beam support
plates, and loading plates. Link8 has two nodes
that are used to model rebar and wire mesh. Each
element has three translation degrees of freedom
at each node. The FE models of different types of
beams are shown in (Fig. 5). The support reactions

Table 2. Material parameters

Material E v f' (o E, |Open Shear Transfer Close Shear
[GPa] [MPa] [MI'-¥a] [MPa] Coefficient Transfer Coefficient
Concrete 20 0.2 | 22.0 — — 0.3 1.0
Support and loading plates 200 0.3 — — — — —
Reinforcement and wire mesh | 200 0.3 — 414 20 — —
E: Elastic modulus, v: Poisson’s ratio, fc'.' Concrete strength, o,/ Yield strength, and E: Tangent modulus
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a) 3-D Solid65 ®

b) Link180

Fig. 4. Element used to discretize reinforced concrete beam

and imposed vertical load at the 1/3™ point of the
beam are shown in (Fig. 5d). The beam ends are
modelled as simple support conditions. Steel and
concrete share a common node, and it is assumed
that the strain in concrete is equal to the strain in
steel. The whole vertical load is divided into two parts
and placed at the 1/3™ point location of the beam,
as shown in (Fig. 5d). The finite element model

eimms ANSYS

R15.0

a) Main and web reinforcements
in the experimental beam (CB)

ELEMENTS ANSYS
R15.0;

N ANSYS|

c) Main and web reinforcements in CB-2 .

d) Support and imposed vertical load

has about 3000 elements, around 4000 nodes,
and 10,000 degrees of freedom. A convergence
analysis is performed to check the competency of
the finite element model. It is found that the beam
deflection at the midspan is almost the same when
the number exceeds 2500 as shown in (Fig. 6). The
solution for the analyzed beam is obtained through
an incremental nonlinear static analysis.

=g ANSYS

R15.0

b) Main reinforcement and wire mesh in CB-1

Fig. 5. FE models of beam

Mid pomt deflection (mm)

0 1000 2000 3000 4000
Number of elements

Fig. 6. Convergence test of the FE model
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Model Verification

The loading test that was conducted using the
UTM in the structural engineering laboratory at
Chittagong University of Engineering & Technology
is shown in (Fig. 7a). The contour for the deformed
shape of the experimental beams found from
the finite element analysis is shown in (Fig. 7b).
A comparison of the displacement at different levels
of the load between results of the finite element
analysis and that from the loading test is shown
in (Fig. 8). Adetailed explanation of the model
verification can be found in Chanda et al. (2022).
From a comparison, it is assumed that the finite
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(a) Flexural test (Niloy and Islam. 2017)

ANSYS)|
R15.0

o

¥ |

(l)) Defle(-:t-iou froni FE m odél-

Fig. 7. Deflection of the beam (a) Experiment (b) Finite element analysis

Vertical deflection (mm)

~=i5==FE-CB

] ..........
—&—Exp-FRB-1 ==-#=-FE-FRB-1
006 h ; : ) L
0 20 40 60 80 100 120 140 160 180

Vertical load (kN)

Fig. 8. Comparison of vertical displacement between experimental
and finite element analysis at different levels of load

element model is quite accurate and can be used to
predict the flexural behavior under vertical load.

Performance of the Beams

The load versus vertical displacement for the
retrofitted beams and that for the experimental
beams until the ultimate cracking point is shown in
(Fig. 9a). The deflection is measured at the midspan
of the beams. The deflection of beams shows a
proportional relationship with the applied load. All
beams remain elastic up to a displacement of 1.0 mm,
and the elastic capacity lies in the range of 50~70 kN.
The capacity of the retrofitted beams is higher than
that of the experimental beam (CB), which is more
pronounced in the large loading range. The flexural
capacities of the FRB-1, FRB-3, and FRB-5 are about
32%~40% greater than those of the CB. Similarly, the
capacity of FRB-2 and FRB-4 is about 15% higher
than that of the CB. The superior capacity of FRB-1,
FRB-3, and FRB-5 beams is expected due to the
confinement effect of the U-shaped or rectangular-
shaped arrangement of wire mesh. Besides, the
flexural capacity of retrofited beams made with
square and diagonal openings of wire mesh does not
differ significantly. The figures show that, beyond the
displacement of 2.5 mm, the retrofitted beams exhibit
large vertical displacement without increasing failure
loads where cracks are observed before the failure.
It is ensured that ferrocement enhances the ductility
of beams, which is necessary for balance control
design. It is found that only the replacement of shear

reinforcement by wire mesh has no significance
as shown (Fig. 9b). However, when both main and
shear reinforcements are replaced by wire mesh,
the capacity remains below CB. On the other hand,
it increases the ultimate load capacity by 12% and
the vertical displacement at the midspan by 25% at
ultimate load. Therefore, wire mesh enhances the
ductility and flexural capacity of a reinforced concrete
beam.

The first and ultimate cracking loads among the
retrofitted and experimental beams are shown in
(Fig. 10). Imposed loads on the beams at the first
and ultimate cracks in the CB and FRB-1, which
are found from the experiment, are comparable
with the FE computation. The maximum deviation
of the FE computation is 12.5% and 7.6% for the
first and ultimate cracking loads, respectively. The
distribution of flexural cracks under the first and
ultimate cracking loads is shown in (Fig. 11). The
crack pattern in the beam found in the experiment
and that from the finite element analysis are also
comparable, which indicates the efficiency of the
FE computation. According to (Fig. 10a), the first
cracking load found from the loading test is about
80 kN for CB and 90 kN for FRB-1. The ultimate load
capacity for the same beams is 120 kN and 160 kN,
respectively. It indicates that capacity is increased
by 13% and 33% at the first and ultimate cracking
stages, respectively, due to the implementation
of wire mesh along three sides of the beam. It is

75



Architecture and Engineering Volume 8 Issue 1 (2023)

a) Ferrocement retrofitted beams b) Beams with partial and complete replacement of rebar
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Fig. 9. Load-deflection of the analyzed beams
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Fig. 10. First and ultimate crack loads in different retrofitted beams
also seen that the first cracking load increases by 20%~35% at the ultimate load condition, and these

42.85%, 28.57%, 28.57%, 14.28%, and 42.85% capacities increase significantly when wire mesh is
in the case of FRB-1, FRB-2, FRB-3, FRB-4, and used along three sides of the beam.

FRB-5, respectively, compared to the numerical The first and ultimate flexural crack and its
result of the CB. The ultimate load capacity of CB propagation and distribution in different retrofitted
and FRB-1 is 130 kN and 165 kN, respectively, and beams are shown in (Fig. 12). In comparison with
the ultimate capacity increases when wire mesh is (Fig. 11), the flexural crack is more uniform and
placed along three sides (FRB-1, FRB-3, and FRB-5) well distributed in the beam retrofitted with wire
of the beam. The ultimate capacity of FRB-1, mesh. A similar crack pattern in the CB-1 and CB-2
FRB-2,FRB-3,FRB-4,and FRB-5is26.93%, 19.23%, in comparison with the crack pattern in the CB is
30.76%, 19.23%, and 34.61%, respectively, higher observed in (Fig. 13). It indicates that when the main

than that of the CB. In general, it can be concluded reinforcement is replaced by wire mesh, the length
that wire mesh increases the flexural capacity of of the crack part of the concrete beam is enlarged.
a beam by 15%~43% at the first crack condition and When both shear and flexural reinforcements are

(a) First crack at 80 kN (b) Crack at ultimate load 120 kN

ey m

(d) Crack at ultimate load 130 kN

Fig. 11. First and ultimate crack distribution: Experiment beam CB: (a, b) and FE analysis (c, d)

OJ

(c) First crack at 70 kN
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(b)FRB-1: 165 kN

(c) FRB-2: 90 kN (d)FRB-2: 155 kN
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Fig. 12. Flexural crack distribution in different retrofitted beams at first crack and ultimate loads crack
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Fig. 13. Flexural crack distribution in different beams

replaced by wire mesh, the crack depth is reduced
due to the confinement effect. The crack depth in
different beams is shown in (Fig. 14). Under a fixed
value of the imposed load, the flexural crack depth
is the lowest in the FRB-1, FRB-3, and FRB-5 in

160

_ 120 "//.

g ¢

| A

= 80

{ / /f/

=

e

g 40 —s—CB ~o—FRB-1

—=—FRB-2 —+—FRB-3
0 e f —+—FRB-4 —e—FRB-5
40 80 120 160 200

Load(kN)
Fig. 14. crack depth in different retrofitted beams

comparison to the CB, FRB-2, and FRB-4. It implies
that the flexural tension crack is improved when wire
mesh is employed in the reinforced concrete beam.

Flexural Stress in Concrete

The flexural stress at the top and bottom surfaces
is shown in (Fig. 15a). These stresses are estimated
at the middle of the span of the beams. These
stresses are proportional to the vertical displacement
of the beam. It shows that the top fiber stress
(compression) in the CB is comparable with that
of the CB-1. The maximum value of compression
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a) Concrete stress (compression)
12
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b) Concrete stress (tension)
2.5 -
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100
Load (kN)
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Fig. 15. Flexural stress in different experimental beams

stress in CB-1 is 5.9 MPa at a failure load of 125 kN.
The compression stress in the CB-2 at the same
level of vertical load is about two times that of the
CB or CB-1. The flexural stress (tension) at the
mid-span location is shown in (Fig. 11b). It shows
that a beam reinforced with wire mesh is capable
of sustaining a high bending force. The first crack
within the beams is observed at 60 kN, until which
the stress within the beam is proportional to the
strain. Concrete stress (tension) drops significantly
and moves to zero due to an increase in vertical load
after the first crack appears. The concrete stress
remains close to zero because the tension force is
carried by the reinforcement. The flexural stress in
retrofitted beams with different layouts of wire mesh
in comparison with the stress in the experimental
beam is given in (Fig. 16). The peak ultimate
compressive and tensile stresses in the retrofitted
beams are comparable to those of the CB and lie
between 5.0~6.0 MPa and 2.0 MPa, respectively.
It means that the stress in the retrofitted beams is
not significantly changed when reinforced with wire
mesh. After the first flexural crack, the tensile stress
in the bottom concrete becomes unpredictable.

Optimum Length of Wiremesh

The use of wire mesh along the entire length
of a partially damaged beam is uneconomical.
Therefore, the optimum length of the wire mesh for
satisfactory flexural performance is of concern. In the

a) Concrete stress (compression)

6
g
S 4
o
i
£
)
=
k3
|59

0

0 40 80 120 160 200
Load (kN)

current study, the wire mesh length is defined as a
percentage of the span of the beam. The optimum
length is the length of the wire mesh beyond which
the stress and deflection remain unchanged under a
fixed flexural load. The optimum length is determined
using the incremental load procedure. The maximum
load is assumed to be 140 kN. The stress is measured
at the tip of the major crack, while the deflection
is at the middle of the span length. The midspan
deflection in the retrofitted beams with different
lengths of the wire mesh is shown in (Fig. 17a). The
rate of displacement decreases when the length of
the wire mesh is increased. For a length exceeding
50%, the displacement is almost the same. Similarly,
flexural stress, as shown in (Fig. 17b) remains the
same when length exceeds 40%. In general, the
influence of wire mesh length is negligible when the
length of wire mesh exceeds 50%. Therefore, 50%
of the span length of a beam may be considered the
optimum length of wire mesh.

Conclusion

The FE approach is used to evaluate the bending
behavior of reinforced concrete beams strengthened
with wire mesh. The possibility of a concrete beam
that has been partially or completely reinforced with
steel wire is also being studied. The finite element
model of the experimental beam is tested against the
loading test results. The bending load performance
of the beams is assessed in terms of load carrying

b) Concrete stress (tension)

Flexural stress (MPa)

= ]

—

50

75 100
Load (kN)

Fig. 16. Flexural stress at different retrofitted beams
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4 capacity, beam deflection, working stress, crack and
o ~i8-Fi0- LR 5-2 =PRI crack depths, and wire mesh optimal length. The
= main findings of this research are briefly summarized
g 3 b\""’ﬂ 08 Pt e e below:
g — A beam in which rebars are partially or
g completely replaced by steel wire or a steel-reinforced
A concrete beam strengthened with wire mesh has
s greater bending capacity than a conventional steel-
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%110% reinforced concrete beam. The wire mesh increases
Optimum length of wire mesh the flexural capacity by 15%~43% at the first
a) Deflection vs length (%) of the wire mesh crack and 20%~35% at the ultimate load, which is
6.5 — significant when wire mesh is used along three sides
= 6 —-FRB-1 —&—FRB-2 —%—FRB-5 Of a beam.
S ss \ — The deflection and concrete stress at the failure
2 s \‘—’""_"\\ load level are large when regular reinforcement is
3 45 .\ 4 l,/ ——a— 8 replaced with an equal quantity of wire mesh by
E 4 ‘*-\}:‘, mass. The beam retrofitted with wire mesh has
= 35 higher ductility and lower flexural stress.
" — Wire mesh improves the flexural crack
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%110% distribution and reduces the depth of flexural cracks.
Optiamum length of wire mesh The length of wire mesh equal to 50% of the span
b) Stress vs length (%) of the wire mesh length is sufficient to reinforce a partially damaged
Fig. 17. Deflection and flexural stress beam, beyond which the concrete stress and beam
for different lengths of the weir mesh deflection remain unaffected.
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Abstract

Introduction: The movement smoothness of transport and handling machines (THM) (excavators, cranes, road
maintenance equipment, etc.) on a vehicle chassis significantly affects their durability as a result of the large weight of
equipment and uneven load distribution along the axes of the base chassis, which causes heavy dynamic loads when
moving along roads with imperfect pavement. However, THM often have to move along those very roads. Purpose of
the study: We aimed to increase the movement smoothness of THM on a vehicle chassis by using a shock absorber of
new design as the main vehicle undercarriage suspension element. Methods: The hydropneumatic shock absorber is
considered the most common. The principle of its operation is based on hydraulic resistance that occurs when the piston
with the rod move in a space filled with oil, while the gas in the closed part is compacted, compensating for changes in the
internal volume. Most often, the main disadvantage related to the operation of hydropneumatic shock absorbers (HPSA)
is the probability of bottoming when hitting a barrier (obstacle), which results in dynamic loads reducing the service life
of the vehicle and the parts of the shock absorber. Results: The paper describes a new shock absorber design ruling
out bottoming, provides a mathematical model of its elastic response, and presents the results of modeling in Mathcad,

confirming the operability of the device.

Keywords: movement smoothness, shock absorber, elastic response.

Introduction

The movement smoothness of transport and
handling machines (THM) (excavators, cranes,
road maintenance equipment, etc.) on a vehicle
chassis significantly affects their durability as a result
of the large weight of equipment and uneven load
distribution along the axes of the base chassis, which
causes heavy dynamic loads when moving along
roads with imperfect pavement. However, THM often
have to move along those very roads. Particularly
heavy dynamic loads occur when they move over
large irregularities causing shock absorber bottoming.
Often, after relocation, it may be required to repair
mechanical damage to the operating equipment.

The movement smoothness of THM is
guaranteed by a system of devices ensuring elastic
connection between the wheels and the body, called
suspension. The suspension absorbs energy from
bumps and shocks that occur while moving along the
road. The suspension includes both damping and
elastic components. The latter reduce the dynamic
load that occurs during suspension operation when
moving over rough roads. The elements of the
damping components dampen the vibrations of the
body. In standard suspensions, damping and elastic
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components are usually separated and operate
in parallel (Carway.info, 2017), Dobromirov et al.,
2006; Rotenberg, 1972).

The hydropneumatic shock absorber is
considered the most common. The principle of
its operation is based on hydraulic resistance that
occurs when the piston with the rod move in a space
filled with oil, while the gas in the closed part is
compacted, compensating for changes in the internal
volume. Most often, the main disadvantage related
to the operation of hydropneumatic shock absorbers
(HPSA) is the probability of bottoming when hitting
a barrier (obstacle), which results in dynamic loads
reducing the service life of the vehicle and the parts
of the shock absorber.

Recently, an elastic component has been
introduced into this type of suspension, which makes
it possible to change the stiffness and clearance of
the suspension. The operation of this component
is based on a pneumatic cylinder (Akopyan, 1979;
Chelomey, V. N.,1981; Lukin, P. P. et al.,, 1984;
Techautoport.ru, 2022). This scheme significantly
reduces the probability of shock absorber operation
in bottoming when it is compressed. Besides, it has
a complex design because its parts are made in the
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form of individual components. These components
require other attachment points for full operation, as
well as space for placement and connection with the
linkage system.

Widely distributed HPSA meet the requirements
for the functionality of suspensions: the combination
of a hydro cylinder and a pneumatic cylinder makes
it possible to achieve the effect of a “gas spring”
(Audi, 2001; Zaitsev, A. V.,2007; Zhileykin, M. M. et
al., 2012; Repin et al., 2019; Repin et al., 2020).
The specifics of their operation is in reducing the
risk of HPSA bottoming during compression, but
at rebound the probability of bottoming remains
quite high. Thus, as a result of studies and HPSA
modeling, a new scheme of HPSA operation with
two hydraulic and pneumatic cylinders installed both
above and below was proposed, which significantly
reduced the probability of HPSA bottoming both
during compression and rebound.

During the studies, we simulated the operation of
the modified HPSA equipped with two gas springs
placed above and below the hydraulic part of the
shock absorber and ruling out its bottoming during
compression and rebound.

Shock absorber operation

Fig. 1 presents a new shock absorber design
(Repin, 2022).

Places of rigid connection are shown with
crosses.

Chambers G1 and G3 act as an elastic element
(gas springs) and rule out shock absorber bottoming
during compression (G1) and rebound (G3). The
clearance can be adjusted on account of the
difference in the values of pumping pressure in
chambers G1 and G3.

Geometric parameters of the HPSA

The geometric parameters of the HPSA are
determined based on the technical characteristics of
the machines and shown in Fig. 2.

S,,--S,, — extra stroke of the shock absorber
elements;

Sy comp S ep — dynamic compression and rebound
stroke, respectively;

Sfull = Sd_comp + Sd_reb
absorber;

sz — stroke of the pneumatic piston at full stroke of
the hydraulic piston;

h,, — height of the hydraulic piston;

hp2 — height of the pneumatic piston;

d, L, — diameter and length of the hydraulic
cylinder;

d, L, — diameter and length of the pneumatic
cylinder;

6, — thickness of the cylinder walls;
ch — gap between the cylinders;
L_,L _— maximum and minimum length of the

'max’ —min

HPSA;

— full stroke of the shock

L,, — average length of the HPSA, which is
comparable with the length at the resultant load P__;

L, Ly 1y — distance from the pneumatic cylinder
to the center of the upper and lower mounting bracket,
respectively.

Analysis of the elastic response of the HPSA

We investigated the extreme indicators of the

suspension resisting dynamic loads during vehicle

9 5
11
4
Gl 1
13
14
—
)
L1
L2 3
8
G2
G3
6
12
10
15

Fig. 1. Shock absorber design: 1 — a pneumohydraulic
shock absorber (filled with gas under pressure — chambers
G1, G2, G3); 2 — an operating cylinder (filled with liquid);
3 — a hydraulic piston; 4, 6 — arod; 5, 7 — a rod eye;

8 — a pneumatic piston; 9, 10 — a nipple; 11, 12 — safety
valves; 13 — a pipe; 14, 15 — a sealing guide bushing;
G1 — an upper gas chamber; G2 — a compensation gas
chamber; G3 — a lower gas chamber; L1 — an upper
hydraulic chamber; L2 — a lower hydraulic chamber

83



Architecture and Engineering

Volume 8 Issue 1 (2023)

movement. First of all, we analyzed its indicators
determining the elastic component of the suspension
and acting on the wheel during movement of the
suspension elements (Fig. 3) according to a particular
method (Dobromirov et al., 2006; Rotenberg, 1972):
— at curb weight — P_
— static HPSA deflection — S_;
— displacement during compression — S
— displacement during rebound — S
— forces P onthe HPSAat S,

d_comp

— forces P, , onthe HPSAat S, .

The algorithm for the analysis of the elastic
response is as follows:

1.At the selected static deflection S, and load
P_,, on the shock absorber (with curb weight), gas
pressure in chambers G1, G2 and G3 is selected;

2. Calculation of pressure in chambers G1, G2
and G3 during shock absorber stroke from 0 to full
stroke Sfull = Sdicomp +Sd7reb'

3. Plotting of the elastic response.

Calculation of gas pressure in chambers G1,
G2, G3 at THM curb weight

The shock absorber rod force is determined by
the difference in the values of pressure in chambers
G1and G3: p, and p,:

P=(p—p3)F,
where F, — the cross-sectional area of the inner
surface of cylinder 1 (Fig. 1).

F = (dy~d,)* /4,

d_comp’
d_reb’

mp’

a) P b)
Lbr up® y x
Sel i ¥
¥ dr
Sd rel a2
il 3 n >
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.‘ieﬁi N L
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5es [N *
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where d, and d — the diameter of cylinder 1 and the
diameter of the rod, respectively.

Then pressure p, . in chamber G1 under load at
curb weight P_  can be found based on the following
relations:

Peurt
Apcurb = c;’r » Pleurb = Apcurb = P3curb-
1

where p, . — the selected pressure in chamber G3
under load at curb weight P_ ..

Restrictive conditions when selecting pressure:

— the minimum pressure in chamber G3 shall
exceed atmospheric pressure;

— the maximum pressure in the gas chambers
shall not exceed 4 MPa (Dobromirov, 2006). It is
expedient to adopt pressure in chamber G2 to be
equaltop, ..

Changes in pressure during compression

The volume of chamber G1 during compression
varies from the average value V,_ at the average
length L_ of the shock absorber, corresponding to
static deformation S_, to the minimum value V,  at
the length of the shock absorber L__ , corresponding
to dynamic compression deformation S

Nav = F '(Sd_comp +8e1),
Mmin = F 'Sel'

Then pressure in chamber G1 during dynamic

compression will be as follows:

n
_ Nav

Pid_comp = Pleurb V. ’
Imin

d_comp”

Lbr_up o T
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sl & Gl 4|
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- | 2
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Fig. 2. Design scheme of the geometric parameters at the maximum (a) and minimum (b) length of the shock absorber

84



Sergey Repin, Ivan Vorontsov, Denis Orlov, Roman Litvin — Pages 82-87

STUDYING THE OPERATION OF THE PNEUMOHYDRAULIC SHOCK ABSORBER WITH ZERO BOTTOMING
IN THE SUSPENSION OF A TRANSPORT AND HANDLING MACHINE

Sd_reb

Sfull

5d_comp

Fig. 3. Shock absorber parameters

where nis the polytropicindex (n=1.26) (Dobromirov
et al., 2006; Rotenberg, 1972).

The volume of chamber G3 during compression
varies from the average value V,  at the average
length L_, of the shock absorber, corresponding to
static deformation S, to the maximum value V, _ at
the length of the shock absorber L ., corresponding
to dynamic compression deformation S

Viay = F '(Sd_reb +8e5),

Vimax = F1 '(Sfull +SS)'
Then pressure in chamber G1 during dynamic
compression will be as follows:

d_comp”

n
_ Vav
P3d_comp = P3curb % .
3 max

150,
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100
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Fig. 4. Results of indicators for the elastic
response of the shock absorber in Mathcad

Changes in pressure during rebound

The volume of chamber G1 during rebound
varies from the average value V,_ at the average
length L_ of the shock absorber, corresponding to
static deformation S_, to the maximum value V, _ at
the length of the shock absorber L __, corresponding
to dynamic rebound deformation S, .

Mmax = F '(Sfull +Sel)
Then pressure in chamber G1 during dynamic
rebound will be as follows:

n
_ Mav

Pid_reb = Plcurb % :
Imax

The volume of chamber G3 during rebound
varies from the average value V,  at the average
length L_ of the shock absorber, corresponding to
static deformation S_, to the minimum value V,  at
the length of the shock absorber L __ , corresponding
to dynamic rebound deformation S

Vimin = £ 'SeS

Then pressure in chamber G3 during dynamic

rebound will be as follows:

d_reb”

n
£

P3d_reb = P3curb [ % “ J :

3min

Elastic response in the HSA rod stroke
function

The HPSA stroke varies from L . to L __ (Fig. 2).
In this case, the volumes V, and V, and pressures p,
and p, in the stroke function S of the rod (S=0...S
are as follows:

(S) = F (S +8), V3(S) = Fi (o5 + Sy =),
Vl(Sdcomp)Jn’

full )

pl(S):pld_camp'( (S)

()

Now we can determine the perpendicular load on
the wheel from the HPSA deformation:

P(S)=Fi [ p1(S)- p3(8) -

Fig. 4 shows a potential model of the relationship
under consideration for the KAMAZ-43502 chassis,
developed in the Mathcad environment. It should
be noted that in some cases S, , meet the stated
HPSA indicators, and then the Ioad P, ., is different
from the rest, or at least from other, HPSA The load
P, ., Will be negative, which has not been previously
observed in the theory of shock absorbers. As a
result, a separate group of stated HPSA indicators
at the S, , graph section bends in the direction
opposite to the standard one. The main result is an
indication of the fact that the HPSA compression force
is directly proportional to the forces acting during
HPSA rebound as deformation S, , increases.
This phenomenon is due to the following: during

full rebound, gas is heavily compressed in chamber

V3(Sa_comp) ) .
p3(S)= P3d _comp '(i
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G3, and pressure in chamber G1 is minimal (see the
equation above).

It is the presented relationship that provides
conditions for zero HPSA bottoming during rebound.

Discussion

The modeling in Mathcad shows the probability
of a wide range of changes in the characteristics by
modifying the initial HPSA configuration: diameter,
indicator of auxiliary displacements in chamber G3
vs. the actual forces.

Conclusions

1. The considered design scheme of the shock
absorber makes it possible to increase the movement
smoothness of THM due to the new scheme for

the installation of gas springs, which significantly
reduces the probability of HPSA bottoming in all
modes of operation.

2. The efficiency of performance of the new HPSA
design is confirmed by mathematical modeling in the
Mathcad environment.
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AHHOTauunA

BeeaeHue: [nNaBHOCTb Xxo04a TpaHCNOPTHO-TeXHonornyeckux mawwmH (TTM) (akckaBaTopoB, kpaHoB, 060pyAoBaHWSA ANg
COAEepXXaHWst AOPOr U T.M.) Ha aBTOMOOUITBHOM LLACCK 3HAYUTENBHO CKa3bIBAETCH Ha UX JOMNTOBEYHOCTU B CUITY BOMbLUOWN
macchl 060pya0BaHNS U HEPaBHOMEPHOCTU pacnpefeneHnst Harpy3ok no ocaMm 6asoBoro LWaccu, YTo Bbi3biBaeT bonbLune
OUHaMMyecKkre Harpysku npu nepeMeLleHmm no 4oporaM ¢ HECOBEPLLUEHHBIM NOKPbITMEM. 3a4acTyto, UMEHHO MO TakuM J0-
poram npuxoguTtcst nepemeltatecs TTM. Llenb nccneaoBaHusi: nNoBbilLeHWe NnaBHOCTM xoda TTM Ha aBTOMOOMITbHOM
LLIACCU Ha OCHOBE MCMOMb30BaHMSA HOBON KOHCTPYKLMM amMopTn3aTopa, Kak rnaBHOro afemMeHTa NoaBeckn XOA0BOW YacTu
MaLwwuHbl. MeToabl: KOHCTPYKLMSA amopTusaTopa ¢ rmaponHeBMaTU4EeCcKon cxemomn cumtaeTcsa 6onee pacnpocTpaHeHHOW.
MpuHUMN Mx paboTbl OCHOBAH Ha MMAPaBNNYECKOM COMPOTUBIIEHUW, BO3HUKAKOLLEM MPU OBMXEHUN MOPLLHSA CO LUTOKOM
B 0ObeM 3anorHEHHOM Macrom, Npu 3TOM ra3 B 3aKpbITOM YacTu YNIOTHAETCS, KOMMEHCUPYS] U3MEHEHUSA BHYTPEHHETO
obbema. MaBHbIM OTpULaTENbHBIM NoKa3aTtenem rmagponHeBmaTtuyeckoro amoptuaartopa (ITA) yale Bcero GbiBaeT Be-
pPOSITHOCTb NPOo60s Npu 3KCNyaTauum B MOMEHT Hae3aa Ha 6apbep (MpensaTcTBue), YTO BReYeT 3a cobon AuHaMmnyeckme
Harpysku, ymeHbLUaoLWme pecypc MallvHbl 1 AeTanen camoro amopTusatopa. PesynbraTthl: B ctatbe onvcbiBaeTcs Ho-
Basi KOHCTPYKLMS aMmopTusaTopa, UCKIyaroLwero npobon, NpuBoanTCs MateMaTnyeckass Mogenb ero ynpyrowm xapakrepu-
CTUKM 1 pe3ynbTaTbl MoaenupoBaHus B Mathcad, noareepxaatome paboTocnocobHOCTL YCTPONCTBA.

KnioueBble crioBa: NiaBHOCTb X04a, aMopPTU3aTOP, YNpyrasi XxapakTepucTuka.
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BOOK REVIEW OF SUPERTALL: HOW THE WORLD’S TALLEST
BUILDINGS ARE RESHAPING OUR CITIES AND OUR LIVES,
BY STEFAN AL (W. W. NORTON, 2022)

Since 2007, for the first time in our human history,
more than half of the world’s population is now living
in cities. As the world is expected to urbanize even
further over the next few decades, the question is
how cities can absorb urban population growth. The
boundaries are exacerbated by the effect of climate
change. Can skyscrapers serve as an architectural
solution? How can we build them to cope with an
ever-growing population and climate changes?

Supertall, a new book by Dutch architect and
professor Stefan Al, offers an authoritative and
insightful analysis on the future of the skyscraper,
pointing to such directions as regenerative
sustainability. It is a thoughtful account of the
skyscraper’s history and future trajectories, using
some of the most famous buildings to tell the story. Al
has done extensive research to help us understand
how these supertall structures are made, including
all the technical marvels and design innovations
that allow us to make life in them possible, while
relating to a complex system of external climatic
factors.

The evolution of ftall buildings has been
remarkable. For instance, supertall buildings were
first built for a single use, whether it be office or
residential. But now they are increasingly becoming
mixed-use, combining office, residential, hotel,
commerce, and community activity areas. Concepts
are becoming more mixed and flexible, extending
the life cycle span of these types of structures.

His reflections of materials are very insightful.
Typical construction materials used in tall buildings
have changed over time, and a new environmental
ethic may soon lead to further evolution. The first
tall buildings were built mostly from steel frames.
Today, as the compressive strength of reinforced
concrete has increased, they are mostly constructed
out of high-performance concrete. Al explains how
the world is overly reliant on concrete, given the
significant impact on global carbon emissions (about
5% of the world’s total), which in turn increases
climate change. Mass timber, as Al points out, offers
the most promise as a more sustainable building
block for skyscrapers reaching up to 30 stories.

Elevators have transformed as well. The fastest
elevator is now moving passengers at a speed of 76
km/h, although the average elevator still transports
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people at around 22 km/h. There is research
being done on the so-called "wonkavator," or the
Multi, which is the world’s first cableless elevator
developed by ThyssenKrupp elevator company. It
is a magnetically levitated elevator that could move
both upwards and sideways and allow for new
skyscraper design, which up until now has been
constrained by vertical elevator cores.

For skyscraper architects and engineers,
understanding aerodynamics is vital since wind is the
most potent force affecting tall buildings. Computer
simulations and more specifically computational fluid
dynamics simulations help architects iterate various
designs, optimizing wind reduction. In addition, since
taller buildings swing more than other structures in
strong gusts of wind, they can make people queasy.
Such inventions as the tuned mass damper reduce
the shake of a building, which acts as a giant
counterweight moving in the opposite direction of the
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wind. Better aerodynamics also means a reduction
in materials needed to construct buildings.

One serious challenge in the case of tall
buildings is making them climatically comfortable
since in most cases they are absorbing a large
amount of solar radiation. Besides, occupancy and
equipment add thermal loads. As a result, HVAC
(heating, ventilation, and air conditioning) equipment
is substantial. Tall buildings need mechanical floors
every 20 to 30 stories, which are off-limits to the
general public, just to host machinery and water
pumps. More sustainable skyscrapers are able to
reduce cooling loads through operable windows,
smaller window areas, shading devices, as well as
thermal chimneys and atriums. These all could add
to the “thermal aesthetic” appeal of the building.
The use of sensors to monitor and improve energy
efficiency is important as well, although excessive
data collection could have a potential downside and
be considered an invasion on people’s privacy.

The reaction of the general public must also be
taken into account. Skylines are often protected in
historic cities, such as traditionally low-rise skylines
in Europe. Restrictions are, for example, related to
preservation of the right to light of shorter buildings.
However, height restrictions may also come from
“view protection corridors”. This is the case of
London where they try to preserve historical views.
Not more than a century ago in these cities, buildings
were typically not allowed to be taller than a safety
fire ladder or a steeple of a cathedral. The current
rise of tall buildings in these cities is illustrative of
today’s urban renaissance.

In some cities, like New York, unique conditions
exist that lead to taller buildings. The purchase of
air rights above New York City allows developers

who “buy” the right to erect taller structures.
This can result in very tall buildings, even on
sites that are relatively small. The city also has
a regulation in which mechanical floors do not
count as buildable areas. This allows developers
to build even higher when they have entire floors
dedicated to mechanical equipment. But arguably
New York’s most innovative contribution is how
the city incentivizes the creation of open space by
the private sector in exchange for granting more
development rights.

Hong Kong’s skyscrapers are famous for their
location near public transit stations. The city even
features elevated footbridges that interconnect
various skyscrapers and subway stops, making the
city the poster child of transit-oriented development.
As a result, Hong Kong has the lowest per capita
energy cost for urban transportation. Singapore
manages to incorporate greenery and vegetation
into its skyscrapers. A new regulation forces
developers to build green walls and roof gardens,
contributing to Singapore’s image of a Garden
City. Such a biophilic approach has an important
role in preserving biodiversity as well as providing
temperate microclimatic conditions.

In conclusion, it appears that cities around the
world will continue to build tall buildings, albeit
in different ways. The book highlights the many
examples of how skyscrapers can be built more
regeneratively, and how the axes of ecology,
decarbonization and human health are (or are not)
tackled. Skyscrapers are an important typology, and
their performance can be considered controversial
in light of climate change: Al's book thus offers a
valuable contribution to unlock a more sustainable
and holistic design of tall buildings.
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