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With the rapid development of society and the continuous improvement
of living standards, ecological environment and energy problems are
becoming increasingly prominent, and university campuses are also
facing many environmental problems. However, the green concept was
not considered in the initial design of many university campuses, which
resulted in the inability to effectively solve the environmental problems
in the later stage. Campus external space design is an important part of
campus design. The purpose of this study is to introduce the green concept into this link, implant "passive energy conservation" from the design
source, and carry out climate adaptability design for green university
campus. Green university campus in Lingnan area is explored at the level
of urban design to achieve the optimization possibility of external space
design strategy. Through the comparative study of the microclimate in the
square, the courtyard and the street, the outer space of the university campus in Lingnan area is analyzed and sorted out to get a universal spatial
prototype. Based on the advantages of traditional buildings in Lingnan,
this paper deals with the hot climate in Lingnan by means of shading,
heat insulation, ventilation and cooling.
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1. Research Background
1.1 Green Campus

C

hina has a large population base. With the rapid
development of society and the continuous improvement of living standards, the overall per
capita resources are lacking, and the ecological environment and energy issues are becoming increasingly prominent. Statistics show that 50% of the world's energy is
used in construction. At the same time, more than 50% of
the materials obtained by human beings from the nature

are also used to construct various buildings and ancillary
facilities. The emergence of green buildings has effectively reduced the amount of building energy used. Energy
conservation is divided into "active" and "passive" green
research. Active energy saving is achieved mainly through
equipment and additional investment. Passive energy saving is achieved through building layout, space, structure,
etc., without relying on equipment and requiring additional investment.
The university campus is an important part of today's
society, which provides development and backup support
for the country. According to the latest data released by
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the State Statistical Bureau and the Ministry of Education,
there are more than 27 million college students nationwide
in 2018. More than 190 million people have university
education. As a large public building, university campus
has a certain geographical range and spatial scale. It not
only involves the functional requirements of teaching,
scientific research, life and other aspects, but also carries
the inheritance of culture and the expression of openness.
However, as a major energy consumer, university campus
still faces many energy-saving problems, which seriously
restricts the development of green university campus. The
main reason lies in the lack of comprehensive and systematic concept of sustainable development in most university
campuses from the early stage of design.

1.2 Purpose and Significance
Campus external space design is an important part of
campus design. The research purpose of this paper is to
introduce the green concept into this link, implant "passive energy conservation" from the design source, and
carry out climate adaptability design for green university
campus. In the energy conservation design of green university campus, for buildings, the early stage of design
has a great influence on the energy conservation results.
In other words, the energy-saving effect achieved by spatial scale, building site, connection construction and other
external spatial optimization strategies cannot be ignored.
However, the concept of external space design is broad, so
this paper focuses on the spatial relationship between the
corresponding building and the external space. Both the
site and the connector construct the external space of the
green university campus. By analyzing the architectural
prototype of place and connection in campus design, the
passive energy saving principle is studied and corresponding green strategies are given to form a comfortable, efficient and pleasant external space of university campus.
Through the study of the design strategy of the external
space of green university campus, the increasing ecological and energy pressure of the city is well alleviated. This
has become a guide and model for comprehensively promoting ecological civilization. In addition, this kind of design strategy research can greatly play the role of cultivating talents in environmental education, and enable college
students to accept the influence of green and low-carbon
concept.
As a better component of the natural environment in
the city, green university campus will effectively regulate
the ecological function and provide a more comfortable
urban microclimate environment for people. Through the
climate adaptation strategy of the external space design
of green university campus, the win-win results of urban
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function, spatial experience, building energy conservation
and people-oriented can be achieved.

2. Climate Adaptability
2.1 Climate Adaptability Research
Lingnan is broadly understood as the south of five
mountain (Dayu Mountain, Qitian Mountain, Yuecheng
Mountain, Mengzhu Mountain and Dupang Mountain).
It includes southern Fujian, Guangdong, Hainan, Taiwan,
Hong Kong, Macao, and northeastern Guangxi. In the narrow sense, Lingnan refers to the Pearl River Delta and the
Cantonese-speaking areas in southwestern Guangdong.
Lingnan region has subtropical monsoon climate. Its characteristic is hot, stuffy, damp. The hot and humid weather
is good for growing plants, and the abundant rain and
dense river network make Cantonese accustomed to living
with water.
At the same time, the subtropical climate of Lingnan
also belongs to the hot summer and warm winter climate
zone. The buildings in this area must fully meet the requirements of summer heat, ventilation and rain protection. Winter protection and insulation are not considered.
The key points of climate-adapted architectural design are
shading insulation, ventilation and heat dissipation, environmental cooling, rain and moisture proof and typhoon
prevention.
The green building strategy of Lingnan is greening,
shading, ventilation and water. Urban microclimate was
improved by greening, shading, ventilation and water [1].
Through the spatial strategy of “cold lane, patio, open
hall, courtyard”, the corresponding cultural expression
and climate adaptability technology is realized [2]. The
climate adaptability characteristics of traditional Lingnan
buildings are compared with the new building practices,
and energy-saving design strategies are implemented from
the perspective of architectural space and form [3].

2.2 Thermal Comfort Research
For the characteristics of heat, suffocation and humidity in
Lingnan area, the experiment mainly studies the thermal
comfort effect of human body in the summer solstice. Research on thermal comfort has been developed in foreign
countries for nearly 100 years. Houghton and Yaglou from
the United States proposed the first effective index (ET)
for thermal comfort evaluation. The U.S. Navy has put
forward the famous Wet Ball Black Globe Temperature
Index (WBGT).In 1970, Professor P.O. Fanger of Danish
University of Technology, based on the thermal comfort
equation and the 7-point scale of ASHRAE, proposed two
comprehensive indexes, PMV (Predicted Mean Vote) and
DOI: https://doi.org/10.30564/jaeser.v2i2.915
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PPD (Predicted Percentage of Dissatisfied), to evaluate
the thermal environment.
The Predicted Mean Vote (PMV) index is based on
the basic equation of human body heat balance and the
level of subjective thermal sensation of psychophysiology. It considers the comprehensive evaluation indicators
of many related factors of human thermal comfort. The
PMV index indicates the average index of the group's vote
for (+3~-3) seven grades of thermal sensation. In recent
years, PMV values have been tested and debugged by scientists, and it can be used as a very scientific data processing method for urban external space micro-environment [4].
Through the simulation analysis of climate adaptability,
PMV is selected as the evaluation index of thermal comfort correlation. The wind speed, temperature, humidity
and sunshine radiation were compared and evaluated.

2.3 Purpose of Climate Adaptation Research
The climate adaptability of the Lingnan area was studied. Finally, in the perspective of urban design, through
the comparative study of micro-environment in the three
directions of square, courtyard and street, a series of optimizations are proposed in the urban design strategy of
university campus. By analyzing and combing the external space of lingnan university campus, a universal spatial
prototype is obtained. Based on the advantages of Lingnan traditional architecture, shading insulation, ventilation
and heat dissipation, and environmental cooling are used
to cope with the hot summer climate in Lingnan. Environmental conditions are simulated and analyzed by the
ENVI-met model. The coupling relationship between the
physical coefficient of the external space of the university
campus and the micro-environment is studied to give advice on the design of the external space of the university
campus.

3. Design of External Space of Green University Campus
3.1 Microclimate Improvement in External Space
Microclimate is a meteorological term. Compared with
urban climate, the scope of microclimate is smaller. It
pays more attention to the recent near-surface space climate in particular. The urbanization process has led to a
large number of urban scale increase in China. Building
density and height are increased. The physical space form
of the city produced by this construction has completely
changed the natural geomorphological conditions. It produces urban microclimates that are distinct from the natural climate.

Distributed under creative commons license 4.0

In recent years, with the deepening of understanding
of microclimate in big cities, the inseparable relationship
between microclimate and urban form has been established [5].The form and combination of urban architecture
directly affect the formation of urban microclimate. Urban
microclimate should be represented by both physical index and comfort index, and linked by urban design index
parameters [6].
The problem of urban microclimate is caused by the
agglomeration of urban material space [7]. Therefore, the
architectural community pays great attention to the correspondence between urban morphology and urban microclimate. They envisage the construction of a good urban
exterior space through appropriate exterior space design
and standard control. For the relationship between external space and urban microenvironment, domestic scholars
have also conducted many simulation comparisons and
quantitative analysis. All these research results play a
guiding role in determining the research direction and
scale of this paper [8].
If the building is considered to be a cavity with a
defined shape whose main function is to accommodate
human activities, the buildings that appear in a particular
environment will change and affect the microenvironment
and participate in the construction of the microenvironment. As a result, architecture, the environment and people form an intractable relationship.
In different regions, from the perspective of historical
evolution, due to the different climatic characteristics,
the shape and space of the building will produce some
adaptive changes. These changes are all aimed at creating
better microenvironments and more livable spaces. The
chamber of architecture will be restricted by invisible
forces, and there is some magic in its form and composition, which should adapt to the climate, the environment
and guide people's behavior.

3.2 External Space Design Parameters
The design of outer space of university campus is divided
into place and connector, which constitute the design of
outer space of university campus [9].Through the above
analysis and research, it is finally determined to divide the
design of the external space of the university campus into
square space, courtyard space and street. This is the goal
of the external space design for climate adaptation.
(1) At the level of square space, this paper first analyzes
several square spaces of Lingnan university campus and
summarizes the spatial prototype. Based on the location
relationship of several spatial prototypes corresponding
to the square and individual buildings in the campus, a
qualitative strategy is obtained. Meanwhile, the quantitaDOI: https://doi.org/10.30564/jaeser.v2i2.915

3

Journal of Architectural Environment & Structural Engineering Research | Volume 02 | Issue 02 | April 2019

tive relationship between the shading coverage of buildings around the square and the micro-environment of the
square is obtained by ENVI-met simulation calculation.
Finally, the concept of square enclosure degree is introduced to reprocess the simulated data, and the optimization strategy of enclosure degree is obtained.
(2) At the level of courtyard space, the prototype of
courtyard space is also established. The single prototype
of university campus is relatively unified. Through the
setting of spatial scale and open orientation to the control
group, the relationship between the scale and orientation
of the courtyard and microclimate was studied, and the
qualitative strategy was proposed. At the same time, the
prototype of the courtyard was analyzed, and the contact
area of the courtyard surface and the vertical ventilation
rate were taken as research variables. ENVI-met was used
to explore the subtle relationship between yard physical
properties and environmental changes.
(3) At the street level, due to the convergence of university campus building facade scale, the influence of
campus street orientation and scale on outdoor microclimate can be studied by using the control variable method.
According to the influence, the general rule of spatial
arrangement of streets and lanes is discovered. At the
same time, the data concepts of bottom overhead rate and
windward area ratio are introduced, and the approximate
relationship between them and human thermal comfort is
obtained by comparing several schemes.
According to the building density, height, spacing and
other indicators, the corresponding sky-view factor can be
obtained. The calculation results of urban roughness can
also be obtained according to the density, height, orientation and shape parameters of buildings. By dividing several space prototypes of campus external space design, the
simulation and comparative analysis of each space prototype are carried out, and several optimization strategies
are obtained. It provides clear methods and approaches for
future green university campus urban design. At present,
the following design methods of combined parameters
have been obtained:
(1)The urban square climate adaptability design strategy uses architectural shadows to reduce solar radiation
and control enclosure to ensure natural ventilation.
(2)With the use of streets and alleys, the microclimate
in the vertical block with 30° intersection angle due to
its different trend is relatively uniform and stable. This is
most conducive to the improvement of the overall microclimate within the block layer gorge in summer.
(3)The shape, aspect ratio and depth ratio of the enclosed courtyard are related to the climate.
(4)The windward area ratio is defined as the ratio of the

windward area to the maximum possible windward area.
The product of the building density and the average windward area ratio of residential areas in different climatic
zones is the ventilation blocking ratio of residential areas.
(5)The optimal solution of bottom overhead is continuous overhead at the end of row houses adjacent to wide air
ducts.
Based on architecture, the main work in the early stage
of architectural design is to study the rules of architectural form layout, space combination, density and scale,
so as to adapt to the needs of specific climate and human
demand for architectural functions. It plays a vital role in
the improvement of building performance. Architectural design is an important stage in which all possibilities
are mobilized to make the decision of architectural form
space scheme under the premise of relevant limiting factors. In this process, spatial patterns and important spatial
parameters are determined. On the one hand, these design
languages form the surface characteristics of buildings;
On the other hand, it is also the key to affect building energy consumption, natural ventilation, lighting, shading,
insulation and other physical environmental performance.
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4. Conclusion
The research and discussion on the design of the exterior
space of green campus at home and abroad are referenced,
and the theoretical and practical achievements of green
building design at home and abroad are combined. On the
basis of these theories and urban design methods, a deeper
and more specific exploration of the external space design
issues of the green university campus in Lingnan area is
carried out. The coupling relationship between external
spatial parameters and microclimate of university campus
is studied by using thermal comfort evaluation standard.
Some suggestions on the design of university campus
exterior space are put forward. Finally, a series of optimization strategies are obtained in the design strategy of the
external space of green university campus. Through the
climate adaptation strategy in the external space design,
the win-win results of urban function, spatial experience, building energy saving and people-oriented can be
achieved.
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During 50 and 60 years, architecture began to experiment new processes
of adaptation defining new deployable typologies in the engineering and
architecture that had not been experienced until that moment. Transformable forms were developed from the study of geometry. Since then it has
been emerged studies of this type by researchers who have continued or
have been interested in these works. Geometry, structure and form will
be the same. The form will be understand like a fluid concept, in which
is more important to provide the empty in the structure that providing the
masses. The future of architecture is the lightness. This paper presents
a synthesis of the art state of the set of technical solutions to the design
of architectures based on geometric deployable structures that will be
applied to the building construction. The condition of the transformable
forms will characterize the innovative production systems of contemporary architecture. This study provides a strong documental foundation for
research on the significance of new structural and constructive systems in
the production of the current deployable architecture.

Keywords:
Deployable
Transformable
Geometry
Structure
Form

1. Introduction

T

his paper presents a serie of transformable architectures that have been thought to this world in
which we live and which requires of rapid architectonical solutions. There is awareness of the important
of the development of social architecture, emergency
architecture solutions (like field hospitals) and the need
of working in the materialization of new temporary expositive spaces. The objective is studying the different
contemporary manifestations in order to approach them to
different spaces and places that do not have an adequate
temporal architectural infrastructure or fast assembly by
transformable structures. An alternative to conventional
spaces will be proposed, both in rural areas, depressed

neighbourhoods or city centres, as well as exhibition
spaces or for art. It is gathered for the approach of these
transformable architectures to the architects, artists, engineers and general public. Connections between artistic
and architectonical practices will be promoted in order to
encourage the discussion and reflection about the limits
between the temporary or ephemeral and the durable in
contemporary architectural creation.
It can be mentioned as exponents of this field of structures in the years 50-60 Stephane du Chateau, R. Buckminster Fuller, R. Le Ricolais and the great animator Z.
S. Makowski. Later on, there will be exponents such as
Florencio del Pozo, Pablo Bueno, José Calavera, Álvarez
Castelao and Francisco Rius, Juan Margarit and Carlos
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Buxadé, Félix Candela, Emilio Pérez Piñero, Escrig, Sánchez and Valcárcel, Chuck Hoberman, Carlos Henrique
Hernandez, Luis Sanchez Cuenca.
Solutions for the creation of a transformable and functional architectonical space will be looked for. These solutions are characterized by their easy storage, practicality
and versatility. The design must take into account the ease
of transportation, assembly and disassembly because of its
temporary or itinerant nature in many cases. The design
must also value the proposal sustainability and the utilization of durable materials to the outdoors. It will be values
as the contrast the flexibility and the adaptability with the
lowest possible cost and complexity.
To a variety of possible sizes we have to add the multiplicity of morphologies, which give us a lot of possibilities to work and apply on architecture, generating dynamic architectures with a variable form and a lot of news
possibilities. The formation of ordered structures which
we are going to work is the result of collective processes
of repetition of the unity. In these systems we have scales
from the size of a single unit to the scale that characterizes
the entire group; in these cases the individual behaviour
indicates nothing - or very little - of what happens to the
collectivity. These ordered structures, generically, are
called patterns.
The research is based on mathematical and geometric
basic rules, in which the problems of form are in the first
topic mathematic and geometric problems, and the problems of growth are, in fact, physic problems, because the
matter reflects physic laws. Therefore, the emergence of
ordered structures is a result of physicochemical processes, and like some of the laws that govern these processes
are expressed in mathematical terms, then, in the final
analysis, the underlying mechanisms which explain the
appearance of structures are grounded in maths.

shown in figure 1. This patent consisted in a long cannon
vault compossed by a sucession or lowered and folding
bows. So, speaking about deployable structures is speaking about a relative novel discipline.

Figure 1. Improvements in supports for tents, marquees,
temporary bridges and other portable structure. Barde
Salden Watkins patent, 1944
R. Buckminster Fuller can be cited as a great exponent
of this discipline of structures in those years. Fuller develops his first geodesic dome patent in 1951 and he will
follow studying this type of structures along his professional career. An important example of this type of dome
is the USA Montreal Pavilion EXPO1967, shown in figure
2. The building originally formed an enclosed structure of
steel and acrylic cells, 76 metres in diameter and 62 metres high.

2. Deployable Structures
The evolution of transformable bar structures will be studied in order to know the innovations than have been created. All of this is possible because of the study of existing
patents.
During 50 and 60 years, transformable structures for
architecture were begun to be investigated and worked.
There was a true fever in patenting solutions corresponding to geometric dispositions, constructive systems and
design of components (especially pieces of knot). These
systems increasingly were more complex of execution but
of more rational and versatile use.
The first deployable structure patent is found in 1944,
with the “Improvements in supports for tents, marquees,
temporary bridges and other portable structure” patent,
Distributed under creative commons license 4.0

Figure 2. USA Montreal Pavilion EXPO1967. Buckminster Füller, 1967
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The geodesic dome can seem an alchemist recipe, but
it is necessary to obtain a fully triangulated structure. So,
it is necessary to avoid the flexion efforts in the bars. The
innovation consists in the development of the structures
that work to simple efforts. The structure is designed by
division on smaller triangles following an order (more or
less triangulations) any triangle of one icosaedrum (figure
3). After, its vertex has to be projected over a sphere, defining a determinate number of bars.

Figure 3. Icosaedrum division in patents (left) and icosaedrum division in construction (right), R. Buckminster
Fuller
It would have been simpler at first directly projecting
every face of the icosaedrum over the sphere and dividing
the resulting curve (that it is a maximum circle) in equal
parts. But doing things like that, the maximum circles are
not found by three in three at the nodes and the structure
is not completely triangulated. So, flexion efforts and a
high number of knots and bars are produced.

Figure 4. Geodesic dome realized with 3 different dimensions of the bars (left) and traction (yellow) and compression (red) simple efforts in a geodesic dome (right), own
elaboration
A new way of thinking is found with R. Buckminster
Fuller. He discovered by examining traditional constructions that most of the constructions were focused on the
right angles and square configurations. He understood that
the first humans developed this construction mode without
much science. They simply stacked stone on stone. This
simple system was acceptable only for small structures.
But Fuller discovered that the compression fort which
caused the failure of heavy walls was always balanced by
an equal amount of tensile force in the structure. In fact,

8
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he discovered that a structure will collapse if a tension
and compression are not perfectly balanced. Fuller tried to
employ the forces of tension in his new idea of construction by seeking always the maximum efficiency. Geodesic structures (figure 4) were the result [1].
His declared purpose was to cover the largest amount
of land with the least weight. Fuller claimed to have
achieved it with less than 4 Kg/m2. He made it by construction of a generally spherical shape which structural
elements were interconnected in a geodesic design of
maximum circles by forming a triangular grid that was
covered with a plastic sheet. Geodesic domes correspond
to the biggest structures that can be constructed with the
minimum possible amount of material. They are economics and quick to build too.
Fuller was a visionary that promoted projects which
completely reconsidered the parameters of everyday life.
Geodesic domes were born by his passion of creating an
alternative system of geometry. He had capacity to forge
inspiring and transformative ideas. Two of the most contemporary concepts of our time, "sustainability" and "innovation", would not have existed without his influence.
He argued that the best teacher of creators must be nature.
A type of molecule formed exclusively by carbon atoms
(carbon C60) bears the name of Fuller. The fullerenes are
known just like that by its similarity of these molecules
with the domes that Fuller designed (development equal to
the nature). The geodesic structure that it is found inside
of the cytoskeleton is a classical example of a pattern that
is found in nature in different scales. The spherical groups
of carbon atoms that are called “buckminsterfullerenes” or
“buckyballs” exhibit geodesic forms. The virus, enzymes,
organelles, cells and other small organisms also exhibit
geodesic forms. All these entities stabilize themselves in
three dimensions similarly when arranging its parts to
minimize energy and mass through continuous tension
and local compression.
The benefits of the geodesic structure are:
(1) Lower initial costs:
(2) Reduction in material costs
(3) Reduction in energy costs
(4) Reduction in workforce costs (faster, easier, simpler).
(5) Security: resistance to winds, storms, earthquakes
and snow. As the wind blows more, it surrounds the structure and affirms it more to the ground because the structure has no suction surfaces. No covered structure is so
stable and strong.
(6) Structural resistance: The geodesic form optimizes
the loads by displacement of forces along all the structure.
(7) Concentrator of light and heat.
DOI: https://doi.org/10.30564/jaeser.v2i2.510
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(8) Lower wall surface exposed to the exterior in relation to the covered surface.
(9) Clear interiors.
Robert Le Ricolais (1894-1977) ideas can not be left
unmentioned. R. Le Ricolais questioned the notion of
form as something static. He understands the form like
a fluid and in movement concept. Ricolais [2] tries to discover the relationship between structures extracted from
nature (where it finds principally complex models of organization), and the structure of the forms constructed by the
humans (figure 5). The idea that it is more important to
provide the empty in the structure that providing the masses appears in his new structural concepts. The structural
art consist of how and where to collocate the holes. It is an
idea tremendously linked with every form built, because
it implies building with holes, building with hollow material and building with hollow and resistant, but weightless
structures. The future of architecture is the lightness.

Figure 5. Flower of dandelion (left) and 3 Lattice System
(right), R. Le Ricolais
In Spain, Florencio del Pozo, like teacher and designer,
introduced this area of the structures. Pablo Bueno topped
off his engineering studies with a flat meshes investigation. Later, he and José Calavera projected and constructed some of these meshes. Ignacio Álvarez Castelao and
Francisco Rius were pioneers in providing solutions of
spatial structures in their projects too. At the beginning of
the 70s, the space meshes appear in architecture, by Juan
Margarit and Carlos Buxadé. Felix Candela, from Mexico
and USA, always exerted influence on Spanish scholars.
All these initiators are linked to the academic world and
contrast or learn from it their solutions.
Emilio Pérez Piñero [3] is not based in investigating
theoretical models speaking as much of design as of calculation. From the beginning he fabricate them because he
does not have baggage provided by others in which rely
on because his design is totally new. But it is not a difficult work for him. He builds their models with his manual
ability and his spatial vision. He developed his work alone
and he protected his findings by patents. He wanted to
commercialize his structures and he dedicated his profes-
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sional life to this purpose.
The information that is usually reflected in plans about
his realizations is not abundant and accurate. However,
mock-ups and scale models or pieces of them exist. In
order to make transmissible his realizations is necessary
draw and defining them in large part. Although mock-ups
and models could be handled, it is the best way to do it
accurately and rigorously the transmission of his work.
His characteristic invents are:
(1) Deployable straight bar structures formed by beam
modules.
(2) Deployable broken guideline bar structures formed
by beam modules.
(3) Demountable reticulate domes.
(4) Autodeployable domes.
(5) Retractable domes.
(6) Deployable structures with rigid autofoldable cover.

Figure 6. Pantograph for the folding itinerant theatre.
Pérez Piñero, 1961
Emilio Pérez Piñero and Félix Candela [4] joined professionally towards a promising path. They looked for the
resistant problems. That is to say, they looked for the form
of the problems and did not looked for the problems of the
forms. This generated an elusive and extraordinary game
with the laws of gravitation.
In the text “Reticular structures” [5] the following words
appear:
“[…] It is an initial premise the need to adapt and twin
in an insoluble bond shape and material. […] The form
has to be studied in order to obtain the most adequate
tension distribution. In the material will be its mechanical
qualities and density, in accordance with the chosen form
and the tensions that occur in it, which will determine its
choice. Structure in form is what makes its subsistence
possible as such. In the first concept structure and form
are identified. […] The mesh appears like general shape
and it is assumed predetermined and fixed previously. The
bar is a condensation of mass in the line of the force. The
holes are a suppression of inert mass.”
DOI: https://doi.org/10.30564/jaeser.v2i2.510
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In this same text [5] Emilio Pérez Piñero also frames and
analyzes the characteristics, evolution, types and future of
the reticular system. In this text can be read:
“[…] In the conception, design and execution of a reticular structure the following phases appear:
(1) Determination of the general form of the set.
(2) Determination of the grid, arrangement and length
of the bars. This can be called “Geometric calculus of the
structure”.
(3) Mechanical calculus and dimensioning of the bars.
(4) Constructive resolution of the connection of the different bars.
(5) Effective formation of the structure in its location
with the assembly of its elements.”
This is the process that is intended to follow in the subsequent geometric evaluation of the unfoldable structures
studied.
It can be said that Emilio Pérez Piñero is the inventor
of the deployability, based on the modularity, light weight
and transformability concepts. His principal innovations
are the spatial deployable structures of bars and through
articulate knots from the scissor mechanism formed of
three or four bars linked in an interior point. This system
has not been documented before and he protected it by
patents between 1961 and 1972. Nowadays, there are
solutions of him that there are not understood or exceeded
by posterior investigators.
The deployable structures investigated are characterized by the use of the bars with collocation in “x” in the
thickness of the structure. It generates plane and curve
surfaces. In both cases the movility is produced in the
mechanism phase and they have to be stabilized later.
The folding itinerant theater (figure 6) consists of a flat
cover structure. This structure is foldable and consists of
bars, perimetral open triangular supports and bracings,
and four special square supports. As a whole, the structure
covered an area of nearly 8,000 sqm.

In 1964 a transportable pavilion (figure 7) was in
charged to him to celebrate the twenty five years of peace
with Franco. In the antipodes of the model presented in
London, he resolved the project with a plane of double
layer structure. The articulated knot facilitated to a large
degree the transport. The pavilion also could change the
emplacement and the form. It has outdoor places to take
advantage of the spring and summer weather in Madrid.
But in San Sebastián and Barcelona it presented a compact form [5].
The envelope to the outdoors exposition “Twenty five
years of peace” has a stabilization system in which first of
all the structure is unfolded. Later, a serie of bars is added
in top and lower faces until complete five pairs of laces in
one direction. Two more serie of bars are added occupying the extreme edges in the other direction. This direction
also receives uprights until all the aristas of these edges
are triangulated.
The dome of the theater of the Dali Museum in Figueres (Girona) also is found among his works (figure 8). It
is a polyhedral dome banked, based on a spherical icosahedron of fourteen meters in diameter and with a height in
the key of ten meters, sitting on asymmetric pendentives
of spherical direction of thirty-four meters on each side.

Figure 8. The dome of the theater of the Dali Museum in
Figueres (Girona), Emilio Pérez Piñero

Figure 7. Transportable pavilion “Twenty five years of
peace”. Emilio Pérez Piñero, 1964

10

Distributed under creative commons license 4.0

Lina Puertas, in her thesis about Emilio Pérez Piñero,
presents a mathematic solution and an informatic program
to the complet geometric definition of the used mesh to
modelize these deployable structures.
DOI: https://doi.org/10.30564/jaeser.v2i2.510
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Albert Moore appears like inventor of the “Pre-assembled structural framework” patent that was granted in
1967 (figure 9). The innovation is the triangulated double-curved vault.

Figure 9. Pre-assembled structural framework. Albert
Moore, 1967
Teodoro Zeigler develops some patents of deployable
structures since 1977, which innovation are the articulated
through knots with scissor type system. The final design
is a triangulated dome formed by the bars without bracing
like the patent “Folding self-supporting structures” shows
(figure 10).

Figure 10. Folding self-supporting structure. Teodoro
Zeigler, 1977
More recently, about 1980, Santiago Calatrava [6] preferred to use articulated arms instead of scissors in proposals that made him famous like the foldable entrance
for the Ernsting store, in 1983, and many others. In 1988
he presented his thesis “On the folding of the trusses”,
in which he realize a geometric study of the deployable
structures from their rhomboidal, polyhedral, cubic and
spherical modules (figure 11). And later designed a lot of
movable roofs and cantilevers based on articulated single
arms.

Carlos Henrique Hernández [7] continues the works of
W. Zalezwky. Between 1987 and 1992, he designed and
built the Venezuela Pavilion at the EXPO 92 in Seville
based in the accordion system (figure 12). A model based
on accordion-like folding system was conceived to cover
a span of 30 X 20sqm. He developed the hinge knot and
resolved problems of construction, assembly and rigid
enclosures. He also developed proposals based in squares
meshes like STRAN 1 and STRAN 2, in which developed
the scissor knot and the long barrel vault.

Figure 12. Venezuela Pavilion at the EXPO 92 in Seville
(left) and STRAN 1 (right). Carlos Henrique Hernández,
1992
While Emilio Pérez Piñero worked on scissors with
three or four arms, the team formed by Escrig, Sánchez
and Valcárcel [8] proposed to use two arms scissor as the
basis for their designs. The main achievement of this team
was the completion of the swimming pool roof in San
Pablo sports area in Seville (figure 13). The dimension to
cover in plan was approximately of 60x30 sqm.

Figure 13. Swimming pool roof in San Pablo sports area
in Seville, Escrig, Sánchez and Valcárcel
Chuck Hoberman is the inventor of the eccentric scissor and scissors trains, which permitted to make more
compact the bundle when folded and create completely
closed polihedra (figure 14).

Figure 11. Images of “On the folding of the trusses”.
Santiago Calatrava Thesis, 1980
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Figure 14. Sphere of Hoberman, Chuck Hoberman
DOI: https://doi.org/10.30564/jaeser.v2i2.510
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A lightweight, rapid-erect shelter system using a
new combination of composite materials and fabric diaphragms in a truss support system has been developed by
N. K. Burford and F. W. Smith [9] in response to changes
in military requirements (figure 15). The authors focus on
the problems encountered in the development programme
and the innovation process, highlight how these problems
were overcome and detail the benets which were created.
In particular, the resulting tent incorporates lightweight
sprung glass reinforced composite beams, post-tensioned
by a fabric diaphragm. The new shelter uses a minimum
number of these lightweight, rigid components and consequently achieves a reduction in weight, erect and strike
times and packed bulk through its innovations.

Figure 17. Transformation process of the transformable system with telescopic bars articulated in x, Marta
Balaguer Sala and Ramón Sastre i Sastre

Figure 15. Revised structural configuration of full scale
prototype shelter, N. K. Burford and F. W. Smith
Luis Sánchez Cuenca developed a complex geometric
theory for building any kind of deployable surfaces (figure
16).

Daniel Enrique Gómez Lizcano [11] develops mobile
systems with one degree of freedom (1DoF). Al least two
polygons can generate them: quadrilaterals and triangles.
The first is the result of articulate scissors like elements,
transmitting the efforts from one module to the next uniformly (figure 18). The second consists of the combination of articulated and sliding systems, by incorporating a
guide element in which deformable triangles are inscribed
with compression operation (figure 19).

Figure 18. Movement of a truncated square based pyramid, Daniel Enrique Gómez Lizcano

Figure 16. Proposal made to generate arbitrary forms,
Luis Sánchez Cuenca
Marta Balaguer Sala and Ramón Sastre i Sastre [10] investigate the systems of bars in x with intermediate hinge,
also called SLE (scissor like elements) (figure 17). It has
been proved possible to obtain different formal alternatives with a single structural solution, by making modifications to add a DOF (degree of freedom) to SLE base
unit. So, the new typology is the telescopic bars articulated in x.
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Figure 19. Analysis of the movement transmission between faces: (a) Articulated joints, (b) Slidable framework. Daniel Enrique Gómez Lizcano
DOI: https://doi.org/10.30564/jaeser.v2i2.510
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Antonio Ponce García and José Sánchez Sánchez [12]
generate curve surfaces by scissor mechanisms in x form
(figure 20). Those meshes that can be curved in only one
direction give rise to cylindrical surfaces whereas those
one that can be project, bending in two directions, become
a double-curved ones. The proposal of their work is the
resolution of the generation of these rectangular module
meshes as regular frustoconical surfaces.

Omar F. Avellaneda L. [14] addresses the problem of
dynamic structures seen form their structural morphology
and function in the field of architecture (figure 22). The
objective of his research is to study the solution of the
enclosures for deployable structures, adopting textile systems for such approaches, and design coordination for the
structure and its enclosure.

Figure 22. Model with stiffening membrane system synclastic, Omar F. Avellaneda L.

Figure 20. Frustoconical mesh generation, Antonio Ponce
García and José Sánchez Sánchez
Cristina Ramos Jaime, Antonio Maciá Mateu and José
Luis Oliver Ramírez [13] focuse on the development of a
solution to achieve the curvature for deployable spherical
grids, which aim is to simplify the constructive process
(figure 21). A system that allows the use of straight bars
with central articulation and that takes into account the
size of the joints is proposed. The nodes between crosspieces are formed by two rings with different diameter
according to the angle required in each connection.

Koray Korkmaz, Gözde Susam and Yenal Akgün [15]
introduce a novel 8R reconfigurable mechanism which
can meet different hyperboloid paraboloid surfaces (figure
23). The novel design utilizes the overconstrained Bennet
linkage and the production principals of ruled surfaces.
They improve these systems with their novel mechanism.

Figure 23. The model shows the transformation capacity
of the novel mechanism with fourteen intermédiate links,
Koray Korkmaz, Gözde Susam and Yenal Akgün
Yohei Yokosuka y Teruo Matsuzawa [16] present a system called a multilink spherical joint, which is a novel
mechanism that allows triaxial rotation of members (figure
24). It can form ideal structure systems of variable geometry without small offsets between the rotation centers of
the links. This system is only a prototype, and it was not
built as architecture.

Figure 21. Curved grid unit, Cristina Ramos Jaime, Antonio Maciá Mateu and José Luis Oliver Ramírez
Distributed under creative commons license 4.0

Figure 24. Study model of variable-geometry structure,
Yohei Yokosuka and Teruo Matsuzawa
DOI: https://doi.org/10.30564/jaeser.v2i2.510
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Rodrigo Ramos Jiménez [17] has like objective finding
the proper geometry for deployable structure of x-frame
and an opening system which allowed us to install a
covering in a few minutes (figure 25). He also wanted
it to be modular in length. He obtained the conclusion
that the best they worked was formed by trunk of cones
formed by trapezoids and rows of triangles at the base.
This system is only a prototype, and it was not built as
architecture.

the simplest solution for the practicality of analysis and
construction.

Figure 27. The physical prototype, Daniel S-H Lee, Olga
Popovic Larsen and Seung-Deog Kim

Figure 25. Model of dome made of two trunks of cone,
Rodrigo Ramos Jiménez
Lara Alegria Mira, Niels De Temmerman and Ashley
P. Thrall [18] develop transitional shelters which can be
rapidly deployed and reconfigured afterwards (figure
26). Deployable structures based on scissor elements are
lightweight and provide a high volume expansion after
deployment. The prototype to architecture was built before 2017 [19].

Carlos Cesar Morales Guzman [21] develop an experimental investigation of organic geometry in architecture,
consequently reference was taken as fractal geometry,
as this helped to form a flexible and adaptable in nature
are versatile structures adapt to highly variable contexts,
noting that concept is embodied in the application of a
light and retractable structure (figure 28).

Figure 28. Development of organic according to the geometry generated by forms and modular Member for their
standarization and iteration. Morales, 2010
Figure 26. The concept for a shelter uses deployable
scissor arches with a membrane. Dimensions are indicated
at the right. Lara Alegria Mira, Niels De Temmerman and
Ashley P
Daniel S-H Lee, Olga Popovic Larsen and Seung-Deog
Kim [20] present a study investigating into a more effective
design of connection joint for scissor-type deployable
structure (figure 27). The main objective is to look into;
1) the design to minimise the structural deformation and
hence the induced stress level during deployment, and 2)
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Natalia Paola Torres Londoño [22] describes the design
process for a deployable, movable stage that can be adapted to different spaces and uses (figure 29). The structure’s
configuration was developed through the analysis of the
various key structural systems enabling it to be opened,
closed, and transported without the need to be disassembled. The research was based on the study of scissor
systems, folding and on the design of folding-membrane
deployable structures.
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Figure 31. Pods, Hexagonal Glass and Glass Joint
HUTCHINSON 3G. AKT, Adler, Karan and Taylor

Figure 29. Folding stage for cultural events, Natalia Paola
Torres Londoño
Charis J. Gantes, Konstantinos E. Kalochairetis and
Yenal Akgün [23] develop deployable structures that can
be defined as structures that can be transformed from a
closed compact configuration to a predetermined, expanded form, in which they are stable and can carry loads. In
order to achieve deployability significant restrictions are
imposed upon the possible geometric forms as well as the
arrangement of structural members.
Rodrigo García Gonzálezinnovates by making rigid
the structure of its own geometric configuration once deployed without requiring external elements (figure 30).
His design can be used to high buildings. He incorporates
the concept of fractality to the deployable structures.

Lisa Iwamoto [24] also develops some deployable structure, like the “Digital Weave” (figure 32). The exploration
of expandable surfaces and social issues of homeless was
experimented on the design of a performance art centre.
The idea was the expandable mechanism was able to
provide a multifunction surface which allowed different
programme to happen. Part of the facade could be open
during certain period of time to create an outdoor performance area. When the façade was closed, it can used
as rehearsal room and also and exhibition space. This
transitory event was the key to create public awareness of
homelessness in the surrounding community.

Figure 32. Digital Weave, Lisa Iwamoto

Figure 30. Fractal expanding structural system, Rodrigo
García González
Nowadays, AKT, Adler, Karan and Taylor, study the
project that FOA developed based on hexagonal pieces to
an idea of prototype (figure 31). Any sizes of hexagonal
panels provided with curved and flat inner walls were developed. The problem was the links. The resolution was
taken them away from the nodes.
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Finally, it should be emphasized that many of these
deployable structures are based on tensegrity systems. A
tensegrity is a bars and cables structure that only works
in compression and traction. The bars and the cables are
equilibrated between them. The growth of the structure is
apparently messy.
A tensegrity is a closed structural system in which three
or more elements are compressed between traction elements. Traction elements generate distance between compression elements and it generates a triangulate system
which cancels the forces by keeping it in perfect balance.
That is, tensegrity is not based on weight and thrust stratDOI: https://doi.org/10.30564/jaeser.v2i2.510
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egies. Tensegrity is based on equilibrium tension systems.
They do not depend on external efforts like weight or
gravity.
Tensegrity structures have the capacity of giving a
global response as a whole. Every punctual load to which
they are subjected is uniformly transmited and absorbed
for the whole structure. Its stiffness also increases as the
load increases.
In terms of their structural properties, tensegrities
stand out by their lightweigh in comparison with other
structures of similar resistence. They have a high carrying capacity if they are compared with other structures of
analogous weight.
Tesegrities have self-equilibrium. They require of no
anchorage or fixation to maintain its shape or geometry.
They are stables in every position.
If the prestressing of a tensegrity system is greater, its
bearing capacity or resistant capacity will be greater.
Because of the compression elements are no continuous, they only work locally. They also are resistant to
torsion and buckling because of the small section of their
elements.
Tensegrities have the property of synergy, in which
the behaviour of all the set is not predictable from the behaviour of its individual components.
The rigidity of the structure depends on the materiality
and the links.
These tensegrity structures are in relation with the principles of nature. The cell can be considered a tensegrity
system. The cytoskeleton of cells has the same role as
bars and cables in tensegrity structures. The cytoskeleton
balances the stresses that giving shape and stiffness to the
cell.
Tensegrity structures have a serie of advantages and
disadvantages:
The advantages are:
(1) They do not present points of local weakness.
(2) It is feasible to use materials in an economically
and cost-effectively form.
(3) Tensegrities do not suffer torsion, and buckling is a
phenomenon rarely present in them.
(4) It is possible to create more complex systems by the
assembly of simpler ones.
(5) For large-scale structures, the construction process
would be facilitated by the absence of additional scaffolding. The structure itself serves as a scaffold for itself.
(6) In folding systems, only a small amount of energy
is needed to change its configuration.
The disadvantages are:
(7) The tensegrity groups have yet to solve the problem
of congestion of bars. As the size grows, their mounts be-

gin to interfere with each other.
(8) A relatively high degree of deformations and low
material efficiency are observed, as compared to conventional geometrically rigid structures.
(9) The complex manufacture of these constructions is
a barrier for the development of the same ones.
(10) To maintain the self-tensioning state, it is necessary to subject them to a prestressed state which would
require very high forces for their stability, especially for
those of large dimensions.
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3. Conclusions
By the analysis of submitted architectures is observed that
all of them have their origin in a geometric triangular pattern. This pattern is, geometrically speaking, totally stable.
In the developments studied are presented the scissors
mechanism in the repetition of structures applying certain
turns in order to obtain the pliability. We obtain with these
mechanisms lightness structures.
These structures are subject only to simple tensile and
compressive stresses.
From all this we deduce that this accommodation from
pliability to architecture is totally viable. New structures
verify very lighness structures that we find easy to transport. Triangulation is always presented like something
totally basic.
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It is very important to use the daylight in the building design, which is
allowed by the windows into the buildings, to reduce the energy consumption. However, on the other hand, the performance of daylight varies
according to the floor levels of the building. This research focused on the
investigation of the correlation between the performance of daylight and
window areas according to floor levels through field measurements and
simulation experiments in the residential building. The aim of this research is to derive the adequate window areas according to the floor levels with respect to the orientation of the residential building to achieve the
optimum level of daylight and indoor temperature in the livable areas of a
residential building. The case selected is residential building from Nagpur
region, of Central India. It has a hot and dry climate. The evaluation of
daylight level has been done with selected parameters like percentages of
Carpet Area to Window Ratio (CAWR) and Orientation by using daylight
metrics, namely Useful Daylight Illuminance (UDI) (with Daysim and
Radiance analysis tools plug-in Ecotect 2011 software). The findings of
this research are the adequate area of window according to floor levels
with respect to the orientation in the livable areas of the residential building.
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Useful Daylight Illuminance (UDI)
Indoor temperature

1. Introduction

P

erformance of energy and the indoor environment
has become gradually important in building design.
In current trade, Architects and Designers are targeting to plan the buildings with low energy consumption
and high indoor environmental performance. Optimum
utilization of daylight into the building helps to save a
significant amount of energy [1]. In the building, the main
sources of daylight are the fenestrations (i.e., window,
door) and these fenestrations work as an interface between
the indoor and outdoor view of the building and also af-

fected the indoor temperature of the building [2]. Aspects
of privacy vary greatly with building typology. In some
building typologies, occupants need a minimum outdoor
view to maintain privacy, whereas, in the residential
building typology, the occupants’ requirement is both privacy as well as access to daylight appropriately in liveable
areas. Though substantial research on daylight designs
has been done for various typologies [3-5], the published
literature focused more on studies in workspaces and few
researches exist for residential typology. The research
works have been done with residential typology mainly
on parameters like indoor artificial lighting [6], intensity of
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internal illumination [7], shading devices [8], glazing types
[9]
, light pipes used in multi-storeyed residential buildings
[10]
, and thermal comfort [11,12].
It is observed that the performance of daylight varies
according to the floor level of the building. At the peak
time of the day (i.e. 6 am-10 am and 2 pm-6 pm), the direct penetration of daylight in the interior of the building
on the ground floor is not as much of the first floor and
second floor (upper floors) of the building. So, the window area according to the floor levels (often neglected) is
also a very significant required building design parameter
in the domain of day lighting and indoor environment for
the building.
The literature review revealed that very few research
works have been done on the provision of daylight and indoor temperature according to the floor levels of building
as a design parameter in the residential buildings. Therefore, this research focused on to investigate that- it has
truly a need to calculate the window areas according to
the floor levels with respect to the orientation of building
due to the variation in performance of daylight and indoor
temperature according to the floor levels, through the
field measurements and simulation experiments.
India is a developing country and has a tropical climate with ample daylight with clear sky condition, so the
research in this domain is of main importance. In Indian
context, Architects and Designers have to strictly follow
the rules and regulations for the design of daylighting and
ventilation (thermal) in the residential buildings, mentioned in the National Building Code of India (NBC) [13]
and legal implications as mentioned in the Development
Control Regulations (DCR) [14] (of that particular region/
city). However, it is observed that the rules and regulations mentioned in the standards of NBC-2005 [13] and in
the DCR-2000 [14] related to daylighting and ventilation
for the residential building is set irrespective to the floor
levels of the building. Hence, the similar area of windows
is provided on all floor levels (Ground floor, Frist floor
and Second floor) at all the orientation (i.e., North, East,
South and West) in the residential buildings, which often
creates the major issues related to daylight levels (visual
comfort) and thermal discomfort for the occupants. Therefore, there is a need to research and calculate the window
areas in the liveable areas according to floor levels with
respect to the orientation of the residential building, in the
context of daylight and thermal comfort of the residential
building.
The aim of this research is to derive the adequate area
of windows according to the floor levels (ground floor,
first floor and second floor) on the basis of percentages
of Carpet Area to Window Ratio (CAWR) (explained
Distributed under creative commons license 4.0

in 4.4.1 further in the paper), in the liveable areas with
respect to the orientation of residential building. This paper represents the comparative analysis (in existing and
experimental condition) of the percentages of CAWR and
percentages of Useful Daylight Illuminance (UDI) and
Indoor temperature hour per year according to floor levels
with respect to the orientation (using a dynamic simulation process with Ecotect 2011 software) with a calibrated
simulation model of the residential building. The calibration of the residential building has been done on the basis
of field measurements. Based on the comparative analysis,
the finding of this research is daylight varies according to
the floor levels and window area hence need to be calculated as per floor levels. If the adequate window area (or
CAWR) is provided for one floor and the same is repeated
(or provided same) for other floors, it may lead to problems of glare or darkness for those floors.

2. Introduction of Case Study and Climate of
Nagpur Region
In the residential building typology, the livable areas of
the residential building have been selected for this research as a case from Nagpur region of Central India. The
selected residential building has ground and two floors
with four dwelling units (DUs) on each floor (carpet area
of each DU as 35.30 m2). Each DU of a residential building is composed of one bedroom, a living room, and a
kitchen; as liveable areas along with utility area and is facilitated with lobby, a staircase, and a meter room (on the
ground floor) as shown in Figure 1.
The selected case was from Nagpur region (21.1458°
N, 79.0882° E) under a hot and dry climate that is similar
in case of tropical climate observed at the global level.The
general climate of Nagpur is very dry and semi-humid
climate throughout the year except monsoon season (June
to September), a very hot weather during the month of
summer (March to May), which reaches the high point in
the month of May i.e. 48 °C. The winter season of Nagpur
region has a minimum temperature about 12 °C and often
dips below that level [15]. The annual climate of Nagpur region was considered for the simulation process to evaluate
the daylight levels and indoor temperature in the livable
areas.
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Figure 1. The plan of a typical floor of a residential building.

(b)

3. Research Methodology
The methodology presented in this paper is to obtain the
daylight level inside the room in the residential building,
worked out at the center of the room from the opening
area of wall (Figure 2). The methodology followed in this
research is summarised in this section:
Field measurements of daylight level and indoor temperature were taken as shown in Figure 2 (a), (b), (c), of
the living room of DU-1 of the selected case of a residential building. The field measurements were taken with LICOR-210 light sensors with National Instruments Wireless Sensor Network (WSN) placed at the level of 0.80 m
from the floor at 6.00 am to 6.00 pm (12 hours of daytime)
on 15/5/17 to 17/5/2017 . The main target of the research
was daylight; hence all the artificial lights were switched
off while taking the reading of field measurement.

(a)
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(c)
Figure 2. Field measurements of daylight level and indoor temperature
Note: (a) The typical plan of floor of residential building, (b) The typical
plan of dwelling unit-1 showing living room with position of sensors
represented with (+) (c) The images of the placement of sensors at the
work plane (a 0.80 m from the floor level) to take field measurements of
daylight.

Then the architectural drawings (2D) were made in AutoCAD of the residential building and imported into the
Ecotect 2011 daylight analysis software in the format of
‘*.dxf’. Its 3D model was made in Ecotect 2011 daylight
simulation software with same material properties as mentioned in the construction specifications for the selected
residential building. The general existing site information
(such as latitude, longitude, altitude, azimuth, the orientation of the building, the local time zone, the site-specific
terrain) were taken from the Weather data for the Nagpur
region from the website of Energy Plus [16] for simulation. Calibration of the 3D simulated model of residential
building was done by taking the RGB (the Red, Green,
and the Blue component) values of the wall, flooring, and
ceiling from the architectural documentation as per the
field measurements specifications [17,18] .
The study is based on the calibrated simulation model;
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the field measurements of the living room are used to validate the simulation model to cross check it, in terms of its
real-world daylight performance. The simulation model
calibrated and developed closed to the existing specifications. So that, the model should be useful for further
experiments with parameters to achieve optimum daylight
level in the living room. A calibrated simulation model of
residential building was validated by the comparison of
data generated by field measurements with simulation [17].
This validated simulation model of residential building
was further used for dynamic simulation process with
Ecotect 2011 software. The dynamic simulation was done
with Daysim and Radiance plugin Ecotect 2011 software [19]. The daylight metric (in Daysim and Radiance)
i.e. Useful Daylight Illuminance (UDI) was identified
as the evaluation criterion for the evaluation of selected
parameters (explained in section 4 further in the paper).
This selected metrics is climate based and gives an annual
occurrence of illuminance on the work plane (0.80m from
the floor level). The selection of parameters was done on
the basis of a selected typology of residential building,
namely, CAWR, Floor levels (Ground floor, First floor,
and Second floor) and Orientation (cardinal directions, i.e.
North, East, South, and West). Infrastructure rules with respect to physical parameters were applied as per National
Building Code of India-2005 [13] and Development control
regulation for Nagpur region-2000 [14]. Evaluation of the
existing performance of daylight and thermal comfort (indoor temperature) according to the floor levels of livable
areas (of DUs) of the selected residential building was
done with Ecotect simulated model. Simulation experiments were conducted to achieve optimum daylight levels
and the thermal comfort level in the livable areas, which
seemed to have inadequate daylight levels. These experiments were conducted on the basis of selected parameters
as mentioned above. At each floor levels, the comparative
analysis between the selected daylight metrics (UDI) and
parameters (CAWR and orientation) and the thermal comfort hours per year (indoor temperature) was done. From
the comparative analysis, the adequate percentages of
CAWR (window areas) according to the floor levels were
found with respect to the orientation of building for liveable areas. The conclusions were drawn in terms of performance of daylight and thermal comfort by evaluating
the CAWR, according to the floor levels with respect to
the orientation of the building. The key workflow of this
research has explained in Figure 3.

Figure 3. Workflow key diagram

4. Parameters for Evaluation of Daylight Levels
In this research, to give an indication of the expected day
lighting performance in residential buildings, the three
parameters have been selected. These selected parameters
are directly affecting the interior daylight level including;
Window area, Floor levels (Ground floor, First floor and
Second floor), and orientation of building [20]. Since the
study is case specific, the physical dimensions remain unchanged.

4.1 Window Area
4.1.1 Carpet Area to Window Ratio (CAWR)
Carpet Area is the net usable floor area within a building,
excluding that covered by the walls or any other areas
specifically exempted from floor space index computation
in NBC and DCR [13,14]. Whereas, Floor Area is the net
usable floor area within a building including that covered
by the walls [13,14]. Hence, in this research Carpet Area was
considered for the calculation of CAWR as an evaluation
criterion [21]. The calculation of window areas has been
done on the basis of Wall to Window ratios [22,23], and
Floor to Window ratio [24] in other research work for daylight design for the residential building.

4.2 Floor Levels (Ground Floor, First Floor, and
Second Floor)
Because of the variation in the floor, it is very important to
Distributed under creative commons license 4.0

DOI: https://doi.org/10.30564/jaeser.v2i2.376

21

Journal of Architectural Environment & Structural Engineering Research | Volume 02 | Issue 02 | April 2019

investigate the performance of daylight levels and thermal
comfort according to the floor levels of the building. Floor
levels, often overlook in daylight research, is an important
parameter, especially for a residential building of tropical
climate. Hence, this research focused on the requirement
of window area at each floor levels on the basis of percentage of CAWR with respect to the orientation ( North,
East, South and West) of the building. So, the façade configuration according to the floor levels and the orientation
of building were highlighted to study its impacts.
Therefore, the parameters selected for this research, are
essentially CAWR according to the floor levels, thermal
comfort and orientation of the building.

5. Daylight Metric Used for Evaluation of Parameters (for Evaluation of Daylight Levels)
The climate-based metrics are analyzed the annual
amount of daylight performance in interior spaces of
building and use information of climate in the simulation
experiments. These climate-based metrics have categories
as Daylight Autonomy (DA), Continue Daylight Autonomy (CDA), Useful Daylight Illuminance (UDI 1003000 lux) and Daylight Availability (DAV) [25] to simulate
the daylight performance t in an interior space. For this
research, Useful Daylight Illuminance (UDI) metric was
selected for evaluation of criteria. This daylight metrics
(UDI) is climate based, which helps to obtain the annual
illuminance level under actual sky conditions (overcast
sky, sunny sky, intermediate sky, uniform sky).
Useful daylight illuminance is defined as the annual
occurrence of illuminance across the work plane, that is,
within a range considered ‘useful’ by occupants that are
between 100 lux and 3000 lux. The UDI metric has been
applied by determining the occurrence of the daylight
illuminance at each calculation point. The UDI between
the range of 100 lux and 3000 lux as the minimum and
maximum limits are considered as an adequate level for
useful daylighting [26]. Illuminance levels above 3000 lux
represent an oversupply of natural light that may lead to
glare issues while below 100 lux threshold indicates insufficient daylighting [27].UDI achieved, therefore, is the
defined as the annual occurrence of daylight illuminances
that are between 100 and 3,000 lux. The UDI range is
further subdivided into two ranges called UDI supplementary and UDI-autonomous. UDI-supplementary gives the
occurrence of daylight illuminances in the range 100 to
300 lux. For these levels of illuminance, additional artificial lighting may be needed to supplement the daylight for
common tasks such as reading. UDI-autonomous gives
the occurrence of daylight illuminances in the range 300
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to 3000 lux where additional artificial lighting will most
likely not be needed. The UDI scheme is applied by determining at each calculation point the occurrence of daylight levels where:
(1) The illuminance is less than 100 lux, i.e. UDI ‘fellshort’.
(2) The illuminance is greater than 100 lux and less
than 500 lux, i.e. UDI supplementary.
(3) The illuminance is greater than 300 lux and less
than 3,000 lux, i.e. UDI autonomous.
(4) The illuminance is greater than 100 lux and less
than 3,000 lux, i.e. UDI combined.
(5) The illuminance is greater than 3,000 lux, i.e. UDI
exceeded [28].
Many contrasting results were found in the relevant literature on illuminance optimal values [28,29], but a point is
considered to receive good daylighting if the illuminance
level is between 100 lux and 3000 lux for at least 50% of
the time per year. Therefore, for this research, UDI (1003000 lux) of 50% of the time per year was considered as
a threshold value. In this research, based on the reviewed
literature [27], the evaluation criteria of the range of percentage for UDI (100-3000 lux) recommended in Table 1.
Table 1. Recommended evaluation criteria of the range of
percentage for UDI (100-3000 lux)
Criteria
Range of percentage of
UDI(100-3000 lux)

Poor

Average

Good

Excellent

0%-50% 51% -70% 71% -85% Above 86%

6. Simulation Tool
Daylighting dynamic simulation was performed to evaluate the indoor visual environment. Radiance is a daylighting dynamic simulation program that uses the ray-tracing
method and operates as a plug-in of Ecotect 2011 [30]. By
the application of Ecotect 2011, designers and architects
could give full consideration to various ecological energy-saving methods in the early design stage [31,32]. Daysim
is also plug-in of Ecotect 2011 and was used for the UDI
evaluation. Ecotect 2011 was used for simulation modeling and visualization [33]. Daysim is a Radiance based
daylighting analysis tool plugin Ecotect, developed by the
National Research Council of Canada and the Fraunhofer
Institute for Solar Energy Systems in Germany [34].
Evaluation of the performance of daylighting as per the
floor levels in the livable areas of each DU with respect
to selected parameters was performed in the Ecotect 2011
analysis program. The weather file of the Nagpur region
was downloaded from the Energy Plus weather data file
[16]
for the dynamic simulation process. To calibrate the
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simulation model of DUs, the RGB (the Red, Green, and
Blue component) values of surface reflectivity of the wall,
floor, and the ceiling of DUs were set to 0.956, 1.0, and
0.962, respectively as per the architectural documentation.
The calibrated simulation models of the living room of
one DU-1 of the residential building have been used for
the further dynamic simulation process.

7. Thermal Comfort
Thermal comfort for the residential building is defined
as the condition of mind that expresses satisfaction with
the thermal environment and was often assessed by
subjective evaluation in the reviewed literature [35]. The
naturally ventilated residential building has various factors of thermal comfort such as air temperature (indoor),
radiant temperature, air velocity, and humidity. Humidity,
and indoor air temperature, in general, depends on many
factors such as clothing practices, the use of various controls like windows, ventilators, balcony, external doors,
curtains, timing and metabolism (gender, age, weight, and
body surface area). The range of comfort level of relative humidity is considered in this research from 30.8%
to 75.5% as mentioned in the reviewed literature [35,36].
The literature review revealed that the proportion of open
windows/doors has a strong correlation with outdoor and
indoor temperatures and thermal sensation [36]. However,
the indoor temperature is dependent on the behavior of the
window opening. The focus of this research was to derive
the window areas according to floor levels and its impact
on indoor temperature. Therefore, in this research, the
indoor temperature (the only factor of thermal comfort)
considered for thermal comfort analysis.
The selected case is from Wardha of Nagpur region.
It lies almost at the center of India over the hot and dry
climatic zone with clear sky condition. Nagpur region has
a hot and dry climate, during the month of summer the
maximum temperature remains more than 42°C (at times;
it may reach to 48°C) and marked with low humidity [15].
From the data available from Meteorological Department
at Nagpur stated that humidity in the ambient air is about
90% in the rainy season and 20% in the summer [37]. Being in hot and dry climate, the humidity level in summer
months as required in the comfort range (i.e. less than
30.8%) and it is generally fulfilled by using evaporative/
dessert cooling by the occupants. Hence, in this research,
humidity was not considered in the simulation experiments.
According to the handbook of the functional requirement of the building (other than Industrial Buildings)
[38]
, 19°C and 34°C Tropical Summer Index (TSI) are the
lower and upper limits of easily tolerable cold, and warm
Distributed under creative commons license 4.0

conditions respectively. In the NBC-2005, the TSI is mentioned as 25°C and 30°C. With the reference to these standards, the adaptive comfort temperature range was set to
18°C - 32°C for the purpose of this research. The thermal
comfort analysis was done with Ecotect 2011 software [39]
by using ‘temperature distribution tool’. This tool is used
for analysis of the indoor air temperature which shows the
distribution of temperature in terms of the percentage of
total annual hours, i.e., hours out of 8760 (365 x 24) and
can show an individual zone or all zone’s air temperature
values according to floor levels of the building.

8. Existing Window Areas in the Living Room
of a Selected Dwelling Unit
In the selected residential building, the only living room
has one window through the 1.20 m wide balcony, it is
surrounded by other liveable areas of a dwelling unit [Figure 2(a) and (b)]. The living room has external exposure to
1.20 meters wide balcony [Figure 2(b)]. The balcony has
one window sized 1.35meters X 1.20 meters; for lighting
and ventilation purpose and same window is used for the
provision of dessert cooling in summer [Figure 2(a)] as
mentioned in the DCR-2000. For a hot and dry climate of
the Nagpur region, DCR-2000 specifies 4% extra balcony
area for the provision of dessert cooler in summer. For
this research, only the living room was selected due to its
critical location, in comparison to other liveable areas of
a dwelling unit from the performance of daylight and the
thermal comfort point of view.
Floor level wise assessment of daylight level (UDI)
and Indoor temperature in existing condition into the
living room
From the assessment of existing performance of daylight and indoor temperature hours per year at each floor,
it was observed that the living room has average range
(50%-70%) of UDI (100-3000 lux) at each floor level
due to configuration or geometry of building, it has a
maximum percentage of UDI<100 lux (darkness). It was
observed that the living room surrounded from three sides
and has exposure only from one window, which is placed
in the 1.20m wide balcony. And, this balcony is covered
from both adjacent sides by an external wall of other activity areas [Figure 2(b)]. Therefore, this window of living
room remains covered with shadow in most of the months
of the year at each floor in all orientation of building (Figure 4) and it creates the problems of darkness. The Table
2 shows that the percentage of UDI < 100 lux is high at
each floor level and the total hours per year of indoor temperature nearer to 50% into the living room.
Whereas, indoor temperature hours per year obtained
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Table 2. Performance of Useful Daylight Illuminance (daylight level) and Indoor temperature hours per year in the
living room of DU-1 on Ground floor, First floor, and Second floor.
Carpet area of the
living room (m2)

Carpet area to
window ratio
(%)

Floor

First floor

9.72

Second
floor

16.66

Third floor

The front orientation
of the building

UDI
< 100
lux in %

UDI 100-3000 lux
in %

UDI > 3000
lux in %

NORTH
EAST
SOUTH
WEST
NORTH
EAST
SOUTH
WEST
NORTH
EAST
SOUTH
WEST

45.25
37.53
32.1
28.87
41.16
36.71
31.51
27.85
40.06
38.14
31.07
28.81

54.38
60.24
67.52
69.8
58.19
58.20
68.09
70.72
57.59
60.18
68.55
70.55

0.37
2.23
0.38
1.33
0.65
5.09
0.4
1.43
2.35
1.68
0.38
2.64

Indoor temperature hours
per year
(out of 8760
hours)

Criteria as per
proposed range
of UDI (1003000lux)

3783

4331

AVERAGE

4587

Table 3. The table shows the percentage of the Carpet Area to Window Ratio for the living room of selected DU-1 on all
floors in the existing and experimental conditions.
Existing

Experiment-1 (Detached)

E-1.35m x1.20m
(Window unit-3)
Existing window
CAWR= 16.67%

E-1.35m x1.20m
(Window unit-3)
Existing window
+
1-0.90m x 1.20m
(Window unit-2)
Experimental window
CAWR= 27.78%

(between the comfort ranges of (18 °C-32° C) was less
on the ground floor in the living room as compared to the
first and second floor.

9. Simulation Experiments:
Experiments Aspects
The following aspects were considered for simulation
experiments on each floor levels with the existing specifi-
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Experiment-2 (Detached)

E-1.35m x1.20m
(Window unit-3)
Existing window
+
1-1.35m x 1.20m
(Window unit-3)
Experimental window
CAWR=33.33%

cation of materials:
(1) Ground, First and Second floor with respect to the
North, East, South and West orientations.
(2) To increase the size of the window for experiment
purpose one window unit was considered as 0.45 m x 1.20
m and its repetition was restricted up to three units due to
the overlapping of adjacent area/rooms.
(3) The experiment includes detaching the dwelling
DOI: https://doi.org/10.30564/jaeser.v2i2.376
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unit (DU-1 and DU-2) from each other (Figure 4) up to
3.00m (minimum distance as mentioned in DCR-2000) to
enhance daylight and indoor temperature.
In the experiment setup, the existing percentage of
CAWR of the living room of all the floors (ground floor,
first floor, and second floor) was considered for comparison. The following experiments were conducted by detaching dwelling units (Figure 5) to add extra window (to
increase the percentage of CAWR) to the living room at
each floor to improve the daylight and indoor temperature
of the living room (Table 4).
Therefore, the experiments were done with the window
areas on the basis of percentages of CAWR with respect
to the orientation of building (refer Table 3) for living
room at each floor levels of building to enhance the level
of daylight [from good to excellent range (Table 1)] and
indoor temperature hours per year.
Table 4. The plan of residential building with different
orientation

NORTH

EAST

SOUTH

WEST

Existing condition

Experimental condition
(Detached)

Figure 4. Existing and experimental condition
Distributed under creative commons license 4.0

10. Observations
This section summarises comparison between UDI and
percentage of CAWR, indoor temperature and percentage
of CAWR, under three conditions namely, existing and
experimental condition (1 and 2) with respect to the orientation of building according to floor levels.

10.1 Comparative Analysis of Three Conditions
between Useful Daylight Illuminance (percentage)
and Carpet Area to Window Ratio (Percentage)
for the Living Room of Dwelling Unit-1
From the comparative analysis (Figure 5) between percentage of UDI and percentage of CAWR [16.67% (existing),
27.78% (experiment 1) and 33.33% (experiment 2)] for the
living room, it was observed that; when building oriented
to the North, East, South, and West direction; the maximum
percentage of UDI (100-3000 lux) were obtained on the
ground floor as 89.07%, 77.84%, 84.62% and 94% time
of the year at work plane by providing 33.33% of CAWR.
Similarly, on the first floor, it was observed that; the maximum percentage of UDI (100-3000 lux) were obtained as
92.88%, 75.80%, 84.05% and 89.51% time of the year at
work plane by providing 33.33% of CAWR. On the second
floor, it was observed that; the maximum percentage of UDI
(100-3000 lux) were obtained as 92.28%, 77.78%, 84.51%
and 82.30% time of the year at work plane by providing
33.33% of CAWR at all orientation of the building. It was
observed that the average of the percentage of UDI (1003000 lux) on the ground floor, first floor and second floor at
all orientations of the residential building falls in excellent
range (above 85%) (refer Table 1).
The Figure 5 also shows that the percentages of UDI
(100-3000 lux) was improved by 4% to 24% approximately by increasing the percentage of CAWR in the experimental (detached) condition 1 and 2, as compared to the
existing condition of the living room on the Ground floor,
First floor and Second floor.

Figure 5. Existing and experimental comparative performance of Useful Daylight Illuminance with different
Carpet Area to Window Ratio for the living room on
the ground floor, first floor, second floor for North, East
South, and West orientation
DOI: https://doi.org/10.30564/jaeser.v2i2.376
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10.2 Comparative Analysis of Three Conditions
between Indoor Temperature Hours Per Year and
Carpet Area to Window Ratio (Percentage)

INDOOR TEMPERATURE HOURS PER YEAR

The comparative analysis of total indoor temperature
hours per year of the living room of DU-1 (Figure 6), it
was observed that, the maximum total indoor temperature
hours per year of 3783 hrs./year were obtained between
the temperature ranges of 18°C to 32°C (comfort range)
by providing 16.67% (existing condition) of CAWR, 6791
hrs./year by providing 27.78 % (experiment 1) of CAWR,
6774 hrs./year by providing 33.33 % (experiment 2) of
CAWR, to the living room on the ground floor. Similarly,
on the first floor, the maximum total indoor temperature
hours per year of 4331 hrs./year were obtained by providing 16.67% (existing condition) of CAWR, 6772 hrs./year
by providing 27.78 % (experiment 1) of CAWR, 6793
hrs./year by providing 33.33 % (experiment 2) of CAWR.
Second floor, the maximum total indoor temperature hours
per year of 4587 hrs./year were obtained by providing
16.67% (existing condition) of CAWR, 6740 hrs./year by
providing 27.78 % (experiment 1) of CAWR, 6785 hrs./
year by providing 33.33 % (experiment 2) of CAWR.
There was a minor change in the values of total indoor
temperature hours per year (1-5 hrs/year), according to the
orientation of building (four cardinal directions) which is
negligible, so it is not considered.
Ground floor (CAWR 16.67 %) existing
Ground floor (CAWR 33.33 %) experiment 2
First floor (CAWR 27.78 %) experiment 1
Second Floor (CAWR 16.67 %) existing
Second Floor (CAWR 33.33 %) experiment 2

Ground Floor (CAWR 27.78%) experiment 1
First floor (CAWR 16.67 %) existing
First Floor (CAWR 33.33 %) experiment 2
Second Floor (CAWR 27.78 %) experiment 1
Outdoor Temperature
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Figure 6. Existing and experimental comparative performance of Indoor temperature hours per year with different Carpet Area to Window Ratio for the living room of
Dwelling Unit-1

11. Results and Discussion
In this research, as percentages of CAWR is enhanced,
there is an enhancement in the percentages of UDI. From
the analysis of data generated from simulation experiments for living room of DU-1 with different percentages
of CAWR [16.67% (existing), 27.78% (experiment 1) and
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33.33% (experiment 2)] at each orientation of residential
building; it is observed that the excellent range (above
85%) of percentage of UDI (100-3000 lux) i.e. 89.07% at
North, 77.84% at East, 84.62% at South and 94% at West
on ground floor were obtained by providing 33.33% of
CAWR to the living room (Figure 6). Similarly, the excellent range (above 85%) of percentage of UDI (100-3000
lux) i.e. 92.88% at North, 75.8% at East, 84.05% at South
and 89.51% at West on the first floor were obtained by
providing 33.33% of CAWR to the living room (Figure 6).
In addition, the excellent range (above 85%) of percentage of UDI (100-3000 lux) i.e. 92.28% at North, 77.78%
at East, 84.51% at South and 82.30% at West on the second floor were obtained by providing 33.33% of CAWR
to the living room (Figure 6). Whereas, the maximum
total indoor temperature hours per year of 6791 hrs./year
obtained by providing 27.78% of CAWR (experiment 1)
on ground floor (Figure 6) and, 6793 hrs./year obtained on
the first floor and 6785 hrs./year obtained on the second
floor by providing 33.33% CAWR (experiment 2) to the
living room.
By providing 27.78% CAWR to the living room on
ground floor, the percentage of UDI (100-3000 lux) is observed in a good range (71%-85%) (Figure 6) i.e.73.75%
at North, 69.09% at East, 73.03% at South and 85.55% at
West and the maximum total indoor temperature hours per
year 6791 hrs./year obtained.
However, thermal comfort at times could act as a limiting factor; a trade-off between both daylight and thermal
comfort parameters are required for optimum results.
Hence, to achieve the optimum daylight and comfort indoor temperature in the living room at each orientation
(North, East, South, and West), the 27.78% CAWR on
ground floor, and 33.33% CAWR on the first floor and
second floor are considered the adequate percentage of
CAWR.

Distributed under creative commons license 4.0

In the present research, from the field measurement and
simulation experiments of a representative example of a
residential building, it is concluded that:
(1) The daylight and indoor temperature substantially
vary according to the floor levels (Ground floor, First
floor, and Second floor) of the building with respect to
the orientation. Whereas, the indoor temperature at times
could act as a limiting factor; a trade-off between both
daylight and thermal comfort parameter is required for
optimum results.
(2) The daylight and indoor temperature is directly correlated to the floor level of building from the ground level,
if the percentage of CAWR is calculated only for anyone
DOI: https://doi.org/10.30564/jaeser.v2i2.376

Journal of Architectural Environment & Structural Engineering Research | Volume 02 | Issue 02 | April 2019

floor and, repeated on the other floors, it may create indoor temperature problem for occupants of those floors.
(3) The percentages of the CAWR calculated according to floor levels (Ground floor, First floor, and Second
floor) with respect to the orientation, satisfying the optimum levels of daylight (percentage of UDI 100-3000
lux) and indoor temperature hours per year, which could
be globally applicable for similar carpet area of liveable
areas under hot and dry climatic zones.
(4) the spatial distributionof adequate-range of the percentage of UDI (100-3000 lux) is recommended as poor
(0%-50%), average (51%-70%), good (71%-85%) and
excellent (86%-100%) for the Architects and Designers
for the evaluation of the daylight level during the design
process of residential buildings to achieve the excellent
range in the livable areas of the residential building.
(5) In the Asian context, and the Indian subcontinent
in specific, the same plan of dwelling unit with the same
percentage of CAWR cannot be used for all floor levels
irrespective to the orientation of the building. Hence, the
percentages of CAWR need to be calculated according to
the floor levels with respect to the orientation of the building.
(6) This research further emphasized on the need to
specify the percentages of CAWR according to the floor
levels with respect to the orientation, in the National
Building Codes of India and Development Control Regulation (DCR).
The future work, include the performance of daylight
into the liveable areas with different sizes and types of
shading devices with respect to the orientation of building
according to the floor levels.
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Response modification factor is an essential factor in seismic analysis to
provide economic design of reinforced concrete structures. Base shear
force is divided by the response modification factor to consider the ability
of the structure to dissipate energy through plastic hinges. The current
study investigates the effects of changing some parameters on response
modification factor (R-factor). Four groups of reinforced concrete frames
were studied with different number of bays, number of stories, load pattern, and fundamental period of vibration. All reinforced concrete frames
were analyzed using SAP 2000 then the straining actions results were
used at specific excel sheets which are developed to design reinforced
concrete members according to the Egyptian code of practice ECP-203
and ECP-201. Frames were analyzed by nonlinear static analysis (pushover analysis) using SAP2000. A sum of thirty two systems of frames
was analyzed. According to the results, every frame has its unique value
of R-factor. Accordingly, many parameters should be mentioned and considered at code to simulate the actual value of R-factor for each frame.
Response modification factor is affected by many factors like stiffness,
fundamental period of vibration, number of bays, frame height, geometry
of the structure, etc. The given values of R-factor at ECP-201 can be considered conservative; as the accurate values of R-factor is higher than the
given values.
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1. Introduction

P

reserving the structure in elastic zone prohibits
forming permanent deformations in structural and
nonstructural elements which requires massive di-

mensions of structural elements. Due to limited financial
and human resources of construction industry; limited
damage at structures is acceptable after earthquakes to
balance between economic and safe designs. Current
codes for seismic design of reinforced concrete structures
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use a factor called response modification factor to reduce
the actual lateral load that can be resisted by the structures
to consider the permanent deformations at the structures.
Egyptian Code uses a list of values for response modification factor “R-factor” for reinforced concrete frames,
and there is a different value for R according to lateral
resisting system of the structure. The code doesn’t consider differences between frames such as end conditions
of columns, stiffness of frame, fundamental period of vibration, number of stories, number of bays, bay width and
intensity of loads. Consequently, R-factor values should
be re-evaluated in Egyptian Code ECP-201 [1] to enhance
seismic design for reinforced concrete structures.

2. Definition of Response Modification Factor

Newmark and Hall [3] presented a study based on
the elastic and the inelastic response spectra of El Centro
earthquake and two other recorded ground motions. In
their study they concluded that ductility reduction factor
can be calculated using the following equations from (4)
to (6):
Rμ=1		

when

T<0.03 sec		

(4)

Rμ=√(2μ-1)

when

0.12 sec<T<0.5 sec

(5)

Rμ=μ		

when

T>1 sec			

(6)

Ductility reduction factor was presented graphically as
follows:

Mwafy and Elnashai [2] concluded that R-factor can be
defined as the ductility reduction factor (Rμ) multiplied by
overstrength factor (Rs) as follows:
R=Rμ .Rs

(1)

3. Relation between Ductility Factor and Ductility Ratio
Displacement ductility ratio “μ” (ductility demand) concept is the extent of inelastic deformation experienced by
the structural system subjected to a given ground motion
or a lateral loading. The ratio of maximum displacement
to the yield displacement is the displacement ductility ratio as follows:
𝜇=Δ𝑚𝑎𝑥 /Δ𝑦

4. Overstrength Factor(Rs)

(2)

The ductility reduction factor (Rμ) represents the ability
of a structure to dissipate hysteretic energy by forming of
plastic deformations. It can be defined as the reduction in
strength demand due to nonlinear hysteretic behavior.
The ductility reduction factor is the ratio between lateral yielding strength required to maintain the system elastic
to yielding strength required to maintain the displacement
ductility demand ¼ less than or equal to a predetermined
target ductility ratio mi as follows :
Rμ=Fy (μ=1) / Fy (μ=μi)

Figure 1. Ductility Reduction Factor versus period (Newmark and Hall) [3]

(3)

Where:
µ: displacement ductility demand.
Fy (µ =1): lateral yielding strength required to maintain
the system elastic.
Fy (µ=µi): lateral yielding strength required to maintain
the displacement ductility demand µ less than or equal to
a predetermined target ductility ratio mi.
Distributed under creative commons license 4.0

The overstrength factor (Rs) can be defined as the ratio of
yield force to its design force as follows:
Rs = Vy / Vd

(9)

Overstrength factor accounts for the fact that the maximum lateral strength of a structure generally exceeds its
design strength.
Many researchers have investigated the sources of the
overstrength and they concluded that the main sources of
the overstrength are: redundancy of the structure, limits
of story drift, strain hardening, effect of non-structural
elements, higher material strength than used material in
the design, member oversize, minimum requirements
regarding proportioning and detailing and slab participation. Some of these factors cannot be considered clearly
in the design of new buildings because their contribution
is probable. Furthermore, other factors are difficult to be
calculated because of the complexity of the behavior such
DOI: https://doi.org/10.30564/jaeser.v2i2.818
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as non-structural elements.
Blume [4] showed the importance of overstrength in the
behavior of structures during earthquakes. He investigated
many factors that contribute to the actual performance
during earthquakes.
Uang [5] and Assaf [6] concluded that as the number of
stories increase, the overstrength decreases because that in
case of buildings with few numbers of stories, the design
is likely to be governed by gravity loads.
Jain and Navin [7] Miranda and Bertero [8] studied low
rise buildings in Mexico City. They concluded that the
value of the overstrength ranges from 2 to 5. Moreover,
this value is significantly higher if the slab contribution
and the masonry distribution are considered.
Jain and Navin [7] investigated seismic overstrength
of multistory reinforced concrete frames using nonlinear
pseudo static analysis on four-bays with three-, six-, and
nine-story frames designed for seismic zones I to V as per
Indian codes. The study concluded that the overstrength
varies with seismic zone, number of stories, and with
design gravity loads. The dependence on seismic zone
is the strongest. The average overstrength of the studied
frames in zones V and I is 2.84 and 12.7, respectively. The
overstrength increases as the number of stories decreases;
overstrength of the three-story frame is higher than the
nine-story frame by 36% in zone V and 49% in zone I.
Furthermore, interior frames have 17% (zone V) to 47%
(zone I) higher overstrength as compared to the exterior
frames of the same building.
Kappos [9] investigated the overstrength factor by both
pushover analysis and dynamic time history analysis of
a series of low-rise and medium-rise buildings representing different structural systems. These structures were
designed according to the provisions of the EC8 [10]. The
study concluded that the overstrength was higher in the
case of low-rise structures; values up to 2.7 were calculated, compared to about 1.5 for medium and high rise structures.

6. Verification of Response Modification Factor(R) Based on Pushover Analysis
Before starting the required case studies the results of
response modification factor was verified by previous published manuscript by Amar Louzai and Ahmed Abed [12] to
ensure that the current study procedure is correct regardless
the difference at used codes . Three stories of reinforced
concrete frame is studied according to Algerian seismic
code RPA 99/Version 2003[13]. Non-linear static pushover
analysis using inverted triangular loading pattern was
carried out to compute the R factor components, such as
ductility and over strength factors, with the consideration of
failure criteria at both member and structural levels.
A two-dimensional model of each frame structure is created in SAP2000 to carry out pushover analysis. Beam and
column elements are modeled as nonlinear frame elements
with lumped plasticity by defining plastic hinges at both
ends of the beams and columns, where bilinear moment–
rotation relationships are assigned. Plan and elevation of
studied frame is shown in following figures from 2 to 3.

Figure 2. Plan of building containing 3 stories frame

5. Nonlinear Static Pushover Analisis:
Nonlinear static analysis (NSA) or pushover analysis is a
popular tool for seismic performance evaluation and can
be considered as a reasonable alternative for nonlinear
dynamic analysis (NLDA). Pushover analysis has become
a familiar procedure in current structural engineering
practice because of its reasonable results and simplicity
compared to NLDA. Pushover analysis procedure depends
on applying monotonically increasing lateral forces to the
structure until the structure reaches a target displacement.
FEMA-356 [11] recommends using at least two different
load patterns and envelope the results.
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Figure 3. Elevation of 3 stories studied frame
The assigned loads on the frame are as following:
(1) Dead load on the roof =0.51 t/m2
(2) Live load on the roof = 0.25 t/m2
(3) Dead load on the typical story = 0.58 t/m2
(4) Live load on the typical story = 0.10 t/m2
The frames were designed according to Algerian seismic code RPA 99/version2003 [13] with the following
parameters: zone of high seismicity, zone III, importance
class group 2, soil type S3 (soft soil), quality factor Q = 1
DOI: https://doi.org/10.30564/jaeser.v2i2.818

Journal of Architectural Environment & Structural Engineering Research | Volume 02 | Issue 02 | April 2019

and viscous damping ration ξ = 6 %. The analysis will be
performed for the zone acceleration factor A = 0.25.
A Seismic behavior factor of R = 5 was taken into
account for reinforced concrete frames without masonry
infill.
The member cross-section sizes and steel bars are given in the following table:
Table 1. cross section dimensions and reinforcement

6.1 Failure Criteria
The adopted global failure criterion is:
An upper limit of the inter-story drift (Δ) equals to 3% of
the story height (he). This limit is also specified in Mwafy
and Elnashai [2], and close to those adopted by seismic design code UBC 97 [14].

7. Description of The Case Study
Ordinary reinforced concrete frames with different conditions of no. of bays, no. of stories; lateral load pattern
and fundamental period of vibration are divided into four
groups:
(1) 3, 5, 7, 9 stories frames with six bays, 8 m bay
width , 3 m story height and fundamental period of vibration is calculated according to Egyptian code of practice
empirical formula.
(2) 3, 5, 7, 9 stories frames with six bays, 8 m bay
width, 3 m story height and fundamental period of vibration is considered according to SAP 2000[15] results.
(3) 3, 5, 7, 9 stories frames with four bays, 8 m bay
width, 3 m story height and fundamental period of vibration is calculated according to Egyptian code of practice
empirical formula.
(4) 3, 5, 7, 9 stories frames with four bays, 8 m bay
width, 3 m story height and fundamental period of vibration is calculated according to SAP 2000 results.
For example the following figure 2 and 3 shows the
layout of 6 bays frame with 9 stories and 4 bays frame
with 9 stories. It worth to mention that 4 bays frames have
the same geometry of 6 bays frames but the only difference is the number of bays.

6.2 Results
The results obtained by me and the results obtained by
Amar louzai and Ahmed Abed [12] is illustrated in table 2
and pushover curve by me is shown in figure 4:
Pushover curve:
40

Base shear (t)

35
30

Figure 5. Layout of 9-story frame-6 bays

25
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0

0.05

0.1

0.15

0.2

Displacement(m)

0.3

0.25

0.35

Pushover curve
Idealized pushover curve

Figure 4. Pushover curve of 3 stories frame under study
Table 2. comparison between A.louzai results and results
done by me to ensure that my used procedure is correct
Parameter

Ductility factor (μ)
Overstrength factor(Ω)
Response modification
factor

Amar Louzai and Ahmed
Abed study

Results by me

1.72
2.53

1.70
2.83

4.35

4.81
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Figure 6. Layout of 9-story frame-4 bays
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General plan for the frame under study is shown in figure 3:

(5) Choose target displacement or force control to be
maintained.
(6) Push the structure to the predetermined target displacement or force control.
(7) Plot base shear versus top displacement to get pushover curve.

10. Failure Criterion

Figure7. General plan for the frame
Columns details shall be shown in the following table 3:
Table 3. Column reinforcement of frames
Frame type
3 stories frame
5 stories frame

7 stories frame

9 stories frame

m

Story no.

Column type

1,2
3
1,2
3,4,5
1,2
3,4,5
6,7
1,2
3,4,5
6,7,8,9

C-1
C-2
C-1
C-2
C-1
C-2
C-3
C-1
C-2
C-3

Column dimensions
(m)

0.50x0.50
0.45x0.45
0.50x0.50
0.45x0.45
0.60X0.60
0.50x0.50
0.45x0.45
0.60X0.60
0.50x0.50
0.45x0.45

The chosen failure criterion at this study is according to
UBC 97 [14]. Maximum story drift shall be 0.025 times the
story height for structures having a fundamental period
of vibration less than 0.70 second. For structures having
a fundamental period of vibration 0.70 second or greater,
the maximum story drift shall be 0.020 times the story
height.

11. Results and Discussion
The results of pushover curve of triangular pattern for 6
bays frames only are shown at the following figures from
figure (5) to (8), but both of uniform pattern and triangular
pattern results are listed in table of results of each group:

11.1 6 Bays Frame (Fundamental Period of Vibration is Calculated Using Empirical Formula of
ECP-201)

All beams type is (B-1) and have dimensions 0.30x0.70

Pushover curve

All the frames considered in this study are designed
according to the provisions of the Egyptian code ECP203 [16].Besides, Gravity and lateral loads are calculated
according to the Egyptian code for calculation of loads for
structures ECP-201 [1]. The following load values are assigned to the structures: Own weight of 14 cm slab = 0.35
t/m2, Flooring cover = 0.15 t/m2, Walls including plaster =
0.20 t/m2 , Live load = 0.20 t/m2

9. Pushover Analysis Procedure
As cited by Amira [17]; Procedure of pushover analysis can
be summarized as following:
(1) Create the model of the structure to represent all
important elements of the building.
(2) Assign gravity loads to the structure to represent all
dead and live loads.
(3) Assign appropriate lateral load pattern to represent
earthquake load on the building.
(4) Assign plastic hinges positions and properties along
beams and columns according to FEMA 356.
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Base shear (t)

8. Design Codes
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Figure 8. Pushover curve for 9 stories-6 bays frame using
triangular pattern-T according to ECP-201

Figure 9. Plastic hinge formation at failure for 9 stories-6
bays frame using triangular pattern-T according to ECP-201
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Pushover curve
Idealized pushover curve

350
300
Base shear (t)

Where :
(1) Point B represents the yield. Before this point, all
deformations are linear and occur in the frame element,
not the hinge. Only plastic deformation after this point is
displayed by the hinge.
(2) Point C represents the ultimate capacity of the
hinge.
(3) Point D represents the residual strength of the
hinge.
(4) Point E represents total failure of the hinge. After
this point the hinge will drop the load to zero.
(5) The point IO on the above curve refers to immediate occupancy, which means that the post-earthquake
damage is very limited and the building is safe to occupy.
(6) The point LS refers to life safety, which means that
the post-earthquake damage is significant but it is possible
to repair the structure. However, the repair is not practical
for economic reasons.
(7) The point CP refers to collapse prevention, which
means that the building is very close to partial or total collapse and is not safe for re-occupancy.

250
200
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50
0

0
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0.2

Displacement(m)

0.3

0.4

Figure 12. Pushover curve for 5 stories-6 bays frame
using triangular pattern-T according to ECP-201

Pushover curve
Idealized pushover curve

Figure 13. Plastic hinge formation at failure for 5 stories-6 bays frame using triangular pattern-T according to
ECP-201
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Figure 10. Pushover curve for 7 stories-6 bays frame
using triangular pattern-T according to ECP-201
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Figure 14. Pushover curve for 3 stories-6 bays frame
using triangular pattern -T according to ECP-201

Figure 11. Plastic hinge formation at failure for 7 stories-6 bays frame using triangular pattern-T according to
ECP-201
Figure 15. Plastic hinge formation at failure for 3 stories-6
bays frame using triangular pattern-T according to ECP-201
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Values of R factor for 6 bays frames (fundamental period of vibration is calculated using empirical formula of
ECP-201) are shown in the following table :

11.3 4 Bays Frames (Fundamental Period of Vibration is Calculated Using Empirical Formula of
ECP-201)

11.2 6 Bays Frames (Fundamental Period of Vibration is Calculated Using Modal Analysis of
SAP 2000)

Values of R factor for 4 bays frames (fundamental period of vibration is calculated using empirical formula of
ECP-201) are shown in table 6:

Values of R factor for 6 bays frames (fundamental period of vibration is calculated using modal analysis of SAP
2000) are shown in the following table 5:

11.4 4 Bays Frames (Fundamental Period of Vibration is Calculated Using SAP 2000)
Values of R factor for 4 bays frames (fundamental pe-

Table 4. R factor- 6 bays- T according to ECP 201
No. of stories

3
5
7
9

Type of load pattern

T (Second)

µ

Δy (m)

Vy (t)

Rµ

Rs

R

Triangular

0.39

3.34

0.067

319.77

2.17

5.34

11.60

Uniform

0.39

3.69

0.061

348.32

2.27

5.81

13.20

Triangular

0.57

3.125

0.12

306.96

2.38

3.84

9.14

Uniform

0.57

3.41

0.11

348.87

2.55

4.37

11.14

Triangular

0.74

2.625

0.16

322.48

2.32

3.68

8.54

Uniform

0.74

2.80

0.15

385.78

2.51

4.41

11.04

Triangular

0.89

2.54

0.21

306.45

2.43

3.29

7.99

Uniform

0.89

2.80

0.19

374.93

2.80

4.03

10.71

Chosen R

(R) according to
code

11.60

9.14
5
8.54

7.99

Table 5. R factor- 6 bays- T according to SAP 2000
No. of stories Type of Load pattern

3
5
7
9

T (Second)

µ

Δy (m)

Vy (t)

Rµ

Rs

R

Triangular

0.24

3.34

0.067

319.77

1.89

5.34

10.07

Uniform

0.24

3.69

0.061

348.32

1.92

3.73

11.17

Triangular

0.42

3.04

0.123

308.95

2.13

3.34

7.12

Uniform

0.42

3.41

0.109

348.87

2.25

3.77

8.50

Triangular

0.55

3.12

0.17

335.72

2.37

2.87

6.80

Uniform

0.55

3.48

0.15

400.42

2.55

3.42

8.70

Triangular

0.72

2.54

0.213

307.11

2.25

2.68

6.01

Uniform

0.72

2.56

0.193

374.93

2.33

3.27

7.60

Chosen R

(R) according to
Code

10.07

7.12
5
6.80

6.01

Table 6. R factor- 4 bays- T according to ECP 201
No. of stories

3
5
7
9

36

Type of Load pattern

T (Second)

µ

Δy (m)

Vy (t)

Rµ

Rs

R

Triangular

0.39

3.18

0.071

214.31

2.12

5.35

11.37

Uniform

0.39

3.48

0.065

237.31

2.21

5.93

13.11

Triangular

0.57

2.97

0.126

208.59

2.33

3.83

8.93

Uniform

0.57

3.37

0.111

234.72

2.53

4.40

11.13

Triangular

0.74

2.53

0.166

217.14

2.26

3.71

8.38

Uniform

0.74

2.83

0.148

260.55

2.48

4.45

11.04

Triangular

0.89

2.55

0.21

206.15

2.43

3.31

8.07

Uniform

0.89

2.80

0.19

253.02

2.66

4.07

10.82
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Chosen R

(R) according to
code

11.37

8.93
5
8.38

8.07
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Table 7. R factor- 4 bays- T according to SAP 2000
No. of stories

3
5
7
9

Type of
Load pattern

T (Second)

µ

Δy (m)

Vy (t)

Rµ

Rs

R

Triangular
Uniform
Triangular
Uniform
Triangular
Uniform
Triangular
Uniform

0.26
0.26
0.45
0.45
0.55
0.55
0.72
0.72

3.12
3.18
2.59
2.81
3.11
3.44
2.55
3.06

0.08
0.06
0.14
0.13
0.17
0.15
0.21
0.18

214.48
237.30
205.45
247.63
225.64
270.53
206.54
254.38

2.17
2.44
1.99
2.08
2.37
2.53
2.25
2.61

3.57
3.95
3.56
4.29
2.88
3.45
2.69
3.31

7.75
9.65
7.09
8.94
6.82
8.73
6.06
8.66

riod of vibration is calculated using SAP 2000) are shown
in table 7:

12. Conclusions
In this section, results of the analysis and evaluations
of this study are summarized as following:
(1) Response modification factor is affected by many
factors like stiffness, fundamental period of vibration,
number of bays, frame height, geometry of the structure,
etc.
(2) The given values of R-factor at ECP-201 are conservative values; as the accurate values of R-factor is
higher than the given values.
(3) Every frame has its unique value of R-factor. Accordingly; many parameters should be mentioned at code
to simulate the actual value of R-factor for each frame.
(4) R-factor values increase when number of stories
decrease.
(5) R-factor values decrease when fundamental period
of vibration increases.
(6) R-factor values decrease when number of bays decrease.
(7) Changing lateral load pattern has an obvious effect
on response modification factor.
(8) During pushover analysis, triangular lateral load
pattern gives lower values of R-factor; consequently the
more conservative values for R-factor.
(9) Finite element software such as SAP 2000 can perform pushover analysis precisely which can be used to
calculate R-factor.
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The assessment of the performance of various local and imported steel
reinforcements in aqueous media will contribute to the level of their
engineering uses by assessing the degree of their deterioration thereby
safeguarding the possible failures of structural elements whereby they are
used. This study investigated the properties and durability of both local
and imported steel reinforcing bars in Nigeria. Weekly durability assessments in terms of yield, tensile strength and modulus of elasticity for both
local and foreign steel specimens were evaluated to compare the level
of deterioration when fully immersed in distilled water, and in aqueous
solutions (5% solution of H2SO4, HCl, NaOH, and Na2SO4 in distilled
water over a period of six weeks. The severity of aqueous solutions on
the tensile strength was in the order HCl> H2SO4 >NaOH> H2O > Na2SO4, and HCl> H2SO4>NaOH> Na2SO4> H2O for imported and local
respectively. In conclusion, though the imported bars marginally satisfied
the ASTM and BS standards in strength except in durability, but local
steel bars did not meet the two requirements.

Keywords:
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Young modulus
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1. Introduction

S

teel is the most commonly used reinforcements
in concrete structures [1], steel reinforcements are
generally classified as local and foreign reinforcements depending on where they are manufactured. Steel
reinforcements are often exposed to harsh conditions
depending on the environment where they are stored and
where they are used. These environments have effect on
the physical and mechanical properties of the steel [2]. It is
therefore vital to examine the changes in the physical and
mechanical properties of the commonly used steels, local
or foreign, in adverse environment. Since steel has been
found and adjourn good tensile material in construction

work and widely used in reinforced concrete [1, 2]. This
research investigated the changes in tensile strength and
modulus of elasticity of the commonly used steel in Nigeria in aqueous solution, NaOH, HCl, H2SO4, Na2SO4 and
in water.
In developing countries, Iron and Steel plays principal
role in the industrialization and in basic infrastructural
development [3]. Though, Nigeria has the potentials of
becoming a regional economy in the west sub-region, the
economy of the country cannot be strong and vibrant without the growth in its iron and Steel industries [4]. The raw
material for the production of steel are readily available
in Nigeria, but not as production as it should have been,
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due to poor funding, implementation and less political
will of the government. The steel reinforcing bar required
for structural concrete is partly produced by the country's
inland rolling mills while the balance is sourced through
importation. However, the few steel companies that are
in operation, though with low capacities, depend on recycling of scrap iron and steel obtained mostly as solid
wastes [4, 5]. Establishments in this industry produce steel
by melting iron ore, scrap metal, and other additives in
furnaces [6]. Steel is the center of the world economy, and
the industries adopt approaches that enhance sustainable
development, striving to meet the present needs, without
compromising the ability of future generations to meet
their own needs. It also becomes a permanent resource to
the society because it is 100% recyclable without loss of
quality and has a potentially endless life cycle. Lim. S. et.
Al [7] reported that the severity of damage due to corrosion
on reinforced concrete (R.C) structures primarily depended on the magnitude and location of the steel, residual
steel cross-section, concrete strength and deteriorated
bond interface.
Corrosion of steel is an electrochemical process [8]
which causes the degradation of material. When the steel
structures are exposed to the extreme atmosphere, especially marine and highly polluted industrial environment,
they are subjected to corrosion [8, 9]. The roles of Chloride
ion in steel/iron’s corrosion was assessed from the viewpoint of developing the concept that would lead to a general explanation that experimental observations relating
to how factors like: the oxygen, concentration, cations,
temperature, and pH interplay in corrosion of steel [9].
Corrosion is the basic means by which metals deteriorate on contact with water (and moisture in the air), acids,
bases, salts, oil, aggressive polishes, and other solid and
liquid chemicals. Corrosion refers to a process required in
the deterioration or degradation of metal components such
as rusting of steel. It is the chemical attack or electrochemical reaction between a material, usually metal, and
its environment that produces a deterioration of material
and it properties [10]. Corrosion of reinforcing steel and
other concealed metals is the leading cause of deterioration in concrete [11]. Corroded steel allow the rust to occupies more space than the steel and also create expansion
in the concrete, that can lead to cracking, spalling and
delamination [11, 12]. However, there is Corrosion Inhibitors
(CIs), which are substances, inputted into an aggressive
environment to reduce the rate of corrosion of metallic
materials by inducing a change at the solid/liquid interface
[12, 13]
. This method of corrosion check is commonly used
in manufacturing and production industries, and is also
developed for a variety of applications [13, 14, 15].
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2. Methodology
The method used in carrying out this research work is
laboratory tests. The laboratory tests includes the mechanical properties of the steel rebars which comprises the
compressive, flexural and shear strength test on high yield
steel and the chemical behavior of such rebars under varying host environment such as sodium sulphate (Na2SO4),
hydrochloric acid (HCI), tetraoxosulphate VI (H 2SO4)
acid, sodium hydroxide (NaOH), and distilled water (H2O)
in order to study the resistance to corrosion of the steel
types. The hydraulic universal testing machine was used
for tensile, compression, bending and shear tests of metals. High yield reinforcing Steel bars was studied throughout the investigation at the Structural Engineering Laboratory of Department of Civil Engineering, University of
Lagos. With the aid of Venire caliper the diameter of the
specimen of 600 mm long was measured at several points
along its length in order to determine the real size of specimen. Using the jig and punch, gauge-mark of 100 mm
was made on each specimen. The specimen was inserted
into the Avery Universal Testing Machine (UTM) with
maximum capacity of 500 kN and a small load applied to
take up the slack. A gradually increasing load was applied
at the rate of 0.1 N/mins while taking the readings of load
and extension at regular intervals of load using the dividers to measure the extension until the specimen fractured.
The maximum load and the fracture load were recorded.
The tested specimen was removed from the machine and
the diameter at the neck measured. The two parts were
placed together and the final length was measured. The
rate of corrosion of steel reinforcement was determined by
process of mass loss.
The selected solutions are: distilled water (H2O) and 5%
solution each of sodium sulphate (Na2SO4), hydrochloric
acid (HC1), tetraoxosulphate (VI) acid (H2SO4) and sodium hydroxide (NaOH), prepared in the Structural laboratory of Department of Civil and Environmental Engineering at University of Lagos, Akoka. Thirty specimens of
600 mm long steel rods each of local and imported 12 mm
steel rebars were weighed using the electrical weighing
balance to know the initial weight of the specimens. Each
of the solution prepared was divided into three to make
fifteen groups in all. Each part of the specimens was totally immersed in water and the solutions in a cylindrical
mould and kept in the laboratory for six weeks. Measurements were taken every week to determine the deterioration of steel bars thereby recording the mass loss and
deterioration trend over 6 weeks. Mechanical behavior of
different specimens after complete immersion for 6 weeks
was carried out in the laboratory.
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3. Results and Discussion
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Figure 1. Weekly yield strength of (a) imported and (b)
local bars immersed in corrosive environment
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The tensile strength parameters namely: yield strength (YS),
ultimate tensile strength (UTS) and Young’s modulus (YM)
were investigated for the local and imported steel bar specimens for the 6-week study. The results are presented in are
presented in Figures 1 and 2. The average yield strength
in air for imported and local steel bars were 490 N/mm2
and 364 N/mm2 respectively. NaOH which had no obvious
colour change clearly affected the tensile properties of the
steel rebars. The severity of the aqueous solution on the
YS of imported bars is in the order HCl> H2SO4 >NaOH>
H2O > Na2SO4 for imported bars. For the imported steel,
the percentage loss of YS at the end of the 1st and 6th week
were 2.0 - 4.0% (Na2SO4), 2.6 – 5.0% (H2O), 3.6 – 6.0%
(NaOH), 4.2 – 7.6% (H2SO4), and 5.4 – 8.2% (HCl). The
yield strength dropped by 2.8 N/mm2 per week (HCl), 3.4
N/mm2 per week (H2SO4), 2.4 N/mm2 per week (NaOH),
2.4 N/mm2 per week (H2O), and 2.0 N/mm2 per week (Na2SO4). Conversely, the harshness of the aqueous solution is
in the order H2SO4 ≥ HCl>NaOH ≥ Na2SO4> H2O for local
steel bars. The yield strength of local steel bar specimens
dropped by 2.4 N/mm2 per week (HCl and H2SO4), 2.2 N/
mm2 per week (NaOH and Na2SO4), and 1.2 N/mm2 per
week (H2O). The percentage loss of YS at the end of the 1st
and 6th week were 0.5 - 2.2% (H2O), 3.0 – 6.0% (Na2SO4),
3.3 – 6.6% (NaOH), and 4.4 – 7.7% (HCl and H2SO4).
(a)

700

(a)

Immersion period (Weeks)
580

UTS for local bars in different solutions

565

550
Loc - H2O
Loc - HCl
Loc - NaOH

535

Loc - H2SO4
Loc -Na2SO4

520
1

2

3

4

5

6

Immersion period (Weeks)
Figure 2. Weekly ultimate tensile strength of (a) imported
and (b) local bars immersed in corrosive environment
With reference to Figure 2, the extent of deterioration measured in terms of the UTS on the imported steel
rebars was H 2SO 4(6.5%)> NaOH(5.7%) > H 2O(5.0%)
> HCl(4.7%) > Na 2 SO 4 (1.3%). While HCl(4.1%)
> NaOH(2.7%) > H 2 SO 4 (2.5%)> Na 2 SO 4 (1.8%) >
H2O(1.8%) for local steel bars.
With the exception exposure of rebars specimens to Na2SO4 solution, the aqueous solutions was averagely about
87% more severe on imported bars than the local bars in
terms of loss of UTS. The results of the tensile strength
properties of TMT bars for YS, UTS and percentage elongation were in the ranges 481.5 – 508.0 N/mm2, 582.9 –
621.5 N/mm2, and 13.3 – 14.7% respectively (see Figures
3 to 6). Contrary to the local bars, the minimum and maximum strengths of TMT bars correspond to 20 mm and 10
mm bar sizes respectively. All bar sizes except 12 mm did
not satisfy the minimum stress ratio requirement value of
1.08 as specified by BS 4449 (2001). The imported bars
exhibited tensile strength properties in the ranges 470.8
– 531.8 N/mm2, 591.3 – 626.4 N/mm2, and 14.7 – 15.5%
respectively. All bar sizes satisfied the minimum stress ratio
requirement value of 1.08 as specified by BS 4449 (2001).
The exposure condition obviously affected the Young’s
Modulus (YM) of the steel bars as shown in Figure 7. The
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modulus of elasticity of imported and local steel samples
decreased linearly with the duration of exposure. Aside
natural moisture, that is water environment, where imported bars percentage loss of YM was about twice the local
types, other aqueous chemical exposures were averagely
about 54% more severe on local bars than the imported in
terms of loss of YM. The degree of deterioration measured
in terms of the loss of elastic modulus of the imported
steel bars was HCl(5.3%) > H2SO4(3.9%)> NaOH(3.4%)
> H 2 O(2.1%) > Na 2 SO 4 (1.3%), while HCl(5.8%)>
H2SO4(5.6%)> NaOH(4.5%) > Na2SO4(4.4%) > H2O(1.0%)
for the local steel bars.

Strain (ε)
Figure 6. stress strain curve for 20 mm of local and foreign steels

Strain (ε)
Figure 3. stress strain curve for 10 mm of local and foreign steels
Immersion period (Weeks)

Strain (ε)
Figure 4. stress strain curve for 12 mm of local and foreign steels
Immersion period (Weeks)
Figure 7. Weekly Young’s Modulus of (a) imported and (b)
local bars immersed in corrosive environment

4. Conclusion

Strain (ε)
Figure 5. stress strain curve for 16 mm of local and foreign steels
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From the study conducted, the following conclusions can
be drawn:
(1) All the steel bars experienced reaction with the
aqueous solutions and water characterized by colour
changes in all the solutions except NaOH solution where
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no visible reaction took place as H+ ions in the aqueous
solution could not displaced Na+ ions which are higher in
the electrochemical series.
(2) The severity of aqueous solutions on tensile
strength of the steel reinforcements was in the order HCl>
H2SO4 >NaOH> H2O > Na2SO4 and HCl> H2SO4>NaOH>
Na2SO4> H2O for imported and local respectively, Figures
1 and 2.
(3) The mean percentage loss of tensile strength over
exposure duration of six weeks were 6.5% (H2SO4), 5.7%
(NaOH), 5.0% (H2O), 4.7% (HCl), and 1.3% (Na2SO4) for
the imported steel bars, while 4.1% (HCl), 2.7% (NaOH),
2.5% (H2SO4), 1.8% (Na2SO4), and 1.8% (H2O) for the
local bars.
(4) The mean percentage loss of UTS over exposure
duration of six weeks were 5.3% (HCl), 3.9% (H2SO4),
3.4% (NaOH), 2.1% (H2O), and 1.3% (Na2SO4) for the
imported steel bars, while 5.8% (HCl), 5.6% (H2SO4),
4.5% (NaOH), 4.4% (Na2SO4), and 1.0% (H2O) for the
local reinforcements.
(5) The yield stress YS, ultimate tensile stress, UTS
and young modulus of elasticity, EM for imported were
2.70, 1.85 and 2.70%, while local bars had 3.0, 2.17 and
3.0% respectively.
(6) The percentage loss of YM was about twice the local types in water.
(7) The percentage loss of YM was about 54% higher
for the local steel in aqueous solutions.
(8) The degree of deterioration measured in terms of
the loss of elastic modulus of the imported steel rebars
was HCl> H2SO4 >NaOH> H2O > Na2SO4, while HCl>
H2SO4 >NaOH> Na2SO4> H2O for the local steel bars.

5. Recommendations
From the results of the research, the following recommendations are hereby suggested:
(1) It is imperative for design engineers to familiarize
with the properties of construction materials especially
reinforcing bars prior to design to forestall incessant premature failure and ultimate collapse.
(2) A complete design output should contain, if possible, detailed specification of steel and other construction
materials’ properties.
(3) Concrete elements reinforced with local steel bars
are vulnerable to harsh environment. Hence, local steels
should be avoided in moderate-to-harsh host environments.
(4) Investigation should be conducted on the manufacturing process of all steel rolling and recycling companies in Nigeria. All efforts must be geared towards the
development of local codes of practice in line with locally
Distributed under creative commons license 4.0

available construction materials, exposure to environmental and operational conditions.

6. Contributions to Knowledge
The contributions of this research to the body of knowledge is three-fold namely quality control, maintenance of
structural integrity and development of national code of
practice cannot be overemphasized:
(1) The tensile strength properties of steel bars in air
and after immersion in liquids would inform engineers,
infrastructure managers/client professional organization
and other stakeholders of the adequacy and limitations
of the rebar types for structural engineering application.
The Standards Organization of Nigeria (SON) and other
relevant professional bodies could work together to ensure
improvement in the quality of materials supplied to building and civil engineering industries.
(2) Corrosion assessment of rebar is very essential to
predict the behavior of reinforced concrete structures in
different host environmental conditions. It also highlights
the limitations of the local rebar. Hence, the findings
would address permissible nominal cover for different
host environment to prevent deterioration of steel reinforcement under chemical attack and in water.
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