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Novel Proposal of Bio-based Sewing Timber Joint: Learning from
Diatoms

Mauricio Diaz Valdés", Melisa Gilvez Bohdrquez’
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’ Faculty of architecture, University of La Gran Colombia, Bogotd, 110110, Colombia

ABSTRACT

The twenty-first century is one of the most complex in the history of humanity, mainly due to the ecological crisis
it is going through. The construction sector generates about 40% of CO, emissions into the environment; the foregoing
should motivate this sector to seek new alternatives to develop new building practices. Taking these current needs into
account, this document classifies and presents a multidisciplinary solution that integrates biology, engineering and
architecture to develop a new and innovative lightweight timber structure; it divides with a main structure made of
timber and an innovative joint system made of bio-polymers connecting all the panels. Through the study of diatoms,
it was able to analyze the bio-morphology of the structure, joints and in particular the geometry since they were the
inspiration for the design of this structure that presents an innovative and novel design of structural optimization.
Through parametric design and digital fabrication, it was able to create a complex geometry that obtains excellent
structural behavior. This research discusses and explores how materials, geometry led to the optimization of a structure
and how new structures can arise, thanks to biology new solutions can be obtained that are completely sustainable,
being a clear example of how to combat the effects of the climate change and in a precise way it highlights the
advantages of the bio-design in the architectural design.

Keywords: Diatoms; Timber joinery; Computational method; Topology optimization; Biomimetics; Bio-inspired;
Lightweight structure
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oductio in demand for new buildings put the construction sec-

The current environmental crisis and the increase  tor with many challenges that must find new solutions

*CORRESPONDING AUTHOR:
Mauricio Diaz Valdés, Parametric Design, Polytechnic University of Catalonia, Carrer de Pere Serra, 1, Sant Cugat del Valles, Barcelona, 08034,
Spain; Email: mdiaz@acier.com.mx

ARTICLE INFO
Received: 2 December 2022 | Revised: 12 January 2023 | Accepted: 8 February 2023 | Published Online: 20 February 2023
DOI: https://doi.org/10.30564/jbms.v511.5299

CITATION
Valdés, M.D., Bohorquez, M.G., 2023. Novel Proposal of Bio-based Sewing Timber Joint: Learning from Diatoms. Journal of Building Material
Science. 5(1): 1-8. DOI: https://doi.org/10.30564/jbms.v511.5299

COPYRIGHT
Copyright © 2023 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons Attribu-
tion-NonCommercial 4.0 International (CC BY-NC 4.0) License. (https://creativecommons.org/licenses/by-nc/4.0/).


https://doi.org/10.30564/jbms.v5i1.5299
https://doi.org/10.30564/jbms.v5i1.5299

Journal of Building Material Science | Volume 05 | Issue 01 | June 2023

to face climate change since the construction sector
is responsible for about a third of emissions, domi-
nated merely by the manufacture of materials such
as concrete and steel; this should motivate this sector
to seek new alternatives for construction practices
and techniques that drive a new way of designing.
Changing current conventional construction practices
to new ways of innovating structures through timber
represents a sustainable alternative in the construc-
tion industry. Timber as a construction material has
great advantages over other materials, not only for
its ecological benefits but also for its negative carbon
footprint and its hardness to generate shapes, another
great advantage is that it is much cheaper when com-
pared to other materials of construction. If it is able to
manage to apply the technological advances that cur-
rently exist, construction using timber provides new
possibilities and the development of new innovative
and sustainable structures.

Through the technological and scientific advances
that have been developed during the last decades, be-
ing more precise in software and digital fabrication,
new structures are being obtained that have greater
and better structural performance. Referring to the
above and applied to lightweight timber structures,
they promise new construction systems; the applica-
tion materials that are environmentally friendly allow
those new lightweight structures could be designed
and fabricated very quickly; that’s why the interest
in timber structures is growing really fast because of
their low construction price, material price, high du-
rability and usability.

This present document is the result of the coop-
eration, knowledge and research of biologists, engi-
neers, architects and builders; with the multidiscipli-
nary perspective, a better result can be obtained for
the elaboration of this project; through the combina-
tion of knowledge from these areas, it was possible
to create a structure that promoted a light and sus-
tainable structure. This research was possible thanks
to a research stay at the Institute of Biology and the
Faculty of Engineering of both the National Autono-
mous University of Mexico and the University of La
Gran Colombia in Bogota, Colombia.

The objective of biomimicry in architecture is to
innovate through biological principles. The purpose

of investigating areas is to denote and limit that they
are completely different from one another and can-
not be compared to a living organism; the important
thing to highlight is how you can try to integrate bio-
logical principles (geometry, shapes, processes) and
integrate them into architectural design. The fields in
architecture where it can be applied are diverse and
that is why during the last decades, they have been
gaining more interest in this sector. In order to carry
out this research, a study of several species of phyfo-
plankton was carried out and due to their great eco-
logical contribution and geometric principles; that’s
why for this research it was decided to study diatoms
and to be focused on their bio-morphology in order
to develop new methods and implement them and as
for the design of the joints, as a great result to carry
it with sewing joints made of biopolymers, resulting
in a new innovative form of construction systems.

The methodology that was used to verify this re-
search is focused on carrying out an investigation at
the Institute of Biology, in which it was carried out
different analyzes of phytoplankton; continued with
the development of different design prototypes in
which we sought the most suitable geometric shape
and for the last part of the conclusion it was with the
tests at the Institute of Engineering to carry out the
mechanical tests of the bio-polymers. It is important
to note that the methodology used was done in differ-
ent hierarchies; starting first with the analysis that is
focused on bio-mimesis and later, the transfer of the
geometric shape to the timber panels was carried out
so that at the end of this research, it carried out the
sewn tests of the biopolymer joints. Due to the above
and it should be noted that this investigation has a
highly multidisciplinary perspective which helped to
obtain a better result.

This prototype is planned to be carried out in an
ecological park in Mexico abroad, if compared to a
steel and concrete structure, wood has great advan-
tages such as price, time and duration. Regarding
maintenance, if it is given a layer of varnish for exte-
rior use, it can withstand the weather and rain, which
gives it much greater advantages and is a highly sus-
tainable material.
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2. Aim of this research

This document has the purpose of making known
how new structures can be developed through the
integration of biological principles and how a multi-
disciplinary perspective can achieve a better result.
The objective of the research is to introduce a new
sustainable timber joint union-made of bio-polymers.
One of the reasons to develop and apprises this re-
search is that has the purpose of making known how
the morphological and biological principles can be
an option to develop new lightweight structures. This
research concludes with the fabrication of this model
and we conclude that it presents great advantages
over conventional steel and cement structures. The
urgency of designing new construction systems and
integrating new materials is one of the main goals
for the future of architecture.

3. Diatoms and bio-inspired design

The use of nature in the design process of struc-
tures is not something new, it has been applied
for several years and day to day it seeks to further
expand "' this knowledge due to the great develop-
ments that have been generated in the last decades;
in the case of design, it promotes solutions and the
development of new designs that integrate new ma-
terials and optimal structural forms. During the 20th
century, great pioneers of lightweight structures such
as Félix Candela, Frei Otto and Fuller Buckminster
used biological principles ! to develop their works
and referring to Fuller Buckminster he stated: “I am
not trying to imitate nature, I am trying to discover
and employ the principles she is using”, denoting
how nature and biology have much to teach us.
During the last century Frei Otto became very in-
terested in biology "' and it was thus that he worked
in collaboration with the biologist J.G. Helmke, be-
ing highly interested in Radiolaria microorganisms
(group of amoeboid protists that produce mineral
skeletons) due to their geometry and their structural
patterns to develop a balance of light structures. For
this emerged his theory, that so-called “From-Find-
ing”, which led to his analogic models, like chains or

nets of cables ¥,

For this research and due to its great interest, we
decided to study the diatoms, which are a group of
unicellular algae that are part of the phytoplankton
family, they are photo-synthesizing microorganisms.
Most of the oxygen is produced through the photo-
synthesis of phytoplankton in the sea, one of which
is the diatom, a unicellular alga considered the main
generator of oxygen on our planet, so far more than 6
thousand species are known. The function of diatoms
in the world’s oceans is of great importance since
they exhale more oxygen than all the tropical forests
of the world and on the other hand, they invisibly
recycle the gases that surround our planet. Currently
diatoms are considered the “lungs” of the earth since
they help to a large extent to be able to produce oxy-
gen and absorb large amounts of CO,.

Apart from their great contributions to the ecolo-
gy and well-being of the planet, diatoms have great
characteristics linked to their bio-morphology, espe-
cially for this research will focus on the shape and
geometry that makes them have completely precise
geometric shapes. After several analyzes of different
diatoms and different species of phytoplankton, we
concluded that the best species to continue with the
analysis of this structure would be two species: 7Tri-
ceratium Favus and Coscindiscus Radiautus (Figure
1). The first one has a completely equilateral triangle
shape; under these geometric principles it was cho-
sen to use this species to design the main structure
that has an inner radius and three support points in
the same way and this benefits structural optimiza-
tion. The second species has a hexagonal shape. This
is the base of the timber membrane that was devel-
oped to optimize the main membrane (Figure 2).

On the left side the Triceratium Favus has a com-
pletely triangular structure and on the right side the
hexagons that make up the Coscindiscus Radiautus,
both being observed under a microscope. Learning
through morphology and biological principles and ap-
plying them to construction is a tradition that has been
applied for several years now; but lately it has gener-
ated greater because of the endless opportunities and
possibilities that give a plus to the design process. In
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Figure 1. Phytoplankton view through a microscope.

the case of the field of lightweight timber structures,
biological principles and morphology have helped re-

1 construction methodol-

define construction systems
ogies, architectural design, and fabrication processes.
On the other hand, the great dilemma is based on how
to transfer these biological principles to the construc-
tion process; these challenges are the crucial part that
motivates us to develop innovative solutions and inte-

grate new design methodologies.

Figure 2. Pavilion divisions.

3.1 Joint connections

One of the essential aspects of any structure is the
connections since they are responsible for transfer-
ring all the forces, in the case of timber construction
there are different types of connections that go from
the joints connected with glue, screw and nuts; we
chose to integrate biopolymers to develop the sewing
joints of each of the panels.

The sewing joints present a great direct oppor-
tunity for the union of each one of the panels of the

membrane, since it allows the direct transfer of each
one of the panels ', this type of union has already
been used in other architectural works, but in the
case of this structure, a bio-polymer is used that al-
lows it to be sustainable and rigid at the same time.
After the parametric design of the structure, carrying
out the tests in the Karamba plug-in, showing behav-
ior and a minimum displacement with the design of
the sandwich-type joined panels. The innovation of
this structure is that it also has the benefit of being
highly adaptable to any geometry or surface and that
it can be tensioned correctly, making it a great con-
tribution to the design of lightweight structures.

As a result of the flexible joints, it is able to develop
any type of surface and it can be built. In the case of the
project carried out, the structural behavior promotes the
development of new forms that can be adapted to any
design need. This structural behavior is a great advan-
tage compared to concrete and steel structures. Sewing
joints present a great promising future since compared
to steel or concrete they present great economic and
sustainable advantages "', In the case of the project pre-
sented, each hexagon is connected through this system
(Figure 3). The goal of this system is to apply new low-
tech construction systems by means of timber and sew-
ing joints for the manufacture of lightweight structures
and to explore the tension, compression and elasticity
of this structure.

Detail of the sewing joint system; the sewn joint
is made in the middle of each panel leaving an over-
lap of 5 centimeters. This allows for an adaptation
of the hexagons to any surface. The thickness of the
plywood is 1.5 mm. The different test was done and
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0.80

Figure 3. Joint connection between panels.

carried out several samples to be able to know the
shear and the stress that these joints could handle.
These samples with the sewing machine and differ-
ent types of joints were tested; through experimen-
tation we came to the conclusion that joints that are
overlapped are the best option to be able to transfer
loads through the surface (Figure 4). Making a ref-
erence to the biopolymer, different tests were carried
out to find out its resistance and we compared it with
a steel cable in which the resistance of the steel ca-
ble is greater than 1200 kilos but in the case of the
biopolymer its breaking point was 680 kilos (Graph
1), which places it as a sustainable proposal and with
different experiments we can generate new proposals
with this material and increase its resistance.

Figure 4. Sewing process of the timber.
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3.2 Material and fabrication

For several centuries, timber has been one of the
most important construction materials and due to its
great sustainability and economic contributions that’s
why it was used or the main structure and hexagon pan-
els; in the case of biopolymers, they are gaining ground
due to its mechanical and structural properties that they
promote. It should be noted that the time that infers
humanity currently demands analyzing and seeking
solutions with a multidisciplinary perspective in order
to carry out and generate a better result in the face of
the adversities of climate change.

However, the progress during the last decades in
digital fabrication, software and new materials has
benefited from new possibilities and opportunities
of bio-design for architecture and construction, pro-
moting the design of optimal complex geometries.
On the other hand, the integration of biology into
architecture allows us to better study and understand
how to address problems and generate new solu-
tions. Especially in the field of lightweight timber
construction, biological role models have helped to
redefine building systems, design methodologies,
and fabrication technologies.

This research presents the design of an experi-
mental structure that was made in timber and biopol-
ymers for the joints. These materials have a lot of
great interest due to their biodegradability, low cost
and mechanical properties. In the case of biopoly-
mers have great advantages as a construction materi-
al and are gaining a lot of ground in the construction
sector; the origin of bio-based additives has been
used in construction for several centuries. The Ro-

Bio-polymer

0 100 200 300 400

500 600 700 800 900

MASS (KG)

Graph 1. Analysis of strength of the bio-polymer.
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mans for several centuries recognized the role of bio
mixes to improve construction materials, an example
was the use of proteins that served as retarders for
plaster. Another great example it’s with Vitruvio, that
explained that the use of lime mortar could be mixed
with vegetable fat to give a better finish to its walls.
This research presents a new construction sys-
tem based on timber hexagons that are joined sew-
ing joints, through these joints the use of steel and
concrete is completely avoided, presenting a great
advantage over conventional construction systems.
Using the morphological principles of diatoms, we
emulate the unions of the hexagons to generate a
new lightweight structure of timber. Sewing joints
have a great advantage over steel and cement since
they connect each panel of hexagons and help to
obtain any radius that can be demanded, simply by
adjusting the measurements of each hexagon.

3.3 Applying biological principles to form
finding

Different studies were carried out prior to the
choice of diatoms for the design of the lightweight
structure, different types of phytoplankton were
analyzed and the aim was to integrate bio-morpho-
logical principles into architecture and engineering;
therefore, for the form-finding process, it was limited
to the geometric principles of diatoms. In the case of
the panels, we opted for the Coscindiscus Radiatus
species due to its hexagonal shape (Figure 5), since
this geometric shape has great advantages since it
allows different connections with the other panels,
thus allowing a better distribution of the load.

It is important to highlight that during the last
decades, using biology as part of the form-finding
process promotes advantages for the design process,
since during this process these principles were trans-
ferred to different software such as Rhino7, Grass-
hopper, Karamba and Kiwi. Helping to better de-
velop and optimize this structure. In the case of this
structure, it was decided to use parametric design
tools that would allow the development of a structure
divided into panels and a main structure; the part of
the panels forms the main membrane that is support-
ed by 3 wooden beams anchored directly to the floor.

As for the measurements in the central part, it is 3.2
meters high and has a maximum length of 8 meters,
with a covered area of 50 m’ (Figure 6).

Figure 5. Floor plan of the timber pavilion.

The surface was based on the design of different
hexagons that are sandwiched together (one on top
of the other) and connected by the biopolymer joints.
Different designs were made for the panels and for
this structure there were a total of 138 hexagons for
the entire surface.

The design of a synclastic structure was chosen,
since through the double curvature the shape can
be optimized and this is summarized as less mate-
rial and more covered area. Being a clear example
of how to create sustainable and naturally friendly
structures. One of the great advantages of this decade
is that thanks to technology and digital computing,
new opportunities can be developed to develop new
geometric shapes that were previously impossible
to develop, and this presents great opportunities to
develop thanks to form-finding . The development
of complex geometric structures and structural opti-
mization are tools of form-finding. Among the inno-
vations of this structure is the link that was obtained
from the study of diatoms and how to find the best
design for the structure, linking geometry with biol-
ogy and trying to emulate the principles of biology
with the architectural design was a work that helped
to develop this structure. This structure integrates a
double curvature surface that was developed after
several attempts and proposals and this results in an
economic structure that also infers not only a lower
cost, but also a reduction in energy expenditure and
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lower CO, contributions to the environment. In par-
ticular, the demand for double-curvature surfaces has
increased in construction, engineering and architec-
ture since compared to other types of surfaces they
present great structural and geometric advantages
(Figure 7).

4. Conclusions

The present investigation had a result that en-
compasses different disciplines such as engineering,
biology and architecture and is based on the bio-de-
sign of the analysis of diatoms and how their ge-
ometric shape can optimize a lightweight structure.
On the one hand, the bio-morphology of diatoms can
have geometric patterns that are a clear example of
structures that have patterns that can develop a new
construction and adopt forms that optimize. This
means that the integration of bio-materials is a clear
example of how new construction systems can be
used and generate great benefits for the construction
sector.

After using parametric design, digital fabrication
and structural optimization new possibilities can
be developed to make new and complex geometric
shapes and this promotes new practices in design
that help to obtain better optimization and structural

behavior, this translates as a great opportunity to take
advantage of these sustainable and economic advan-
tages to apply them to the actual climate crisis.
Thanks to this research and new proposals that are
currently being developed in lightweight structures, the
progress and advances that this type of structure has
been giving new results as they are a clear example of
how the construction sector can contribute to climate
change; through geometry, materials and structural
optimization an efficient form can be developed. When
starting this research, we wanted to see how bio-design
can be a great tool for the designer and how biological
principles can be transmitted to any design. In the case
of biological principles, we chose to transfer the geom-
etry to a hexagonal-shaped wooden panel, which was
a great innovation to develop new ways of designing.
In the end, we conclude that these biological principles
can be applied to different types of wood (shape, geom-
etry, connections, structure...) and that through a multi-
disciplinary vision they can be applied to any structure.
This research promotes a sustainable, innovative
and economic design since after different studies
and investigations and thanks to biology it was con-
cluded by the use of diatoms due to their geometric
and biological principles. It should be highlighted
that with this new construction system, biopolymers
were used and neither cement nor steel was used for

Figure 6. Detail plan of the pavilion.

S

Figure 7. Structural behavior of the panels.
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the manufacture and assembly of the structure. Due
to the progress in the investigations of the timber
structures, it will be possible to obtain better results
that benefit the environment and the economy, the
development of new construction systems and the
integration of new materials into the structures pro-
mote sustainable values. This research is a result of
the new construction practices and construction tech-
niques that are currently demanded, which benefit
architecture and engineering thanks to digital fabri-
cation and architectural design.
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ABSTRACT

The design of columns relies heavily on the basis of Leonhard Euler’s Theory of Elastic Buckling. However, to
increase the accuracy in determining the maximum critical load a column can withstand before buckling, a constant
was introduced. This dimensionless coefficient is K, also known as the effective-length factor. This constant is often
found in building design codes and varies in value depending on the type of column support that is applied. This
paper presents experimental and analytical studies on the determination of the effective-length factor in the buckling
stability of columns with partially-fixed support conditions. To this end, the accurate K value of the columns tested by
the Instron Testing Machine (ITM) at California State University, Northridge’s (CSUN’s) Mechanics Laboratory is
determined. The ITM is used in studying the buckling of columns where the supports are neither pinned nor fixed, and
the material cross-section rather rests upon the machine while loading is applied axially. Several column specimens
were tested and the experimental data were analyzed in order to estimation of the accurate effective-length factor. The
calculations from the tested results as well as the conducted probabilistic analysis shed light on how a fragility curve
may aid in predicting the effective-length value of future tests.

Keywords: Column buckling; Fragility curve; Critical loading; Effective length factor; Fixity

1. Introduction imum loading is applied. This occurs mainly in

Column buckling can be defined as the abrupt members with a high slenderness ratio, meaning the
lateral displacement of a column under which max- length of the member is much greater than the width
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of the cross-section. Shorter-length members will
not experience buckling but rather crushing under
greater loads. Regardless, critical loads for columns
of any slenderness ratio can be calculated. Leonhard
Euler’s Theory for Elastic Buckling produced such
an equation which is as follows:
n2El

o = W (1)
where £ is the modulus of elasticity of the material
being used, / is the length of the member, and 7 is the

radius of gyration, which is equivalent to:

\F
r= |-
A

Here, 7 is seen as the bending moment of iner-

@

tia and A4 is the cross-sectional area of the member.
With Equation (1), values obtained for various
columns with differing support connections yield
unreliable results. By substituting in the effective-
length constant “K” of the column being analyzed,
the equation then converts to:

_ m’El
cr — (Kl)z

©)

This then provides more accurate critical load re-
sults theoretically as well as for physical applications "',
Specific K values are to be used when calculating
critical loads with different column support connec-
tions. For example, columns that have fixed connec-
tions on both ends will utilize a K value of 0.5, and
columns with simply supported pinned connections
will use a K value of 1. The goals established before
conducting any experimentation were to calculate
an accurate K value for the supporting connections
on California State University, Northridge’s (CSUN)
Instron Testing Machine (ITM), since it will be used
for this case study specifically, and undergo probabil-
istic analysis of results. This is achieved by creating
a fragility curve that aids in predicting the probabili-
ty of K values that would be produced in future tests.

2. Literature review

The primary focus of this case study is on the
effective length constant for columns, however, there
are far more variables that can change the overall

10

effective length of a column. Hibbeler defines the
effective length of a column as the distance between
points of zero moments "*. Therefore, supports that
limit rotation will provide a moment reaction and
produce an internal inflection point. This is the case
with completely fixed supports. A moment reaction
at both the top and bottom of the member decrease
the effective length resulting in an effective length
factor of K = 0.5. For pinned supports, there are no
moment reactions at the end conditions therefore,
the effective length results in the full length of the
member since the closest values of zero moments are
at the connections. An experimental example of this
can be cited by Bouras et al. "', The experimental
design utilizes a notched cylinder that accepts the
column, and a welded angle with a Teflon sheet that
guides the cylinder in rotation emulating a pinned
connection. With this setup, the effective length factor
used is K = 1.0 since the resulting zero moments will
lie at the connections.

As previously stated, not only is the support
condition the only variable that plays a role in the
overall effective length. Referring to Tian et al. ¥,
columns can contain various stiffnesses, cross-sectional
areas, distributions in axial loading, and differing
ratios between lengths. These variables may only take
effect when considering stepped columns composed
of materials other than wood elements. However, the
theory and determination of critical load behaviors still
extend from the foundational Elastic Buckling Theory.
Expanding on the notion that many studies in modern
engineering stem from Euler’s Theory, in Falborski et
al.’s study of column base fixity '*', the base support of
a column within a frame can be manipulated to obtain
a certain degree of flexibility. With this flexibility, the
inflection points of the member can be adjusted to
lessen the amount of internal moment received at the
upper end of the column where the structure is more
vulnerable, and result in an increase in the moment at
the base where the foundation can resist greater mo-
ment reactions. This enables the structure to withstand
higher amounts of lateral loadings, such as wind or
earthquakes, all while under uniform axial loading.

In any study involving structural behavior under
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extreme loading, the allowable stress and strain of
material are vital. In Euler’s Theory, the modulus of
elasticity is the primary component relating stress
and strain considering the modulus under axial
loading is the quotient of normal stress and strain.
Avallone et al. ' display these relations many times
using stress-strain curves. When members are placed
under increasing axial loading, the elements’ materi-
al properties of stress and strain demonstrate a line-
ar-proportional relationship which is called the elas-
tic range. Outside this range lies other circumstances
with vibrational forces and accelerations that will not
be covered in this experiment but still are immensely
important when pertaining to structural designs in
earthquake engineering.

In the analysis of earthquake effects on struc-
tures, seismic fragility curves have been explored
with the goal of determining the vulnerability of
structures if induced by such type of lateral loading.
In this paper, the basic use of fragility curves will be
explored in determining the probability of effective
length constants however, studies such as one under

Rajeev and Tesfamariam !’

reveal more in-depth
uses of this tool. In their study, they analyze multiple
building failures due to earthquakes and compile
several variables such as a number of weak stories,
year of construction, beam-column connections, and
the topology of the site. With these factors applied
they can create relations between the demand of the
earthquake in question and the structural capacity of
the building to make predictions on other buildings
similar in design and determine its probability of
survival or failure with an earthquake of similar

B also discusses the

magnitude. Guevara-Perez
importance of beam-column connections in the result
of weak stories that are a major factor in the ability
of a structure to successfully endure an earthquake.
Many factors play a role in the behavior of
columns and through a review of various studies
involving advanced concepts in engineering we
can see that at the foundation level, column buck-
ling shows there are key differences in behavior
when something as simple as a support condition
is altered. With this alteration, the behavior of col-
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umns will ultimately create effects higher up the
chain in structural analysis. By establishing a better
understanding of how effective length factors and
fragility curves function with a single member, made
of wood in this case, the more advanced theories
and concepts may begin to see effects as well within
larger systems, structures, and materials. They branch
off from the basic understanding of column buckling
and its reactions to compressive loading.

3. Experimental design

The support connections for the ITM are neither
fully fixed nor pinned, therefore, the end connections
will be referred to from here on out as partially
fixed. For example, as seen in Figures 1 and 2, the
cross-section of the member is rested flush to the
crossheads of the machine, which only partially
limits rotational and translational displacements.
Figure 3 shows how the test specimen is positioned
in ITM. 15 Douglas Fir specimens roughly 35 inches
in length were prepared to undergo compression in
the partially fixed machine connections. Calculations
such as weight, volume, density, cross-sectional area,
slenderness ratio, and moment of inertia were then
taken for each sample as shown in Table 1. For this
experiment, a Modulus of Elasticity (E) of 1.95x70°
psi is established considering this is the same value
dedicated to the wood used in CSUN’s laboratory for
other experiments. This also maintains the accuracy
of results in relation to past and future tests con-
ducted at CSUN. Each specimen was then carefully
positioned in the ITM crosshead and testing was
conducted through the program TestWorks QTEST.
Information about the specimen being tested such
as length and cross-sectional area was input into the
program and then, at a rate of 0.01 in/min, the cross-
heads of the ITM compressed the specimens axially
until buckling or complete failure occurred. QTEST
then provided peak stress (o,,) and critical load (P,,)
values from each sample tested. The details of the
ITM as well as the length and cross-section dimen-
sions of a typical test specimen are illustrated in Fig-
ure 4.
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Figure 1. Top crosshead connection.

Figure 2. Bottom crosshead connection.

Figure 3. Specimen placed in ITM.

Table 1. Properties of the test specimens.

Scl;‘:‘)ts‘?t Least cross - Cross Slenderness Slenderness Moment
Woo.d I:ength section scfction ) section Weight Yogume Den.sigy ratio ratio of inertia
specimen (in) dimension ?Il)l?neizmi(:; ?il:;? (0z) (in’) (0z/in) (Min) (Max) (in)
(Dmax, in) ’
1 35.000 0.727 0.693 0.504 6.30 17.633  0.357 50.505 48.143 0.0202
2 35.063  0.729 0.716 0.522 5.30 18.301  0.290 48.970 48.097 0.0223
3 35.000 0.734 0.726 0.533 6.70 18.651  0.359 48.209 47.684 0.0234
4 35.063  0.719 0.712 0.512 5.50 17.949  0.306 49.245 48.766 0.0216
5 35.000 0.721 0.714 0.515 5.30 18.018  0.294 49.020 48.544 0.0219
6 35.000 0.724 0.718 0.520 6.70 18.194  0.368 48.747 48.343 0.0223
7 35.000 0.728 0.717 0.522 6.50 18.269  0.356 48.815 48.077 0.0224
8 35.063  0.727 0.715 0.520 6.30 18.226  0.346 49.038 48.229 0.0221
9 35.063 0.717 0.709 0.508 5.40 17.824  0.303 49.453 48.902 0.0213
10 35.000 0.729 0.718 0.523 6.90 18.320  0.377 48.747 48.011 0.0225
11 35.063  0.729 0.725 0.529 6.30 18.531  0.340 48.362 48.097 0.0232
12 35.000 0.733 0.728 0.534 6.50 18.677  0.348 48.077 47.749 0.0236
13 35.063 0.733 0.716 0.525 5.50 18.402  0.299 48.970 47.834 0.0224
14 35.063 0.719 0.727 0.523 5.40 18.328  0.295 48.229 48.766 0.0230
15 35.000 0.738 0.728 0.537 6.90 18.804  0.367 48.077 47.425 0.0237

4. Evaluation of experimental results

After a certain amount of compression, each
column either buckled or completely failed to re-
sult in fractures, as shown in respective Figures 5
and 6. Some members that were not fractured from
testing remained in the elastic range and reverted to
their original linear state after loading was removed.
However, there was slight deformation left over
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and a bend in the specimen could be seen. All data
obtained from the testing machine was placed into
tabular form and comparisons were made between
the experimental and theoretical critical load based
on support connections, which can be seen in Table
2. Average experimental values for peak stress and
critical load were 2,278.69 psi and 1,188.77 lbs,
respectively. We can assume that variations in both
values are due to the inhomogeneity of the wood
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Figure 4. Details of the ITM and geometrical dimensions of a typical test specimen.
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Figure 5. Specimen #6 buckling under compression. Figure 6. Specimen #3 ruptured after compression.
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Table 2. Summary of theoretical calculations and test data.

Experimental
‘Wood Fixity Theoretical P,  Theoretical P,  Experimental P, :’tizls(s f:lt;ecttlive Normal
specimen (%) (SS) (FF) (PF) (osD) factgor distribution

(K)
1 77.115 316.775 1,267.101 839.10 1,665.60 0.614 0.962
2 90.104 349.087 1,396.349 1,156.20 2,245.10 0.549 0.521
3 91.834 367.725 1,470.899 1,257.20 2,359.30 0.541 0.429
4 89.931 338.560 1,354.242 1,117.80 2,183.60 0.550 0.530
5 75.990 343.595 1,374.380 893.70 1,736.00 0.620 0.973
6 93.781 350.856 1,403.424 1,243.90 2,393.00 0.531 0.331
7 101.037  351.322 1,405.290 1,434.90 2,749.00 0.495 0.081
8 92.223 346.673 1,386.692 1,193.80 2,296.60 0.539 0.409
9 97.101 333.369 1,333.476 1,259.40 2,477.50 0.514 0.190
10 98.631 353.279 1,413.116 1,375.20 2,627.30 0.507 0.140
11 79.898 362.417 1,449.669 1,005.00 1,901.60 0.601 0.920
12 84.400 370.267 1,481.068 1,108.30 2,076.90 0.578 0.791
13 96.486 351.003 1,404.011 1,310.30 2,496.60 0.518 0.213
14 92.249 360.412 1,441.649 1,241.70 2,375.50 0.539 0.408
15 96.614 372.793 1,491.171 1,395.10 2,596.70 0.517 0.208
Average 90.493 351.209 1,404.836 1,188.77 2,278.69 0.548

Std. Dev.  0.038

members themselves. Some members had less or
greater densities as well as internal defects, seen
in most wooden materials. For example, a material
such as steel or any other metal alloy is pure and
homogeneous throughout the entire length of the
member, whereas wood may have internal knots in
the wood or initial fractures that may not be seen on
the surface. Since we were given the experimental
P,_,, the experimental K-value for each specimen was
calculated and an average effective length constant
of 0.548 was found. Effective length constants from
each member can be seen in Table 2. Figure 7 al-
lows a visual representation of the variability in ef-
fective length values. Clear observations were made
for the tested columns and a general effective length
ratio lies somewhere between 0.5 and 0.6.

Using Equation (3), theoretical critical loads with
fixed and pinned connections were calculated and the
results show that the experimental critical load lies
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in-between fixed and pinned connections but resem-
bles fixed circumstances more. This is due to the pre-
viously stated fact that the partially fixed crossheads
of the ITM do not completely limit rotation, so the
columns are able to, just slightly, have an increased
effective length. Figure 8 shows this slight rotation-
al freedom when subjected to the compressive load.
To further analyze the degree to which the partially
fixed supports constrain rotations and translations, its
fixity percentage was calculated.

r
1.00 +
090 +
0.80 +
0.70 +
0.60 +
050 +
0.40 +

o

1 (K

Effective length constan

ese
= b L
o o o

0.00

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Specimen number

Figure 7. Effective length constants of test specimens.
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Figure 8. Upper crosshead support under loading.

5. Probabilistic analysis

Columns contain a certain level of fixity in the
supports. What influences this level of fixity is the
degrees of freedom allowed in the support condition.
For example, a fixed-end condition restricts transla-
tion in the x, y, and z directions as well as rotation
therefore it contains fixity in all six degrees of free-
dom. To further analyze the behavior of columns
placed in the ITM, calculations of fixity percentage
were obtained. Taking the average K-value of 0.548
from the experimental data, interpolations between
the fixed and pinned supports were made. The equa-
tion to determine this value is as follows:

0.548—0.50 _ X,—100
1-050  0—100

@

X, = [_ (0.54—8—0.50

- ) : 100] +100

Allowing fixed supports to have 100 percent fix-
ity and a K-value of 0.50, pin-supported conditions
having zero percent fixity and a K-value of 1.0,
interpolation between the two conditions concluded
that the columns tested under partially fixed obtained
an average fixity percentage of 90.49 percent. All
values for individual members can be seen in Table 2.
Again, this supports the observation that a partially
fixed support such as the one seen in CSUN’s ITM
lies closer in relation to fixed-end conditions than
simply supported, but still results in displaying its
own distinct column behavior.

Further probabilistic analysis was done through

15

the generation of a fragility curve. Fragility curves
are S-shape plots primarily used in earthquake
engineering to assess the damage state of structures
or to aid in the prediction of how much damage a
structure will encounter when earthquake conditions
are applied. This is done through a cumulative
probability distribution plotted with earthquake
intensity and damage grades. This method of analysis
can also be applied to column buckling. To do this,
the mean and standard deviation of the effective
length values from the entire column set is applied
to a cumulative distribution function. These values
can also be seen in Table 2. Then, the probability
distribution was plotted against the original
respective K-values obtained from experimental
testing. The plot is shown in Figure 9.

1.00 +
0.90 +
0.80 +
0.70 +
0.60

0.50 +
0.40

ative probability (%)

£ 030 +

E]

© 020
0.10 +

0.00
0.450

0.500 0.550 0.600 0.650

Experimental effective length factor (K)
Figure 9. Fragility curve.

Along the ordinate, we can see the range is from
zero to one. This is the probability percentage that
a given effective length value will show. In other
words, by taking any reference point along the curve
the area underneath the curve represents the proba-
bility that the respective effective length ratio will
occur. For example, at the effective length value of
0.55 the cumulative probability outputs a value of
about 53 percent. This means that for future testing
of these columns, there is a 53 percent probability
that the resulting effective lengths between 0.495
and 0.55 will be produced. The same analysis is
done from the higher and lower ends of the curve.
At the effective length reference point of 0.6 the
corresponding probability is around 10 percent that a
greater effective length factor is produced and at an
effective length factor of 0.5 the probability is less
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than 10 percent to produce a value less than or equal
to 0.5. This coincides with the behavior of the col-
umns and concludes that through further testing, 80
percent of columns will produce an effective length
between 0.5 and 0.6 with a larger majority resulting
closer to 0.55.

6. Conclusions

In this paper, the determination of the effec-
tive-length factors of columns with partially-fixed
end supports and subjected to axial loading was in-
vestigated through the adoption of experimental and
analytical approaches. To this end, a case study on
the testing of columns by CSUN’s ITM was conduct-
ed and discussed. The support conditions of CSUN’s
ITM allow the columns to produce an alternate be-
havior due to external compression that is not seen
under traditional support connections such as fixed
and pinned conditions. A partially-fixed connection
with an average effective length of about 0.55, al-
though not far from fixed conditions, still reveals
there is slightly different behavior and is significant
enough to be classified as its own support condition.
Creating a fragility curve of the column behavior
also provided a predictability tool to determine how
the column will behave under future testing. The ef-
fectiveness of the adopted experimental, analytical,
and probabilistic approaches in the determination of
the accurate effective-length factor in columns with
partially-fixed supports was demonstrated in this re-
search endeavor. In particular, the application of the
fragility methodology in efficient buckling stability
assessment of structures seems to be quite promis-
ing.
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1. Background

Materials science is the study of materials, their
properties and their applications. As the rapid de-
velopment of material science, materials tend to ap-
proach multifunctionality. Multifunctional materials
are designed to perform multiple responsibilities
through prudent combinations of different functional
capabilities. Typically, each function contributes a
distinct physical or chemical process that can deliver
system-level improvements beyond the status quo.
Even though some researchers have defined “smart
material” as multifunctional materials (MFM), multi-
functional composites (MFC), multifunctional struc-
tures (MFS), and multifunctional material systems
(MFMS), the term “multifunctional materials” will
be used to refer to all of these materials, composites,
and structures in this paper "". One of the main ad-
vantages of multifunctional materials is their capac-

*CORRESPONDING AUTHOR:

ity to simultaneously accomplish multiple functions,
which can decrease the need for various materials
and components in the system. This benefit can re-
sult in reduced weight, higher efficiency, and superi-
or properties and the development of multifunctional
materials enables technologies that were previously
impossible. The properties of multifunctional materi-
als could vary substantially based on the applications
and demands of the material. For example, the ma-
terials may respond to heat (thermal), stress & strain
(mechanical), electrical, magnetic, pH, moisture,
light (photonic), and molecular or biomolecular sub-
stances, and others. By incorporating these materials
into composites, numerous functionality, including
self-healing, self-sensing, self-cleaning, electric
conductive, thermal conductive, membrane, shape
memory, and actuation, can be achieved. Therefore,
multifunctional materials can improve processes and
products, create several avenues to increase sustain-
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ability, and have a direct and positive impact on eco-
nomic growth, environment, and quality of life.

2. Challenges

To unlock the full potential of multifunctional
materials, several challenges need to be addressed.
These challenges include the needs for 1) multi-dis-
ciplinary collaboration, 2) a suitable balance of the
different properties of the material, 3) development
of environmentally sustainable materials, 4) cost-ef-
fective manufacturing and implementation methods,
and 5) high durability of the materials to enable them
to withstand environmental conditions and allow
them to be used in real-world applications. The first
major challenge in developing multifunctional ma-
terials is the requirement for multi-disciplinary ap-
proaches. The key to the success of multifunctional
materials is the integration of various properties into
a single material, which involves knowledge of ma-
terials science, physics, chemistry, and engineering.
This challenge creates difficulties in terms of collab-
oration and communication among experts from sev-
eral scientific fields. Secondly, the ideal development
of multifunctional materials can only be accom-
plished by combining multiple properties without
sacrificing any of them. Until now, optimizing mul-
ti-functions often require a trade-off between them,
and achieving the right balance can be challenging.
In addition, manufacturing multifunctional materials
might be complicated and require specific equipment
and experience. Frequently, the manufacturing of
multifunctional materials includes complicated and
time-consuming procedures that demand high preci-
sion and control and this can raise manufacturing ex-
penses and restrict application to large-scale usage.
Finally, the performance of multifunctional materials
can be affected by environmental factors such as
mechanical damage, chemical exposure, tempera-
ture, humidity, UV irradiation, and others; therefore,
developing materials that can survive these environ-
ments is a major challenge.
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3. Trends

Despite the challenges stated previously, the
development of multifunctional materials is an at-
tractive field of study, motivated by the potential to
develop novel products that can meet the diverse
demands of society. Future trends in this subject in-
clude the invention of environmentally sustainable
materials that can be manufactured using sustainable
processes. As the world progressively focuses on
sustainability and lowering carbon emissions, future
research on multifunctional materials will need to
address the environmental impact. This research
strategy involves the use of biodegradable materials,
materials derived from renewable sources, and recy-
clable or reusable materials. This also brings the de-
mands of developing multifunctional materials that
can address specific sustainability challenges, such
as air/water purification or green energy generation.

All cutting-edge technologies and materials will
eventually be evolved through more efficient and
cost-effective procedures, enabling them to be wide-
ly implemented in civil society and improving how
people live and work. Even though the area of mul-
tifunctional materials is still in its beginnings, the
ultimate goal is to develop materials with practical
applications. Hence, continuous research about how
multifunctional materials could be incorporated into
real-world systems, such as electronics, aerospace
engineering, and healthcare devices, will be essential
for promoting innovation and generating new mar-
kets ). Moreover, future civil engineering structures
will undoubtedly integrate and consist of multifunc-
tional materials. Aside from the attractive functions
and properties such as self-monitoring, self-healing,
high UV and chemical resistance, color-changing,
temperature regulation, air-cleaning, and energy har-
vesting, it is anticipated that multifunctional mate-
rials with properties such as sustainability, cost-sav-
ings, and enhanced durability will have the potential
to be utilized on a global scale.
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ABSTRACT

Curing methods are one of the most important factors in determining the quality and compactness of cover concrete.
The effect of curing methods on the water absorption and sorptivity coefficient of cover concrete with the substitution
ratio of fly ash (FA) and ground granulated blast slag (GGBS) for cement between 30 wt% and 40 wt% was studied by
capillary water absorption test. The vacuum saturation test and mercury intrusion test were employed to characterize
these differences in the pore structure of cover concrete under different curing methods. With further analysis of
the compactness of microstructure by SEM, the mechanism of the impact of curing methods on the permeability
of cover concrete was revealed. The results obtained indicate that the effect of curing methods on the water
absorption, sorptivity coefficient and porosity of cover concrete shows the trend of natural curing > cover curing >
water curing > standard curing. It is also shown that reasonable curing is advantageous to reduce the porosity and
permeability of cover concrete. In natural curing conditions, the appearance of porosity increasing and pore structure
coarsening is more critical for covering concrete with mineral admixtures than for pure cement concrete. Therefore,
the permeability of cover concrete with mineral admixtures is more sensitive to the early-age curing methods.
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1. Introduction

Concrete curing is defined as the process of con-
crete conducting adequate hydration and continuous
hardening by providing a suitable temperature and
moisture '), Wet curing is critical to both strength
and durability of concrete ), but the strength of con-
crete has not grown alongside durability. The test
results obtained by Dinku and Reinhardt ! showed
that the sorptivity coefficient has a very good rele-
vance to gas permeability.

The permeability is widely used as an index for
the durability characterization of concrete, and is
mainly affected by the combination of curing meth-
ods and mineral admixtures *. The application re-
sults show that the chloride-resistant permeability,
carbonizing-resistant capability and freezing-resist-
ant property of wet-cured concrete are superior to
that of dry-cured concrete 7. Liu indicated that the
gas permeability of the mixtures prepared by replac-
ing cement with 0%-50% by weight of slag is lower
than pure cement mixtures "*. Basheer and Nolan
reported that the moisture distribution within 30 mm
of the concrete surface is highly susceptible to envi-
ronmental changes. With premature exposure to wind
and sun, the moisture contained in the cover concrete
will evaporate rapidly, forming interconnected cap-
illary channels, which reduces the impermeability of
concrete . Additionally, the interconnected pores
and micro-cracks of cover concrete provide passage
for moisture and corrosive media into the internal
concrete, which is the chief cause of concrete cracks
and steel corrosion "'

Recent research on early-age curing regimes
mainly focuses on the effects of curing method, cur-
ing temperature and curing humidity on the mechan-
ical and durability of concrete "%, Jiang " stud-
ied the effect of early-age curing temperature and
thermal insulation on the 28 d compressive strength
and microscopic properties of ultrahigh performance
concrete (UHPC), the results have shown that the
compressive strength and matrix density increase due
to early curing temperature increment, and the ther-
mal insulation curing could be used instead of the
steam curing 7. It has been observed that the early

21

strength of concrete increases significantly with the
curing temperature """, It has been verified by some
researchers that heat damage from steam curing has
a disadvantageous influence on the durability evalua-

20211 Bai ** investigated the linkage

tion of concrete
between capillary water absorption, strength and
carbonization depth of composite cementitious con-
crete under dry curing and water curing conditions.
It can be seen that the capillary water absorption and
carbonization depth of dry-cured concrete increased
and the strength decreased in comparison with
concrete under water curing *. But this difference
between the dry curing and water curing decreased
with the metakaolin content, and increased with the
fly ash content **. Capillary water absorption is able
to characterize the ease of porous materials to trans-
fer water through capillaries. Considering results
showed of capillary transport of water as a function
of curing methods, water-binder ratio and composition
of materials, water absorption is correlated with the
pores on concrete, especially for cover concrete .
Khatib and Mangat “” reported the differences in
water absorption of the concrete between the surface
and the interior, and the results have shown that the
water absorption of the top of the concrete cube is
several times greater than that of the inside **. Nev-
ertheless, the study of quantitative characterization
of the effects of curing methods on the water absorp-
tion and the pore distribution of cover concrete has
been reported rarely.

Against the above background, the study is ded-
icated to exploring and characterizing the effects of
curing methods on the permeability of cover con-
crete with high-volume mineral admixture. Four cur-
ing methods including natural curing, cover curing,
standard curing and water curing (various humidity
conditions) and four mixtures (different cementing
materials systems) were designed in this research.
Water absorption and sorptivity coefficient measured
by the capillary water absorption test were applied to
quantitatively characterize the effect of curing meth-
ods on the permeability of cover concrete. Mean-
while, simultaneous total porosity and pore structure
were analyzed to investigate how both can affect the
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permeability of cover concrete. Moreover, to further
mechanism study, the thermo-gravimetric analysis
(TGA) and scanning electron microscopy (SEM)
were adopted to describe the hydration degree and
microstructure of cover concrete. This plays an im-
portant role in providing data support for the durabil-
ity evaluation of cover concrete prepared by highly
adding a number of mineral admixtures.

2. Experimental programme

2.1 Raw materials and mix ratio

The cement used in this study is P-O 42.5 grade
ordinary Portland cement (OPC) obtained from Shan
Dong Wanhua Chemical Group Co., Ltd, China. The
density of cement is about 3.15 g/cm’, and its specif-
ic surface area is 3370 cm’/g. Table 1 gives cement’s
physical properties. The fly ash (FA) of class I and
ground granulated blast slag (GGBS) of grade S95
were used as replacement materials. The density
and specific surface area of FA are 2.25 g/cm’ and
3800 cm®/g, and that of GGBS is 2.89 g/cm’ and
4400 cm’/g. Table 2 presents the chemical compo-
nents of cement and mineral admixtures. Fine ag-
gregate (S) is ISO Standard Sand that complied with

ISO 679 Standard.

Four mixtures containing pure cement (marked as
OPC), fly ash (30% by mass of cementitious materi-
als, marked as FA 30), ground granulated blast slag
(40% by mass of cementitious materials, marked as
S40), and a combination of fly ash and slag (15% and
20% by mass of cementitious materials respectively,
marked as FA15520) were evaluated in the study.
Table 3 presents the detailed proportions of four
different mixtures. The binder-to-sand ratio (B/S)
in all mixtures was the same and fixed at 0.5. As
shown in Table 3, water-binder mass ratios (W/B) of
0.35 and 0.45 were designed for each mixture.

2.2 Sample preparation and curing

According to the predesignated mix ratio, the
fresh mixture was prepared and then cast into wood
molds with dimensions of 200 mm x 200 mm x
20 mm. The mold is made of wood plywood. The
moisture and continuous casting do not affect the
mold quality. After compacting, the slab samples
were cured till the test timing of 7 days. Thanks to
the addition of mineral admixture and relatively low
water binder ratio, reduced bleeding tendency was
presented. Immediately after demolding, the slab

Table 1. Basic properties of cement.

Standard consistency Setting time Fineness Compressive
water consumption (min) (%) Flexural strength (MPa) strength (MPa)
Tnitial il Soundness
0 nitia. ina
(%) setting setting 80 um 3d 28d 3d 28d
28.4 205 260 0.5 Qualified 4.8 6.8 22.6 44.8
Table 2. Chemical composition of binders.
Material CaO SiO, Al O, Fe,0, K,O SO, Na,O MgO
Cement 60.00 23.20 6.90 2.58 0.88 3.97 0.28 1.74
Fly ash 2.71 47.20 37.62 4.55 1.15 2.06 0.49 2.59
Slag 39.59 33.89 14.22 0.91 0.64 2.96 0.36 6.43
Table 3. The mixture proportion design.
Mix code  W/B Cement (kg/m’)  Fly ash (kg/m’)  GGBS (kg/m’)  Sand (kg/m’) Water (kg/m®)
OPC 2636 0 0 5273 923
FA30 1845 791 0 5273 923
0.35 or 0.45
S40 1582 0 1054 5273 923
FA15S20 1714 395 527 5273 923
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specimens from every mixture were subjected to the
following four typical curing methods: (i) Natural
curing (lack of moisture curing, samples were placed
outside at the average temperature of 26.7 °C and
the average relative humidity of 60%); (ii) cover
curing (samples were sealed with plastic film to pre-
vent moisture evaporation and placed indoors at the
average temperature of 20 °C); (iii) standard curing
(samples were cured in a curing room with the tem-
perature at 20 + 2 °C and relative humidity at 98%);
(iv) water curing (the samples were demolded and
then performed in a water tank filled tap water at the
temperature of 20 °C).

2.3 Experimental methods

Capillary water absorption test

The quality of curing has a direct impact on the
permeability of covered concrete. The specimens
with a dimension of 200 mm X 200 mm % 20 mm
were employed to simulate the surface of concrete
for the test of capillary water absorption and char-
acterization of permeability. According to ASTM C
1585-04 *”' the capillary water absorption test was
carried out as shown in Figure 1. At first, the samples
of the specified age were dried at 105 °C until con-
stant weight. Then, the lower surface of 200 mm x
200 mm of samples was contacted with water, and
the bottom of the sample was exposed to water at
approximately 3 mm, to keep a constant height of
water level. Meanwhile, the mass of the specimens
was recorded every 5 min during the initial process
of water absorption, and later recorded every 30 min
for 1660 min.

The water absorption / and sorptivity coefficient
S were calculated as:

I=(llill)=S\/I
puA

)
where [ is water absorption, mm; (i, —#) is the mass
of water adsorbed in, g; A, is the density of water,
and the value is 0.001 g/mm’; 4 is the cross-section
of the sample exposed to water, mm?’; S is a sorptivi-

. .05 . . .
ty coefficient, mm/min™; ¢ is time, min.
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Figure 1. Schematic diagram of capillary water absorption test.

Vacuum saturation test

After measuring the water absorption, the vacu-
um saturation test was adopted immediately to deter-
mine the total porosity of cover concrete. Due to the
significant impact of curing methods on the porosity
of cover concrete P, the plate-type specimen was
directly used for testing to better characterize the
actual structure. The specimens conducted vacuum
accelerated saturated water and marked the mass of
the specimen after vacuum water saturation as m,.
Then, the specimens were dried at 105 °C for 12 h,
and marked the mass of the completely dry sample
as my. The value of total porosity P can be calculated
by following:
mS

PV

p=C

@

where (m,—m,) is the mass change of sample, g; p,
is the density of water; V is the volume of the speci-
men, mm’.

Microscopic test

After the specimen was broken, specimens of
the surface layer were selected, soaked in absolute
anhydrous ethanol for 24 h to stop further hydration.
Then thermo-gravimetric analysis (TGA), mercury
intrusion porosimetry (MIP) and scanning electron
microscopy (SEM) were conducted for the micro-
scopic test, respectively. Fresh particles were heated
from a setting temperature of 20 °C to 1000 °C with
a rate of 10 °C/min by the TGA-DSC I type thermal
analyzer. The Auto Pore IV9500 mercury porosim-
eter was used to measure the pore structure of cover
concrete with a maximum pressure of 228 MPa and
a contact angle of 130°. The micro-morphology of
samples was observed by Nova Nano SEM—50 scan-
ning electron microscope at a scanning frequency of
50/60 Hz.



Journal of Building Material Science | Volume 05 | Issue 01 | June 2023

3 Results and discussion

3.1 Influence of curing methods on water ab-
sorption of cover concrete

The changes in water absorption of cover con-
crete with capillary absorption time, curing method
and water binder ratio are shown in Figure 2 and
Figure 3. As the absorbing water time increases, the
water absorption of cover concrete increases signifi-
cantly, but the later growth decreases slowly, which
is in accordance with the process followed by a bi-
linear change of capillary water absorption described
by Liu’s results ", The capillary water absorption of
all samples with wet-cured methods such as standard
curing and water curing is higher than that of dry-
cured methods like natural curing and cover curing,
which shows that the permeability of cover concrete
to a large extent is governed by its curing method.
Under natural conditions, in a low humidity envi-
ronment (below 60% RH), the free water in covered
concrete is easy to be evaporated, resulting in water
moving into the air and forming water loss channels.
The water absorption of standard-cured concrete is
minimum, followed by water curing, and the water
absorption of cover curing is less than that of natural
curing. After de-moulding, unhydrated cement parti-
cles will further hydration, through timely and effec-
tive wet curing, replenishing rapidly the water con-
sumed by hydration in the matrix, which is beneficial
to improve the hydration degree and compactness of

30 3.0

cover concrete. This indicated that a suitable curing
method is detrimental to the permeability of cover
concrete. It is worth noting that the water absorption
of samples with water curing keeps higher than that
with standard curing. The hydrate is alkaline, and
the cement hydration products are dissolved because
of the corrosion of water. Especially for Ca(OH),
with large solubility, it is dissolved first, resulting in
the formation of more pores, thereby reducing the
impermeability of cover concrete “**. Furthermore,
water absorption of samples tends to have results
affected by the water binder ratio and the type of ce-
menting material. Comparing Figure 2 and Figure
3, it can be observed that the water absorption of
the 0.45 water-binder ratio is greater than that of the
0.35 water-binder ratio. The curing methods affect
the water absorption to different degrees for diverse
types of cementing material. For S40 samples, water
absorption of natural curing is increased by 37%-
60% as compared to that of standard curing. For
OPC samples, water absorption of natural curing is
15%-40% higher than that of standard curing. The
extent to which different cementing materials endure
in the erosion process varies, and cementing material
system with high-volume slag has a high resistance
to water erosion ", Owe to high pozzolanic reactivi-
ty, slag reacts with Ca(OH), in the matrix to generate
C-S-H, which results in a significant decrease in the
content of Ca(OH), in the matrix, avoiding a large
amount of Ca(OH), dissolution.

It is found that the curve of water absorption for
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Figure 2. Influence of the curing methods on the 7-day water absorption of specimens when water-binder ratio is 0.35.
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Figure 3. Influence of the curing methods on the 7-day water absorption of specimens when water-binder ratio is 0.45.

all samples shows a two-stage change. Therefore,
the sorptivity coefficient of the samples is calculated
using the slopes of the water absorption/square root
of time (t"°) curves in the early stage to characterize

the strength of permeability '

. Figure 4 gives the
sorptivity coefficient variation of cover concrete with
different curing methods and water-binder ratios. As
is shown in the picture, the sorptivity coefficients
of cover concrete with a water binder ratio fixed at
0.45 are all greater than that of a water binder ratio
fixed at 0.35. This phenomenon can be explained by
the high water-binder ratio mixtures having a larger
initial water-filled space, namely a large amount of
porosity, which provides more paths for water to
penetrate into the matrix. The changes in sorptivi-
ty coefficients of different curing methods are the
same as the water absorption, which manifests as

the trend of standard curing < water curing < cover
curing < natural curing. Covering concrete with dif-
ferent curing methods has a great influence on the
sorptivity coefficient, particularly in FA30, and the
average value of the sorptivity coefficient of FA30
with standard curing is 1/2-3/5 of that with natural
curing conditions. However, compared with pure ce-
ment, the cover concrete of FA30 has a higher sorp-
tivity coefficient under all curing methods. When
the water-binder ratio is 0.35, the addition of slag
can significantly reduce the sorptivity coefficient of
cover concrete, while when the water-binder ratio is
0.45, there is no significant difference in sorptivity
coefficient between the OPC and the S40. Since the
sorptivity coefficient of cover concrete is greatly
impacted by its hydration degree and water-binder
ratio, according to the mixture ratio, TGA measure-

0.36 0.36 0.36 0.36
—o—0.35 —0—035 —o—035 —0—0.35
032 F o045 g3t —0—045 032 F e —0—0.45
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Figure 4. Influence of the curing methods on the 7-day sorptivity coefficient.
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ment was applied to test the hydration properties,
and the results are shown in Figure 5.

The DTG curves of the samples at 7 days are
presented in Figure 5, and several typical peaks can
be observed in DTG curves. The first endothermic
peak existing at about 60-300 °C is attributed to
the water loss and disintegration of ettringite and
C-S-H gel. One peak occurring between 400-550 °C
is caused by the decomposition of Ca(OH),, and the
weight loss of a small amount of calcite appeared
at 700 °C "% As can be seen in Figure 5a cement
blended with slag has more hydration products, and
results in a higher degree of hydration, so the hy-
drated body is more compact. That explains why the
sorptivity coefficient of cement mixed with slag is
half that of pure cement. In contrast, the content of
hydration products of cement mixed with fly ash is
lower due to the poor reactivity of fly ash ", which

0.00

-0.02
calcite

-0.04

leads to showing a higher water absorption and low
impermeability in the capillary water absorption
test. However, research has shown that the sorptivity
coefficient of cement blended with fly ash continues
to decrease with the prolongation of curing time
and the development of the pozzolanic reaction "”,
In addition, according to the calculated Ca(OH),
content data in Table 4, it can be observed that with
the increase of the water binder ratio, the amount of
Ca(OH), increases. At a constant water binder ratio,
different cementing material systems display various
permeability characteristics, and the main difference
comes from the different hydration degrees. But it
is difficult to explain the change of water absorption
between samples with various water-binder ratios,
so it needs to be described through the pore structure
for further analysis.

0.00

-0.02
calcite

-0.04

©
2 -0.06 % -0.06
-0.08 - E gggo 0.08 | e —_ gigo
ringie —— FAI5520 o
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(a) 0.35 (b) 0.45
Figure 5. DTG curves of specimen at 7 days.
Table 4. Calculation value of Ca(OH), content for different specimens.
W/C code Endothermic peak/°C Corresponding weight /% Weight loss(H,0)/% CH/%
Inital Final W, W, W,-W, Wen
OPC 407.95 504.63 89.97 87.61 2.36 9.70
035 FA30 407.78 504.67 91.97 90.34 1.63 6.70
S40 407.78 504.43 87.56 86.23 1.33 5.47
FA15S20 417.95 514.55 90.40 88.87 1.53 6.29
OPC 408.10 543.31 88.73 85.88 2.85 11.76
0.45 FA30 408.26 533.86 90.38 88.24 2.14 9.04
S40 415.33 523.96 87.73 86.36 1.37 5.63
FA15S20 416.89 523.92 89.63 87.92 1.72 7.07
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3.2 Influence of curing methods on pore struc-
ture of cover concrete

Some studies have shown that the permeability
of cover concrete is directly related to its pore struc-
ture **. The 7-day total porosity from the exposed
surface of the specimens measured by the vacuum
saturation test under different curing methods is
shown in Figure 6. It is easy to find that the porosity
of the mixtures with a 0.45 water-binder ratio is sig-
nificantly greater than that with a 0.35 water-binder
ratio. This explains why increasing the water-binder
ratio from 0.35 to 0.45 results in the water absorption
and sorptivity coefficient of cover concrete increases.
Besides, the curing method has a significant effect
on the porosity of the specimens. The standard-cured
cover concrete is the lowest, followed by the cover
curing and water curing, and natural-cured cover
concrete has the highest porosity, which indicates
that proper curing methods can reduce the total po-
rosity of cover concrete, thereby reducing permeabil-
ity. However, the experimental results also show that
the influential level of the curing method is distinct
from the total porosity of different cementing mate-
rial systems. For cover concrete of pure cement, the
total porosity of natural curing is about 17%, which
is higher than that of wet curing by 25%; for cement
blended with fly ash, the total porosity of natural cur-
ing is higher than that of wet curing by 20%-40%;
for slag, it is higher about 20%-50%. Thus, the pore
structure development of concrete with high-volume
mineral admixtures is more sensitive to the curing
methods.

‘:] Natural curing Cover curing R Standard curing [
OPC : FA30 : S40 :

FA15520

i : :
0.45 0.35 0.45 0.35
Water binder ratio

Figure 6. The 7-day total porosity of specimens with different
curing methods.

The pore size distribution of cover concrete with

different curing methods is characterized by MIP
and is presented in Figure 7. As shown in Figure
7, the pore size is mostly distributed below 50 nm,
which is defined as harmless pores and less harmful
pores, having little impact on the permeability of
the cover concrete. It is proved that the addition of
high-volume mineral admixtures tends to increase
the maximum pore size of the sample. The pore size
of pure cement is mainly distributed in 7-14 nm, and
that of cement blended with fly ash and slag is main-
ly distributed in 11-17 nm and 6-32 nm. Comparing
the pore structure of specimens under standard cur-
ing and natural curing methods, it can be seen that
the proportion of harmless pores and less harmful
pores decreases. The pore size distribution curves
of natural curing shift right, and as the proportion of
macropore of the sample increases, the internal pore
tends to be connected. This indicates that the loss of
water in the sample of natural curing makes the pore
structure of cover concrete much coarser, which is
not conducive to the development of compactness.
Especially for the cement mixed with slag, the pore
structure coarsening of natural curing is the most
significant.

3.3 Mechanism discussion on the permeabili-
ty of cover concrete based on SEM

The curing method has a crucial influence on the
microstructure development of cover concrete. For
further study on the mechanism of the permeabil-
ity of cover concrete, the microstructure of cover
concrete under natural curing and standard curing
was tested by SEM. Typical morphologies of ce-
ment main hydration products such as ettringite and
Ca(OH), cannot be identified from SEM images “”,
but it can find out the difference in the effect of cur-
ing methods on microscopic morphology. As can be
seen from Figure 8, the cover concrete is loose and
porous under natural curing, and the hydrate has lots
of pores and micro-cracks, which are related directly
to the process of water loss under the condition of
low humidity. Compared with natural curing, the
microstructure of standard-cured cover concrete is
relatively compact and has no cracks, which explains
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Figure 7. The pore structure of specimens with different curing methods: (a) OPC; (b) FA30; (c) S40.

why standard curing is beneficial to the improvement
of impermeability at a micro level. Besides, cement-
ing material type influences microscopic morpholo-
gy. From the distribution of hydration products, the
arrangement of hydration products of cement blend-
ed with mineral additive is more uniform and orderly
due to the decrease of Ca(OH), content. From both

images in Figures 8b and 9b, the hydrate of cement
blended with fly ash has lots of micro-pores. In
comparison, the micro morphologies of pure cement
pastes and pastes containing slag are more com-
pact, which is in accordance with the result of the
higher sorptivity coefficient of the mixture with fly
ash.

Figure 8. Morphologies of cover concrete with natural curing: (a) OPC; (b) FA30; (c) S40.
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Figure 9. Morphologies of cover concrete with standard curing: (a) OPC; (b) FA30; (c) S40.

4. Conclusions

Based on the results and the discussion of water
absorption, sorptivity coefficient, and pore structure
of the cover concrete, the following conclusions are
drawn:

(1) Strengthening curing has an obvious positive
effect on water absorption of cover concrete. For
four different curing methods, the water absorption
and sorptivity coefficient of cover concrete with
natural curing is the maximum, followed by cover
curing and water curing, and standard curing is the
maximum.

(2) There is a big difference in the water absorp-
tion property among the various cementing materials
system. Under identical curing conditions, the FA30
performs higher with sorptivity coefficient when
compared to the S40. The results obtained by TGA
show that the early-age permeability of FA30 is the
maximum, which is caused by the low pozzolanic
reactivity of fly ash. As the activity of slag is higher
than that of fly ash, the anti-permeability of cover
concrete of S40 is considerably higher than that of
FA30.

(3) There is a clear correlation between the pore
structure and water absorption property. The porosity
of cover concrete with natural curing is the maxi-
mum because of the increase in interconnected pores
caused by moisture exchange, and the water ab-
sorption is correspondingly the highest. From SEM
images, compared to natural curing, the matrix of
standard curing is denser.

(4) Proper curing methods can improve the im-

29

permeability of cover concrete, and cement with
mineral admixtures is more sensitive to curing meth-
ods. The reason is that the porosity and pore struc-
ture of samples mixed with mineral admixtures are
more susceptible to curing methods than pure cement
samples.
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ABSTRACT

Formwork is the temporary moulds in the construction which is fabricated based on the drawing and design of
the structure and into which the concrete is poured to form the required structure. Formwork is an essential part of
the construction as it has been used by the Romans. The formworks must be strong enough to withstand all types
of loads. The joint must be in proper condition to avoid any kind of leakages. The materials used for the formworks
should be economical, easily available and durable. The formworks can be made up of different materials such as
plywood, steel, aluminum, composite material, etc. In steel formwork the plates used for the slab support are made
up of galvanized steel and these are fabricated as per the requirements. Aluminum plates are used in the aluminum
framework along with the other components made up of aluminum. The selection of a suitable framework is important
in any project because it bears about 25% to 30% cost of the total cost of construction. In the present study, different
types of formworks such as steel, plywood and aluminum were studied in a project and a comparison was made on the
reusability and easiness in handling and maintenance. Also, a comparison of the formwork used in the construction of
the 5th and 11th-floor tower based on the specific plan and drawing was done. The results showed that the aluminum
formwork was found to be efficient and suitable among all formworks, although the cost was higher compared to other
formwork materials.

Keywords: Formworks; Steel formworks; Plywood formworks; Aluminum formworks; Cost analysis

1. Introduction concrete is set, the formwork is removed and a solid

Formwork is a mould-like container into which  mass is obtained in the shape of the inner face of the
fresh concrete is poured and compacted. When the = formwork. Generally, the top of the formwork is left
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open. The geometry realisation and strength devel-
opment of concrete elements are greatly assisted by
formwork. The formwork used to cast the structural
elements such as, columns, beams and slabs, is also
used for smaller parts of the building such as stairs.
Formwork in the building is a crucial task that calls
for exceptional accuracy and ability. Lack of preci-
sion and ability during formwork building may result
in a poor and unsatisfactory quality of work, which
ultimately causes a loss of important resources like
time and money. The formwork is carefully removed
when the concrete has matured and becomes hard.
The process of removal of formworks is known as
stripping. A good formwork should be able to with-
stand the forces being applied to it either during or
after the concreting process. There is no slurry leak-
age in the formworks. The surface of a good form-
work should be smooth and wrinkle-free after the
stripping, consequently producing superior quality
and a smoother final concrete product. It should be
sturdy enough to be used repeatedly. The causes of
failure of formworks are overloading of any props,
failure of shuttering due to excessive vibrations of
needle surface vibrators, failure due to improper su-
pervision, inadequate design/planning of shuttering,
centring and concreting activity "'

The materials used for the formworks are steel,
timber, plywood, aluminium, composite materials,
etc. Plywood is the manufactured product of timber
and consists of veneer sheets or piles in layers. Ply-
wood as formwork material is used due to its smooth
finish, lightweight, strong and low finishing cost.
The plywood formwork consists of a plyboard, bat-
ten, wooden props (balls), nails, binding wires, shut-
tering oil, clamps, wooden batten (channel), scaf-
folding. Steel formworks are used in mass structures
such as dams, and bridges and provide an excellent
finish to the concrete surface and can be reused nu-
merous times. It is strong, easy to dismantle but the
cost is higher, corrosion may occur and need the use
of lifting equipment due to its heavy weight. Steel
is also used for the purpose of formwork. It is quite
costly but can be used more times. They are used in
structures like dams, bridges, etc. Steel shuttering
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is installed using clamps, bolts and nuts. They are
comparatively heavy compared to other types of
formwork. Panels comprised of thin steel plates that
are attached around the edges by tiny steel angles
make up steel formwork. Aluminium formworks are
used in the prefabricated structure. It is lightweight,
needs lesser support, is reusable and has good
strength. Similarly, aluminium is the major material
in the aluminium formwork. It is also known as the
Mivan Formwork. The material used is a certain type
of aluminium alloy that has the resistive property
against different atmospheric conditions like wet,
dry, humid. aluminium as a metal is corrosion free as
it reacts with the oxygen present in the atmosphere
and forms an aluminium oxide layer which prevents
corrosion. Although the initial cost for the fabrica-
tion is high it has a high reusability factor, which is it
can be reused more times compared to the plywood
formwork, which compensates for the high invest-
ment cost. The components of aluminium formwork
are aluminium panel, pin and wedge, tie rod, wing
nuts, kicker, wall tie, vertical soldier, slab mounted
brackets, external corner, props, wall attach bracket,
scaffolding. When using the flat tie and casting con-
crete together, a stub pin and wedge are needed. Wall
ties, pins, and wedge bolts are used with construction
formwork accessory wedge to secure the formwork.
In the present study, different materials of formworks
such as steel, plywood and aluminium were studied
and a comparison was made in terms of cost.

Patil and Mundhada ! compared the Mivan or
aluminum formwork with the conventional form-
work. Results showed that the finish obtained from
the Mivan formwork was very good and did not
require any plasterwork compared to conventional
formwork.

Aluminium and steel formwork are fairly compa-
rable to one other. Of course, aluminium makes up
the majority of it. The primary distinction between
steel and aluminium formwork is that the aluminium
is having lesser weight as compared to steel. This is
due to the fact that aluminium has a lower density
than steel which makes it easier to handle "',

Terzioglu et al. ' conducted an analysis that deals
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with the criteria which need to be used in order to
select the formwork but it does not provide anything
related to cost in terms of choosing the formwork
and also regarding the quantity of the components.
Shrivastava et al. "' conducted an analysis of plan-
ning of formwork materials by which analyses the
formwork materials which are used will depend upon
the type of building, whether the building is commer-
cial, residential, factory or industrial or another type
of building. The selection of the kind of formwork is
in it itself a big task and it affects the overall cost of
the project. It is one of the major inputs which also
affects the design of the building as well. This paper
will discuss what kind of formwork materials should
be selected for different building typologies. Li

etal. M

conducted a review of formwork systems for
modern concrete construction which presents a com-
prehensive review of various formwork systems in
concrete construction, including their raw materials,
flexibility, fabrication methods, applications in con-
crete structures and environmental impacts.

The objectives of the present study are to analyse

a) components used in the different kinds of form-
work: Plywood, steel and aluminium, b) the quan-
tity of the components used in the formwork and c)
the components that are used in the formwork. After
doing all these at last a comparison has been made
among the three formworks in order to choose the
best as compared to others. Very few studies are avail-
able on the cost comparison of different formworks
i.e. steel, plywood, aluminum formworks and their
components used for a 2 BHK project. The number of
formworks required during the project and their cost
were calculated and compared manually.

2. Methodology

In the present study, the design of the floor of
the area was calculated manually. The floor plan in-
cludes 2 BHK along with the drawing room has been
shown in Figure 1. After calculating the total area
for which the formwork is required manually, the
slab area of each floor was calculated. After knowing
the area from the plan manually, the total number
of plywood, steel and aluminium plates required to

30"
4" WIDE BALCONY
<
TOILET
&
X 3 LIVING/DINING
(152" X 10"10")
DRAWING [ROOM
KITCHEN
| (02"  11°6™)
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o)| 5'6" WIDE BALCONY
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Figure 1. Floor plan.
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cover the slab area is calculated manually. Also, the
total number of columns and beams to be constructed
per floor is calculated. Then based on the calculation
the total number of props, channels and other compo-
nents used to support the concrete for the construction
of these elements on the building. All the calculation
was done manually. After knowing the quantity of
the components that is required. The respective prices
and the cost of each component are researched as per
the local market. In addition to the formwork it also
involves the cost and analysis of the components of
the scaffolding required for the construction. For the
plywood and steel formwork the rate list is collected
based on the components that are used in the analysis.
For the Mivan formwork the rates of the component
were gathered from the vendor Winntus Formwork
Private Limited. For the components used in the scaf-
folding the rates are collected from the local vendor
and then calculated the total cost of the scaffolding is
based on the components used. The flow chart of the
methodology has been shown in Figure 2.

Calculation of
area of 2BHK
manually from

\ drawing :

Calculation of
number of

formworks required
manually

Price of different
components of used
three formworks
from local market

3. Results

The different materials i.e., steel, plywood and
aluminum formworks were used in a project and
a cost comparison was carried out. Calculation of
aluminium formwork was done on a square metre
basis. The rate of aluminium panels was Rs 7000
per square metre. Note: The moulds of aluminium
formwork were manufactured as per drawings. The
different members were used in plywood, steel and
aluminum formwork and their prices have been giv-
en in Tables 1a, 1b, 2 and 3 respectively. The total
cost of different formworks was evaluated for a par-
ticular project and a comparison was made.

It has been observed from Figure 3 that the cost
of the scaffolding of all three formworks is similar
whereas the total cost of plywood formwork was
least followed by steel and aluminium formwork.
However, the overall cost of aluminium formwork
was minimum and steel formwork was the maximum
among all the formworks.

=

Cost comparison of
formworks (steel,
plywood and aluminum
formworks) manually

Figure 2. Flow chart for the cost comparison of formworks.

Table 1a. Cost of different members of plywood formworks.

Plywood formwork

Sr. No. Member Total no. of member Price (Rs.) Total cost (Rs.)
1 Plywood (Beam, Column, Slab) 93 1550 144150
2 Batten (Beam, Column) 371 195 72345
3 Batten (Slab) 192 185 35520
4 Wooden batten 39 550 21450
5 Prop (Beam) 96 135 12960
6 Prop (Slab) 156 145 22620
7 Clamps (Beam, column) 336 150 50400
8 Ledger 296 680 212080
9 Base Jack 16 190 3040
10 Challi 24 1540 36960
11 Base jack 22 190 4180
12 Challi 36 1540 55440
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Table 1a continued

Scaffolding Length Cost of scaffolding Total cost
1 Length of standard 208*3 = 624 680 424320
2 Length of ledger 518*1.5=777 680 528360
3 Guard rail 24 680 16320
4 Length of bracing 39 680 26520
5 Length of standard 286*3 =858 680 583440
6 Ledger 740%1.5=1110 680 754800
7 Ledger 296*1 =296 680 201280
8 Guard rail 34 680 23120
9 Length of bracing 45 680 30600
3 Shuttering Oil 19 60 1140
Table 1b. The unit price of different materials.
Sr. No. Product Weight (kg) Price (Rs.) Total cost (Rs.)
1 Nail 28 85 2380
2 Binding wire 4 85 340
3 Shuttering Oil 19 60 1140
Table 2. The number and cost of members in steel formwork.
Steel formwork
Sr. No. Member Number Cost of member Total cost
1 Total nos of steel plates (beam, column, slab) 484 1540 745360
2 Total no. of nuts and bolts 685 12 8220
3 Shuttering oil 190 Lit 60 1140
4 No. of Channels 63 1750 110250
5 Total no. of props 348 1400 487200
6 Total no. of scaffolding (30 ft side) 624 680 424320
7 No. of ledger (1.5 m) 777 680 528360
8 No. of ledger (1 m) 296 680 212080
9 No. of base jack 16 190 3040
10 No. of challi 24 1540 36960
11 Guard rail (24 m) - 680 16320
12 Bracing (39 m) - 680 26520
13 Total length of standard (scaffolding, 48 ft side) 286 680 583440
14 No. of ledger (1.5m) 740%1.5= 1110 680 754800
15 No. of ledger (1 m) 296 680 201280
16 No. of base jack 22 190 4180
17 No. of challi 36 1540 55440
18 Guard rail (length = 34 m) - 680 23120
19 Bracing (length = 45 m) - 680 30600
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Table 3. Cost of different aluminum formwork members.

Aluminium formwork

© ® N v R W N =,
z
°

[NCT NC YN NC YR N YN GGG AU TG GGG
W NN = O 0O XN Nk WD = O

Member

Area of beam, column, slab
No. of props

No. of pins and wedge

No. of bracket

Vol. of shuttering oil

No. of external corner

No. of vertical solider

No. of tie rod

No. of wing nut

Total length of standard (Scaffolding 30ft side)

Length of ledger (1.5 m)
Length of ledger (1 m)
No. of base jack

No. of challi

Length of guard rail
Length of bracing
Length of standard (Scaffolding 48 ft side)
Length of ledger (1.5 m)
Length of ledger (1 m)
No. of base jack

No. of challi

Length of guard rail
Length of bracing

Area/no.
269.64 sq. m.
186
1210
32
19 lit
60
30
54
60
624
777
296
16
24
24 m
39m
858
1110
296
22
36
34 m
45 m

Cost per unit
700
1400
12.85
1700
60
350
400
90
45
680
680
680
190
1540
680
680
680
680
680
190
1540
680
680

Total cost
1887480
260400
15548
54400
1140
21000
12000
4860
2700
424320
528360
212080
3040
36960
16320
26520
583440
754800
201280
4180
55440
23120
30600

B Cost of scaffolding M Total cost of formwork

8000000
7000000

Cost of formworks (Rs.)

Plywood formwork

B Overall cost of formwork

6000000
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Figure 3. Cost comparison of different formworks.
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4. Conclusions

In the present study, different formworks such as
plywood, steel and aluminium were used for a pro-
ject. The calculation of area, number of formworks,
cost of formworks and their components were com-
pared manually. The following conclusions were
found from the above study:

e The cost of plywood formwork is high be-
cause its reusability is very less a number of
times, resulting in a higher cost of plywood
formwork. Therefore, it is not considered and
useful for high-rise or large construction pro-
jects.

The overall cost of steel formwork is highest
as compared to plywood and aluminium form-
work. In addition to the higher cost, the fin-
ishing after deshuttering of the steel formwork
is not good and it requires further plastering
which contributes to a hike in cost. Also, these
formworks are not corrosion-proof, which re-
duces their strength over a period of time. Due
to its heavy weight, it is tough to transfer the
steel formwork from one floor to another.
Aluminium formwork is corrosion resistive, light-
weight, easy to handle and transfer and the fin-
ishing after deshuttering the formwork is smooth.
So, no need for further plastering is required. The
initial high cost of aluminium formwork is com-
pensated due to its very high reusability as it can
be reused more than 150 times. Due to this the
overall cost of the aluminium formwork is less as
compared to steel and plywood.

After considering all the aspects it can be con-
cluded that the aluminium formwork is the
most suitable and economical formwork for
the construction of high-rise buildings due to
its lower cost and good characteristics com-
pared to other formworks.
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ABSTRACT

This research was carried out to evaluate the relationship between the incorporation of calcite precipitation bacteria,
sporosarcina pasteurii using calcium lactate as nutrient source and the properties of calcined clay and limestone
powder blended self-compacting concrete. Ten mixes were designed and designated SO to S9 with SO the control
(without bacteria and nutrient) and S1 to S9 at varying bacteria and calcium lactate concentrations and the effect of
the bacteria cell density and calcium lactate concentration on the compressive strength, sorptivity and tensile strength
with age were evaluated using experimental program and statistical packages (ANOVA and post hoc tests). The result
of both the experimental program and statistical evaluation shows that the incorporation of sporosarcina pasteurii and
calcium lactate as nutrients had a positive impact on the properties of the ternary blended self-compacting concrete.
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ing concrete requires the use of large quantities of
cement and fines, the former being expensive and
eco-unfriendly, this leads to an escalation of the
overall cost of construction using this very important
construction material. Thus, the production of SCC
using the required quantities of cement is not sus-
tainable due to the fact that sustainability can only
ensue with the use of cheaply and readily available
local construction materials *. There is thus a com-
pelling need to use readily available and relatively
cheaper cementitious alternatives and fines (fillers)
in the production of SCC while not compromising its
flowability, filling ability, segregation resistance, and
strength as well as durability characteristics of SCC.
The use of calcined clay and Limestone powder will
alleviate, to a large extent, the cost and environ-
mental effect associated with SCC production, and
they have been used successfully in normal vibrated
concrete P!, More so, the durability of SCC can be
enhanced by an improvement of its pore structure
by positively altering its permeation properties. One
way this can be done is by the application of Micro-
bial Induced Calcite Precipitation technology (MICP)
in SCC, which could lead to an improvement in the
pore characterization of SCC and hence its durabil-
ity. The combined use of MICP technology via the
application of calcite precipitation bacteria and the
use of ternary blends of cement, limestone powder
and calcined clay will solve multiple problems asso-
ciated with SCC production and use, namely; envi-
ronmental impact, economy, strength and durability
characterization.

The use of statistics in solving engineering prob-
lems is well documented . Statistical packages like
ANOVA and post hoc packages like Tukey HSD,
Scheffé, Holm and Bonferroni multiple comparison
analysis tools can be used to evaluate the extent of
the relationships between variables and this act to
complement the results of experimental programs.

This research uses ANOVA from Microsoft Ex-
cel and post hoc packages from National Institute of
Standards and Technology (NIST), US department
of Commerce to evaluate the statistical relationship
between the incorporation of bacteria in concrete and

40

its effect on the properties of SCC.

2. Methodology

2.1 Preparation of cementation reagent

The following composition was used in the first
instance in preparing the cementation reagent.
Nutrient broth (calcium lactate)

Urea: 20 gm

Ammonium chloride: 10 gm

Sodium hydrogen carbonate: 2.12 gm
Calcium chloride: 2.8 gm

Distilled water: 1000 mL

Calcium lactate was used as the nutrient source
and it was dissolved in one litre of distilled or sterile
water to produce a solution of desired concentration
of 0.01 mol/L. Three different quantities of this solu-
tion were used corresponding to 0.5, 1.0 and 2.0%
by weight of cement. The composition listed above
was weighed and dissolved in 1 litre of distilled wa-
ter in a conical flask and cotton flogged. The media
were then sterile in an autoclave at a temperature of
110 °C for 10 minutes allowed to cool before use.

2.2 Bacteria isolation and inoculation

The prepared media are cotton flogged and steri-
lized in an autoclave at a temperature of 110 °C for
10 minutes, allow the media to cool completely be-
fore inoculation of the bacteria. The ureolytic bacte-
ria (sporosarcina pasteurii) was isolated from fresh
soil by sub-culturing in 1 L of sterilized nutrient
bough and the media was incubated at 35 °C in an
orbital shaker for 10 days at 125 rpm. The bacteria
growth was determined in terms of optical density
by measuring the rate of absorbance at a wavelength
of 500 nm. The isolate was purified using the streak
plate technique on nutrient agar and the bacteria
isolate was identified. The quantification of the bac-
teria was carried out by using a spectrophotometer.
A blank solution of 0.5 mL was placed in the spec-
trophotometer at a wavelength of 500 nm and the
reading was taken. The blank solution was replaced
by the bacteria solution of 0.5 mL at the same wave-
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length and the concentration of the bacteria was
measured using the relation y = 8.59x107z'***’ where
y is the bacterial concentration per mL and z is the
reading at OD600. After the media have cooled, the
conical flasks are labeled using masking tape then a
standardized incubator of the bacterial isolate will
be inoculated. A standardized incubator is a bacterial
suspension whose turbidity is compared with that of
the McFarland turbidity standard. The standard starts
from a scale of 0.5 to 9, and each scale is represent-
ing a bacteria cell density. After inoculating the me-
dia with the standardized bacteria, the conical flasks
were incubated in an incubator at a temperature of
37 °C for 24 hours before use. For this research, the
bacterial cell density used corresponded to a McFar-
land turbidity scale of 0.5, 2.0 and 4.0.

2.3 Mix design

The method of mix design that is adapted for
this work is based on the plastic viscosity of the
SCC mix, which was first proposed by Karihaloo &
Ghanbari and Deeb & Karihaloo . It exploits the
expression for the determination of the plastic vis-
cosity of a heterogeneous material like SCC from the
known plastic viscosity of the homogeneous compo-
nent (in this case the cement paste). It is based on the
micromechanical procedure developed by Ghanbari
& Karihaloo .

For the self-compacting concrete incorporating
sporosarcina pasteurii and calcium lactate, ten mix-

es were designed and designated SO to S9 with SO
the control (without bacteria and nutrients) and S1 to
S9 at varying bacteria and calcium lactate concentra-
tions.

Table 1 shows the mix compositions used for
developing the different mixes at different bacterial
concentrations and nutrient content.

2.4 Strength characterization

The compressive strength of the self-compacting
concrete incorporating Sporosarcina pasteurii was
determined using 100 cubic millimeters of concrete
cubes cured at 7, 14, 28 and 56 days in accordance
with the provisions of BS EN 12390-3 . For each
mix, three cubes were used and the average value
was taken, with a total of 120 cubes used in the de-
termination of the compressive strength of the cal-
cined clay and limestone powder blended SCC. Ce-
ment was replaced partially with 15% calcined clay
and using limestone powder as filler.

The tensile strength was determined using a di-
ameter of 100 by 200 cylinders at 7 and 28 days
by means of the split tensile strength test by crush-
ing the cylinders longitudinally on a compressive
strength test machine in line with the provisions of
BS EN 12390-6 . Three specimens were used for
each test and the average value was taken. A total
of 60 cylinders were used in the investigation of the
tensile strength of the self-compacting concrete in-
corporating Sporosarcina pasteurii.

Table 1. Mix designation and proportions for bio self-compacting concrete.

Mix Bacteria Conc. Calcium lactate Cement Calcined Superplasticizer Limestone Sand  Coarse
Cfu/mL (% of cement) (kg) clay (kg) (kg) filler (kg) kg aggregates
SO - - 11.56 2.04 0.083 4.1 25.9 28.3
S1  1.5x10° 0.5 11.56 2.04 0.083 4.1 25.9 28.3
S2 1.5x10° 1.0 11.56 2.04 0.083 4.1 25.9 28.3
S3  1.5x10° 2.0 11.56 2.04 0.083 4.1 25.9 28.3
S4  1.2x10° 0.5 11.56 2.04 0.083 4.1 25.9 28.3
S5 1.2x10° 1.0 11.56 2.04 0.083 4.1 25.9 28.3
S6  1.2x10° 2.0 11.56 2.04 0.083 4.1 25.9 28.3
S7  2.4x10° 0.5 11.56 2.04 0.083 4.1 25.9 28.3
S8 2.4x10° 1.0 11.56 2.04 0.083 4.1 25.9 28.3
S9  2.4x10° 2.0 11.56 2.04 0.083 4.1 25.9 28.3
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2.5 Permeation characterization

The permeation properties of the SCC were eval-
uated using sorptivity which was carried out to de-
termine the susceptibility of the unsaturated concrete
to the penetration of water through capillarity by
determining the increase in the mass of the specimen
resulting from absorption of water as a function of
time when only one surface is exposed to water """,
The test was carried out at 28 and 56 days for each
mix to evaluate the short and long-term effects of the
SCM and filler materials on the rate of water absorp-
tion through interconnected capillary poles. Three
diameters 100 by 50 discs, cut from 100 by 200 con-
crete cylinder specimens, were used for each test and
the average result was calculated. A total of 90 discs
cut from 30 cylinders were used for the determina-
tion of sorptivity for Bio-SCC.

2.6 Statistical validation

The analysis of variance was carried out using
statistiXL package in Microsoft Excel while the post
hoc tests were carried out using engineering statisti-
cal packages from the National Institute of Standards
and Technology (NIST), US Department of Com-
merce.

Ul D
o o

B
o
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o o

Compressive Strength (N/mm?2)
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3. Results and discussion

3.1 Compressive strength relationship

The strength properties of the calcined clay and
limestone powder blended self-compacting concrete
incorporating sporosarcina pasteurii as calcite pre-
cipitation agent at different bacterial cell density and
nutrient content was measured using compressive
strength at 7, 28 and 56 days and tensile strength
at 7 and 28 days. The result for the change in com-
pressive strength with age of concrete, bacterial cell
density and nutrient content is presented in Figure
1. It can be seen from Figure 1 that the compressive
strength changes with the bacterial density, nutri-
ent concentration and age of concrete. Generally,
the strength increases as the concrete ages, with the
highest strength recorded at 56 days of curing. Also
the SCC mix with bacteria and nutrients shows high-
er strength than the control (without bacteria). This
is because, the bacteria, in the presence of moisture,
use up the nutrient and deposits calcium calcite
which also improves the strength development. This,
in addition to cement hydration and the pozzolanic
reaction accounts for the improved strength devel-
opment with age. For a given bacteria concentration,
using 0.5% calcium lactate maximized the compres-
sive strength, with a decrease in the rate of strength

SO o S1 S2 S3 *x S4 S5 S6 o S7 S8 S9

Bacterial density/ Nutrient concentration

B 7 days Compressive strength B 28 days compressive strength B 56 days compressive strength

Figure 1. Relationship between bacterial concentration and compressive strength.
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development with increasing calcium lactate content.
The over-production of calcium carbonate crystals,
which lowers the quality of the micro-structure re-
sulted in a lower rate of strength gain at higher calci-
um content '),

Also, materials added into concrete that do not
contribute to the hydration process could impede
strength development !"”. The gain in strength is due
to the densification of the pore system due to the
precipitation of calcium carbonate by the bacteria
cells ", According to a recent study, it can be in-
ferred that adding different bacterial concentrations
leads to two different types of healing in concrete,
namely, surface healing and inner matrix healing.
At the surface region, as the availability of water is
equal for all the samples, the precipitation is only
dependent upon the bacterial concentration. Since
a greater number of bacterial cells can precipitate a
higher amount of calcite, the maximum amount of
precipitation at the surface region of the mortar takes
place at the highest cell concentration "', Thus, all
the test results directly related to the surface region
of the mortar, such as surface crack and pore healing
and reduction in water penetration depth, exhibit
better performance at the highest cell concentration
(2.4x10° cfu/mL). However, the high calcite pre-
cipitation almost blocks the surface pores, and that

leads to lower availability of water inside the mortar
matrix. This is correlated with the result of research
by Mondel & Ghosh, who state that there is an op-
timal bacteria cell concentration beyond which the
strength could be adversely affected .

Also, the gain in strength from age 7 to 28 days is
higher than that from age 28 to 56 days. This could
be due to reduced hydration with age and reduced
bacteria activity. Generally, bacteria activity reduces
or even stops as the concrete environment gets more
alkaline. Thus, with increased hydration and calcium
hydroxide production, the concrete matrix gets more
alkaline, thereby affecting the bacteria activity and
hence calcium calcite production.

Analysis of Variance (ANOVA) was used to
evaluate the relationship between the compressive
strength, calcium lactate content and bacterial cell
density as well as the age of concrete. The null
hypothesis postulates that there is no significant
relationship between the compressive strength, the
calcium lactate content and bacterial cell density as
well as the age of concrete. This hypothesis holds
true when the p-value is less than 0.05 and the F .,
is more than the F value, otherwise, the alternate hy-
pothesis (there is a significant relationship between
the variables) is adopted. The result is presented in
Table 2.

Table 2. ANOVA showing the relationship between compressive strength and other variables.

Summary

Groups Count Sum Average Variance

Bacteria Conc. 10 1.13E+10 1.13E+09 1E+18

Calcium lactate 10 10.5 1.05 0.525

7 days 10 294.3 29.43 20.45789

28 days 10 388.6 38.86 17.87822

56 days 10 428.7 42.87 18.19789

ANOVA

Source of Variation SS df MS F P-value F crit
Between groups 1.01E+19 4 2.53E+18 12.64045 5.64E-07 2.578739
Within groups 9.01E+18 45 2E+17

Total 1.91E+19 49
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The result in Table 2 gives an F value of 12.64045
which is higher than the F_, value of 2.578737. Also
the p-value of 5.64x107 is less than 0.05. In fact, what
it means is that there is a less than 0.0001% chance
of the null hypothesis being true. The null hypothesis
is therefore discarded and the alternate hypothesis is
adopted. Namely there is a significant relationship be-
tween the parameters. The ANOVA result however does
not tell us which parameters have a definite significant
relationship. To identify that, a post hoc test is carried
out to identify the extent of the relationship between
the variables. The true relationship between the vari-
ables is determined using the post hoc test known as
the Bonferroni and Holm multiple comparison tests,
where A, B, C, D and E are the Bacteria Density,
Calcium lactate (nutrient content), 7 days, 28 and 56
days’ Compressive strengths respectively, and the re-
sult is presented in Table 3. It can be seen that there
is a positive and significant relationship between the
bacteria density and each of the other parameters as
expected, with both the Bonferroni and Holm P-val-
ues less than 0.01 in those relationships. There are
however no significant relationships between B and
C,Band D,Band E, C and D, C and E as well as D
and E, with the p-values well above 0.05. The result
of the statistical tests agrees with the experimental

3.2 Sorptivity relationship

The relationship between the rate of permeation
of substances through the concrete with the age of
concrete, bacteria density and nutrient concentration
was evaluated using the sorptivity of the concrete.
The result is presented in Figure 2 and it can be seen
that the rate of water absorption decreases as the
concrete ages, with the 56 days concrete showing
better sorptivity than the 7 days concrete.

Also, for each age of concrete, the rate of water
absorption (sorptivity behavior) decreased as the
bacteria cell density and nutrient concentration in-
creased. This can be seen with the trendlines in Fig-
ure 2.

The reduction of pore size as a result of calcium
carbonate deposition is the main reason for reduced
water absorption through the interconnected pores.
The reduction in sorptivity with additional calcium
lactate (calcium source) and bacterial concentration is
due to the additional calcium lactate acting as a cata-
lyst for further deposition of calcium carbonate "'\

The filling of the pores by the products of cement
hydration as well as the products of the pozzolanic
reaction could also account for some reduction in the
sorptivity, hence the reduced absorption by SO with age

even though it contains no bacteria and nutrients ">'*.

result. The statistical relationship between the sorptivity,
Table 3. Bonferroni and Holm significance test.

treatments f::gf:;;?:i Bonferroni Bonferroni Holm Holm inference
pair Tostatistic p-value inference p-value

AvsB 5.6215 1.1346e-05 ** p<0.01 1.1346e-05 ** p<0.01

Avs C 5.6215 1.1346e-05 ** p<0.01 7.9425e-06 ** p<0.01
AvsD 5.6215 1.1346e-05 ** p<0.01 9.0771e-06 ** p<0.01
AvsE 5.6215 1.1346e-05 ** p<0.01 1.0212e-05 ** p<0.01
BvsC 0.0000 9.9999998 Insignificant 5.9999999 Insignificant
BvsD 0.0000 10.0000000 Insignificant 3.0000000 Insignificant
BvsE 0.0000 10.0000000 Insignificant 1.0000000 Insignificant
CvsD 0.0000 9.9999999 Insignificant 3.9999999 Insignificant
CvsE 0.0000 9.9999998 Insignificant 4.9999999 Insignificant
DvsE 0.0000 10.0000000 Insignificant 2.0000000 Insignificant
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Figure 2. Variation of sorptivity with concrete properties.

age of concrete, bacteria cell density and calcium
lactate concentration is evaluated using one-way
ANOVA and the result is presented in Table 4.

The null hypothesis postulates that there is no sig-
nificant relationship between the variables and with-
in them, while the alternate hypothesis postulates a
significant relationship. As can be seen from Table
4, the null hypothesis does not hold because the
P-value is less than 0.05. The p-value of 5.64x10”
shows that there is almost no probability of the null
hypothesis being true, and it is thus discarded. This
is further confirmed by the F value (12.64045) being
far more than the critical value of 2.578739. The
alternate hypothesis is thus accepted that there is a

significant relationship between and within the vari-
ables under investigation. A post hoc test carried out
to determine where the exact relationships lie using
Scheffé’s multiple comparisons is given in Table 5.
It can be seen that Schefté’s p-value of less than 0.01
holds true for the relationship between bacteria content
and nutrient concentration as well as the age of the con-
crete. There however exists no significant relationship
between the nutrient content and the sorptivity at differ-
ent ages or within the sorptivity at different ages. It has
been shown that the effect of nutrients is restricted to it
being used up by the bacteria to deposit calcium calcite.
This result agrees with the result of the experimental

program presented earlier '),

Table 4. Result of one-way ANOVA for sorptivity.

Summary

Groups Count Sum Average Variance

Bacteria Conc. 10 1.13E+10 1.13E+09 1E+18

Calcium lactate 10 10.5 1.05 0.525

7 days 10 0.651 0.0651 0.000476

28 days 10 0.383 0.0383 0.000161

56 days 10 0.3171 0.03171 0.000196

ANOVA

Source of Variation SS df MS F P-value Fcrit
Between groups 1.01E+19 4 2.53E+18 12.64045 5.64E-07 2.578739
Within groups 9.01E+18 45 2E+17

Total 1.91E+19 49
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Table 5. Scheffé’s post hoc test on sorptivity.

treatments Scheffé Scheffé Scheffé
pair T-statistic p-value inference
AvsB 5.6215 6.5174e-05 ** p<0.01
AvsC 5.6215 6.5174e-05 ** p<0.01
AvsD 5.6215 6.5174e-05 ** p<0.01
AvsE 5.6215 6.5174e-05 ** p<0.01
BvsC 0.0000 1.0000000 Insignificant
BvsD 0.0000 1.0000000 Insignificant
BvsE 0.0000 1.0000000 Insignificant
CvsD 0.0000 1.0000000 Insignificant
CvsE 0.0000 1.0000000 Insignificant
DvsE 0.0000 1.0000000 Insignificant

3.3 Tensile strength relationships

The relationship between bacteria cell density,
nutrient content and tensile strength at 7 and 28 days

is plotted in Figure 3, As expected, the variation in
tensile strength with curing age, bacteria concen-
tration and nutrient content takes the same trend
as the compressive strength. This is because of the
positive correlation between compressive and tensile
strengths *”. The same explanation for this trend
holds for tensile strength as earlier explained for
compressive strength.

The result of the ANOVA test to determine the
possibility of a significant relationship between the
bacteria content, calcium lactate content, and the
tensile strength at 7 and 28 days is given in Table 6,
with the null hypothesis postulating that there is no
significant correlation between the bacteria content,
the nutrient content and the tensile strength at 7 and
28 days.

The F value (12.64045) is far greater than the F

Split tensile strength

SO * %

Split tensile Strength (N/mm2)
o [ N w E~ w [e)]
i

S1 S2 S3 *

* S4 S5 S6 o S7 S8

Mix designation

M 7 days tensile strength M 28 days tensile strength

Figure 3. Tensile strength testing.

Table 6. ANOVA test on tensile strength.

Summary

Groups Count Sum Average Variance

Bacteria Conc. 10 1.13E+10 1.13E+09 1E+18

Calcium lactate 10 10.5 1.05 0.525

7 days 10 31.1 3.11 0.081

28 days 10 44.41 4.441 0.25281

ANOVA

Source of Variation SS df MS F P-value Fcrit
Between groups 9.49E+18 3 3.16E+18 12.64045 8.51E-06 2.866266
Within groups 9.01E+18 36 2.5E+17

Total 1.85E+19 39
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critical (2.866266) and the P-value (8.5x10°°) is far
less than 0.05, which means that the null hypothesis
is rejected. It means that there is a significant rela-
tionship between the bacteria content, the nutrient
content and the strength at 7 and 28 days.

To determine where the exact relations lie statisti-
cally, the Tukey HSD test is carried out on the result
of the ANOVA test, using NIST Engineering Statis-
tics Package. The result is presented in Table 7.

Table 7. Tukey HSD result for tensile strength.

Treatments Tukey HSD  Tukey HSD  Tukey HSD
pair Q statistic p-value inference
AvsB 7.1107 0.0010053 ** p<0.01
AvsC 7.1107 0.0010053 ** p<0.01
AvsD 7.1107 0.0010053 ** p<0.01
BvsC 0.0000 0.8999947 Insignificant
BvsD 0.0000 0.8999947 Insignificant
CvsD 0.0000 0.8999947 Insignificant

It can be seen from Table 7 that there is a signif-
icant relationship between bacteria density and the
calcite content as well as the strength at 7 and 28
days, with a Tukey P-value of less than 0.01. There
is however no significant relationship between the
calcium lactate content and the strength at 7 and 28
days and within the strengths. This shows that the
bacteria content affects the usage of the calcium lac-
tate as well as the tensile strength development. This
is in agreement with results presented earlier.

4. Conclusions

The incorporation of calcite precipitation bacteria
into calcined clay and limestone powder blended
self-compacting concrete positively impacted the
strength and permeation properties of the concrete
at all ages. The statistical evaluation using ANOVA
and the post hoc tests using the Tukey HSD test and
Scheffé, Bonferroni and Holm multiple comparisons
show that there is a positive and significant relation-
ship between the bacteria dosage and the nutrient
content, as well as the age of concrete and the effect
on the concrete properties. The use of sporosarci-
na pasteurii at different bacterial cell densities and
calcium calcite concentrations is recommended as it
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has a positive impact on the strength and permeation
properties of the ternary SCC.
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ABSTRACT

The target of traditional thermal conductivity of wall research is the spatial distribution form. In these studies, the

change of thermal conductivity with temperature is neglected. Meanwhile, case studies are always used. This method

needs large computation and it is hard to obtain the optimal result. In order to overcome the problems, a new approach

has been put forward in this paper. Different from the traditional approach, the new approach solves an inverse prob-

lem under the concept of passive ideal energy-saving buildings to obtain the optimal distribution of heat ability with

temperature on an external wall. The result for a typical summer day shows the heat ability distribution of a wall in

summer is a staircase. It is similar to the heat pipe. It is also found that the optimal heat transfer property of the exter-

nal wall is closer to the heat pipe when its heat capacity per square meter (pc,L) is of extreme value. This study can

provide guidance to researchers in building materials.

Keywords: Thermal conductivity; Building envelope; Passive room; Inverse problem; Nonlinear optimization

1. Introduction

Building energy accounts for 1/3 of the energy
consumption of total social goods, increasing in
these years. In China, the amount for the latter is
about 15% and the ratio is increasing """, Meanwhile,
carbon emission from buildings accounts for nearly
half of that from the city . Hence, it is really sig-
nificant to put more emphasis on the energy-efficient

*CORRESPONDING AUTHOR:

building research. As the external wall separates the
indoor and outdoor environment, proper thermal
conductivity for it is important to achieve acceptable
comfort for building occupants and reduced cooling
and heating load.

Asan ™ studied the optimal location of insulation
material which can achieve the maximum time lag
and minimum decrement factor of outdoor tempera-

ture wave and found that placing half of the insula-
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tion in the mid-center plane of the wall and half of it
in the outer surface of the wall gives very high time
lags and low decrement factors (close to optimum
values). Liu '“ studied the heat conduction problem
for tightly compressed adjacent layers of plane plates
with gradually varying heat conduction coefficients
and obtained the effect of spatial distribution form
of thermal conductivity on heat transfer property.
Chen ™ considered thermal conductivity to vary with
space coordinate according to a linear and an expo-
nential law, based on this proposal six second order
heat conduction differential equations were set up.
The result showed these equations can’t describe true
variable-conductivity heat conductions problems.
Mahlia et al. ' analyzed the change between thermal
conductivity and thickness of material, which obeys
a non-linear polynomial function. Zhong and Zhang "
investigated the transient heat transfer characteristics
of building envelope that is made up of two kinds of
three-layered structures. The results show that the
position and arrangement of the insulation material
are of important effect on the decrement factor and
the time lag.

The target of traditional research is mainly on the
spatial distribution form of thermal conductivity in
order to obtain the optimal layout. In these studies, the

Known:
« Climate information

« Building geometry

= Building envelop
materials with known
thermal physical
properties

(k, cp, etc.-constant)

» ACH: Air exchange rate

Traditional approach

] ]

way of overture is always used. This method has large
computation and it is hard to obtain the optimal result.

Because humans can change clothes with the
outdoor temperature, buildings are the same. That is
to say, the ideal energy-saving building can properly
change the thermal properties (c,(2), k(1)) of external
wall with its temperature. Based on this, the objec-
tives of the present research are: (1) to put forward
an approach for determining the optimal k(z) of ex-
ternal wall (the c,(?) of external wall is assumed to
be a constant in this study); (2) to demonstrate the
application of the approach by using an illustrative
example; (3) to provide guidance to researchers in
building materials.

2. Problem description

The traditional process of space heating or cool-
ing system design for a given building is shown
in Figure 1. It can not determine the ideal thermal
physical properties of building envelope material,
the best natural ventilation strategy and the minimal
additional energy consumption of the space heating
in winter or air-conditioning in summer. In order to
overcome these shortcomings, a new method based
on the inverse problem is put forward by us, which is
shown in Figure 2.

Reach thermal comfort

Find:: indoor air
temperature, Q etc.

Figure 1. Schematic diagram of the traditional approach.

Find:

+ Building envelop
materials with
ideal thermal
physical propertie
(k, c,, etc.) which can
be function of
temperature

+ Optimized ACH

+ Minimal Q

New approach

< T W N

known: climate
information,
building geometry
and thermal comfort
demand ’

Figure 2. Schematic diagram of the new approach.
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For a building that is located in a certain area,
having indoor heat, heat ability, ACH, and heat abil-
ity of wall, the house temperature is the function of
external wall heat ability.

t, = f(k,, (1) (1)
where,

_ht, +ht, )

? h.+h, @

Integrated uncomfortable degree 7 ™ can be de-
fined as follows:

L, = [ (t,—t,)dr Whent, > 1,

(©)
year
L= [ (t,=t)dr Whent, <t, @
year
where, #, = 16 °C ,,; =28 °C.
Combining Equations (1)-(4), we have:
L = Sk, (1)) ®)
Iwin = f(kew (t)) (6)

As described before, the objective of the inverse
analysis is to get the ideal £,,(¢) by minimizing the
1

sum

and /,,, values.

It is easily understood that the smaller £,,,(?) is,
the lower /,

win

is in winter. So we only study the opti-
mal k

ew

() in summer.

3. Solution of the problem

3.1 Room model

Using the two-plate model in actual room . The
wall, floor, and ceiling are fixing into a plate. The
radiations about wave in them are ignored. Another
wall is the other plate. The error between simplifi-
cation two plate model and house model is < 20%.
Meanwhile, the heat ability of wall is not the sensi-
tivity for error. So the model can be applied into the
research of wall heat ability.

Then, the heat ability of external wall is evenly
divided into any segments based on its self tempera-
ture in the paper and every segment has a heat ability
value. two-plate with £,,,(2) room model is developed.
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In order to validate the model, its calculated results
and those directly calculated from Airpak model are
compared and the maximum absolute deviation of
indoor air temperature is 1 °C. It shows that the two-
plate with £,,,(2) room model can be used to deter-
mine the optimal £,,,(2).

3.2 Nonlinear optimization method

Obtaining the optimization nonlinear model
Optimization goal: min [ (k, k,, ks,....ky)
Restrictive condition: &, <k, <k, (i=1,2,3,...,N)
As the known insulation materials used in wall,
Kyin 18 0.02 W/(m-°C). Ac-
cording to analysis, on a typical summer day, it is
found that, when the heat ability of the external wall
is 35 W/(m-°C), the internal temperature values of

the thermal conductivity

the external wall are close to the same. Therefore,
the 35 W/(m-°C) is large enough for the external
wall thermal conductivity, and %, is set to 35 W/
(m-°C) of this paper.

To use the Sequential Quadratic Programming
(SQP) method is used to the aforementioned non-lin-
ear problem.

4. Illustrative example: Results and
discussion

4.1 The calculated conditions

An ordinary passive room in a multi-stories build-
ing in Beijing is analyzed. The dimensions of the
simulated room are 5.7 m (depth) x 3.6 m (width) x
3.2 m (height). It has an external south-facing wall,
and the thickness is 250 mm. The volume heat capac-
ity of the external south-facing wall is 2.3 MJ/(m’-°C)
(180-mm-thick reinforced concrete and 70-mm-thick
polystyrene board external wall are used as compar-
ison case). A 1.7 m x 2.0 m double-glazing window
is fixed in the exterior south wall. The overall heat
transfer coefficient of the double-glazing window is
about 3.1 W/(m*-°C). The shading coefficient (SC)
value of the window is 0.44 when the window is
hung with curtain in summer. The thickness of three
concrete hollow block internal walls, reinforced con-



Journal of Building Material Science | Volume 05 | Issue 01 | June 2023

crete floor and ceiling are all 200 mm.

The ACH is assumed to be 0.5 h™' when the
window is closed. However, the window is open to
make full use of the summer night ventilation if the
outdoor temperature is lower than 26 °C and high-
er than 20 °C then the ACH becomes 5.0 h™'. The
average indoor heat source from people, lights and
equipment is about 10.8 W/m’.

4.2 Results and discussion

The result of a typical summer day shows, the op-
timal thermal conductivity distribution of the exter-
nal wall on a typical summer is a staircase function
(see Figure 3).

O——r——————T——T T T

35 i

30} ]
251 A
20} A

k (W/m°C)

15
10|
5L
) S —r—

23 24 25 26 27 28 29 30 31 32
£ (°C)

Figure 3. Optimal thermal conductivity distribution of external

wall (Beijing, a typical summer day).

The integrated uncomfortable degree is reduced
by 99% by optimization and the optimized highest
indoor operative temperature is 1 °C lower.

The physical mechanism can be explained as fol-
lows: In summer, there are two heat transfer direc-
tions in the external wall. When the temperature of
the external wall is lower, it plays a role in cooling
indoor environment and heat transfer direction in it
is from indoor side to outdoor side. At this moment,
large thermal conductivity is helpful to reduce in-
door temperature. When the temperature of external
wall is higher, it plays a role in heating indoor en-
vironment and heat transfer direction in it is from
outdoor side to indoor side. At this moment, small
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thermal conductivity is helpful to avoid exaltation of
indoor temperature. So ideal k,,(?) is that large ther-
mal conductivity lies in the low temperature region
and small thermal conductivity lies in the high tem-
perature region. Meanwhile, there exists an overlap
region where thermal conductivity is a certain value
which depends on the calculation case.

It is seen that the optimal heat transfer property of
external wall is similar with the function of heat pipe
from Figure 1. When the overlap temperature region
is zero, they are the same. The reason is that when
we see an external wall as a heat pipe with large ther-
mal conductivity in the direction from indoor to out-
door and small thermal conductivity in the direction
from outdoor to indoor, there are two heat transfer
directions in the external wall. When the temperature
of the external wall is low, the outdoor temperature
is lower than the indoor temperature (because there
is indoor heat source), so the temperature of inner
surface of the external wall is higher than that of
exterior surface of the external wall and the heat
transfer direction in the external wall is from indoor
to outdoor. At this time, the thermal conductivity of
the external wall is large. On the contrary, when the
temperature of the external wall is high, the outdoor
temperature is higher than the indoor temperature
(because the intensity of indoor heat source is not so
large), so the temperature of exterior surface of the
external wall is higher than that of inner surface of
the external wall and the heat transfer direction in
the external wall is from outdoor to indoor. At this
time, the thermal conductivity of the external wall
is small. This is the same with optimization result
without overlap temperature region. As the overlap
temperature region accounts for a less proportion in
the actual optimization result, heat pipe can be con-
sidered to be applied in the design of optimal perfor-
mance of the external wall.

Then, dimensionless analysis is carried out for an
external wall, and three natural physical parameters
(pc,, L, k(t)), which are representative of the perfor-
mance of wall, are obtained. Figure 4 shows optimi-
zation results for thermal conductivity distribution
of the external wall on a typical summer day with
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different pc,. It is seen that: (1) /,, decreases after
optimization and decreases with increasing pc,; (2)
I, 1s almost zero when pc, is over 2.3 MJ/(m*-°C).
That is to say, for the case considered, 2.3 MJ/(m*-°C)
is the critical value of pc, for free-cooling building
in Beijing; (3) The width and height of overlap tem-
perature region increases and lower temperature is
contained in the overlap temperature region with
increasing pc,. It means that the optimal heat transfer
property of the external wall is closer with heat pipe
when its pc, is of the extreme value. The reasons
for the above phenomena are as follows: The ability
of the external wall increases increasing pc,, so its
ability to adjust indoor temperature increases and

I

sum

will reduce. Meanwhile, with increase of pc,,

the internal temperatures of the external wall raise
less in summer. As a result, the overlap temperature
region contains lower temperatures and internal
temperatures of the external wall are more likely
to simultaneously exist in heat transfer process in
both directions of the external wall which causes
the increasing width of overlap temperature region.
Since the external wall has the function of giving out
heat to the outdoor environment on a typical summer
day, when pc, is infinity, the temperature of the
external wall keeps unchanged and the temperature
of inner surface is higher than that of exterior sur-
face. Under this conduction, the ideal £,,(z) should
also be infinity. So the height of overlap temperature
region will increase until the maximum is obtained.
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Figure 4. Optimization results in a typical summer day with different pc, (L = 0.25 m).
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Figure 5 shows optimization results for heat
ability of the external wall on a typical summer day
with different L. It is seen that: (1)
ter optimization and decreases with increasing L; (2)
1

sum

1, decreases af-
is almost zero when L is over 0.2 m. So for the
case studied, L > 0.2 m can meet the requirements of
free-cooling building in Beijing; (3) The width and
height of overlap temperature region increases and
lower temperature is contained in the overlap tem-
perature region with increasing L. It means that the
optimal heat transfer property of the external wall is
closer to heat pipe when its L is of the extreme value.
The reason for (1) is that the ability of heat insulation
of the external wall increases with increasing L, so
I

sum

as that mentioned above.

will reduce. The reasons for (2), (3) are the same

5. Conclusions

In this paper, a new approach for developing
energy efficient buildings is put forward. An
illustrative example of applying it is presented. The
results show that:

(1) The optimal heat ability distribution of the
external wall in a typical summer day is a staircase
function.

(2) pc, and L has no effect on the form of opti-
mal thermal conductivity distribution of the external
wall, only existing certain stretching and offset.

(3) Heat pipe is more appropriate in the appli-
cation of the design of optimal performance of the
external wall when pc L of the external wall is of the
extreme value. It can provide guidance to researchers

in building materials.
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