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Abstract

Introduction: Virtual reality documentation technology can help urban designers and architects reformulate heritage
buildings, especially in Basra City. The purpose of the study was to introduce VR technology’s technological potential,
as it allows the reviving of these buildings. The following methods were used: desktop analysis to analyse relevant
studies regarding virtual reality documentation and its technologies. The study selected Basra Old Court as a case study.
It also conducted two questionnaires that were distributed online, including a link to a virtual heritage platform (VHP). The
first questionnaire was directed to a random sample of 20 architects and urban designers to determine the appropriate
conservation policy for the case study, depending on their professional opinions. The other questionnaire was directed
to (157) residents to justify the results. Moreover, the AutoCAD and Revit programs were used as digital documentation
tools to document the case study, producing two VR models that represent two conservation policies (traditional and
developmental policy). The data analysis showed that experts and residents preferred the VR model | of the heritage
building to preserve its original form without additions. In conclusion, this approach can examine the selected conservation
strategy for the heritage building before the implementation stage.

Keywords: virtual reality documentation (VRd); heritage buildings; virtual heritage; realistic simulation; developmental

simulation.

Introduction

Virtual reality documentation (VRd) technology
can help urban designers and architects
reformulate heritage buildings. This study reviews
the documentation in relevant studies to identify
methods of documenting heritage buildings
using VR technology. Ahmed (2017) highlighted
three levels of relationship between heritage and
technology. The partial level involves using digital
formative models to draw inspiration and incorporate
key elements from traditional formative vocabulary.
The implicit level involves abstracting, processing
traditional, and heritage vocabulary by integrating
it with environmental factors. The controlling level
uses mathematical equations and digital tools called
integration and generation processes between
heritage thought and environmental design. The
last one is the most abstract level, combining two
or more heritage values like form, function, and
environmental considerations to create a unique
design (Ahmed et al., 2017).

The importance of VRd and its role in controlling the
actual space virtually directly through the applications
of data, information, and communication technology
was studied as one of the vital areas for monitoring
and preserving buildings with accurate heritage
dimensions (Mahrouq and Al-Haddad, 2001).

Jaillot (2020) examined the digital urban
heritage tool that contributes to introducing urban
cultural heritage to the community with digital
techniques. This includes accessible applications or
websites that enhance understanding and increase
awareness about the city’s development. The
participatory property of exchanging knowledge
invites professionals and non-professionals to view
the urban cultural heritage and participate in creating
new knowledge (Jaillot et al, 2020).

On the other hand, smart heritage was introduced
to design, rehabilitate, build, manage, and maintain
architectural heritage operations to become
more straightforward and explicit (Lépez et al.,
2018). This concept facilitates designers’ giving
alternatives for the operations’ development through
heritage modelling, digitally representing the built
environment characteristics (physical, functional,
semantic, structure, or existing building) using 3D
applications: Revit Autodesk, Tekla Structures, and
Bentley Systems.

In terms of documenting methods, EI-Din’s
(2021) study proposed two methods for documenting
heritage buildings. The traditional method relies
on individual abilities and traditional measurement
tools, including written description, drawing,
recording, and photography. The modern method

For citations: Fenjan, R. R., Alsamer, H. A. A, Aimansor, N. A. A. (2024). The virtual documentation role in reformulating the heritage of 3
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has adopted various heritage modelling techniques,
such as photogrammetry and the 3D laser scanner,
which is unsuitable for documenting demolished
archaeological buildings. EI-Din also viewed the BIM
technique to document the Seven Domes Building
(Seven Girls) in Cairo, with a three-dimensional
redesign using the Rivet program to rebuild and
complete the monument using bricks as a traditional
basic material corresponding to the monument’s
value (Fig. 1) (EI-Din, 2021).

Similarly, Markarian (2018) showed two techniques
for photographic architectural documentation in the
Ashar River in Basra City: the direct and indirect
methods. The direct method includes studying the
building in its current form and creating various
data based on photographs, while the indirect
method collects information and documents from
various formal and informal sources. The revival
of the destroyed buildings aims to document the
state of buildings or the destroyed buildings through
various documents, the most important of which are
photographs.

Younus et al. (2023) explored the role of VRd
in reconstructing the building Khan Hamu Al-qudu
in Mosul City, which was destroyed by wars, using
the information modelling technique (HBIM). This
technique has been considered a strategy for
the sustainability of heritage and its survival and
continuity within the collective consciousness by
connecting digital technology with heritage buildings
as a collective product, expressing the city’s memory
and the connection between the past and the present.
The technique used the Revit 2021 program as a BIM
program to generate a 3D model. The program was
adopted to design doors, windows, and the inner

courtyard, with multiple possibilities to reconstruct
them digitally and in their original forms (Fig. 2).

Markus (2023) recently investigated the
perception of heritage elements in three dimensions
using digital programming. This method allows
designers to create creative forms using the
options provided by digital programming. The study
highlighted the importance of geometric accuracy,
adjustments in the design process, resolution levels
required to digitize objects and surfaces, distance
measurements, and the way the triangular element
can be held inside the computer environment
(Markus, 2023).

Objectives:

The research aims to achieve the following:

1.To examine the role of VR technology in
documenting neglected heritage buildings in Basrah
City and to assist experts in determining a suitable
conservation policy for them.

2.To enhance the community’s participation
in decision-making, recognize their role as key
stakeholders, and ensure that the chosen policy
meets their sense of belonging.

Literature Review about VRd and potential
indicators

Virtual Documentation (VRd)

It is the documentation, registration, and rooting
of heritage buildings’ architectural, historical, and
geographical values to preserve them within the
spatial and community memory. It also facilitates
rehabilitation, development restoration, and future
maintenance of the heritage site (Ali and Markarian,
2014). According to Abdulrahman and Ahmed
(2006) and Ali and Markarian (2014), VRd embodied
in three main points. Firstly, dynamic storage and

Fig. 1. The documentation of the Seven Girls Building EI-Din's (2021)

Fig. 2. Khan Hammu Al-qudu (Younus et al., 2023)
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retrieval, where the available programs enable the
establishment of essential relationships between
the components of heritage items in multiple images
that cannot be displayed traditionally. Secondly,
dynamic display and visibility where models of sites,
buildings, and elements of urban heritage can be
saved on an accurate scale and displayed in multiple
virtual environments that reflect the extent of
harmony and compatibility between them. Thereby,
it achieves higher degrees of understanding,
analysis, and study. Thirdly, dynamic control and
processing, documentation is essential for creating
comprehensive databases by preparing a modular
reference system. It also supports collecting and
classifying the city’s heritage buildings through
images and writings and storing them with similar
types for easy viewing and evaluating reality.

General directions of documentation:

The documentation depends on the heritage
building’s values, which are generated through the
building’s form and function, as which of them bears
the change in exchange for the stability of the other
party, or both (Fig. 3), which are as follows:

The reconfiguration direction:

- Reuse (non-change direction). It means
modifying, converting, or changing the heritage
buildings’ uses that have lost their original function
by being in a good structural condition to other uses
that suit current needs and ensure the protection
of the building. Reuse can be optional for buildings
whose original function still exists today. It can also
be compulsory for buildings whose original function
has become extinct, such as ancient temples
and cemeteries, to prevent them from becoming
abandoned. This is related to the possibility of the
building adapting and merging with the city’s urban
fabric (Serageldin, 1999).

- Shape reconfiguration (relative change
direction). This direction concerns old buildings that
are less significant architecturally and historically.
This is to meet the building’s new use requirements,
which may mean removing or excluding facilities
added after its construction. Integrating the new use
with the building requires care because historical
buildings have shapes subject to the construction
conditions or the designer’s thoughts, in addition
to several factors influencing how to deal with the

building to achieve its purpose functionally and
aesthetically (Ismaeel and Torre, 2010).

- The reconstruction direction (complete
change). A new reconstruction of a destroyed site
or building, restoring it entirely or with parts and
features that do not exist to copy its appearance and
shape characteristic of a specific time. This process
takes place in two cases: preserving and improving
the aesthetic value and presenting it understandably
or consolidating and strengthening the monument to
preserve it (Al-Obeidi and Sharif, 2019).

Considerations of VRd

The virtual models support the process of
imagination and visualization required to realize the
importance of the heritage elementand its dimensions
with the necessity to consider the following concepts
(Abdulrahman and Ahmed, 2006).

e Credibility. When preparing the heritage
element, the proportions in the three dimensions
must be achieved correctly. Without documented
information about the heritage item, a block model
is sufficient without details that may adversely affect
its heritage value.

o Flexibility. It is related to the preparation,
treatment, and display methods. These methods show
different stages of the heritage element, including
origin, deterioration and transformation, and current
status, as each stage can be displayed separately.

e Details level. It is one of the essential factors
that affect the preparation and processing of digital
forms, the proposed presentation style, the way to
show it in terms of the processing type approved,
and how it relates to the original element’s identity
within the digital heritage form.

e The heritage element’s perceived value. It is
essential to emphasize the value of the heritage
element through its presentation style and level of
definition. The digital model highlights the quality
of non-existing urbanization in a manner consistent
with the available and documented information.

o Complementary elements of the resulting model.
The importance of the 3D form is represented by the
elements used to express the urbanism language,
such as lighting, color, texture, space, function, and
content in which the heritage element is located.

To conclude, the main indicators and possible
measurement values were identified to be applied

Re-configuration

: Functional values
. Ger_leral Heritage
directions of |, building
documentation values Formal values

Re-construction

N
e

Fig. 3: The general directions of documentation (done by researchers)
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to the case study and to measure the role of VRd
in reformulating heritage according to the theoretical
proposition (Table 1). To facilitate dealing with the
main variables, they were coded from A1 to A13.
The sub-variables adopted the encoding of their
main variable, such as A1; its secondary variables
are A11 and A12.

The VR Technology for Heritage Documentation

The importance of VR in reviving and preserving
architectural heritage is based on adopting
new techniques in a three-dimensional virtual
environment by adding audio technology as an
essential step for preservation and documentation,
increasing awareness about local heritage.
These techniques are essential steps in the
documentation, conservation, and dissemination

of heritage (Algalami, 2020), in addition to
assisting in decision-making in various restoration
projects (Jaleel, 2018). The heritage buildings’
documentation is essential to preserve, protect,
and sustain them. Therefore, it is necessary
to understand the building’s data, history, and
information to establish the conservation process
based on a comprehensive knowledge of the
building’s condition that determines a plan and
method of dealing with it without damaging its value
(EI-Din, 2021). The heritage virtual model also has
educational and historical values used to evaluate
the building’s development by comparing 3D at
different times, so it becomes easy to compare the
present and the past, evaluate and measure the
changes caused by time (Fassi et al., 2016).

Table 1. Indicators Extracted from theoretical Framework

Main Indicators Variables Symbols Sub-variables Symbols
General trends | Reconfigure A1 Optional restoration of the building’s functionality: its original A1
for dealing the use function stil exists. |
with heritage Compulsory restoration of the building’s functionality: A12
buildings its original function disappeared.
vialy - [Reconfigure A2 | Adding anew formation to the heritage building. | . A2l
the shape Adding detailed elements to traditional facades. A22
Reconstruction A3 | Preserving and improving the building's aesthetic value. | AT .
direction Strengthening and enhancing the building structurally A32
as a conservation measure.

VRd possibilities | Structural A4 The building’s structure is deteriorated, and its heritage image Ad1
evaluation of the isincomplete. 0
heritage building Changing the heritage building’s condition (formalism and A42

functionalism).
VRd Creditability A5 | The VR models maintain the building's correct proportions. | AST
considerations The significance of the VR is to reflect the building’s function A52
and heritage.
Flexibility A6 The building’s ability Atthe formlevel | A61
to accept change. At the function level AB2
level of detail A7 The compatibility of the added elements with the building’s A71
traditional image.
The perceived A8 | The VR models clarify the heritage value. _ | A8T
value of the In VR models, the building combines heritage and A82
heritage item modernized values.
Complementary A9 The heritage elements are a vivid image of the building’s A91
elements of the realty,. |
resulting model The added contemporary elements gave the building a new AQ92
image.
Representation | Construction time A10 | The building’s virtual image preserves its historical A101
of the heritage | and its historical dimensions.
building’s age
historical 1 s architectural A11 | The buiding's aesthetic value is in its traditional form. | _ A1
&gmﬂ\c;%nce and aesthetic value The building’s aesthetic value is in its contemporary form. A112
The event A12 Changing the reading of the |At the site level and its A121
building as it has heritage relationship to the place. |
events reflected in its At the level of added detailed A122
proposed images. treatments.

Virtual heritage | Simulation A13 Realistic simulation. Accepting the virtual image that | A131
documentation . Imatchedrealty. |
techniques Developmental simulation. | Accepting the developed virtual | A132

image.
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Virtual heritage is the simulation and
documentation of the characteristics of heritage sites
within a virtual environment using information and
communication technologies (Chehab and Nakhal,
2023). This technology provides an immersive VR
experience with self-guided interactive visualization
produced by computer systems and presented in a
three-dimensional artificial form (Eljojo, 2019). It also
represents digital resources transformed from the
existing natural and cultural heritage, including dynamic
or static digital processes created during digitization,
such as creation, documentation, preservation,
protection, processing, and dissemination (Wang
et al.,, 2020). Its characteristics consist of buildings’
reenactment using horizontal standard plans,
sections, facades, and physical objects with computer
models and animated films to form 3D models to
revive heritage buildings that are difficult to rebuild.
Partially dilapidated buildings can also be completed;
therefore, these models give insight into how the
building is partially treated (Fig. 4) (Osman, 2017).

Simulation in design is defined as the
construction of geometric digital models using
several methods, including traditional simulation
using two-dimensional graphics, three-dimensional
simulation using photography, and scanning
simulation by photogrammetry or laser techniques
(Baky, 2020). The simulation is achieved by creating
an imaginary model that simulates all the conditions
and factors affecting it through a complex 3D image
environment, using simulators, which allow one to
walk around inside the virtual environment (Jaleel,
2018). The current study classified the simulation
into realistic simulation, which creates identical
models of reality, and developmental simulation,
which builds possibilities that are not identical or
imitated but are treated with images showing the
inherent potential of the building (Hassan, 2009).

Virtual heritage platforms (VHP) are one of the
VR technologies. They are research and educational
tools thatredefine heritage buildings for users through
simulation and physical modeling of archaeological
sites or data. They have an impact on the people’s
cultural nutrition by helping them understand the
socio-cultural context (Abdelmonem, 2018).

The current study employed a VHP as a
documentation tool to meet the research aims. It is
easily accessible, as one only needs a smartphone and
Internet. It was adopted to collect and present data to
the target audience in an interactive and meaningful
way. Two platforms were created, the first designed for
experts and the other for Basra residents.

The Case study:

Basra Old Courtbuilding is one of the distinguished
heritage buildings in the ancient city fabric. In 2023,
UNESCO conducted several studies to revive the
architectural heritage of ancient buildings in Basra,
including this building (Hameed, 2014) (Fig. 5).

The most important criteria for accrediting this
heritage building are:

e Historical Value:

It includes three standard values (Dairy and
Mohammed, 2018). Firstly, the event (regional,
national, and local): The building is linked to the
local events of Basra’s old fabric, distinguished by
the water canals’ presence. It is considered the oldest
building for justice and governance after the 1920s, the
independence of Irag, and the beginning of national
ownership. Secondly, the building’s age: The old
court was established during the period (1935-1938)
with the construction of Al-Maqal Port Airport, the main
commercial area in the Al-Ashar Center, the central
residential area, and the administrative buildings in the
old centre of Basra, (Ocal, 2016). Thirdly, location: The
court building is distinguished by its location among the
distinctive heritage elements of Basra’s ancient fabric,
such as the Ashar River and the Shanashil houses
(Rajab et al., 2022).

e Architectural value:

It is achieved by, firstly, Style: The building was
designed in the English style that prevailed in Basra
(1930-1950) regarding the repetition of windows
and building materials (Kalman, 1980). Secondly,
Function: |t first appeared as a house of justice
under the Basra Court of Appeal and the centre
of public administration in the city, which operated
from 1938 to 1980. Thirdly, structural value: It is
displayed in the old English colonial style, as shown
in (Fig. 6). Fourth, aesthetic value: The building is
an architectural icon of the city. Still, it was neglected

Fig. 4. Completion of the 3D documentation of Palmyra in Syria City (Osman, 2017)
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Fig. 5. Case Study Location - Basra Municipality Documents & Google Maps

Fig. 6. The current status of the old court building, photos were taken by researchers
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and became an illegal accommodation after the
2003 war, with distorted facades, window details,
and building materials (Fig. 6) (Mohammed and Al-
Halfawi, 2021). Fifth, social value: The building
is considered a symbolic landmark that reflects
the cultural identity and continuity of the collective
memory of Basra city (Kalman, 1980). Fig. 7 shows
the case study’s 2D schemes, the ground floor and
the first floor, drawn using the AutoCAD program.

Methodology

The current research methodology is divided
into stages to thoroughly investigate the use of VR
technology in documenting heritage buildings. It
is structured around a sequential mixed methods
approach and a case study, as illustrated in (Fig. 8).
The methods used are:

Desktop Analysis: This stage involved collecting
data at two levels. The first level included analysing
relevant literature to extract indicators, variables,
and sub-variables that show the VRd in documenting
heritage buildings (see Table 1) and review VRd
technologies. The second level involved collecting
secondary data for the chosen case study (Basra Old

Court), relying on aerial surveys and photography.
The authors used AutoCAD, Rivet, and Lumion
programs to create two 3D models representing two
conservation policies. The first model (VR model I)
retained the building’s original appearance and
reconstructed it according to the traditional previous
vision, see (Fig. 9). The second model (VR Model II)
proposed documenting the court building in the
modern style by adding heritage elements to the
windows, namely the shanshil, see (Fig. 10). Both
models were used in the VHP.

Questionnaire: The second and third stages
include conducting questionnaires distributed
online on social media included a VHP link. Both
questionnaires were answered using a three-point
Likert scale (Agree = 3, Neutral = 2, Disagree = 1).
The second stage questionnaire was built based
on the extracted variables and sub-variables from
the literature review. It was directed to 20 random
architecture and urban design experts to determine
which conservation policy they would choose. The
third stage questionnaire, built based on the results
of the previous stage, was directed to residents

First-floor plan

7 8 9 10 11 12 7 8 9 10 11 12
6 I e e R e 13 6 L . S R S T I 13
5 { 5 {
i b 14 * ) Po——
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ground floor plan

Fig. 7. The plans of the old court building were recreated using the AutoCAD program by researchers
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Fig. 8. The research methodology, done by researchers
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Fig. 10. VR model II

(157 residents) and examined their satisfaction
with the conservation policy the experts chose. The
results of this questionnaire justify the research by
demonstrating the effectiveness of VR technology
in assisting experts in determining the appropriate
conservation policy for heritage buildings. The results
of both questionnaires were analysed using SPSS.

Virtual Heritage Platform (VHP): This platform was
selected for its availability and ability to demonstrate
the proposed VR models interactively to participants.
It was named after the case study (Basra Old Court).
The authors created two VHPs to present the
proposed models to experts and residents separately
(Figs. 11-12). One of the VHPs demonstrated both
VR models for experts, while one VR model was
included in the VHP designed for residents.

Results and Discussion

The results analysis of the experts’ questionnaire

The data analysis depended on calculating the
response percentages of sub-variables under their

10

related variables. The first indicator, "General trends
for dealing with heritage buildings virtually", has
three variables. Regarding reconfiguring the court
building's use (A1), (Fig. 13) shows that the sub-
variable A11 obtained an approval rate of 75 % from
experts. In contrast, the sub-variable A12 achieved an
approval rate of 35 % for restoring the court building’s
original function. These response rates indicate that
the experts agreed with possibly changing its use
to another purpose instead of its original no longer
needed function. The figure also shows that the sub-
variables A21 and A22 have achieved approval rates
of 45 % and 55 % for reconfiguring the shape (A2). The
higher rate was for the experts’ preference for adding
detailed elements to the building’s traditional facades.

On the other hand, for reconstruction direction
(A3), the sub-variables A31 and A32 have approval
rates of 60 % and 57.9, respectively. Although the
agreement rates were close, the experts agreed
to maintain and improve the building’s aesthetic
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Fig. 12. Virtual Heritage Platform - residents, https://test-689c7.web.app/

value and present its traditional image. Based on
the results above, the experts tend to choose the
traditional image to preserve the court building, as
shown in VR model I.

The second indicator, "The VRd possibilities",
has one variable, which is Structural evaluation of
the heritage building (A4). Regarding (Fig. 14), the
sub-variable A41 received an approval rate of 75 %,
while A42 and A43 received 50 % each. These rates
indicate the experts’ agreement on the necessity of
VRd for the court due to its poor structural condition
to preserve the building’s heritage. The results show
the importance of preserving the heritage building.

The third indicator, "The VRd considerations",
has five variables. Regarding credibility (A5),
(Fig. 15) shows that the sub-variables A51 and
A52 recorded an agreement rate of 60 % each.
This indicates the acceptance of the proposed VR
models’ role in conveying the details of the heritage
building by maintaining accurate and close-to-
reality representations (A51) and reflecting its
function and heritage (A52). For flexibility (A6), the
figure illustrates that the sub-variable A61 obtained
a positive rate of 60 %. This indicates experts’
agreement on accepting changes in the court
building’s form proposed by the VR model II. The
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sub-variable A62 received a 50 % agreement rate
regarding the change in the building’s function.

In terms of the level of detail (A7), A71 achieved
an agreement rate of 70 %, indicating experts’
agreement on the compatibility of adding new
architectural elements with the building’s traditional
image. For the perceived value of the heritage item
(A8), the sub-variable A81 received an agreement
rate of 60 %. This rate shows that the experts agreed
with the clarity of the heritage value of the building,
represented by VR | and II models. In comparison, A82
achieved an agreement rate of 73.7 %, representing
that the experts also agreed with the proposed
heritage and modern value sets in the VR | and |l
models. Regarding the complementary elements
of the resulting model (A9), the sub-variables A91
and A92 achieved 60 % and 63 % agreement rates,
respectively. Experts’ opinions were compatible
with both VR models | and Il. They preferred the
representations in VR model Il (A92) more than
those representing heritage elements as live images
of the building’s reality in VR model | (A91). Based on
the previous discussed results of A6, A7, and A9, the
experts tend to choose the VR model Il.

The fourth indicator, "Representation of the
heritage building’s historical significance in VR",
has three variables. Regarding the building’s
construction time and historical age (A10) and the
building’s architectural and aesthetic value (A11),
(Fig. 16) shows that the sub-variables A101 and
A111 obtained an agreement rate of 55 % each.
This indicates that the experts agreed on the
ability of the VR model | to preserve the temporal
dimensions of the heritage building and represent
its aesthetic value in its traditional form. However,
only 45 % of the experts agreed with the VR model
Il to enhance the aesthetic value of the building in
its contemporary form. For the variable "changing

the reading of the building for having heritage
events reflected in its proposed VR models" (A12),
the experts agreed by 60 % with the sub-variables
A121 and A122. The percentage indicates a change
in the reading of the building between the traditional
and contemporary forms at the levels of the site,
its relationship to the place (A121), and the added
detailed treatments (A122).

The fifth indicator, "Virtual heritage documentation
techniques", has one variable: simulation (A13). In
terms of realistic simulation, (Fig. 17) shows that the
sub-variable A131 gained 65 % of the agreement
rate, while they agreed with A132 and achieved 55 %
of the agreement rate. These results demonstrate
that the experts preferred conserving the heritage
building to match its original traditional image. In
other words, they chose the VR model | rather than
the VR model .

In  conclusion, the results of the experts’
questionnaire indicate that the experts chose the
court building’s VR model | as a conservation policy
to maintain its original shape without additions.

The results analysis of the residents’questionnaire

The residents’ questionnaire was built using
Google Forms based on the results of the experts’
questionnaire. There were 157 total answers
representing various age groups, genders, and
educational levels. The fewer responses were
because this could be their first time participating
in an online survey. The data was analysed using
SPSS, and answer percentages for five questions
were calculated.

As shown in Table 2, 78.4 % of the residents
agreed with the first question regarding choosing the
VR model | proposed to conserve the court building.
For the second question, 67 % of the respondents
agreed that VR model | reflected part of the Basra
ancient heritage, while 18.4 % of them disagreed.
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Fig. 16. The results of the fourth indicator
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Fig. 17. The results of the fifth indicator

This indicates that around two-thirds of the examined
residents knew the city’s heritage buildings.
However, 33.1 % of the examined residents still need
to gain cultural knowledge about the city’s heritage
buildings. Concerning the third question, around
59 % of respondents agreed that the proposed
VR model | consistent with the surrounding area.
Nevertheless, 18.5 % of the respondents disagreed
with its ability to be compatible with the surrounding
area, while 22.9 % of respondents were neutral with
their answers. The higher rate of responses to the
first and third questions is compatible with experts’
opinions in selecting VR model I.

For the fourth question, 93 % of respondents
expressed their willingness to participate in future
decision-making about heritage buildings in Basra
City. This high level of community engagement
reflects the importance of community participation
in selecting development policies for heritage

buildings. It fosters optimism about the future of
heritage conservation in Basra City.

In conclusion, the results confirm the residents
of Old Basra’s alignment with the expert
evaluations in the VR model I. In other words, the
results of the residents’ questionnaire affirm the
suitability of the selected conservation policy by
experts, which leads to its assistance to experts in
their work field.

Conclusion

e The proposed models presented by the case
study highlight the role of VR in shaping heritage
and enabling realistic documentation and future
vision. This gives designers a high potential to
digitally preserve the heritage and make informed
decisions regarding appropriate changes, thus
avoiding sudden real-world changes without
realizing the negative impacts that could diminish
the building’s heritage significance.

Table 2. Residents’ Questionnaire Results

Answers
Questions Agree Neutral Disagree
No. | Percentage | No. | Percentage | No. | Percentage
Q1 | Based on images of the old court building, 122 77.7 % 25 15.9 % 10 6.4 %
what do you think about the building’s model
as a proposal for restoration?
Q2 | Does the attached image of the building on 105 66.9 % 23 14.6 % 29 18.5%
the platform reflect part of Basra’s ancient
heritage?
Q3 | Do you find that the proposed restoration 92 58.6 % 36 22.9 % 29 18.5 %
for the court building is consistent with the
surrounding area?
Q4 | Would you like to participate in future 146 93 % 10 6.4 % 1 0.6 %
decision-making about the heritage buildings
in your city?
Q5 | What is your experience assessment of the Good Average Poor
platform in viewing the heritage buildings No. | Percentage | No. | Percentage | No. | Percentage
images of your city? 134 85.4 % 20 127 % 3 1.9 %
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e The high potential of VR in providing credibility
and flexibility in digitally interacting with the building
allows for precise changes that align with the reality
of the heritage structure.

e The VR is an influential factor in shaping and
documenting heritage, utilizing the features of virtual
programs that enhance and enable multiple options
for original documentation or formalism review for
reconstruction and utilization.

e Digital documentation processes can be applied
to all the heritage building’s structural conditions,
whether deteriorating or incomplete. It can also
provide a developmental vision for the worn-out
heritage structure to present a new contemporary
image, thus giving it longevity.

e The documentation process accurately reveals
the heritage dimensions, including the building
materials, the surrounding external environment,
and even the building’s history. This allows designers
and viewers to perceive the building’s realistic
image, making it a continuous landmark connected
to its time and place.

e The role of VR is to improve the image of the
future vision of the building before reformulating and
implementing the possible possibilities in formulating

heritage buildings. VR helps decision makers make
the correct design decision before implementation
and helps revive heritage in possible forms.

e VR can play a crucial role in preserving our
collective heritage. Its power extends beyond
preservation to serve as an educational tool,
reminding society of the importance of buildings
damaged or lost throughout history due to human,
technological, or environmental factors.

e Enhancing the community’s participation
in decision-making regarding selecting the
development policy for heritage buildings that suit
its needs increases the sense of community and the
preservation of its historical heritage.

e This reflects the role of VR in helping architects
and urban designers document the heritage building
through digital platforms for virtual documentation
that facilitated the exploration of the court building. It
also enhances interaction and immersion through a
virtual exhibit that includes images and videos of the
building viewed through virtual reality goggles.
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POJIb BUPTYAJIbHOW OKYMEHTALUN B PEOOPMUPOBAHUHA
HACNEAOWUA TOPOOA BACPDI

Punsim Pagxab ®enpxar*, Xana Abgynkapem Aégynradm Anbcamep, Hyp Abgynamup Adg ®nu AnbmaHcyp
YHuepcutet bacpel, r. bacpa, Upak

*E-mail: riyam.rajab@uobasrah.edu.iq

AHHoOTauus

BBegeHune. TexHOMorvs [OKYMEHTMPOBAHUS BUPTyanbHOW peanbHOCTM MOXET MOMOYb TOPOACKUM  Au3anHepam
N apxuTekTopam W3MeHWUTb hopMy 34aHui, SIBMSIOLWMUXCA OObeKTamu KynbTypHOro Hacrneausi, ocobeHHo B ropoge
Bacpa. Llenb uccnepgoBaHus. NpeactaButb TEXHONOMMYECKUIA NMOTEHLUMAN TEXHOMOMMI BUPTyanbHol peansHocTh (VR),
NO3BOMSAIOLLMNIA OXMBUTL 3TV 3aaHus. MeToabl. TeopeTuyeckmin aHanmM3 COOTBETCTBYIOLLMX UCCIEAOBaHUIA, KacarLmxcs
[OKYMEHTaLMW BUPTyanbHON peanbHOCTU 1 ee TEXHONOIMI. B kayecTBe nprMepa ans nccnenoBaHms 6bino BbIGpaHo 3gaHue
ctaporo cyna bacpel. Takke 6bInn NOAroTOBMNEHbI BE aHKEThI, KOTOpble Obinv pacnpocTpaHeHbl B VIHTepHeTe, BKIoYas
CChINKY Ha nnartdgopmy BupTyansHoro Hacneaus (VHP). Mepeas aHkeTa Obina HanpaBneHa ABajLaTy apXuTekTopam u
rOPOACKUM [M3aliHepaMm, BblOpaHHbIX METoAoM cryyanHoro otbopa, 4Tobbl onpenenuTb COOTBETCTBYHOLLYHO MOMUTUKY
COXpaHeHus Ans AaHHOro NpuMepa B 3aBUCMMOCTY OT UX NPOdeCCHMOHanbLHOro MHeHust. [lpyrasi aHkeTa 6bina HanpaBneHa
157 xutensam Ona noaTBepXAeHus pesynstatoB. Kpome Toro, B kayecTBe WHCTPYMEHTOB LMEPOBON LOKYMEHTaLuu
ONsi JOKYMEHTUPOBaHWUS TEMATUYECKOro MCCrenoBaHus ucnons3oBanvcb nporpammbl AutoCAD 1 Revit, B pesynstate
yero 6biNM co3gaHbl ABe VR-mogenu, npeacTtaBnsiowine OBe MOMUTUKU COXpaHeHWst Npupoabl (TPaguLMOHHYH 1
3BOMMIOLMOHHY0). AHanNu3 AaHHbIX MoKa3ar, YTo aKcnepThl M xutenu npeanodny VR-mogens Ne 1 3gaHus, coxpaHsitoLLero
CBOW MepBoHavanbHbI B 6e3 gononHeHun. 3akntoveHne. Takor noaxos no3BonsieT U3y4nTb BbIOpaHHYH cTpaTervio
COoXpaHeHusi 06beKTa Hacneams elle 4o cTaauy peanusaumu.

KnioueBble croBa: [JoKymeHTauusi BUpTyanbHoi peanbHocT (VRd); 06bekTbl KynbsTYpHOTO Hacrneaus; BUpTyarbHoe
Hacneave; MoOAENMPOBaHUe peanbHOro NPOLLECCa; 3BOMIOLMOHHOE MOAENMPOBaHNE.
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Abstract

Introduction: Calamities, which are characterised as natural disasters, constitute a major problem on a global scale
in terms of causing loss of both life and property. Although disaster risk reduction activities have been carried out in
many countries, they still cause great losses. Turkey, as a country where many natural disasters have occurred and
large-scale damages have occurred, still has problems in disaster management. The purpose of the study: The study
aims to develop architectural design proposals to prevent a possible flood disaster in the context of the historic Yaliboyu
house in Amasya, Turkey, in accordance with the principles outlined by FEMA and other organizations. While presenting
the proposals, the height of the flood waters and the cultural characteristics of the historical texture were taken into
consideration and it was tried not to damage the historical texture. Material and Method: In the flood-resistant building
design, the principles of organizations such as FEMA, DSI, and AFAD were investigated, design solutions based on the
acquired data were discussed in detail through an important historical structure and its surroundings located in the city
of Amasya, Turkey. Results: The city of Amasya, located in the north of the country, has struggled with many natural
disasters and suffered losses in the past. According to the 50, 100 and 500 year recurrence flood hydrograph, major floods
are predicted to occur in the city. Considering that these floods may cause loss of life and property, it is important to take
architectural measures and especially Yaliboyu houses, which stand out with their historical texture, under protection. In
this historical texture, which is in direct contact with the Yesilirmak River, suggestions were the first presented in the context
of the building environment, and then architectural solutions were gradually developed based on the rise of flood waters
at the building scale. Recreation areas that can form reservoirs and basins for undefined and empty areas, permeable
materials for vehicular and pedestrian paths, raising the lower level of windows for buildings without high entrances and
the use of barriers for doors are proposed for the building surroundings. At the building scale, measures were taken at
the first stage by providing permeability with green walls with drainage systems at the points of the first contact with flood
waters. In the following stages, flood barriers, flood-resistant building materials, basement fill and flood openings were
used to prevent the contact of flood waters with the building. At the same time, it is possible to achieve environmental
and economic gains with the rainwater collection system proposal. Conclusion: The proposed solutions have been a
precaution against the predicted flood risk by not disturbing the texture reflecting the history of the city. Especially in order
to prevent historical buildings from being affected by disasters, evaluations should be made on the basis of each disaster
and solution proposals should be presented to the municipality and administrative authorities by the relevant professional
groups and implementation should be started.

Keywords: disaster; flood; architectural design.

Introduction

The rapid increase in the number of natural
disasters and the large losses caused by them
cause large-scale damages to both building areas
and infrastructure. Especially in underdeveloped
and developing countries, loss of life and property
is higher and economic collapse is experienced.
In developed countries, rules for minimising and
preventing disaster damages are widely applied.
Although the loss of life is less in these countries
compared to other countries, the economic losses
caused by disasters can be very high (Akin, 2018).
Natural disasters and the losses they cause have
not only technical but also social and economic
dimensions. On a personal basis, lack of awareness,

lack of importance to safety, avoiding additional costs
due to economic reasons, lack of sensitivity of the
architect and engineer designing the building, lack
of safety concerns, ignorance and lack of education
of the master constructing the building are other
problems (Geng, 2007). The destructions caused
by disasters do not only affect the country where
the disaster occurred or the nearby geography, but
can also create negative results on a global scale.
For this reason, transboundary effects of disasters
have been emphasised in recent years and for this
reason, they are handled in regional and global
context. Today, disaster strategies and policies
are being implemented in many countries and
the concept of risk reduction is being addressed.

For citations: Kartal, O., Soyluk, A., Urlik, Z. F. (2024). Development of flood-resistant architectural design proposals on Amasya 19
Yaliboyu house and its surrounding. Architecture and Engineering, No 4 (9), pp. 19-32. DOI: 10.23968/2500-0055-2024-9-4-19-32.
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In Turkey, the disaster management system and
the importance given to disasters changed after the
1999 earthquake (Akin, 2018).

Being prepared and reducing possible damages
in the struggle against disasters has become the
priority policy of today’s world and Turkey’s. For this
purpose, firstly, current situation analyses should
be made and then integrated disaster risk elements
should be determined and both the elements to
be considered while building new construction
areas and structures should be determined and the
improvement policies to be made over the current
situation should be decided (Altuntas, 2023).

Droughts, floods and similar disasters as an
integral part of nature since time immemorial, It
causes continuous and significant loss of life and
property. Soils are being used more intensively
with unfavourable agricultural methods, forests
and pastures are being destroyed, and under all
these conditions, floods and flood disasters are
becoming more and more frequent (Yasar Korkang
and Korkang, 2006). Flood is a natural hazard that
easily turns into a disaster and causes great loss of
property and life in Turkey as in almost every part
of the world. The occurrence, magnitude and extent
of damages caused by floods are directly related
to the climatological-meteorological, geological-
geomorphological, biological characteristics and
various activities of people (Ozcan, 2006).

In order to minimize the negative effects of
disasters and emergencies, various qualified
studies should be carried out before the disasters
(Sari, 2022). Organizations such as FEMA (Federal
Emergency Management Agency) in the United
States, DSi (Turkiye State Hydraulic Works)
and AFAD (Turkiye Disaster and Emergency
Management Presidency) in Turkey carry out many

studies for measures to be taken against floods and
other disasters and post-disaster recovery plans.
FEMA emphasizes disaster sensitivity by stating that
one of its main goals is to prevent and reduce losses
from natural hazards (FEMA, 2013). AFAD, on the
other hand, states that until recent years, crisis
management-oriented studies and investments
have been predominant in Turkey, and that response
to disasters and subsequent recovery efforts have
been at the forefront (AFAD, 2021). In the Yesilirmak
Basin Flood Management Plan prepared by DSI,
disaster management is defined as all of the
analysis, planning, decision-making and evaluation
processes that organize existing resources for the
purposes of preparedness, mitigation, response and
recovery against all kinds of hazards that may be
caused by floods (DS, 2015).

Within the scope of the study; in line with the
data obtained as a result of AFAD and DSi studies,
the flood disaster, which can cause a great deal of
damage but can be prevented with the measures
that can be taken, is examined through the Yaliboyu
houses of Amasya province. After discussing the
general characteristics of the city, architectural design
proposals are presented on the historical building
and its surroundings, which have the common
characteristics of the historical buildings in the study
area, in a way that does not harm the originality of the
historical texture of the building. The recommendations
were developed based on the studies of FEMA and
other organizations on the flood disaster.

The Disaster Susceptibility of Amasya

Amasya province is located in the northern part
of Turkey (Fig. 1), in the central part of the Black
Sea region, between 34° 57°-36° 31’ east longitude
and 41° 04'-40° 16’ north latitude (Turkoglu, 2006).
Located in the Yesilirmak basin, the main branches

AMASYA

Fig. 1. Location of Amasya province in Turkey (Google Earth)
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of Yesilirmak pass through the center of the city. In
addition, since it is surrounded by high mountains,
the surface shapes are rugged and the city center is
in a narrow area (Ates, 2019).

Since Amasya is located in the Yesilirmak basin,
the waters carried by the tributaries of Yesilirmak
have caused floods due to climatic reasons in the
past years (AFAD, 2021). In the Yesilirmak Basin
Flood Management Plan reported by DSI (Turkiye
State Hydraulic Works), two-dimensional hydraulic
modeling was carried out in the flood-prone areas
and the spreading area, water depth and water
velocity corresponding to different recurrence
flows were calculated. Three flood scenarios were
simulated using 1D/2D models. Based on the
hydrological model analysis, iterative hydrographs of
Q50, Q100, Q500 were obtained (Fig. 2). Based on
these hydrographs, flood hazard map was created.
For the 50-year recurrence flood, no flood occurs in
Amasya. For the 100-year recurrence flood, some
flooding occurs upstream of the province. The depth
of the flood reaches 1 to 1.5 metres and covers
5.3 hectares. For the 500-year recurrence flood, a
serious flooding event occurs in the upstream part
of the province as well as outside the city in the

upstream direction. The flood depth is 2 metres and
covers an area of 194 hectares (DSI, 2015).

It is thought that climate change causes an
increase in the number and severity of disasters
and this increase will continue in the future. Experts
emphasizing the importance of keeping global
warming below 1.5 °C until 2030 think that otherwise
the disasters experienced today will be much more
effective (Gékmen Erdogan, 2022).

In Amasya, the highest amount of precipitation
falls in the spring season and the total annual
precipitation is 461.6 mm. The highest precipitation
is in May with 53.8 mm and the lowest precipitation
is in August with 10.1 mm (Fig. 3). In terms of flood
risk, April, May and December can be classified as
very risky; January, March and November as risky;
July and August as less risky. It should be taken into
consideration that the risk of flooding may be at a high
level especially in very risky months and precautions
should be increased in these months.

Case Study

Yaliboyu houses in Hatuniye neighborhood of
Amasya, which are under risk in the 100-year and
500-year recurrent flood report, were selected as the
work area (Fig. 4). Yaliboyu houses, which stand out

Fig. 2. View of flood hazard maps for Amasya for 50,100, 500 year recurrence periods (DSI, 2015)

AMASYA Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Measurement Period (1961-2022)

Average Temperature (°C) 26 45 8.3 134 176 213 238 23.9 20.0 146 85 46

Average Maximum Temperature (°C) | 7.0 938 14.5 204 251 287 311 315 279 219 14.6 8.8

Average Minimum Temperature (°C) | -0.8 03 31 72 11.1 14.5 16.7 16.7 13.0 8.7 39 13

Average Sunshine Duration (hours) 22 3.3 4.5 6.0 74 8.8 96 912 7.5 5.0 34 21

Average Number of Rainy Days 12.34 11.08 12.48 12.02 12.98 9.05 327 2.66 4.74 7.92 9.16 12.56

S LI 514|372 |481 [s34 |s38 401 [162 |01 |197 [345 [427 |s47
Measurement Period (1961-2022)

Maximum Temperature (°C) 235 248 31.2 358 379 418 450 422 435 36.0 29.7 229
-21.0 -20.4 -15.5 -5.1 -0.1 4.8 8.5 8.8 3.0 =29 -9.5 -12.7

Fig. 3. Long-term average monthly precipitation table of Amasya (General Directorate of Meterology)
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Fig. 4. Study area and its surrounding (Turkoglu, 2006)

with their traditional texture, are located in the north
of Yesilirmak. The mountains rising behind the river,
castle ruins and king rock tombs have formed the
remarkable texture of the region. Another historical
building in the region is the Algcak Bridge. The bridge
provided a connection between the river and the
opposite part of the city (Ates, 2019).

Although the architecture destroyed by disasters
in Amasya province has been replaced by new
buildings, traces of traditional architecture can be
seen intensely. One of the most unique examples
of traditional civil architecture is Yaliboyu Houses.
Yaliboyu is the residential area between the Station
Bridge and the Government Bridge, north of
Yesilirmak. There are homogenously many Local
Amasya Houses in the region (Gizelci, 2012).

Flood Resistant Design Proposals for the Built
Environment

Most of the buildings in the region are located
parallel to the river. Therefore, they were built in
adjacent order (Ates, 2019). Apart from the building
areas, there are green areas, playgrounds, empty
building parcels, empty undefined areas, roads and
squares (Turkoglu, 2006). For a flood-resilient urban
planning, recreational areas are proposed to be used
as regulatory reservoirs in undefined and vacant
lands and as basins in case of flooding (Fig. 5).

Recreation areas can be designed as basins
where water can accumulate at certain points in
city centers to drain flood waters and be used when
needed. The storage of flood waters in various forms
in reservoirs on their way to the receiver can be used
today as one of the most comprehensive protection
measures of flood regulation effects that reduce
flood water flow rate, width of flooded area, timing,
etc. (Kadioglu, 2019).

Although the study area is not within the main
transportation axes, the transportation flow is
intense (Ates, 2019). There are three types of
road typologies: the first degree vehicle roads, the
second degree vehicle roads and pedestrian roads.
Although Ziya Pasa Boulevard, which is the first-

22

degree road, is wide, it cannot meet the traffic load
of the area and traffic congestion is experienced.
On the second-degree roads, there is no ease
of transportation due to the narrowness of the
roads. At the same time, narrow sidewalks create
insecurity for pedestrians. In case of a possible
flood, roads pose a threat as they increase the flow
rate of water.

The lack of water-permeable soil and materials
makes cities particularly vulnerable to floods
that can occur very quickly and at a point scale
(Kadioglu, 2019). In the field of study, use of
permeable materials is recommended for both
vehicular and pedestrian roads. Flood resistance
at the urban scale can be provided with permeable
asphalt (Fig. 6, c) on the primary vehicular road,
permeable stone (Fig. 6, a) on the secondary
vehicular road to integrate with the historical texture,
and permeable stone (Fig. 6, d) on the pedestrian
road to incorporate the green texture. At the same
time, the inadequacy of manhole covers used in
all transportation arteries makes it difficult to drain
flood waters. Super or combined manhole covers
can be used to prevent this problem (Fig. 6, b).

The majority of Yaliboyu Houses in the study area
have basement floors. Basements are one of the
first areas to be penetrated by flood waters in case
of a possible flood. Therefore, the measures to be
taken on the basement floor surfaces are important
in terms of flood resistant design principles.

Flood protection measures can be taken by
raising basement windows above the base water
level (Fig. 7, b) determined by at least 100-year
flood waters. Similarly, a waterproof cover (Fig. 7, a)
can be installed on the door of buildings with zero
entrance or entrance below the base water level to
prevent the building from being flooded to a great
extent (Kadioglu, 2019).

Within the scope of the study, the building in
Hatuniye Neighborhood, which has the characteristics
of Amasya Yaliboyu Houses and which is thought
to be the first to be affected in case of a possible
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Fig. 5. Empty and undefined spaces — design proposals (Tlrkoglu, 2006) (Edited by authors):
a —Regulating reservoir (Kadioglu, 2019); b — Recreation areas used as basins (lkeuchi, 2012)

" Protective
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Fig. 6. Transportation arteries-Design proposals (Tirkoglu, 2006) (Edited by authors) [a) Permeable stone road (Al, 2018), b) Combined
manhole cover (Kadioglu, 2019), ¢) Permeable asphalt (Philadelphia Water Department), d) Permeable pavement (Al, 2018)]

[
/! Raising the
windowsill
elevation

[

| Buildings with Basement (Non-historic) - Buildings with Basement (Historic) |

Fig. 7. Buildings with basements and zero entrance — Design proposals (Turkoglu, 2006) (Edited by authors): a — Waterproof cover
(Kadioglu, 2019); b — Raising the windowsill elevation (Kadioglu, 2019)
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flood, was selected (Fig. 8). The selected building is
functionalized as a boutique hotel-museum. Hatuniye
Mosque and the building functioning as a restaurant
are located in the neighborhood of the building. At
the same time, the Kral Kaya Tombs are located
behind it.

The studied building (Fig. 9, a) is a traditional building
on the historical city wall on the edge of Yesilirmak, which
is arranged as two floors over the basement (Fig. 9, b).
The building is arranged with mudbrick filling between
wooden roofs and is used as a museum-house today.
The north and west facades of the building protrude
outwards and provide mobility in the building. Guillotine
windows are seen in groups of three on all facades
except the east facade. The building, organized in the
Haremlik-Selamlik style, was built in the plan type of
a central room (Yuce, 2001).

5
on
“May Sokak

- MAIN STREET YESILIRMAK

Kral Kaya .
Mezarian e
Kizlar Saray) Gt =,
Hamamian Sarayi S
»
~

ALCAK BRIDGE

Flood Resistant Design Proposals at Building
Scale

The study area is located adjacent to Yesilirmak.
It is one of the areas that may experience the
greatest impact in a possible flood disaster.
When the area analyses are examined, there are
negativities such as excessive building stock,
narrow streets, inadequacy of the drainage system.
These were also taken into consideration when
proposals were made at the building scale. The
historical building with 2 floors and a basement,
which has the characteristics of Yaliboyu Houses
and which is functioned as a boutique hotel-museum
with a lower elevation compared to other buildings,
was selected as the building to be proposed.
Architectural measures that can be taken against
flooding in the building are discussed in line with

Yavuz Selim |,
Meydan:

Lisest

Plevne
o FOCAL POINT

Fig. 8. The building and its surroundings (Google Earth) (Edited by authors)
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Fig. 9. Studied building (a) (Author archive) and floor plans (b) (Ministry of Culture and Tourism, 2021) (Edited by authors)
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the principles adopted by organizations such as
FEMA (Federal Emergency Management Agency),
DSI (Turkiye State Hydraulic Works) and AFAD
(Turkiye Disaster and Emergency Management
Presidency). The proposals have been developed
with the aim of preserving the historical texture with
aesthetic concerns.

Stage 1: Green Wall Design and Evacuation
Drainage

Planting of building surfaces makes significant
contributions to urban ecology due to its functions
such as protecting buildings, providing climatic
comfort, improving environmental conditions and
reducing some environmental problems, as well as
aesthetic and visual contributions at both urban and
single building scales. It also provides benefits by
collecting possible flood waters and conveying them
to the drainage channel (Tokatl, 2021).

In the situation that the flood waters rise more
than 1 metre on the courtyard wall located on
the facade of the building facing Yesilirmak, it is
recommended to design a green wall in the first
stage and to make the water permeation by the
green wall (Fig. 10). The flood waters can be
transferred to the drainage system through the
drainage channels of the wall. Although this system
is costly in terms of establishment, it is less costly in
terms of maintenance. It can also be preferred due
to its aesthetic appearance. With this design, flood
waters are prevented from overcoming the wall in
the first stage.

Large-scale flood disasters can be prevented
by building a separate drainage system against
flooding (FEMA, 2015). In cases where the capacity
of the green wall is exceeded and the flood height
exceeds 1.5 metres, itis recommended that the flood
waters be conveyed to the sewer via an evacuation

drainage (Fig. 10). The drain used can be activated
automatically or manually only in case of flooding.

Stage 2: Flood Barrier and Drainage Pump

Flood barriers that resist high hydrodynamic
forces to reduce the threat to people and structures
in flood-prone areas are another proposal. Barriers
can be temporary and permanent, as well as
successively placed in various locations (Rappazzo
and Aronica, 2016). In case the flood depth exceeds
2.5 metres, a flood barrier with an opening-closing
system made of tempered glass on the wall facing
the river is proposed as a precautionary measure
(Fig. 11). The proposed flood barrier can be designed
to open during the flood and close afterwards. In
case the flood waters exceed the flood barrier, it is
proposed to collect them in the drainage raceway
covered with permeable material in the courtyard
and return them to the river with a drainage pump.

Stage 3: Flood Resistant Materials

The risk of damage differs according to the
sensitivity of the materials used in the construction
system to water and the way they are used in the
building (masonry, carcass, etc.). For example,
materials such as wood, which absorb water quickly
and deteriorate due to the development of harmful
organisms if not properly dried in contact with water,
and construction systems containing these materials
have a higher risk of flood damage (Gékmen Erdogan
and Gul Unal, 2021).

It is recommended to use metal as door material
on building surfaces that may be exposed to flood
waters. The use of glass block bricks for window
openings creates resistance against flooding. In
the interior, it is recommended to cover the wall
surface with non-paper faced plasterboard. On the
floor, terrazzo tiles can be used to prevent flooding
(FEMA, 2015). In the event that flood waters enter

" 21160
™
4
ROOM HALL ROOM o=
X K 2560
' : ROOM HALL ROOM v
| ! 1 2 COURTYARD
Ny g - - BASEMENT — :
flood level \

YESILIRMAK

4

Fig. 10. Green wall design and evacuation drainage (Drawn by the authors)
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Fig. 11. Flood barrier, drainage raceway and pump (Drawn by the authors)

the garden, the wooden pillars in the courtyard of
the building are not resistant to flood waters. It is
recommended that these posts be covered with a
flood-resistant wood oil or metal sheet. At the same
time, it is considered appropriate to use a barrier
door at the basement door (Fig. 12).

State 4: Basement Backfill and Flood Openings

Floors below the BFE (Base Floor Elevation) level
can be filled with construction fill material and the
walls above the ground can be reinforced with flood
openings. Flood waters can be prevented from entering
the structure with automatically opened flood openings
placed below the BFE level (FEMA, 2015). In case the
flood waters exceed 5 m, it is recommended to cancel
the use of the basement floor and fill the courtyard with
filling material up to the ground level in order to prevent
flood waters from entering the building (Fig. 13). In case
of a possible flood, flood openings are proposed to be

constructed in the basement walls above the ground
level, and in case of a possible flood, the water is
proposed to enter through the flood openings and
transfer to the garden without entering the building.
In the garden, it is possible to remove the water with
evacuation drainage.

Stage 5: Rainwater Harvesting System

In today’s world where water is important, it is
known that only 30 per cent of the rainwater falls
into the groundwater and the amount of rainwater
that cannot be utilized is very large. Considering that
water prices are increasing in line with the importance
of water, collecting, storing and utilizing rainwater
is both an economic gain in terms of environment
and water resources. Nowadays, the use of
potable municipal water for irrigation water needs,
which reaches significant amounts, is an important
problem both environmentally and economically
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Fig. 12. Coating with flood resistant material (Drawn by the authors)
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Fig. 13. Basement backfill and flood openings (Drawn by the authors)

(Yahli Kilic and Abus, 2018). A rainwater harvesting
system is a method of collecting rainwater and
storing this free rainwater in a tank before reusing
it for a specific purpose. This system is widely
used in most regions of the world that are suitable
for local climatic conditions. Rainwater harvesting
is typically used for domestic use, agriculture and
environmental management. Rainwater harvesting
to provide water for domestic purposes is a common
practice in developing countries, especially in arid
and semi-arid regions affected by water scarcity,
but also in urban areas (Temizkan and Tuna Kayil,
2021). This system is also proposed for the studied
building against the drought, which shows its effect
more and more every day. By installing a rainwater
storage system in the cancelled basement floor,
environmental and economic gains are achieved
(Fig. 14). At the same time, it contributes to the

re-functionalization of the vacated basement floor.
Although the system is expensive in our country, it is
important in terms of usefulness.

Evaluation

Within the scope of the study, Yaliboyu houses
representing the traditional fabric of Amasya were
analyzed and architectural design proposals were
presented through the building and its surroundings
(Table 1). Basins (recreation areas) and reservoirs
were designed in undefined areas to be used in case
of possible flooding in the city, aiming to control flood
waters. Based on the intensity of use and location
of the transportation arteries in the study area,
design proposals were presented to resist flooding.
Permeable asphalt is proposed for the first level
vehicular road, permeable stone for the second level
vehicular road and permeable stone material for the
pedestrian road. At the same time, manhole covers
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Fig. 14. Rainwater harvesting system (Drawn by the authors)
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Table 1. Proposals against flooding for the building surroundings

SOLUTION
FIELDS ISSUE PROPOSAL
Empty and Inadequacy Recreation areas
Undefined of flood water used as basins
Spaces storage areas

Regulating reservoir

Transportation Not using Permeable asphalt
Arteries water-
permeable
materials
Permeable stone
road
Permeable
pavement
Inadequate = Combined manhole
manhole cover
Buildings Doors Waterproof cover
with Basements and windows
and Zero below
Entrance the flood
water level
Raising
the windowsill
elevation

were found to be inadequate in all transportation
networks and super or combined manhole covers
were proposed as a solution to this problem. Another
problem in the area is that most of the historic
buildings have basements or no raised entrances.
As a solution to this problem, it is suggested that the
lower elevation of the window be raised above the
base water level determined by at least 100 years
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SOLUTION PROPOSAL IMAGE

-

See Flgure 5 (b) (Ikeuch| 2012)

ﬁﬁ o

See Figure 5 (a) (Kadioglu, 2019)

See Flgure 6 (b) (Kadloglu 2019)

— M

See Figure 7 (a) (Kadioglu, 2019)

See Figure 7 (b) (Kadioglu, 2019)

of flood waters. For the doors, flood resistance with
barriers was considered.

In the second stage of the study, flood resistant
design proposals were presented based on the
flood level (Table 2) on the building that has the
common characteristics of Yaliboyu Houses.
Yaliboyu houses, which attract attention with their
historical texture, are located in a neighbouring
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Table 2. Solution proposals against flooding

Flood Level Proposal
Stage 1 1-1.5m Green Wall Design and Evacuation Drainage
Stage 2 1.5-2.5m Evacuation Drainage
Stage 3 >25m Flood Barrier and Drainage Pump
Stage 4 | 0-5 m (inside the courtyard) | Flood Resistant Materials
Stage 5 >5m Basement Backfill and Flood Openings
Stage 6 - Rainwater Harvesting System

location to Yesilirmak and are the building group
that may be affected in case of a possible flood.
The high density of buildings, narrow streets and
inadequacy of the drainage system increase the
extent of the disaster.

In line with the principles adopted by FEMA
(Federal Emergency Management Agency) and
other organizations in the historical building, which
has the characteristics of Yaliboyu Houses and
whose elevation is lower than the other buildings,
it is proposed that in the event that the flood
level exceeds 1 meter, the flood waters should
be transmitted to the drainage system with the
green wall system and transferred to the drainage
system with the drainage channels of the system.
With this system, flooding can be prevented at the
first stage and aesthetically integrated into the
historical structure. The drainage system, which
can be activated automatically or manually in
case the flood level exceeds 1.5 meters, is also
proposed considering the exceeding capacity of
the green wall. In the second stage, in case the
flood level exceeds 2.5 metres, a flood barrier
made of tempered glass with an opening-closing
mechanism is proposed on the garden wall that
interacts with the river. With this system, the
historical texture is not damaged and glass material
which is thought to be compatible is used. In case
the flood waters exceed the barrier, a drainage
raceway covered with permeable material and a
drainage pump that returns the water collected in
this channel to the river is proposed in the garden.
The majority of the building is made of wood, which
absorbs water quickly and deteriorates in contact
with water. Considering the risk of contact with the
building elements in case the flood waters rise up
to 5 metres above the garden floor, in the third
stage; it is proposed to cover the wooden posts
in the garden with wood oil or metal sheet. For
the wooden basement door, use of a barrier door
was deemed appropriate. As the fourth stage, in
case the flood level exceeds 5 meters, it is deemed
appropriate to cancel the basement floor and fill it
with filling material up to the courtyard floor in order
to prevent flood waters from entering the building.
Flood openings are designed in the basement walls
above the ground level, and in case of a possible
flood, it is proposed to transfer the water to the

garden through the flood openings without entering
the building. It is possible to use a drainage system
for the water accumulated in the garden. Finally,
a rainwater harvesting system is proposed in the
basement floor, which was cancelled in response
to the drought disaster, which is becoming more
and more effective every day in the world and
in Turkey. Thus, the basement floor has been
functionalized and a rainwater storage system
has been installed to provide environmental and
economic gains. With all these proposals, aesthetic
and practical solutions are offered against possible
flood disasters.

Conclusion

Natural disasters, which cause major structural
damages in settlements and infrastructures, cause
economic collapse as well as loss of life and property.
The destructions caused by disasters can cover
not only the geography where they occur, but also
the surrounding geographies and cause disasters
on a global scale. One of the disasters that have
caused many losses from past to present is flood
disaster. Many negativities such as unconscious
use of agricultural lands, human errors, destruction
of forests have brought flood and flood disasters.
Floods can occur almost anywhere in the world, but
the probability of occurrence in Turkey is very high,
especially with the effect of drought and global
warming. Amasya, which has experienced and is
likely to experience many flood disasters in the
past, has been examined within the scope of the
study.

Amasya stands out with its topographical aspect
and historical process. Flooding is seen as a major
threat when the disaster situation is considered. In
the past years, many flood disasters have occurred
with the overflow of Yesilirmak basin, causing loss of
life and property. The DSI (Turkiye State Hydraulic
Works) report states that flood disasters may occur
in Amasya province according to the 50, 100 and
500 year recurring flood hydrograph.

In line with the data obtained, architectural
design suggestions that will increase the flood
resistance of the buildings are presented through
Yaliboyu House and its surroundings. While
presenting the proposals, the building stock,
historical texture and geographical features in the
study area were taken into consideration. Many
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buildings in the study area are historical buildings
and have common characteristics with the building
in the studied area. For this reason; the proposals
are important not only for a single building, but also
for other buildings in the area and their applicability
is considered high.

In the studies conducted by FEMA and other
organizations, there are different flood-resistant
building design principles and proposals in
different countries. While examining the

30

measures to be taken against flood disasters,
the structure and geographical characteristics
of the city to be applied should be well analyzed
and appropriate proposals should be developed.
Evaluations should be made not only from an
architectural point of view but also by other
professional groups and joint studies should be
carried out. The studies should be supported
and implemented by municipalities and other
administrative authorities.
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AHHOTaUuA

BBepgeHue. Kataknuambl, KOTOpble XapakTepuaylTcsl Kak CTUXWUiHble GeAcTBMS, NpeacTaBnsioT COOON CepbesHyto
npobnemy B rnobanbHoM MacliTtabe, MOCKOMbKY MPUMBOASAT K YENIOBEYECKMM XEepTBaM M MaTepuarnbHbiM MoTepsiM.
HecMoTpsi Ha TO, YTO BO MHOMMX CTpaHax NpPOBOASATCS MEPOMNPUATUS MO CHDKEHUIO pUCKa CTUXMIHBLIX GEACTBUIA, OHU
no-npexHeMy npuBoaAT Kk 6onblivM notepsiM. Typumsi, Kak cTpaHa, rge Npou3oLUno MHOXECTBO CTUXMIHBLIX O0eACTBUIA 1
Obln HaHeceH KpynHoMacLiTabHbIV yuiepb, Bce elle MUCnbiTbiBAET NpoGneMbl B yNpaBneHun CTUXMRHBIMKU ©eacTBUsSIMU.
Llenb uccnepoBaHusA: pa3paboTatb NPennioXeHUst No apxXMTEKTYPHOMY AW3alHy Ans NPefoTBPaLleHUsi BO3MOXHOIO
HaBOOHEHUsI B KOHTEKCTe ucTopuyeckoro goma Anbiboto B . Amacks, Typuusi, B COOTBETCTBUM C MPUHLMNAMMU,
nanoxeHHoiMn FEMA u gpyrumun opraHusauusvmu. Npu paspaboTke NpennoXeHui yyYuTbiBanuch BbiCOTA MaBOAKOBbLIX
BOZ W KyNbTypHble 0COBEHHOCTU NCTOPUYECKOW CTPYKTYpbI penbeda, npu 3ToM cTapanuch He NOBPeanTb MCTOPUYECKYHO
cTpykTypy. MaTtepmuanbl u metoAbl. [1py NPOEKTUPOBAHMM CEWCMOCTOMKMUX KOHCTPYKUMIA ObINn M3y4eHbl MpUHLMUMbI
Takmx opraHu3daumn, kak FEMA, DSI n AFAD, a NpoeKkTHble peLUeHWsi, OCHOBaHHbIE Ha MOMYYEHHbIX AaHHbIX, Oblnu
nogpo6Ho 06CyKAEHBI HA NPUMEPE BaXKHOTO MCTOPUYECKOTO COOPYXXEHNS 1 €0 OKPECTHOCTEN, PAaCMONIOXEHHbIX B ropoae
Awmacbs, Typuusi. Pesynbratbl. [opog Amachksi, pacrnofioXXeHHbI Ha CeBepe CTpaHbl, B MPOLUMOM He pa3 cTasikusasncs
CO CTUXWIAHBIMK GeacTBuAMK U Hec notepu. CornacHo BpeMeHHOMY rpaduky HaBoaHeHun 3a nepuogbl 50, 100 n 500
neT, B ropoie NPOrHO3NPYHTCSA KPYMHble HABOAHEHUS. YUYNTbIBasi, YTO 3T HABOAHEHMSI MOTYT NMPUBECTU K YENOBEYECKUM
XepTBaM U MaTepuarnbHbIM MOTEPSIM, BaXKHO MPUHATb apXUMTEKTYpHble Mepbl M 0COBEHHO B3siTb MoA 3awuTy Aoma
Anbiboto, KOTOpbIE BLIAENSIKOTCA CBOEN MCTOpUYecKon hakTypoii. B aTol nctopmyeckor CTpykType, KOTopasi Haxo4nTCst
B HEMNOCPELCTBEHHOM KOHTakTe C pekon Ewnnebipmak, cHadana O6binv npeacTaBneHbl NpPeasiokeHUsl B KOHTEKCTE
CTPOUTENbLHOW cpefpbl, a 3aTeM MOCTENEHHO Obinu paspaboTaHbl apXUTEKTYPHbIE PELLEHUsl, OCHOBaHHbIE Ha Nogbeme
NnaBOOKOBbIX Bof4 B MacliTabe 3gaHusA. B okpecTHOCTAX 3aaHui npeanaraetcs co3faTh 30Hbl OTAblXa, KOTOpble MOryT
cTaTb pesepByapamy U GaccernHaMu AN HEOMPeAEneHHbIX U NYCTYLWNX TepPUTOPUA, UCMONb30BaTh NPOHULIAEMbIE
martepuarnbl As aBTOMOOMUITbHBIX U NELLEXOAHbIX JOPOXKEK, MOAHATb HKHWUIA YPOBEHb OKOH 34aHuii 6e3 BbICOKMX BXOAOB
1 ucnone3oBatb 6apbepbl Ana aBepeit. B macwtabax 3gaHus Ha nepBoM atane Obiny NpUHATEI Mepbl MO 06ecneyeHunto
BOJOMPOHULL@EMOCTM C MOMOLLbI0 BEPTUKAmNbHbLIX CafO0B C APEHAXKHLIMW CUCTEMaMM B MeCTax MepBOro KOHTaKTa
C NaBogKoBbIMM Bogjamu. Ha nocnegywolimx aTanax Ans nNpegoTBpalleHusl KOHTakTa MaBOAKOBbIX BOA CO 3[4aHUEM
ncnonb3oBanucb 6apbepbl OT HABOAHEHWI, YCTOWYMBbIE K HABOAHEHUSAM CTPOUTENbHBLIE MaTepuanbl, 3acbinka NoaBanos
1 06yCTPONCTBO NPOEMOB OT HaBOAHEHUI. B To e Bpemsi, npeanaras cuctemy cbopa 4OXAEBOW BOAbI, MOXHO J0OMTbCSA
3KONOrMYECKMX Y IKOHOMUYECKUX NpenMyLLecTB. BbiBoabl. [peanoXeHHbIe peLLeHNs ABNATCS MEPO NPEAOCTOPOXHOCTM
NPOTMB NPOrHO3MPYEeMOro prcka HaBOOAHEHWS, HE HapYLUAKOLLEN CTPYKTYpY, OTpaxatLlyto uctoputo ropoga. CneumansHo
[ONsi TOro YToObl ICTOPUYECKME 30aHUSI HE MOoCTpagany oT CTUXUNHBLIX 6eACTBUIA, HEOOXOAMMO NPOBOAUTL OLEHKY KaXa0ro
CTUXUIAHOrO GeACTBUSA, NPeacTaBnATb NPEAJIOKEHNsI MO PeLleHno NpobrnemMbl MyHULMNANUTETy U agMUHUCTPaTUBHBLIM
opraHaMm COOTBETCTBYOLLMMY NPOECCMOHAanNbHbIMU rpynnamMmn 1 NpUCTynaTh K UX peanusauum.

KnroueBble cnoBa: cTuxuiiHoe 6e4CTBUE; HABOAHEHWE; NPOEKTUPOBaHNE 34aHUN.
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Abstract

Introduction: Globally there has been a paradigm shift in construction practices towards energy intensive building materials
and design practices due to urbanization. Vernacular buildings and traditional knowledge are getting extinct although it
has potential for adapting to changes and transforming for the changing needs of urban lifestyle. Some of the architects
have tried to capture the principles of vernacular architecture and applied their own understanding in their contemporary
designs with the contextual manifestation of the traditional principles for changing times. This type of architecture is known
to be neo-vernacular architecture. The purpose of research is to see whether vernacular architecture is influencing
the contemporary architects in designing sustainable buildings? How this traditional wisdom is getting transformed into
a new dimension in a way to cater to the requirements and life style changes of modern times. Further, to know how
far this traditional knowledge is successful in meeting the 215t century requirements of the people. Methods: Traditional
architecture of selected buildings in the hot-dry climatic region in India were studied and compared with modern buildings
designed using vernacular principles with respect to spatial configuration, form, building materials and passive solar
strategies etc. Results: The research shown that architects of the modern era have modified the principles of vernacular
architecture for it to be used in the modern context for better comfort and to suit to the modern life style of the people giving

a new dimension to Vernacular Architecture.

Keywords: adaptation; hot-dry climate; neo-vernacular architecture; built environment.

Introduction

As the World enters the era of urban growth due
to globalization and urbanization, there have been
rapid changes in the built environment in terms
of modernization of materials and construction
techniques. It is often noticed that the changes in
the built environment are not compatible with its
surroundings (Thakkar and Routh, 2019). This
depicts a paradigm shift in the construction industry
and design practices. Extensive use of high-energy
intensive material such as concrete, glass, cement,
ceramics, metal etc. combined with the increased
amount of construction activity is causing the
emission levels of CO, gas, which is eventually
causing global warming (Lall, 2007). Vernacular
architecture of a region is the mirror of the people,
place and its culture. The buildings influence the
micro-climate around them as much as the micro-
climate around the buildings influences the thermal
performance of the buildings (Krishan, 1996). As it
improves over time as per life style of people, it
gets unique characteristics, which are symbiosis
with the place and surroundings, and becomes
the unique identity of that place and culture. Due
to globalization, the identity of the place has
been reduced to superficial decoration as foreign
materials and technologies have been imported
to get the global character (Moor, 2017). With the

changing environment, vernacular architecture has
evolved to keep pace with the changing life styles
of the people by introducing better equipment and
good craftsmanship (Jagatramka et al., 2020).
Sustainability has often been an integral part of
vernacular architecture as it has been developed
for a group of people in a particular region with the
available resources, which are limited by natural and
economic factors. Yet it was successful in providing
viable solutions for human shelter in harsh climatic
conditions (Salman, 2018). Taking inspiration from
vernacular architecture is a method for solving many
environmntal problems in urban areas (Martinovic
et al., 2023). Few people tried to achieve it with the
help of elements, forms and motifs from vernacular
architecture. Others tried to find essential principles
of vernacular architecture and to adapt them in the
modern context in the relevant manner. Involvement
of properly schooled architects in the vernacular
style of architecture has given birth to a new
style of architecture known as "Neo-vernacular
architecture”. Architect Ashok Lall (2007), has argued
that traditionally used construction materials and
trades will result in several benefits contrary to the
use of industrially manufactured materials. Salman
(2018) has discussed that the use of vernacular
principles in modern construction can improve
identity and sustainability of a space. Architects
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Vedamuthu et al. (2014) have discussed adaptive
reuse of a vernacular house with an example of
old Chettinad house. Cultural adherence, energy
efficiency, vernacular influence, coherence with
ongoing practices, and harmony with the site and
surroundings are the five principles identified for
creating neo-vernacular entity as per the study done
on Indian neo-vernacular (Rajpu and Tiwari, 2020).
Although there have been many studies undertaken
to gain wisdom about vernacular architecture of
different regions in India, very few only achieved
proper implementation of them in modern context.
This study aims to discuss about the traditional built
forms in the hot-dry climatic region in India, to identify
the principles associated in design and construction
and how the same principles can be incorporated
in the context of contemporary architectural context
through suitable examples.

Vernacular architecture: its significance in
21t century

Vernacular architecture, by definition, refers
to structures that are locally representative, and
regionally differentiated. This concept encompasses
the architecture of a precinct as well as a group
of people or ethnic group who dwell in a certain
geographical place (Olukoya and Atanda, 2020).
Therefore, the most common understanding of
vernacular architecture is the buildings constructed
by the occupant himself or by the community as
a group based on local wisdom and traditional
knowledge gathered through generations. Thus,
vernacular architecture is referred to as "Architecture
without architects" to include structures built without
any professional intervention and minimum or no use
of industrial material of machines (Rudofsky, 1987).
Vernacular architecture continues to be associated
with past and often perceived as a symbol of poverty
and is not being seen as a library of indigenous
knowledge so the urge to replace them with modern
buildings to portray a progressive image is visible in
21st century (Moor, 2017). The ICOMOS charter for
built vernacular heritage has explained vernacular
architecture as the expression of culture of a
community as well as the world’s cultural diversity.
Architects such as Hasan Fathy, Louis Kahn,
B. V. Doshi, Charles Correa, and Raj Rewal also
reinterpreted the principles of traditional architecture
in their designs. Environmental sustainability as
the first pillar of sustainable development focuses
on human nature while being concerned about
the pressures on the environment in terms of
resource consumption, environmental pollution
and climate change due to construction activities.
Socio-cultural aspects focus on the restoring the
cultural values of a community and through built
environment reinforce opportunities to flourish and
maintain the identity of a place. On the other hand,
economic sustainability focuses on safeguarding
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and minimizing resource consumption. Therefore,
the adaptability aspect of buildings to the changing
climatic and social conditions are important with
respect to economic sustainability. Simultaneously
it also focuses on generation of income for local
people or the building occupants (Tipnis, 2012).
Vernacular buildings as well as neo-vernacular
buildings in recent times are designed and built to
satisfy all the aspect of sustainability in most cases.
It must be recognised while many of the vernacular
principles are sustainable and suitable even today,
there are a couple of techniques that are no longer
relevant in the context of modern life because of
changed culture and ecological conditions. The key
challenge in the 21 century is to take fundamental
lessons from vernacular architecture and to find ways
to integrate them for changing lifestyle and climate
requirement to design new. Architects shall apply
the strategies of vernacular techniques which were
proven examples of energy efficient architecture
with due consideration to climate (Nagaraju, 2017).

Methodology of the study

This study has been undertaken in the hot-
dry climatic region in India with distinct vernacular
architecture. As the first step, some of the traditional
buildings with vernacular architectural style from
this region have been identified and studied
through secondary data from literature and internet
sources. Important aspects like the culture, spatial
organisation, building form, building materials,
construction technique, bioclimatic attributes, and
energy efficiency measures, which have been
influenced by vernacular architecture, are identified
as parameters of the study. As the second part of
the study, few contemporary buildings have been
identified from the same context which were built
based on concepts of vernacular architecture in the
modern context, which can become examples of
neo-vernacular architecture. These buildings have
been studied on the same identified parameters and
analysed how the vernacular principles have been
transformed and implemented in these contemporary
buildings to meet the needs of modern life style with
the help of latest technologies in construction.

An overview of the study region

The climate of India is diversified, with a wide
range of weather conditions and varying topography.
The Thar Desert throughout the North-West and
the Himalayan range in the North work together to
create a beautiful landscape and a variety of climate
types in India's geography and geology. The Koppen
system has classified this region as hot-dry climate
where as India has another five climate types as per
this classification. Bureau of energy efficiency (BEE),
Govt of India has divided the country into 5 distinct
climate types as shown in Fig. 1.

For this study, hot-dry climate has been
selected which predominantly spread over central
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Maharashtra, Eastern half of Gujarat, southern half
of Rajasthan and the western border of Madhya
Pradesh. The yearly rainfall in this area ranges from
300 to 750 millimetres (15.7-29.5 in). It is prone
to dryness because of the South-West monsoon’s
occasional lateness or failure, which results in less
consistent rainfall. March through May are hot and
dry, with average monthly temperatures of 32-35 °C,
while December, the coldest month, has average
monthly temperatures of 14—20 °C. Madhya Pradesh
is separated into three distinct regions (Table 1).
The area between the Narmada-Sone River
and the Aravalli Mountain range is known as the
Middle Highland ("India planted 66 million trees in
12 hours", on 3 July 2017). Burnt clay brick masonry
and sandstone slabs are the most commonly used
locally available material although locally produced
clamp bricks are of bad quality. Wood and locally

Figere & Clraie 2ore mog of inda

Fig. 1. Climatic map of India (Source: ECBC 2007)

fired clay tiles are used for roof construction (DFID
report, 2013). The plateau aspect of Maharashtra,
which is separated from the Konkan coastline by
Ghats, is its most prominent physical feature. The
state has a small irrigation area, low natural soil
fertility, and huge areas that are prone to drought.
("Western Ghats as world heritage site". The Times
of India. 2 July 2012). Teak wood, grey granite, mud,
straw, cow dung, burnt clay, sun dried bricks are the
common materials available locally for construction
(Biswas, 2009).

The Thar Desert and the Aravalli Range, which
stretches for more than 850 kilometres from
southwest to northeast, practically from one end
to the other, are two of Rajasthan’s geographical
features. The Northwest portion is sandy and barren,
with little water, although it gradually improves from
desert territory in the extreme west and northwest to
a more fruitful and habitable area in the east. Mud,
thatch, red/pink/yellow sand stone, limestone, lime,
brick and cement blocks are most used material in
this part of the country (Rathore et al., 2018). While
the sea surrounds the state of Gujarat from the far
South to the far North of the Peninsula, the state is
primarily flat territory with low hills or minor mountains
stretching from Rajasthan, Madhya Pradesh and
Maharashtra. The state includes the Kutch region,
which includes the Rann of Kutch, a significant tract of
land (The Hindu World, Walker). Mud, bamboo, cane,
bricks, stone are the main building materials, which
we find in Kutch region of Gujarat (Lathiya, 2016).

Traditional Architecture of the region

Three vernacular buildings have been studied
which falls in the hot-dry climate of the studied region
and has shown characteristics of sustainability and
thermal comfort. The identified cases are a (I) Haveli
from Rajasthan, (lI) Pol house of Ahmedabad and
(111 Bhunga house of Kutch. Common characteristics
of vernacular architecture have been identified to
relate it to the contemporary trend of sustainable
architecture. The selected cases were studied on
parameters like (1) spatial configuration and building
form, (2) materials and construction techniques,
(3) passive strategies that are important for

Table 1. Climate data of the study areas

Parameter

Jodhpur, Rajasthan

Ahmedabad, Gujarat

Kutch (Bhuj), Gujarat

Average annual temperature 26 °C (78.8 °F) 27 °C (81 °F) 26.5°C (79.7 °F)
Average annual rainfall 360 mm (14.2 inches) 800 mm (31.5 inches) 380 mm (15 inches)
Summer temperature range 25°Ct045°C (77 °F 27°Cto45°C (81 °F 28 °Cto44°C (82 °F

to 113 °F) to 113 °F) to 111 °F)
Winter temperature range 7°Cto25°C (45°Fto 77 °F) | 12°Ct025°C (54 °F to 77 °F) | 8 °C to 24 °C (46 °F to 75 °F)
Monsoon season July to September June to September July to September
Summer months April to June March to June March to June

Winter months

November to February

November to February

November to February

Humidity

57 %

55 %

Climate type

Arid/Semi-arid

Semi-Arid

Arid

35



Architecture and Engineering

Volume 9 Issue 4 (2024)

creating good thermal comfort and energy efficiency
in buildings.

Architecture of a haveli (Palace), Rajasthan

Spatial configuration and building form

As it was a male-dominated society with women
kept to the home, there was a necessity for spatial
segregation, as evidenced by the presence of at least
two courtyards. Although, as the interaction between
men and women has grown in recent years, the
separated zones have become public and private.
From the perception of environmental compatibility,
courtyards are ideal for the function. During long
wedding/festival celebrations, the courtyards become
active with a lot of festivities. A back-basement room
used for storage and the house is surrounded by
the verandah. The plans of the palace are shown
in Fig. 2. Due to lack of fenestrations and to break
the monotony of flat facades, they were painted to
create intriguing facades.

Materials and construction techniques

Stone was readily available in the area. Mud and
clay were in little supply and were used sparingly
in agriculture. Lime quarries were not close by, but
accessing them was easy. Stone was a cost-effective
and climatically acceptable material, therefore all of
the buildings are made of stone and lime mortar.
The roofs are flat, with stone slabs joined with lime
mortar and resting on 10x10 cm timber beams
separated at roughly 40 cm. Above that, an air layer
of inverted earthen pots serves as insulation. On
top of it, another layer of lime mortar is applied, this
time finished with reflective smooth material such as
shattered porcelain pots of white wash to reflect the
majority of the sunlight landing on it.

Passive strategies

Sun is controlled by projections and building
orientation, buildings receive the least amount of
direct sun energy due to shadow patterns. This
helps to reduce the peak heat flux into the building
during the summer. For ventilation, a combination
of the courtyard and internal vertical shafts was
used. The courtyard, along with the glass vertical
ducts and stair cases, are utilized to deflect wind

a1 *E‘:
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down into the dwellings. The outside conditions are
attenuated to create comfortable conditions inside
the buildings due to the normal thermal lag present,
as well as thick construction with good thermal
capacity. Natural ventilation inside the building
throughout the day is not desired due to hot and
dusty breezes and so small apertures are provided.
All the openings are shaded with projections which
are surrounded by perforated stone screenings
known as Jharookhas, which allow the air to
cool due to Venturi effect. The staircase mumty
was raised, and each chamber was given an
opening through which forced ventilation could be
conducted. This enables the nighttime convective
cooling and daytime induced ventilation; these
strategies are presented in Fig. 3.

Architecture of Pol houses from Gujarat

Following the communal riots in 1714, the
Ahmedabad’s houses were divided into tight
neighbourhoods with a single entrance. Residents
of each neighbourhood tended to have not only from
the same religion, but also from the same caste or
occupation group. These areas are known as "pols”",
which means "gate" or "entrance", and the buildings
in these areas are known as pol houses.

Spatial configuration and building form

The houses are typically narrow with minimal
frontage towards the neighbourhood street, two to
four stories high with a small courtyard open to the
sky and adjacent buildings (Fig. 4) share walls on
either side. The relevance of the house’s open spaces
grows in the crowded urban fabric. The courtyard, also
known as a chowk, is the main feature of the house
that connects inside and outside of the house and
functions as light well (Fig. 5). Parasol is the veranda
space around the courtyard where most of the family
life takes place. Otala, which is the front balcony that
marks the extent of the house and is used for daily
household activities and religious activities. The roofs
of the pol houses were sloped to provide shade from
the monsoon rains as a space for storage.

Materials and construction techniques

Fig. 2. Typical plans and section of Rajasthan Haveli (Source: Agarwal et. All, 2006)

36



Kaja Nagaraju, Benarjee Sayak— Pages 33-48

ADAPTATION OF VERNACULAR WISDOM IN CONTEMPORARY ARCHITECTURE
IN THE HOT-DRY CLIMATE IN THE CONTEXT OF INDIAN SUB-CONTINENT

Column of warm air argund
oucupants and eoLipment

Adiustable louvres maximize Utilization
of peimarity north-south winds

Stacking effect boosted by solar gain througl
south-facing chimney windows

— Incoming fresh air L L = = =0 E
e e s o oy b A,-‘?_Y_..\:_ﬁﬁ
L < o i WS
| 1k =
{
LF SEET S
{8 W j |m
> = ‘|‘ 5 ATHE i —
Natural ventilation

Cold slab aiids fresh air penetration deeg into spaces

Fig. 3. Jharokha, Staircase mumpty working as stack ventilator, Jali & Courtyard in Rajasthani
havelis (Source: google image)

Fig. 4. Plan and section of a Pol house in Ahmedabad (Source: M. Susan Ubbelohde,
George Loisos)

Fig. 5. Informal interaction in courtyard
(Source: Gangwar and Kaur, 2020)

The construction of Pol houses is typically based
on a wooden framework of posts and beams with
16” brick infill walls (Fig. 6). The Foundation was
the continuation of the parallel walls which goes up
to 2-2.2 m deep while the width is same or twice
the parallel wall. The brick walls were plastered on
both the sides. The large flat bricks used in these Pol
houses help to resist earthquakes because they are
stable against overturning. The bonding materials
used in brickwork were a mixture of mud and cow
dung or lime, which gives sufficient bonding material
large sized bricks. This brittle mortar allowed for
some movement and plasticity in the wall. The flat
slabs were constructed with timber joists and Coba
slabs with lime mortar on top. Newly extended slabs
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have been made with RCC and sloping roofs are
made with wooden beams and Gl sheet covering.
Structural and ornamental components, like carved
columns, brackets, window shutters, and balconies
made with wood. There is a provision for chimney
over the fireplace (Chula) as an outlet for smoke from
the kitchen. Stones are also used as the foundation
for columns and doorframes in Pol homes. While the
columns are properly pin-connected at the top and
bottom, the building can somewhat shake back and
forth during earthquakes.

Passive strategies

In the summer season the house act like
a protective shell which keeps the heat away
and creates a microclimatic cooler in the house
through the intervention of the Chowk. Thermal
capacity of thick walls varying from 12-24" is the
key for indoor thermal comfort. Shading is the
second most important aspect, due to its tall and
narrow structure, the chowk or courtyard lowers
solar radiation in summers through reciprocal
shadowing. The surrounding walls of the chawl
are also shaded with wooden details to shade it
from the high-altitude sun (Fig. 7). The rainwater-
collecting tank is always beneath the courtyard,
and the courtyards specifically constructed floor
tiles absorb heat.

Gl SHEET AS ROOFING . o
WOODEN BEAM

BRICK WALL

BRICK BAIT LIME MORTAR
CO8A

WOODEN JOISTS

WOODEN DOOR/ WINDOW
FRAMES WITH METAL GRILL
RAILING
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\&|| V/
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BRICK INFILL WALL
WOODEN JOISTS
WOODEN JOISTS
WOODEN BEAMS

WOODEN COLUMNS

STONE COLUMN BASE

BRICK MASONRY WALL

Fig. 6. Exploded axonometric view of construction technique
of Pol houses (Source: M. Susan Ubbelohde, George Loisos)
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The household activities takes place in the chawl
making it a wet place, which eventually allows for
evaporative cooling during the summer. Windows are
opened at night and are closed by 8 in the morning
to allow the night ventilation to cool the house.

Architecture of Bhunga houses

Bhunga houses are one of the vernacular
dwellings that have developed in response to the
prevailing weather conditions by the locales. They
are single cylindrical buildings that are stacked
close together to form a dwelling for nomadic and
seminomadic pastoral communities to live in.
Following the earthquake of 1819, building craftsmen
in Sindh and Kutch devised the circular house-form
design. Even after the earthquake of 2001, it was
discovered that the majority of Bhunga houses had
survived the disaster, whereas many other structures
had collapsed.

Spatial configuration and building form

The locals construct circular mud dwellings with
thatch roofs, materials that are perfectly adapted to
their harsh desert environment. The community of the
villages is made up of many vandas. Every varandah
is made up of vaases. A vaas is a unified family unit
in which everyone stays together and shares one or
more shared areas. A single family can start a vaas
by building a big plinth on an empty plot, and this
plinth usually covers the vaas’ future expansion. In
most cases, the cooking space is shared by two or
more Bhungas. A single plinth connects all of the
structures in a vaas (Fig. 8).

The platform of a Bhunga connects the different,
separate individual residential units that are not
connected to one another. The modulating and
flexible surface of the platform naturally maps the

Fig. 7. Fagade with wooden carving (Source: Gangwar and Kaur,
2020)
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Fig. 8. Development stages of typical Bhunga house (Source: Inside and out, NID, 2019)

growth and multiplicity of individual units. When the
family’s needs for another unit emerge, an additional
Bhunga is built and connected to the house by
extending the platform to include the new space
within the house’s jurisdiction.

As a result, individual privacy is respected and
protected. The household may be made up of two or
more bhungas, each of them is assigned to one of the
same family’s married spouses. Bathing and storage
are sometimes done in smaller, enclosed chambers
that are undefined in shape and lack a roof. The
vandh is a polycentric structure in which the middle
courtyard spaces are left unoccupied to allow for
cross ventilation and daily activities. The courtyard
is large enough to accommodate a variety of
activities while being small enough to provide shady
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Fig. 9. Plans and sections of Bhunga house (Source: aina.
wikidot.com)

areas. Aangan, room, cooking area, otta, veranda,
and backyard are typical house layouts (Fig. 9). The
aangan, or front yard, is a common meeting place
for relatives and visitors. A typical Bhungas have
three or four little, low height windows arranged
symmetrically around the door.

Materials and construction techniques

Bhunga materials are readily available in the
Banni region’s surroundings (Fig. 10). Chikani
Matti (clay) and cow/camel/horse manure are
used for the walls and flooring. The roof is made of
bamboo from the Babul tree. The term "COB" was
commonly used in construction techniques. A big
lump is roughly fashioned into the shape of a huge
elongated egg, standard size ranges from 12 to
18 inches. These mud cobs are stacked virtually
side by side in a row. The sides are smoothened
to eliminate the holes and fissures. The wall is
constructed of sun dried bricks and compacted
stabilised earth blocks.

The beam-adi is hung from the wall horizontally,
perpendicular to the door’s axis. The ends of the

sy |4 Ly

Fig. 10. Exploded view of construction detail (Source: Lathiya,
2016)
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beams are attached with pegs to slightly higher parts
of the wall. The vertical kingpost’s base, patli, rests
on the centre of the beam, adi, while the Kingpost
stands on the middle of the patli. The kingpost is
topped with a cone. Rope is used to secure the
joints (vali) at the top of the cone and between them
(Kathi). Split bamboo culms (khapatis) occupy the
space between the valis and are attached to them.
Starting at the bottom, straw bundles (kheep) are
connected to the roof framework. The straw bundles
are then held in place by a rope net dropped from the
roof’s top (Fig. 11).

Passive strategies

These are compact modules with a low surface
to volume ratio to provide the best possible thermal
comfort. The thick mud walls and little openings
keep inside of the bhungas cool during the day in the
summer and somewhat comfortable inthe eveningsin
the winter. This is because the daytime heat is stored
in its high-thermal-capacity mud walls. Bhungas have
small holes that keep the hot desert breezes at bay.
The bhungas’ climate-responsiveness is enhanced
by thatch, which has high insulating characteristics.
A bhunga’s roof overhang casts shadows and
shields the walls from direct sunlight. Because of its
round form, the majority of the surface is shaded and
heat is reflected away, making it more convenient
for the summer. Thatch is inherently resistant to the
elements and does not absorb a lot of water. During
the limited rainy season, the bhunga roof’s steep
slope (minimum 50 degrees) lets rainwater to slip
down swiftly. The bhungas’ thatched roofs have air
spaces that keep them warm in the winter and cool
in the summer.

Contemporary architecture with vernacular
principles

Contemporary houses have been identified
in the hot-dry climatic zone of India, which were
designed according to the vernacular principles and
intended to implement those principles with a twist

of modernization. Methodology for selecting the
buildings have been described below:

1. As vernacular architecture is very much region
specific, case studies have been selected from the
hot-dry climatic region of India.

2. Buildings, which have used local material and
traditional construction techniques and contemporary
technology, have been identified.

These buildings have been studied based on
four parameters such as: (1) spatial organisation; (2)
built form; (3) material and construction technique;
(4) passive strategies adapted for energy efficiency.
These studies helped in identification of probable
simple and advanced strategies, which can be
adapted in contemporary context.

Case study 1: Shunyam residence, Jodhpur,
Rajasthan

Shunyam is a single-family retirement home set
on a 2-acre site on the outskirts of the "blue city",
Jodhpur in Rajasthan. This building echoing the
grandeur of Jodhpur’s historic palaces through
an explorative merging of the vernacular with the
contemporary (Fig. 12). The design’s main goal was
to create an architectural solution that responded to
the local culture, aesthetics, and environment while
also meeting modern living needs by incorporating
traditional construction processes.

Spatial configuration and building form

In this single storied house, living areas are free
flowing spaces set around two courtyards in a simple
geometric pattern. Utilities and service areas are
designed along the periphery as an insulating barrier
against the weather. Jaalis separate the building
masses and open them up to the outside through
sandstone arches. First floor houses only meditation
room with a pyramidal roof (Fig. 13).

Materials and construction techniques

The entire edifice was built using traditional
stone construction (Fig. 14). In the load bearing
RCC foundations (the only use of RCC in the entire

Fig. 11. Stages of construction of Bhunga House (Source: Inside and out, NID, 2019)
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Fig. 12. Entrance of Shunyam residence (Source: archiol.com)

project) three layers of 100 mm stone masonry
were used. It was constructed with stone on both
faces and a middle layer of stone pieces and filled
with mortar (Fig. 15). Mild steel (MS) | sections
were used as beams and columns. Lime and sand

A A

Habitable spaces
Auxiliary spaces

Courtyard

} Windcatchers
I solarchimney

were used for waterproofing and as mortar for
stonework.

Toilet walls are Lime plastered with organic blue
colour pigment. For the bedroom flooring, ceiling,
doors and for furniture, local Sisam wood was used.
Glass was used for door panels, light fittings and
crockery cabinets. Printed and woven textiles were
used for curtains, furniture, and carpets locally.
A roof top was finished with China mosaic. Earthen
pots were used as an air barrier over a stone slab
on the terrace. Traditional Rajasthani architectural
motifs such as jaalis, arches, circular apertures, and
jharokhas are carved into Sandstone. Handcrafted
wood, glass, and metal doors, furniture, and
accessories reinvigorate local crafts while connecting
residents to their traditional heritage. The house’s
materials were all sourced within a 200-kilometer
radius of Jodhpur town.

Passive strategies

The dual courtyards create positive and negative
pressure zones, which aid in the house’s passive
cross ventilation (Fig. 16). The cooling towers funnel
fresh air into the building, chilling it with spray and
incorporating it with the cross-ventilation loop to
keep the house cosy. Turbo vents just above exhaust
spindles extract warm air from living spaces. Earthen
pots serve as an insulator on the ceilings, shielding

Fig. 14. Exploded Isometric view & external views of the house (Source: Archiol.com)
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Fig. 17. View of stone house

the interior spaces from solar radiation, while China
mosaic tiles serve as a roof finish, reflecting sunlight
and preventing heat absorption. Gaps in the parapet
wall allow air to circulate above the terrace, cooling
the surface. All of the confined spaces are on the
southern and northern facades, while 90 % of the
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semi-covered and open areas are on the east-west
axis, allowing for continuous air circulation.

Case study 2: Stone house, Jaipur, Rajasthan

The house in Jaipur, Rajasthan with a built up
of 8000 sft was designed and constructed using
traditional wisdom in architecture. Construction
method used in this building has been used in
traditional structures in India for ages. Stone was
used mostly in the building (Fig. 17). Craft’'s scope,
which had previously been limited to ornamentation,
artifice, and an object, was broadened to include
architecture. In a space that is both ancient and
contemporary, easily consumable symbolism is
replaced by the primal and vital deployment of
material resources and craft.

Spatial configuration and building form

It is three storied building with a semi basement
(Figs. 18-19). The house is built around a small
courtyard that leads to even smaller openings.
Traditional homes’ void proportions as a means of
mitigating the effects of the scorching summer heat.
The ground floor is living areas with bed rooms on
the upper two floors. The basement is dedicated
to servants’ room along with other recreational
activities.

Materials and construction techniques

The load-bearing building method relies on the
thickness of the wall (Fig. 20). This was reengineered



Kaja Nagaraju, Benarjee Sayak— Pages 33—48

ADAPTATION OF VERNACULAR WISDOM IN CONTEMPORARY ARCHITECTURE
IN THE HOT-DRY CLIMATE IN THE CONTEXT OF INDIAN SUB-CONTINENT

ol
N

Fig. 18. Exploded Isometric view of the construction
technique (Source: archdaily.com)

it

Fig. 19. Floor plans (Source: archdaily.com)

by developing a hollow interlocking structural wall
system, which creates an effective thermal break,
provides space to integrate services within the
wall cavity, and effectively reduces the material

consumption by 30 %. Vaults and massive single-
span stone pieces alternate as floor systems. All the
elements from the basement raft/retaining walls/
lintels/door and window jambs/reveals/stairs/screens
etc. have been made from stone blocks, either from
the quarry (superstructure elements) or excavated
from the site (substructure elements). For a seismic
response, a small amount of steel, such as tie-rods
and shear pins, were used to support the stone. Only
the outside joints are sealed with lime mortar.

Passive strategies

The longer surfaces are towards north and south
direction. To control light, privacy, and views, large
wide overhangs and moveable shade front and back
glass, hand-cut stone screens (Fig. 21). Caused by
the thermal mass of the material and the "cavity"
structure, there is a 5-7 °C difference between the
exterior and interior. Finishing of external stone
surfaces are kept rough for self-shading as well as
for radiative cooling at night due to the increased
surface area. A narrow courtyard in the building
controls the microclimate as well as cuts off the
extra solar radiation. Basement rooms tend to use
the cooling from the earth.

Case study 3: Meethi Mishti Nu Mati Ghar,
Ahmedabad, Gujrat

Meethi-Misthti nu Mati Ghar is a 440 m? residence
in Ahmedabad designed by Ar. Naman Shah. Meethi
(3 years old) and Mishti (3 years old) are the two
young patrons of this project. The built-up area
of the building is 4 736 sft constructed in a plot of
18 000 sft. Local materials and techniques are used
throughout the house, as well as recycling and
upcycling, resulting in a low carbon footprint

Spatial configuration and building form

The house has two wings of private spaces
connected with a double height living space
overlooking the veranda (Figs. 22-23). Backside
of the house is open to the Sun throughout the
day therefore services are placed there. The living
room has a sloping glass roof towards the north that
caters to the requirement of clients changing the
ceiling. Since Ahmedabad gets hot in the summer
playground was brought inside the house.

Materials and construction techniques

By ramming soil extracted from the site itself
into 16” thick structural walls for the house, diverse

Fig 20. Detail of stone used for different types of construction (Source: archdaily.com)
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Fig. 22. Floor Plans (Source: archdaily.com)

Fig. 23. External view of the house (Source: archdaily.com)

natural oxides are used to create layered fluid
patterns. It is the largest rammed earth wall built
in India. Additionally, few RCC column has been
added to the structure. Roofing with RCC slabs
supported on the columns and rammed earth
walls. Walls other than rammed earth are 9-inch
brick with lime plaster. An old building’s wood was
repurposed. Wooden pergolas over the veranda
are made from packing wood. A glass broken on
the site has been used in the terrazzo flooring in the
verandah. Toilets are plastered with lime to give a
monolithic finish (Fig. 24).

Passive strategies

16” thick rammed earth wall on East, West and
South side gives thermal insulation from Solar radiation
to the habitable spaces due to its high thermal mass
capacity. The glass roof over the living room lets in
cold north light, which illuminates the house throughout
the day and cuts down on electricity use. Blinds have
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been provided to close the glass roof if the internal
temperature rises beyond certain level. Long overhangs
have been provided to shade the glazing surfaces.
The roof has been covered with white tile to reflect the
maximum amount of solar radiation. Solar panels have
been added to offset the required energy demand while
shading the roof surface (Fig. 25).

Inferences from the study

Comparison between the
contemporary architecture

Good Architecture of a building shall be suitable
for its environmental context, and should adequately
protect the inhabitants from the climate. Further, it
should safe guard the environment from potential
pollution and degradation caused by human
habitation (Bennetts et al, 2004). The architecture
of today is radically different from the images of the
vernacular associated with space. The change in
the economy and globalization has paved way for

traditional and
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Fig. 25. Roof top solar panels (a), Large overhangs (b) and Rammed earth wall (c)

manufactured materials and has caused a profound
change in the vernacular architecture.

I. Orientation. Contemporary and traditional
houses of the region have followed the same concept
of East-west as longer axis.

Il. Building form. Rajasthan havelis used the
concept of twin courtyards and the architect for
designing Shunyam residence adapted the same
system. The stone house located in Jaipur; Rajasthan
also followed the concept of a narrow courtyard just
like the Pol houses of Ahmedabad.

Illl. Roof system. All the traditional houses
selected were constructed with either a flat roof
or sloped roof, whereas all the selected modern
houses were constructed either with flat roof or with
combination of flat roof and sloped roof.

IV. Spatial configuration. All the traditional
houses were designed with activities around the
courtyard with public activities either in the verandah
or in courtyard. Whereas the contemporary houses
followed the similar concept by designing all the public
activities around the courtyard with private spaces
separated for privacy. It is mainly due to the change in
life style over the period as human beings are giving
emphasis on private spaces for individuals over and
above the family spaces.

V. Walls. Traditional houses had used the wall
assemblies like stone, Adobe, COB and burnt
clay brick. In the similar lines, architects of the

contemporary buildings also used materials like
dressed sandstone, rammed earth and burnt clay
brick and used glass. The difference may be the clay
brick that is now manufactured with using straw along
with mud and use of glass.

VI. Roofs. Stone slabs, flat slabs with timber joists/
steel "I" sections and Coba slabs with lime mortar, split
bamboo with wooden beams were used in traditional
buildings whereas in contemporary structures, RCC
roofs, vaulted roof and an earthen pot are used.

VIl. Passive strategies. High thermal mass
walls, courtyards for evaporative cooling, Mumty
walls as wind catcher, shading through Jalis and
projections, and balconies were used predominantly
in traditional buildings. In contemporary houses, latest
technologies like reflective tiles for roofs, sloped glass
roofs, movable blinds along with vernacular elements
like Jalis in modern designs, modernized Jharokhas
were.

The comparisons between the studied buildings
of vernacular architecture and modern architecture
is presented in table 2.

Discussion

The use of red sandstone and elaborate carvings
define Jodhpur’s traditional architecture. Along
with materials like stone, brick and lime plaster.
Traditional buildings were designed with courtyards,
thick walls, Jharokhas and flat roofs. The indoor
temperatures were kept low even during the
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Table 2. Comparison of traditional and contemporary dwelling studies in this research

Si. . Rajasthani Bhunga Shunyam Meethi Mishthi
No. Strategies Ij-laveli Pol Houses Housgs Residgnce Stone House Nu Residence
| | Orientation E-W longer axis | E-W longer axis | No particular E-W longer axis E-W longer axis E-W longer axis

orientation
Il | Building Form Compact with Linear with Individual Compact with twin | Compact with Compact without
twin Courtyard narrow central | circular units Courtyard narrow central Courtyard
Courtyard Courtyard
Il | Roof form Flat roof Flat & sloped sloped roof Flat roof Flat & Vault roof Flat & sloped roof
roof
IV | Spatial Spaces around Linear spatial Separate Habitable Spaces | Public & living Two wings
configuration courtyard with planning, public | circular rooms around courtyard, | Spaces around of private spaces
Verandah spaces around | connected with | buffer spaces in courtyard, private | connected
courtyard a common plinth | the periphery spaces separated | with living space
V | Wall Materials Sandstone, RR | Wooden frame, | COB/Adobe/ Dressed Cavity wall with Rammed earth
masonry brick infill burnt Brick Sandstone Sandstone and burnt Brick
masonry
VI | Roof Materials | Stone slab Wooden Wooden beam + | Stone slab Stone vault + light | Exposed RCC
Earthen pot + beam + COB + |+ split bamboo + | Earthen pot + weight filling + frame structure
+ Lime mortar & |+ Lime mortar/ | + straw + Lime mortar + PCC/stone
Porcelain finish Gl roof/RCC & China mosaic slabs + PCC
VIl | Passive Shading through | Shading through | Low surface Reflective tiles Extensive use Reflective tiles
Strategies Jali/ Jharokha/ wooden details, |to volumeratio | as roof covering of hand cut stone | as roof covering
wooden lovers/ projected & Jalis for shading | jalis & modem & sloped glass roof
vegetation/Sun balconies Jharokhas
shades
Mumty and tall Courtyard as Long roof Three wind towers | Stair case space Large overhangs
shafts as wind a ventilating overhang over habitable for stack ventilation | and movable
catcher and lighting shatt | for shading spaces blinds
Evaporative Evaporative Thermal mass Six solar chimneys | Shading with Jali/ | Vegetation
cooling through cooling through | of the walls self-shading for shading
courtyard courtyard and insulation
for the roof

most intense heat seasons by using architectural
features like high ceilings, courtyards, Jharokhas
and Jaalis. In the contemporary residential building,
blends both modern and traditional elements were
observed. Vernacular features like courtyard and
Jalis and materials such as stone and brick were
used in modern buildings mimicking the traditional
architecture of the place. They have also used
modern materials like concrete, glass and steel
along sandstone to offers utility as per modern
life style yet with traditional looks. Ahmedabad is
known for its traditional Pol houses, which have
compact and inward-facing dwellings with internal
courtyard. These provide natural ventilation and
cooling in the hot and dry climate of Gujarat. They
used locally available materials like mud, brick,
and clay and intricate wooden carvings can be
seen, these features promote cooling and airflow.
The studied buildings from Ahmedabad were
designed with internal courtyards, thick walls for
better cooling and thermal comfort inside the
residence. They are aesthetically contemporary
with minimalist, functional, and sleek designs. The
use of mud, clay, cow dung and straw characterise
the traditional residential architecture of Kutch.
Bhungas that had thick mud walls and thatched or
tiled roofs could be seen all around. These were
well insulated to withstand heat and earthquake.
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It used to be decorated with local art making it
simple yet functional. These were sustainable
and were clustered in villages reflecting a strong
sense of community and mutual support. The
contemporary buildings in the present study have
used modern construction strategies to improve
sustainability, ventilation and cooling techniques
with large windows with sunshades. But with the use
of intricate woodwork and colourful facades, they
portray the aesthetics of the traditional architecture
of the place. They were designed with modern
designs fused with traditional materials to create
unique living spaces that cater to modern lifestyles.
The use of wood in interiors with modern elements
gives the look of traditional buildings. These modern
buildings utilises concrete and steel as the main
materials in addition to bamboo, COB etc. Hybrid
designs incorporating traditional styles is used to
maintain a comfortable indoor temperature apart
from the ACs and enhance earthquake resistance
while retaining traditional aesthetic elements.
Minimalistic approach can be seen in contemporary
architecture. In Kutch, reconstruction efforts post-
natural disasters have integrated modern, resilient
building techniques. This architectural evolution not
only enriches the cultural and visual landscape of
these regions but also ensures their adaptability
and growth in a rapidly changing world.
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Conclusions

Jodhpur, Ahmedabad, and Kutch’s residential
architecture is a testament to the artistic prowess,
innovative architectural techniques, and a rich
cultural legacy of the respective regions belonging
to the same climate. It reflects the historical
practices and adapts to local climatic conditions.
While contemporary architecture demonstrated
how architects used these classic aspects in the
current designs, traditional architecture displays
historical workmanship and environmentally friendly
building techniques. The blend of traditional and
contemporary elements in residential architecture
results in aesthetically pleasing and functionally
efficienthomes. This fusion caters to modern lifestyles
while respecting historical and cultural contexts. The
study tried to focus on the integration of some of the
aspects of vernacular architecture into contemporary
architecture. The effects of globalization and
westernization influences the architectural practices
leading to the loss of the unique characteristics of
vernacular architecture. Aesthetics of contemporary
architecture does not have continuity with its
surroundings because it suffers from diverse
and foreign elements and materials. In modern
construction industry as the use of rigid modular
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AOANTALNA MECTHbIX APXUTEKTYPHbIX OCOBEHHOCTEN
B COBPEMEHHOW APXUTEKTYPE B YCITIOBUAX XXAPKOIO U CYXOIro
KITMMATA B KOHTEKCTE MHOMACKOIO CYEKOHTUHEHTA

Kans Harapawto*, beHapmxum Casik
LLIkona nnaHupoBaHusl U apxMTeKTypbl, I. Buopkassana, Haus

*E-mail: nagaraju.kaja@spav.ac.in

AHHOTauuA

BBeaeHue. B cBsA3u ¢ ypbaHu3aLmen BO BCEM MUPE MPOUCXOANUT CMEeHa NapaaurmMmbl CTPOUTENLHON NPaKTUKMA B CTOPOHY
3HEProeMKMX CTPOMUTENbHLIX MaTepuarnoB M METOAOB MPOEKTUPOBAHWSA. 34aHus, MOCTPOEHHbIE C YYETOM MECTHbIX
APXUTEKTYPHbIX OCOOEHHOCTEN, U TPaAWLMOHHbIE 3HAHWSI MUCYE3alT, XOTS Yy HWX eCTb MoTeHuuan Ans ajanTtauuu
K M3MEHeHMsIM U TpaHcopMauum B COOTBETCTBMM C MEHSIIOLMMUCS MOTPEOHOCTAMM ropoAcKoro obpasa >KU3HW.
HekoTopble apxMTeKTOpbl MbITAKTCA YOBUTb MPUHLUMMBLI MECTHBLIX apXUTEKTYPHbIX OCODEHHOCTEN M MPUMEHUTL CBOE
COBCTBEHHOE MOHMMAHME B COBPEMEHHbIX MPOEKTaxX C KOHTEKCTyarbHbIM MPOSIBIIEHWEM TPaAMLMOHHbBIX MPUHLMNOB
B YCIOBUSIX M3MEHSIOLLErOCsi BpeMeHW. JOTOT TUM apXWUTEKTypbl U3BECTEH Kak HOBas HauMoHarnbHas apxuTekTypa.
Llenb uccnepoBaHUA: BbISICHWTb, OKasblBaeT N MECTHasi HauuoHarbHasi apXuTeKTypa BMAMSIHAE HA COBPEMEHHbIX
APXWTEKTOPOB MPU MPOEKTUPOBAHUM YCTOMYMBBLIX 34aHWA? Kak aTa TpaguumoHHas MyApocTb TpaHcdopmupyetcs B
HOBOE M3MepeHne, YToObl YOOBNETBOPUTL TPEOOBAHUSA U NBMEHEHWSI B CTUME XMU3HWU B Hawm AHU. Kpome aToro, 4Tobbl
y3HaTb, HACKOMNbKO 3TN TPaAWLIMOHHbIE 3HAHWS YCMELLHbI B yAOBNETBOpeHun notpebHocTer niogen 21-ro seka. MeTtoabl.
TpaanumMoHHas apxuMTekTypa BblIOpaHHbIX 30aHUIA B KapKOM M CyXOM KnumaTtudeckoM permoHe VHawm Gbina nsydeHa u
CpaBHEHa C COBPEMEHHbIMU 30aHUSMU, CMPOEKTUPOBAHHBIMU C MUCMOMb30BaHWEM MPUHLUMUMOB HAapOLHOW apXUTEKTYpbI
B OTHOLUEHWM MPOCTPAHCTBEHHON KOHUrypaummn, ¢opmbl, CTPOUTEMbHbIX MaTepuanoB, MACCUBHBLIX CONMHEYHbIX
cTpaternin u T. 4. PesynbraThl. ViccnenoBaHne nokasarno, YTO apXMTEKTOPbI COBPEMEHHOW 3MOXM U3MEHWUMW MPUHLMUMbI
MECTHOW apXWUTEKTYpbl, YTOObI MCNOMb30BaTb €€ B COBPEMEHHOM KOHTEKCTe Ans Gonbluero komdopTa U COOTBETCTBUSA
COBPEMEHHOMY CTUIIO XWU3HW NMoAEN, NpuaaB HOBOE M3MEPEHME HapO4HOW apXUTEKTYpPE.

KniouyeBble crnoBa: agantauns; Kapkum n CyXOI7I KNnnMart; HoBad HauWOHarnbHaaA apxXnUTekTypa; CTpouTenbHaa cpeaa.
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Abstract

Introduction: In disaster scenarios, while predicting disasters is challenging, preparation is essential. Internet of Things
(loT) technology, which is well-established, can play a significant role in disaster management. For countries, especially
those prone to seismic activity, implementing early warning systems is critical to saving lives and minimizing damage.
These systems alert individuals and authorities when disasters strike. However, limited attention has been given to post-
disaster decision-making for monitoring essential utilities, such as gas and electricity, during critical times. Methods:
Integrating loT with a Fuzzy system can improve decision-making after disasters, reducing costs and destruction in urban
areas. Tehran, a city with high seismic risk and an extensive gas network, faces significant dangers from damage to gas
and electricity systems in the event of a major earthquake. Results: The research highlights that the proposed loT-Fuzzy
system performs effectively when compared to the JICA Seismic Hazard Assessment of Tehran. It issues disconnection
commands for critical utilities within 10 seconds based on predicted damage levels, helping to reduce secondary damage
after an earthquake. This system shows promise in improving post-disaster response and safeguarding urban infrastructure.

Keywords: crisis management; internet of things; fuzzy system; early warning system; smart city; city management.

Introduction

Earthquake often takes place in particular regions
across the world. On a worldwide scale, this disaster
causes 2.5 million deaths and destroyed many
buildings and infrastructure between 1900 to 2018
(Database, 2019). Therefore, it is important to apply
novel technologies as an early warning system to
reduce injuries and destruction (Mali and Kumbhar,
2016).Traditional earthquake warning systems, such
as seismic networks and ground motion sensors,
have demonstrated their importance, but they often
face challenges such as delayed response times
and limited geographic coverage, particularly in
densely populated urban areas. These limitations
highlight the need for more efficient and responsive
systems that can collect real-time data and trigger
rapid decisions.

The recent mega earthquakes damaged to the
gas pipeline and infra-structures of the urban area.
During the Kobe earthquake the shutdown of the
related valves to isolate these blocks began six
hours after the earthquake and the last block was
isolated 15 hours after the earthquake (Katayama,
2004). Such long delays underscore the inadequacy
of traditional, manual-response systems, which are
not fast enough to prevent extensive damage and
loss of life. Other destructive earthquakes such as
San Fernando earthquake in 1971, the Loma Prieta
seismic event of 1989, Izmit earthquake in 1999

and San Salvador seismic event in 2001, resulted in
damaging the pipelines and infra-structures and left
sever injuries (Manshoori, 2011).

The risk of a catastrophic earthquake threatens
Iran every year (Database, 2019). Tehran, the capital
of Iran, is one of the most populated cities in the
world. The city is surrounded by several active faults
and thus is at a high risk of a sudden destructive
earthquake. The gas transmitting network on the
other hand, spreads throughout the city. Thus,
occurring catastrophic disasters same to Kobe and
Izmit events is probable in Tehran.

Many of natural disasters are unpredictable.
Therefore, it is necessary to develop a technology
to collect appropriate indicators as fast as possible.
However, current systems for earthquake monitoring
and response often lack the capability to deliver data
at the necessary speed, and their reliance on human
intervention can result in delays. loT is known as one
of the pioneering technologies, which is susceptible
to data changes and can send the sensed critical
data in real-time to the cloud server. Nowadays, loT
plays adynamicrole in diverse areas such as national
defense, smart grid, intelligent transportation, smart
home, and healthcare (Maglogiannis, 2012; Zhou,
2012). However, while loT is excellent for real-time
data collection, it requires robust decision-making
systems to interpret and act on that data efficiently in
the case of emergencies.
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Lack of real-time precise information about the
response of structures and infrastructures leads
to the amplification of disasters. The traditional
threshold-based warning systems fail to handle
the complex and often ambiguous data produced
during earthquakes. The loT technology seems to
be an appropriate tool to monitor and manage such
issues at the early moments of a post-event, which
consequently leads to reduced fatalities and indirect
impacts. However, 10T alone may not suffice when
rapid and complex decision-making is required. This
is where fuzzy logic comes into play. By integrating
loT with fuzzy logic, we propose a more intelligent
and adaptive system that can interpret various
sensor inputs under uncertain conditions, providing
more accurate and faster decisions. Pairing loT with
a fuzzy system can help a crisis manager create
a more proactive and efficient network capable of
forecasting and managing earthquakes. Such a
network may associate with tens of sensing nodes to
measure accelerometer data and dispatch them to
the cloud server. The measured data is compared to
the pre-defined values in the fuzzy system to check
if significant changes have occurred.

The proposed system addresses key limitations of
current approaches by integrating loT with fuzzy logic
to create an intelligent early warning system that can
analyze data more dynamically and respond faster.
This paper aims to define the sensor network design
for an earthquake early warning system developed
based on loT architecture, incorporating practical
experiences and theoretical knowledge. The system
is proposed for the possible safe shutdown of gas
and electric transmission networks.

This model considers an additional element
that may attach to the operational sensors and can
process the data using decision-making criteria
(DMC). The DMC is defined in the cloud layer and
can execute the relevant scenario to reduce indirect
loss. By leveraging the fuzzy system’s ability to
handle ambiguity, the proposed system can enhance
decision-making under uncertain  conditions,
providing quicker and more accurate responses than
traditional methods.

Literature review

Since Kevin Ashton introduced the Internet of
Things (IoT) in 1999, there has been a significant
surge in the number of devices connected to the
internet. Currently, these devices are utilized across
various application domains (Atzori et al., 2010).
Since the introduction of the Internet of Things (IoT)
by Kevin Ashton in 1999, there has been a notable
increase in the quantity of devices connected to the
internet. At present, these devices are employed
across a diverse range of application domains.

The loT system typically consists of sensors or
devices that communicate with the cloud via some
form of connectivity. Once the data reaches the cloud,
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software processes it and might trigger an action,
such as sending alerts or automatically adjusting the
sensors or devices — thus enabling 10T to operate
autonomously without user intervention. This
capacity for real-time, automated responses makes
loT particularly suitable for disaster management,
where timely action is critical.

Today, a broad spectrum of industries, from
transportation and logistics to healthcare, smart
environments, and knowledge management, can
benefit from loT technologies. The continued
development of new smart devices and internet-
connected products suggests that futuristic
applications such as robot taxis, city information
models, and enhanced game rooms will soon become
mainstream (Nord et al., 2019; Jahanbakhshian
et al.,, 2020; Thoma et al., 2012). Moreover, loT
technologies play a critical role in disaster relief
operations, aiding in the planning, management, and
analysis of both immediate and long-term impacts
(Azizzadeh, 2022; Jianshe et al., 1994).

In the context of earthquake disaster mitigation,
recent studies have demonstrated the effectiveness
of IoT. For instance, a pilot study validated the
integration of loT technology with ShakeMap
data for earthquake early warning systems. The
plattorm was shown to optimize emergency
responses by categorizing actions into automatic
responses, guidance, and system automation. This
demonstrates loT’s potential to enhance public
safety during seismic events, making real-time data
processing and rapid decision-making possible
(Ahn et al., 2024).

One of the primary activities enabled by such
technologies is the timely delivery of relief supplies
from distribution centers to hospitals in coordination
with the schedules of medical teams (Lee et al.,
2006). However, effective crisis management
planning also depends on several other factors,
including climatic conditions, topology, habitat, and
the availability of resources (Duhamel et al., 2016).
The ability of 10T to provide real-time data on these
variables can significantly improve the precision and
effectiveness of disaster response.

Recent advancements have led to the
development of loT-based earthquake early
warning systems. For example, one system,
which utilizes smartphone sensors, Sensor Web
Enablement (SWE), and MQTT, was designed
for Ecuador’s seismic activity and offers up to
12 seconds of warning before the peak seismic
impact. This system emphasizes real-time
monitoring, customization, and addresses concerns
related to energy consumption and user safety
(Zambrano et al., 2017). Such systems highlight
the practical benefits of loT in early disaster
warning and management, providing communities
with crucial seconds to mitigate potential damage.
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The term fuzzy logic, introduced by Zadeh in 1965,
refers to a form of multivalued logic in which truth
values can range between 0 and 1 (Zadeh, 1965). It
is used to handle the concept of partial truth, where
values can extend between completely true and
completely false. Fuzzy logic is particularly valuable
in situations where data is uncertain or imprecise,
which is often the case during natural disasters like
earthquakes. When paired with loT, fuzzy logic can
enhance decision-making by processing complex
data and providing a more nuanced understanding
of risk.

Fuzzy logic has been widely adopted in
civil engineering, especially in earthquake
engineering for tasks such as crisis management
(Nokhbatolfoghahaayee et al.,, 2010), crisis
management in gas transmission networks
(Foghahaayeea et al., 2014), hazard evaluation
(Sen, 2011), motion earthquake records (Ahumada,
2015) and Earthquake Prediction (Valizadeh et al.,
2024). However, a significant research gap exists
regarding the integration of loT and fuzzy logic for
earthquake mitigation. While loT provides a real-time
data stream, fuzzy logic can analyze this uncertain
and imprecise data, enabling more effective disaster
response systems.

Moreover, the role of loT in disaster management
extends beyond earthquakes, with various
solutions being developed to address disasters
like fires and earthquakes. loT architecture and its
implementations, such as early-warning systems,
offer valuable insights for stakeholders in securing
smart city infrastructure and effectively managing
disaster risks (Abdalzaher, 2023; Sharma et al.,
2021; Pierleoni, 2023). This study aims to address
this gap by proposing an loT-based earthquake
early warning system that integrates fuzzy logic to
improve crisis management and the operational
reliability of critical infrastructures such as gas and
electricity networks.

Methods

Theoretical Background

An image of the current literature associated with
the studied topic is presented herein. The key role
of technology in disaster management is helping
to relief forces to More purposeful helping to injury.
There is no doubt that efficient emergency response
management following an earthquake is a critical
element in reducing seismic risk. Research has
shown that inadequate emergency responses or
secondary disasters can increase the death toll from
an earthquake by up to tenfold.

Japan, holding a leading position internationally,
places great importance on observational
experiments both indoors and outdoors, landslide
debris flow studies, research on forecast
models, early warning system research, and the
advancement of monitoring systems for landslides

and debris flow (Takaoka, 2006). Individuals will
have between a few seconds to several dozen
seconds to respond, depending on their location.
According to the performance report by the Japan
Meteorological Agency (JMA) on the earthquake
early warning (EEW) system for the Mw 9.0 Tohoku
earthquake in 2011 (Hoshiba et al., 2011; Hoshiba
and Ozaki, 2014). An earthquake early warning
(EEW) was issued more than 15 seconds before the
onset of intense ground motion in Tohoku, which was
relatively close to the epicenter. This is an excellent
example of the effectiveness of an EEW system.
The Istanbul Earthquake Rapid Response and Early
Warning System (IERREWS) is identified as an EWS
solution for earthquake threats. The system collects
seismological data through 100 robust motion
accelerometers, enabling a better understanding
of seismic wave propagation (Erdik et al., 2003).

The fast loss estimate systems is applied in
Japan and Taiwan at present defined respectively
(Fumio, 2001; Yeh et al., 2006).

A fast loss estimate instrument known as
Earthquake Loss Estimation Routine (Bogazici
University) was made by the European Commission
(EC) funded Network of Research Infrastructures for
European Seismology (NERIES) (Ozbey et al., 2004)
to be applied by European agencies, among them
the European Mediterranean Seismological Center
(EMSC) to compute and broadcast earthquake
loss estimations of near-real-time to the related
emergency reaction organizations (Strasser, 2008).

The effectiveness of earthquake early warning
(EEW) systems in mitigating earthquake hazards
and reducing casualties, particularly in major
earthquakes, has been thoroughly demonstrated
in both Japan and Mexico (Doi, 2011). In Mexico,
earthquake alerts from the seismic warning system
were transmitted to Mexico City more than 60 seconds
before the destructive waves arrived, facilitated by
12 digitally strong motion field stations along the
Coast of Guerrero. In Japan, the earthquake early
warning (EEW) system is supported by over 1,000
uniformly distributed stations across the country,
providing real-time monitoring data. Both inland and
offshore earthquakes are detected, and warnings
are issued when the maximum seismic intensity on
land exceeds five lower (approximately VIl on the
Modified Mercalli Intensity scale). The proposed on-
site earthquake early warning system (EEWS) has
demonstrated an 80 % success rate in accurately
predicting earthquake intensity levels and can
automatically send an alarm message at least eight
seconds before the peak S-wave trains reach the
earthquake epicenter (Seng).

The United States Geological Survey (USGS)
has been working on a method to detect earthquakes
shortly after they begin. This method involves
first calculating the energy of the P-wave, which
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subsequently provides data on the earthquake’s
location and intensity.

According to Buzduga et al. (2015), in the event
of a survivor in a collapsed building, the electrostatic
sensor transmits information via a radio transmitter,
which is received by a radio receiver. The survivor’s
exact location is then identified by the connected
microcontroller. Dan Wang et al. designed an
earthquake alarm system using wireless sensors,
which operates more quickly than other systems.
The key to improving the system’s overall efficiency
lies in the strategic placement of the sensors.

The effectiveness of earthquake early warning
(EEW) systems is greatly influenced by the accuracy
of P-wave arrival detection. EEW’s automated P-wave
selecting algorithms have had issues with incorrectly
picking up noise and missing P-waves. A convolution
neural network (DPick)-based automatic algorithm
has been developed (Yanwei, 2021).

Sultanov et al. (2020) have conducted extensive
studies on the Strength of underground pipelines
under seismic effects.

Alphonsa A et al. introduced a method wherein
P-waves detected by sensors are transmitted
through a Zigbee transmitter to a Zigbee receiver
that is integrated into the Internet of Things (loT).
The loT subsequently forwards warning messages
to smartphones.

System structure

The architecture of an early warning system
was developed based on IloT technology and
fuzzy system with respect to expert knowledge
and international researchers. These systems with
P-wave recognition could shut-down gas, electric
network before the destructive earthquake wave
occurs. The system is an advanced version of early
warning system discussed in the literature. The
system consisted of five sensors measure multi
parameters described in sensor section. the data
is uploaded to the cloud through multi-hop wireless
communication from the data aggregator. After local
and server validation, this data will be processed
in cloud server and after that system executes the
relevant scenarios and Operational sensors are
given operational commands (Fig. 1).

Utilizing early warning systems prior to the
occurrence of earthquakes can significantly reduce
human errors. Hein Hilary posits that over 85 %
of safety accidents in enterprises are attributed
to unsafe human behavior. Numerous accident
investigations corroborate these findings. Therefore,
monitoring unsafe behaviors of employees is crucial
within an enterprise accident early warning system.

The acquisition of real-time accelerograms based
on data from three axes facilitates the early detection
of the primary seismic wave (P-wave), which is the
first seismic wave that occurs following an earthquake
and features a significant compression component.
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The P-wave travels faster than other seismic waves
but is less hazardous because it is a compression
wave, typically resulting in minimal damage.
In contrast, the S wave moves at approximately half
the speed of the P wave. As a transverse wave, it
induces dangerous shaking. R/L waves, which are
surface waves generated at the epicenter through the
combination of P and S waves, propagate through
the Earth’s crust until they dissipate their energy.
R/L waves create horizontal and vertical oscillations
in structures and are considered damaging waves.
They travel more slowly than other seismic waves,
at about one-third the speed of P waves. Earthquake
guard systems utilize this characteristic of R/L waves
to ,predict” earthquakes before they are felt by
individuals (Aki, 2004).

Fig. 1. Flow chart system
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The suggested loT-based solution to manage
disaster effectively contains three steps, which is
presented in Fig. 2:

1. Information Gathering sensors and Actuator
sensors;

2. Information Transmission;

3. Information Processing and Decision making.

Information gathering sensors and actuator
sensors

This section divided in 2 parts, section one is
about the kind of sensor which is getting information,
and section two is about actuator sensor to execute
cloud server commands.

Receivers

This sector is also one of the most significant parts,
because the procedure of data processing is the
same as the eye system. It is necessary to measure
the exact data used in the decision-making stage.

Each node is made up various hardware
devices and consists five sensors; PGA (peak

(‘I’)
(‘I))
(‘I))

Sensor Node NB-I0T

ground accelerator) sensor, fire detection sensor,
temperature sensor, humidity sensor GPS sensors
to monitor real data (Fig. 3).

Actuator sensors

Actuator sensors should be settled upon the
gas distribution and electrical substations. Then the
server sends the signal to the actuator sensor to
disconnect or connect the area controlling by each
sensor (Fig. 4).

The expert monitor the site after the earthquake and
restore the area, where has not been serious damage.

Receiver Sensor position

To establish an effective earthquake monitoring
network, it is essential to install a sufficient number of
sensors and strategically distribute them across the area
to be monitored. According to Mojarab et al. (2017) the
sensors should be spaced no more than 10 kilometers
apart to accurately detect seismic activity (Fig. 5). Our
network covers an area of 1,350 km? (30 km x 45 km)
and consists of 54 sensor nodes.

electrical controller

Valve Controll

Cloud Server Remote Montitoring

Fig. 2. loT early warning system architecture

00 (%
2 WEP o gl 00s ‘t
iaEgey Nap e

wizh

Fig. 3. Receiver Sensors
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Fig. 4. Gas and Electrical Actuator

These 54 sensor nodes have been carefully
positioned throughout Tehran based on a
combination of seismic risk assessments and
population density. Locations near the active fault
lines, such as the North Tehran Fault and Rey
Fault, were prioritized, given their heightened
risk of significant seismic events. Critical urban
infrastructures, including gas pipelines, electricity
grids, and densely populated areas, were also key
factors in the selection of sensor sites. This ensures
both comprehensive monitoring and early warning
capabilities for high-risk zones.

In alignment with the Tehran Fault Scenario, the
sensors in these specified locations (as illustrated
in Fig. 5, which includes a detailed map of the
sensor network layout) transmit seismic data to the
central server. Additionally, sensors placed outside
the predefined fault zones are designated to detect
unknown fault activities, ensuring that potential new
seismic threats are also monitored.

Validating input date

The system is equipped with a self-validation device
to check sensor value to decrease the number of errors
in the system and prevent from a huge and inefficient
data. When the PGA value is more than the defined
value (0.1 G) in the system, the data is transmitted to
server and sensor will be connected to cloud server
directly for 5 minutes every 2 seconds. The next is to
check the data received at the same time from at least
2 nearest nodes. This double check reduces the fake
alarm and improve accuracy in the system.

Information Transmission

Transmission layers are a fusion of various
networks. It securely transfers the information
obtained from the perceptual layer to the application
layer or vice versa.

loT transmission has developed fast and created
different ways to communicate between things to
things or things to a human. We compare the best
framework in transmission in Table 1, then choose a
better transitions framework for the research concept.

The objective of this research is to identify
a secure, low-power, stable, and cost-effective
communication technology suitable for an loT-
based earthquake early warning system. After
careful evaluation of the available technologies,
Narrowband 10T (NB-IoT) is selected as the most
appropriate choice for this project. Its advantages
include extended transmission range, low power
consumption, and high operational efficiency.

Given the broader context of the Internet of
Things, early warning systems can be considered
critical components of smart city infrastructures.
Moreover, utilizing NB-loT eliminates the need for
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Fig. 5. Sensor position
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Table 1. Transport layer (Chen et al., 2017; Raza, 2017)

Transmission
Technology | Frequency | Data Range Range
2G/3G Cellular Bands | 10 Mbps 35Km
Bluetooth 2.4 Ghz 24 Mbps 50 m
4LE
802.15.4 subGhz, 2.4 250 kbps 200 m
GHz
LORA SubGhz, 2.4 More than 2—10 km
GHz (868/915 |50 kbps
MHz)
LTE Cat 0/1 |Cellular Bands |1-10 Mbps | Several
kilometers
NB-loT Cellular Bands [{0.1-1 Mbps | 10-15 km
(180 KHZz)
SIGFOX subGhz <1 kbps Several
kilometers
WiMax subGhz 34 Mbps — |40 km
1 Gbps
WIFI subGhz, 0.1-54 Mbps |up to 10 m
2.4 Ghz, 5 Ghz
ZigBee 2.4 Ghz 250 kbps 10-500 m

Date rate Power Usage Overating life
(up and (energy p(b atte g) Cost
down link) | Consumption ) y
No limitation | High 4-8 hours High
36 days (idle)
No limitation |Low Hours Low
No limitation | Low Up to 4 years Low
EU: 30 bps — | Low 10-20 years (idle) / | Medium
50 kbps 120 hours
US:100- (communication)
900 kbps
Upto 1 Medium 2-3 hours High
MBPs (communication) /
12 days (idle)
150 kbps Medium High
(NB) up to
1 mbps
4x8 b/day Low 10-20 years (idle) / | Medium
(down) 120 hours
100 bps (up) (communication)
No limitation |Low hours Low
No limitation | Medium 4-8 hours Low
50 days (idle)
No limitation | Low Upto 2 years Medium

a separate communication system, thus significantly
reducing maintenance costs. This integration will
facilitate timely alerts and improve the overall
effectiveness of the early warning system in Tehran.

Information processing and execute command
by using Fuzzy Logic

Due to the severe damages caused by previous
earthquakes, collision of gas and electricity network,
or gas leakage leaded to the secondary explosions
and damages. This study aims to reduce this type of
damage by using the defined fuzzy system.

Todetectdamages ofthe gas and electrics network,
fuzzy logic methods were used with inclusion of four
criteria, of gas pipeline, gas compressor, distribution
circuits, electric boost station as shown in Fig. 6.

Input criteria

The values received from the sensors are
transformed into fuzzy sets like 'Low probability
risk failures’, 'Medium probability risk failures’,
"High probability risk failures’, based on HAZUS
methodology (FEMA, 1999) (Table 2).

Gas network

HAZUS methodology is divided in two vulnerable
sections of the gas network. Section one is about
the compressor station and section two is about gas
pipeline. Both of these components are seismically
vulnerable. It is worth mentioning that their probable
failure can cause fire disasters. So that, this part

discusses stages based on these boundaries
(FEMA, 1999).

The fuzzy scenarios defined are appropriate to
the conditions of the gas and electricity facilities
in Tehran. Compressor stations are regarded to
be an Anchored of Compressor Stations.

The damage States Definition in Fig. 7 is based on
the HAZUS methodology for Compressor Stations;
and since HAZUS has not determined an accurate
level of failure for gas pipeline, the damage States
Definitions for gas pipelines according to (Lanzano
et al., 2014) is displayed in Fig. 8. The membership
function for Gas Compressor Stations and gas
pipelines shown in Figs. 9-10.

Electrical network

Electrical network vulnerability in
methodology is also divided in two:

1. Distribution Circuits;

2. Electric boost station.

Damage state of Distribution Circuits (contain
poles, wires, in-line equipment and utility-owned
equipment at customer sites) and Low voltage
Substations power (34 kV to 150 kV) shown
in Figs. 11-12. The membership function for
Distribution circuits and Substations electric
shown in Figs. 13-14. Low voltage (34 kV to
150 kV) are regarded for substation power for
Tehran city.

HAZUS
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Fig. 6. Fuzzy system of Early warning system

Table 2. Value of linguistic variable

Low probability risk

Criteria Variable .
failures

Medium probability risk
failures

High probability risk
failures

Gas Compressor Stations | Acceleration 0-0.238

Acceleration 0.238-0.34

Acceleration 0.34-1.0

Gas Pipeline Acceleration 0-0.406

Acceleration 0.406-0.58

Acceleration 0.58-1.0

Distribution circuits Acceleration 0-0.28

electric

Acceleration 0.28-0.4

Acceleration 0.4-1.0

Low voltage Substations Acceleration 0-0.203

Acceleration 0.203-0.29

Acceleration 0.29-1.0

e 4 o
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Fig. 7. Fragility Curves for Compressor Stations with Anchored
Components (FEMA, 1999)
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Fig. 8. Fragility curves for gas pipelines (Lanzano et al., 2014)

Output criteria

Shut-down and alarm command are the output
of this system and transformed into fuzzy sets like
"Minor damage", "Moderate Damage", Extensive
Damage", "Complete Damage" (Table 3—4). The
Rules of this system.
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Design base on expert opinion. Membership
function shut-down commands shown in Figs. 15-22.

Case Study: Tehran City

In the Middle East, Tehran as Iran capital, is
the second-largest metropolitan region with a
population about 8.5 million. This city is a high
seismic hazard area, which can cause significant
damages to economic, social and political sectors
in the event of an earthquake (Fig. 23). Hence, it is
important to use early warning system to prevent
secondary destructive damage. Furthermore,

Membership function plots 181
T T T

T T
Low Moderate High

1 I L L L | I n |
o 0.1 0.2 0.3 0.4 0.5 0.6 o7 0.8 0.9
input variable "Distibution frcuits, lectric®

Fig. 13. Membership function Distribution circuits

piot points.
Membership function plots 181
T

T T T
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0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9
input variable 'Subsmmneiecn'm’

Fig. 14. Membership function Substations electric

Table 3. Shut-Down Command Gas

Linguistic Variables Define Range
R1 Minor area 0-6
R2 Moderate area 8-14
R3 Major area 16-22
R4 Complete area 24-30

Table 4. Shut-Down Command Electric

Linguistic Variables Define Range
R1 Minor area 0-8
R2 Moderate area 10-16
R3 Major area 18-24
R4 Complete area 26-30
Minor I M I;I-EI erate I Majo rl I Complete
1
B 1 = 1 1 1 1
.0 5 10 15 20 25 30

Fig. 15. Membership function shut-down command—gas—
Rey fault

Minor Moderate Major Complete

1 T 1 1 1
0 5 10 15 20 25 30

Fig. 16. Membership function shut-down command—electric—
Rey fault

Minor Moderate Major Complete

-0 5 10 15 20 25 30

Fig. 17. Membership function shut-down command—-gas—
North of Tehran fault (NTF)

Minor Moderate Major Complete

I Lol 1 1 1
0 3 10 15 20 25 30

Fig. 18. Membership function shut-down command—electric—
North of Tehran fault (NTF)
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Fig. 19. Membership function shut-down command—gas—
Mosha fault
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Fig. 20 Membership function shut-down command-electric—
Mosha fault

there exists more than 65,000 gas riser and
approximately 100 km long gas pipeline and make
it impossible to manage the city in a traditional way
in critical time.

Cooperating with the Tehran Municipality in 2000,
the International Co-operation Agency of Japan
(JICA) developed the Tehran earthquake damage
reduction program. The agency evaluated the

Minor Moderate Major Complete

-0 5 10 15 20 25 30

Fig. 21. Membership function shut-down command—-gas—
undefined fault

Minor Moderate Major Complete

1 Ly N N N
0 5 10 15 20 25 30

Fig. 22 Membership function shut-down command—electric—
undefined fault

different kinds of earthquake events in Tehran and
their damage and casualties.

In Table 5, more thorough data on the
characteristics of the faults is presented (JICA)

Rules

Tehran, it is located on three major faults, "NTF",
"Ray" and "Mosha". If they are activated, it can Bring
irreparable damage to the city (JICA).
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The final commands issued by the system are
defined based on the scenario faults mentioned and
for the areas outside the scenario faults, the unknown
fault scenario will be implemented. The number of
scenarios and rules defined for post-earthquake loss
control in Tehran are 72, the scenarios being defined
based on the opinion of experts.

These values set like "Minor or R1", "Moderate
or R2", "Major or R3", "Complete or R4" (Table 6-7).
These functions indicate how radically the gas or
electricity should be shut-down command base on
the failure level caused and the Maximum amount of
PGA produced from each fault. According to these
outputs, actions alert and disconnect the valve of
gas and electricity executed to prevent secondary
destructive damage

Table 5. Name of Tehran Fault with Detail (JICA)

Magnitude Fault length
Name ?Mw) (km) g
Mosha fault 7.3 68
North of Tehran 7.3 90
fault (NTF)
Rey fault 6.6 20
Laboratory study

In the laboratory model, an ADXL345 sensor was
utilized to detect seismic activity, while a DHT11
sensor was employed to monitor environmental
temperature and humidity. Data from these sensors
were transmitted to the server via an Arduino Uno
module. The server, developed using Node.js,
processes this data and executes the appropriate
scenario based on predefined fuzzy logic criteria
(Fig. 24-25).

The result of this report was that after creating
artificial waves with a vibrating device, the

Table 6. Shut-Down - Gas Network

seismograph sensor detects the waves in less than
4 seconds, and then cuts off the gas and electricity
taps in less than 6 second, and also lights up the
warning light. This model was made only to test and
implement the accuracy of the sensors.

One of the main differences between this model
and the previous models is that most models issue
warnings a few seconds earlier than the destructive
wave, which often have a monitoring aspect. But in
this model, due to the dispersion of seismograph
sensors in the city, it detects the initial wave in
less than 4 seconds, and based on the risk of JICA
models (JICA) and the distance from the epicenter
to the lifeline, first the level of damage to the gas
and electricity network It is predicted and then the
relevant scenario is implemented based on that.

Results

Using loT technology and a fuzzy algorithm,
this system detects seismic waves and makes
decisions based on predefined fuzzy scenarios in
less than 10 seconds, issuing executive commands
to disconnect the city’s critical lifelines to prevent
secondary damage. According to the models
mentioned in the Literature Review section of
this research, the proposed model demonstrates
acceptable results.

Also, in the first chapter of the JICA studies,
which is the only documented source of Seismic
hazard assessment and enforcement measures to
prevent secondary hazards in Tehran’s metropolitan
area, it identified the radius that gas and electricity
lines would have to be shut-down as scenario faults
became active. Using the results of these studies,
the performance of the fuzzy system defined in
Table 8 is investigated which shows acceptable
results (JICA). In addition to gas and electricity
transmission lines, the proposed model consider
the gas pressure boost compressor stations as

Table 7. Shut-Down - Electric Network

Damage to gas Damage
pipeline ) ) Fault to electric ) )
Fault Name Damage to Low | Medium | High Name network Low | Medium | High
compressor Damage to
station electric station
Rey Low R1 R3 R3 Rey Low R1 R3 R3
Medium R3 |R3 R3 Medium R3 R3 R3
High R3 |R3 R4 High R3 R3 R4
NTF Low R1 R3 R3 NTF Low R1 R3 R3
Medium R3 |R3 R3 Medium R3 R3 R3
High R3 |R3 R4 High R3 R3 R4
Mosha Low R1 R2 R3 Mosha Low R1 R2 R3
Medium R2 R2 R3 Medium R2 R2 R3
High R3 R3 R4 High R3 R3 R4
Undefined |Low R1 R2 R3 Undefined |Low R1 R2 R3
Medium R2 |R3 R3 Medium R2 R3 R3
High R3 |R3 R4 High R3 R3 R4
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Fig. 24. Laboratory Setup for Testing the Accuracy of the loT-Based Earthquake Early Warning System with Fuzzy Logic
Integration

well as power pressure boost station in the defined
fuzzy system.

Conclusion

In the face of inevitable seismic events, the
unpredictability of earthquakes presents significant
challenges for disaster preparedness and response.
An effective early warning system is essential for
mitigating damage to infrastructure, safeguarding
assets, and preserving human lives. This study
focused on Tehran, a city with high seismic potential
and dense gas and electric utility networks,
highlighting its unique vulnerabilities. The proposed
loT-based early warning system, integrated with

[150] = {8);
[158] = {8};
[150] = {e};

vert_int16 to_str(accelerometer x));

fuzzy logic, represents a significant advancement
in disaster management strategies. By offering real-
time data processing and operational command
capabilities, this system addresses critical
delays often associated with traditional methods,
particularly during the crucial early hours following
an earthquake.

The results of this research demonstrate that the
proposed system yields acceptable outcomes when
compared to the comprehensive Seismic Hazard
Assessment of Tehran (JICA). Within less than
10 seconds, based on the predicted level of damage
to the city’s lifeline infrastructure, the system issues

Fig. 25. Arduino Coding for Wave Detection and Data Transmission to Cloud Server
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Table 8. Compare Results of JICA and loT-Fuzzy Early Warning Model

Fault |MaximumPGA | . | loT-Fuzzy early warning model Shut-down command by JICA

(G) (JICA) shut down command (JICA)
Rey 05G Gas 19 km 18 km
Rey 05G Electric 23 km 20 km
NTF 03G Gas 13 km 10 km
NTF 0.3G Electric 16 km 12 km
Mosha 01G Gas 4 km 2 km
Mosha 0.1G Electric 6 km 0 km

disconnection commands, effectively preventing
secondary destructive incidents. This rapid response
capability marks a key improvement in reducing the
overall impact of seismic events in highly vulnerable
urban environments.

Several limitations to this study should be
acknowledged. First, the system’s effectiveness is
largely contingent on the reliability and accuracy
of the sensors. Over time, environmental factors,
wear, or earthquake-related damage may degrade
sensor performance, potentially leading to false
alarms or failure to detect seismic events. The use of
industrial-grade sensors is recommended for more
accurate detection of earthquake waves. Moreover,
maintaining and managing a large network of sensors
poses significant logistical challenges, necessitating
regular maintenance to ensure optimal performance.

Second, the and electric networks, is essential
to prevent unauthorized access or potential cyber-
attacks. To enhance security, block-chain technology
could be integrated to safeguard the integrity of the
network and the data it processes.

Future research directions should focus on several
key areas to enhance the proposed system. First,
integrating additional machine learning techniques
could improve predictive accuracy and real-time
responsiveness, offering more refined decision-
making models. Second, applying this model to

other cities with diverse seismic risks would enable
comparative analyses, revealing strengths and
weaknesses across different urban environments
and contributing to the refinement of disaster
response strategies. Third, incorporating advanced
sensors — such as environmental sensors, satellite
imagery, or structural health monitoring — could
further improve the system’s ability to assess and
respond to seismic risks. Lastly, exploring the socio-
economic impacts of implementing such systems
would provide insight into the long-term value and
benefits, particularly in terms of cost savings and
the reduction of human and material losses during
seismic events.

In conclusion, the proposed loT and fuzzy logic
integration represents a promising approach to
enhance earthquake preparedness and response
in urban environments. By addressing current
limitations and exploring new research avenues,
future studies can build upon this work to develop
more comprehensive solutions that ensure the
safety and resilience of communities facing the ever-
present threat of earthquakes.

Issue of data privacy and security must be
addressed due to the extensive data collection
by IoT devices. Protecting sensitive information,
particularly in the context of critical infrastructure like
gas.
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CUCTEMA PAHHEIO NMPEOYNPEXOEHUA 3EMNETPACEHUA
HA OCHOBE IOT C HEYETKOM NOr'MKOW Ans YNPABIEHUA
KOMMYHAIIbHbIMU CITYXBAMU B TETEPAHE

Maxan AxasaH*, MNypusa Paweang, MexpaH Celieg Pa33aru
Wcnamckui yHuepcutet Asag, unuvan B r. KassuH, KassuH, MpaH

*E-mail: info@mahdiakhavan.com

AHHOTauuA

BBepneHue. CueHapumn CTUXUAHBLIX OEACTBUI NpeackasaTb CMOXHO, HO MOArOTOBUTLCS K HUM HeobxoamMmo. TexHonorns
MHTepHeTa Bewen (IoT), nonyymBLLas LUMPOKOE PacnpoCTPaHEHWE, MOXET CbirpaTb 3HaYMTENbHY pornb B 6opbbe co
CTUXUIHBbIMK BeacTBusaMU. [Ins cTpaH, 0cobeHHO NoaBepP)KEHHbIX CEMCMUYECKOM aKTUBHOCTU, BHEAPEHE CUCTEM PaHHEro
npegynpexaeHns UMeeT peLuatoLlee 3Ha4YeHNe A CNaceHns XXN3HeN U MUHUMM3aLmm yulepba. OTn cuctembl OnoBeLLaoT
nogen n BnacTy O HACTYNNEHUN CTUXWUIAHBIX GeacTBuin. OgHaKo MPUHATUIO PeLLeHWid nocne CTUXMIAHBIX 6eacTBuii no
MOHMWTOPUHTY OCHOBHbIX KOMMYHArbHbIX YCMYr, TakMX Kak ra3 v 3MeKTpU4ecTBO, B KpUTUYECKME Mnepuofbl yaoensietcs
orpaHuyeHHoe BHuMmaHue. Metoabl. WHTerpauusi 10T c 3KCnepTHOM CUCTEMOW Ha OcHOBe HeyeTkon noruku (Fuzzy
system) MOXeT yny4LumMTb NPOLECC NPUHATUS PELLEHUIA NOCNE CTUXUIMHBLIX 6eACTBUIA, COKPaTUTL Pacxodbl N pa3pyLUEHUs
B FrOPOACKMX parioHax. TerepaH, ropof C BbICOKMM CEMCMUYECKMM PUCKOM W pPa3BETBIIEHHOW CETbi0 rasocHabxeHus,
CTankuBaeTCs CO 3HAYMTENbHOW OMACHOCTbIO MOBPEXAEHWS Fa30BbIX W 3MEKTPUYECKMX CUCTEM B CIyvae CUMbHbIX
3emneTpsiceHuin. Pesynrarhl. ViccnegoBaHune nokasarno, YTo npeanoxeHHast cuctema loT-Fuzzy adhdektuBHo pabotaet
MO CPaBHEHMIO C OLIEHKOW CerncMuYeckorn onacHocTu TerepaHa, npoBeaeHHOM ANOHCKUM yNpaBneHneM MexayHapoaHoro
cotpygHudectsa (AYMC/ JICA).Cuctema BbiAaeT koMmaHabl Ha OTKIMOYEHNE KPUTUYECKU BaXKHbIX KOMMYHUKaLUNIA B TEHEHME
10 cekyHz, OCHOBbIBasiCb Ha NPOrHO3€e YPOBHS MOBPEXAEHNIA, MOMOrasi CHU3MTb BTOPUYHbIN yLep6 nocne 3eMneTpsiceHms.
OTa cucTeMa nokasblBaeT NEPCNEKTUBLI B YNYyYLLEHUN pearnpoBaHns Nocne CTUXMNHBLIX GEACTBUIA U 3aLLMTbl TOPOACKON

MHDPACTPYKTYpPbI.
KnioueBble crnoBa: ynpasrieHe KPUsUCHLIMU CUTYaLMsSIMU; MHTEPHET BELLiel; 9KCrepTHasi cCUCTemMa Ha OCHOBE HeYeTKoM

norvkm (Fuzzy system); cucTema paHHEro OMOBELLEHUs!; SMEKTPOHHbIE aAMWHUCTPATMBHBLIE YCMyrn (YMHbIA ropog);
ropofCcKkoe ynpaemneHue.
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Abstract

Introduction: Urbanization in Bangladesh is a growing phenomenon. Dhaka is the capital of Bangladesh and has become
known as one of the world’s megacities. This urban fabric influences the local microclimate of the respective areas. In 2023,
the revised building construction rules with Floor Area Ratio and Maximum Ground Coverage introduced outdoor open
spaces at ground level within the plots. Thus, various changes in the microclimate are expected, but very little research
can be found on these issues. Aim: The purpose of this study was to analyze different configurations of outdoor domestic
spaces at ground level with a view to the microclimate situation in the context of a planned residential area in Dhaka City.
Furthermore, it compares the microclimate of the space configurations. Finally, it is expected to act as a guideline to help
the architects and planners. Method: Microclimate-based computer simulation and statistical analysis were performed
using ENVI-met, SPSS software. Varieties of building blocks (L, N, T, O, H, |, and U) were taken into consideration to see
the impact. Result: Various building configurations were found to influence the local microclimate. Thus, at the end of this

study, potential building configurations essential for a comfortable microclimate were suggested.

Keywords: microclimate; urbanization; outdoor domestic space; FAR; MGC.

Introduction

Urbanization is now a global phenomenon. The
world’s urban population reached 4.2 billion in 2018
and is expected to rise to 6.7 billion by 2030. Only
30 % of the world’s population lived in urban areas in
1950; this proportion increased to 55 % by 2018 (UN,
2018). It is projected that 68 % of the population will
live in urban areas by 2050 (UN, 2018). Populations
are particularly concentrated worldwide in and around
maijor cities (Yu et al., 2020). Moreover, a report by
the (UN, 2018) states that 90 % of urban population
growth will occur in Asia and Africa, indicating that
the cities in developing countries will face significant
challenges in the coming years.

Dhaka serves as the capital of Bangladesh, with
an estimated population of 14 million inhabitants
(Rahman et al.,, 2015) with an urbanization rate
over 2.5 % (Sharmin et al., 2015). To accommodate
this vast urban population, infrastructure in various
arenas is expanding, resulting in the proliferation
of multi-story buildings in residential sectors. This
urban fabric influences local microclimate of these
areas, and Dhaka’s environmental issues are among
the most severe in developing cities. Moreover,
microclimate factors are important to the design
of outdoor areas to effectively affect user behavior
(Ravnikar et al., 2023). Ragheb et al. (2016) assert
that integrating climate analysis into the design
process must occur at an early stage before the
obstruction of spaces by poor choices (Ravnikar
et al.,, 2023). Outdoor spaces facilitate an active

lifestyle, encompassing social and cultural activities;
thus, it is a significant challenge and obligation for
town planners and scholars to evaluate these places
and enhance their accessibility to society (Kumar and
Sharma, 2020). Therefore, this study examines how
building regulations may affect the local microclimate
of the domestic outdoor spaces of buildings. More
specifically, it explores how two critical building
regulation parameters — Floor Area Ratio (FAR)
and Maximum Ground Coverage (MGC) — impact
the microclimate in the outdoor spaces of residential
buildings in Dhaka City. From these results, urban
planners and architects can provide more insightful
design solutions to the national level’s intervention.

The Dhaka Metropolitan Building Regulations
2023 (MoHPW, 2023) outlines:

FAR = (Total Floor Area) / (Total Land Area)
Ground Coverage = (Built Area x 100) / (Total Land
Area)

Background of the study and Statement
of the problem

One of the burning concerns of microclimatic
change is the Urban Heat Island Effect. Moreover,
it is prevalent in the most major cities and is a well-
documented urban phenomenon (Abdollahzadeh and
Biloria, 2021). This phenomenon in metropolitan areas
are significantly influenced by the unique properties
and features of the surfaces present in those regions
(Maclean et al., 2021; Gapski et al., 2023). For
instance, buildings and paved surfaces in urban
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areas absorb solar energy, which is subsequently re-
radiated, raising surface temperatures by up to 5.5—
10 °C (Akbari, 2009).

Additionally, the urban microclimate is controlled
by factors such as street layout, building spacing,
building heights, building density, roughness length,
urban permeability, surface materials, albedo,
vegetation presence, and human heat generation
(Oke et al.,, 1991). Except for the last three
factors, the rest are primarily components of urban
geometry. Diversity in urban geometry can result in
considerable changes in microclimatic conditions
(Sharmin et al., 2017). Urban planners, designers,
and architects, who are responsible for determining
these components, play a crucial role in reducing
thermal stress and its impact on health, well-
being, and productivity in both indoor and outdoor
environments. However, achieving these goals in
high-density tropical cities in developing nations
poses significant challenges.

Urban residents cannot rely on air conditioning
as an efficient remedy due to the limited availability
and high cost of electricity. Additionally, air
conditioning can exacerbate the issue by increasing
anthropogenic heat output, further deteriorating air
quality, which is already compromised by vehicle
pollutants and nearby brick kilns (Begum et al.,
2011). Cooling energy consumption, peak electricity
demand, heat-related mortality and morbidity, urban
environmental quality, local vulnerability, and comfort
are all significantly affected by elevated ambient
temperatures (Santamouris, 2020).

Passive ventilation techniques are insufficient to
provide unpolluted and comfortable airflow within
buildings, as the external environment does not
support the demand for indoor environmental quality
(IEQ). Dhaka’s traditional outdoor spaces, including
parks, gardens, squares, and narrow alleys, have
historically been hubs of urban activity. The average
air temperature, except on wet days, did not exceed
35 °C, making these outdoor spaces habitable.
However, in recent decades, due to land scarcity and
rising property prices, developers have overtaken
these spaces, leading to reduced vegetation and
increased air temperatures that directly impact the
comfort of urban outdoor areas (Mourshed, 2011).

ThespatialdistributionofmaximumandmeanLand
Surface Temperature (LST) in Dhaka city indicated
increases of 4.62 °C and 6.43 °C, respectively
(Imran et al., 2021). Effective urban planning and
design could improve the overall microclimate and
ensure a healthy living environment both indoors
and outdoors. However, reducing city density is a
long-term goal that depends on decentralizing the
capital, a challenging task in developing nations
where the capital serves as the economic hub. Urban
planners and designers thus face more challenges
and fewer options, necessitating the exploration
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of other means to achieve thermal comfort both
indoors and outdoors. Dhaka’s rapid urbanisation
and uncontrolled expansion have led to the urban
heat island (UHI) effect and increased air pollution
(Azad and Kitada, 1998). In recent decades, the city
has seen an unprecedented increase in its urban
population. Inadequate planning controls and poor
construction laws have resulted in substandard
building standards with diminished thermal and
ventilation performance. The current construction
codes set minimal requirements for space, light, and
airflow to maximize the use of existing space (World
Bank, 2007). Moreover, Floor Area Ratio significantly
impacts the microclimate of urban domestic spaces,
influencing the comfort and well-being of residents.
High FAR often translates to taller buildings and
denser urban forms, creating urban canyons that
trap heat and limit air circulation (Jamei et al.,
2016; Yu et al.,, 2020). This tradeoff is particularly
pronounced in dense, rapidly urbanizing cities like
Dhaka (Sharmin et al., 2015).

To ensure practical interior and outdoor thermal
comfort, the Government of Bangladesh (GoB)
implemented the Dhaka Imarate Nirman Bidhimala
2008 building regulation acts. Two key regulations,
the Floor Area Ratio (FAR) and Maximum Ground
Coverage (MGC), are mandatory to obtain permits
for architectural building plans. These regulations
are responsible for different building shapes and
creation of various outdoor spaces for residential
buildings in Dhaka City (MoHPW, 2023).

Rationale of the study

Scopes were increased in the design of buildings
by architects after applying the Floor Area Ratio
(FAR) and Maximum Ground Coverage (MGC)
in Dhaka’s building construction rules. Applying
FAR and MGC resulted in design variations
within the structures designed by architects.
Recently, this can be observed in building design
by designing different types of outdoor domestic
open space configurations at ground levels in
buildings, but the question remains: what impact
do the outdoor domestic spaces have, considering
microclimate (at the local level)? Thus, various
changes in microclimate are expected, but very
little research can be found on these issues. The
setting of each city is distinct; thus, conducting field
studies in many cities is essential to enhance our
current understanding of creating healthy urban
environments (Sharmin et al., 2019).Therefore, this
research focuses on multiple shapes of outdoor
domestic spaces created at the ground level of
buildings after applying FAR and MGC based
building construction rules and investigates the
various outcomes of the local microclimate effect
due to different building forms through microclimate-
based computer simulation. It is expected to
act as a guideline to help the architects and
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planners. Additionally, when designing buildings,
after applying the FAR and MGC based building
construction rules of Dhaka City for a desired
microclimate-based outcome, it is expected that
the readers, architects, microclimate environment
researchers, environmentalists, and building
regulation authorities would be very interested and
would like to go through this study.

Objectives of the study

General Objective

The objective of the study is to investigate whether
microclimate variations can be observed at ground-
level domestic open spaces created after applying
FAR and MGC in residential areas considering
adjacent building blocks.

Specific Objectives

I. To investigate the interrelationships of considered
parameters MRT (Mean Radiant Temperature), DBT
(Dry Bulb Temperature), RH (Relative Humidity) and
WS (Wind Speed) due to various domestic space
configurations within plot areas.

Il. To find out possible outdoor spaces within
plots after applying FAR & MGC in residential areas
in Dhaka city.

lll. To investigate the impact of outer fagade of
a built structure orientation on local microclimate
of domestic spaces within plot areas.

IV. To simulate the microclimate situation
of outdoor domestic spaces through ENVI-met
(software) for analysis.

V. Statistical analysis of the microclimate data
from simulation to find out which configuration/s
are best fit considering microclimate conditions in
residential urban blocks of domestic outdoor spaces
after applying FAR and MGC of building construction
rules practiced in Dhaka city.

Methods

First of all, relevant published materials and
previously done research on street morphology,
urban canyons, urban microclimate, outdoor thermal
comfort, and FAR regulations was thoroughly
analyzed. Initially, eight planned residential
neighborhoods in Dhaka, including Gulshan,
Dhanmondi, Banani, Uttara, and Baridhara, was
observed visually. The "Uttara residential region" was
chosen for reconnaissance based on the availability
of residential structures in such areas. As there is
no sector in those residential neighborhoods where
all buildings have been created in accordance with
FAR regulation, a reconnaissance study was done
to identify two sectors where at least fifty per cent
of structures have been constructed in accordance
with FAR & MGC rules, 2008. In the reconnaissance
study, all orthogonal routes in the residential area of
Uttara were thoroughly explored.

Theresearchwasconductedthroughmicroclimate
simulation software ENVI-met version 3.1, beta 5,
an established and authenticated software vastly

used for urban outdoor microclimate analysis.
A planned residential block (sector-14, Uttara) was
considered in the research. As varieties of building
blocks are possible in an urban block, selected
varieties of building block shapes were taken
into consideration to see the impact on the urban
microclimate environment and closely observed
the changes achieved. Besides, the simulation field
survey was conducted in planned residential area/s
to compare and justify the study. Various points
were selected within the domestic spaces selected
in the research, in a view to having equal distances
for having true scenario as much as possible for
collecting the measurements of microclimatic data,
such as DBT (Dry Bulb Temperature), MRT (Mean
Radiant Temperature), RH (Relative Humidity) and
WS (Wind Speed) and analysis was done through
statistical software SPSS version 23.

Research quality consideration
Research quality considerations were as follows:

- Independent variables:
- Orientation
- Domestic shape configuration due to Form
layout/building shape

- Dependent variables: [Microclimate parameters]

- Temperature
MRT (Mean radiant temperature) (K)
DBT (Dry bulb temperature) (K)
DBT diff. (K)
DBT change (K/h)

- Wind speed
Wind speed (m/s)
Wind speed change (%)

- Unit of assignment
- Domestic outdoor spaces
- Outdoor activity areas

- Control group [Groups to which no treatment
is applied]
- Surrounding surface materials
- Different plot sizes
- Vegetation
- Other FARs and MGCs
- Impact of vehicular movements

- Focus on Causality
- The focus on causality was "the effect of
outdoor domestic space configuration on local
microclimate considering "on-ground" and "elevated"
structures”.

Sampling for the simulation

Different possible building shapes were
considered to have outdoor domestic spaces after
applying FAR and MGC. The simulation was done
on a hot summer day (March to June). 33 decimal
plots in the residential area were considered during
the simulation. Simulation in the evening time is
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considered to be 5 pm and 6 pm (considering outdoor
activities). Different possible building shapes were
considered, such as ‘L’, ‘N’, ‘'T’, ‘O’, ‘H’, I, and ‘U’
shaped blocks at different positions having outdoor
domestic spaces (Fig. 1), and data were collected
at different points of the domestic spaces (Fig. 2).
In this case, the “on-ground” and “elevated” building
structures were taken into consideration for separate
the simulation. Residential buildings classified as
‘on-ground” are those whose ground floors are
designed for family living. In contrast, there are no
residential arrangements, and the ground floors of
the “elevated” residential building are left to be used
for parking or security facilities only.

Results

Simulation result outputs are shown on Figs. 3—4.

Data analyses for "On-ground" structures

In the above table (Table 1), data that were
statistically significant are marked "yellow", and the
shape of the corresponding building patterns are
shown, where it can be seen that considering various
building shapes impacts microclimate data in various
ways. Having open domestic spaces at different
locations thus impacts significantly considering
different times also. As for a tropical climate, a lower
temperature and higher wind speed are desirable
for better microclimatic comfort. Keeping these two
factors in mind, from this data set we can state that
the inverted ‘T’ shape building is more suitable.

Data analyses for "Elevated" Structures

Similarly, in the above table (Table 2), data which
were statistically significant are marked "yellow", and
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Fig. 1. Considered different shapes of buildings within the plots
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Fig. 2. Considered points of data extraction considering domestic
spaces of different building shapes

the shape of the corresponding building patterns are
shown where it can be seen that considering various
building shapes impacts microclimate data in various
ways. Having open domestic spaces at different
locations thus impacts significantly considering
different times also. As was previously mentioned,
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Fig. 3. Simulation outputs considering "On-ground" structures
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Table 1. Micro—climate data considering "On—ground" structures at 5 pm and 6 pm

On-ground

structures
Wind DBT | DBT temp. Wind . DBT | DBT temp.
speed \g{:;g;m “?}%T DBT (K) | temp. change | Building shapes | speed \é\fgg;m “?E)T I?E;I’ temp. change
(m/s) diff. (K) (K/h) (m/s) diff. (K) (K/h)
0.34— 12.84— Under |296.26— | 0.29— 2-37 0.34— | 12.73-25.23 | 287.69— | 29554—| 0.26- | -0.69-
0.67 25.26 29357 | 296.36 | 0.39 0.67 28817 | 29566 | 0.37 -0.66

0.34 12.84 29357 | 29642 | 044 0.34 28842 | 29566 | 0.37 —0.66

0.34— 12.84- | 293.57-| 296.16—- | 0.18- | 0.31-2.00
0.67 25.26 29710 | 296.26 | 0.29

0.34— [ 12.73-25.23 | 287.45- | 295.32—| 0.04- | -0.71-
0.67 28793 | 29543 | 0.15 —0.68

Under Under Under | 296.31— | 0.34- | 1.16-2.85 H Under | Under 12.73 | 287.93— | 295.54— | 0.26— —0.69-

structures
Under Under Under | 296.36— | 0.39- | 0.31-2.00 Under | Under 12.73 | 288.17— | 295.54— | 0.26— —0.66—
0.34 12.84 29357 | 29647 | 049 0.34 28866 | 29566 | 0.37 -0.62

067-| 2526- Under | 296.16-| 0.18- | 2.00-3.70
1.00 37.69 29357 | 29626 | 0.29

0.67- | 25.23-37.73 | 287.20— | 295.38— | 0.095- | —0.71—
1.00 287.69 | 29549 | 0.21 —0.68

Under Under 29357 | 296.26—- | 0.29- | 1.38-0.31
0.34 12.84 296.36 | 0.39

Under | Under 12.73 | 288.17— | 295.54—| 0.26- | -0.69-
0.34 288.66 | 29566 | 0.37 -0.66

0.34 12.84- | 293.57-|296.16—- | 0.18- | 0.31-2.00
25.26 29710 | 296.26 | 0.29

12.73-25.23 | 287.69- | 295.32—| 0.04- | -0.69-
28817 | 29543 | 0.15 -0.66

Under | 12.84- |29357-|296.21-| 0.24- | 2.00-3.70
0.34 25.26 29710 | 296.31 | 0.34

Under | Under 12.73 | 288.17— | 29543—| 0.15- | -0.68-
0.34 28866 | 29554 | 0.26 -0.64

Under Under Under | 296.36— | 0.39- | 2.854.55
0.34 12.84 29357 | 29647 | 049

Under | Under 12.73 | 287.45- | 295.66—| 0.37- | -0.66—
0.34 28793 | 295.77 | 049 -0.62

i el il SXS 1 [
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Table 2. Micro-climate data considering ‘Elevated’ structures at 5 pm and 6 pm

Elevated
structures

Wind . DBT | DBT temp. Wind . DBT | DBT temp.
speed \3{:22 Sep?;? '\?E)T DBT (K) | temp. change | Building shapes | speed \é\rl:gg se %) N(IST DBT (K) | temp. | change
(mis) ge diff. (K) | (Kh) (mis) ge diff. (K) | (Kh)
0.72- 38.59— Under |296.24—| 0.22- | 0.29-1.33 0.56— | 15.4-26.86 | 288.14—|295.56— | 0.22—- | -0.78-
1.02 50.11 29357 | 296.33 | 0.31 0.87 288.62 | 295.66 | 0.32 -0.30

Elevated

structures
0.41- 15.55— Under |296.33-| 0.31— | 0.29-1.33 ) 041- | 15.4-26.86 | 287.18—|29556—| 0.22— | -0.78—
0.72 27.07 29357 | 296.42 | 0.41 ﬂ 0.71 287.66 | 295.66 | 0.32 -0.30
0.72- 1555~ |293.57-|296.33—| 0.31— Over 0.41- 2113— | 287.42-|29556—| 0.22— | -1.25-
1.02 27.07 29711 | 29642 | 041 1.33 E 0.71 3259 287.90 | 295.66 | 0.32 -0.78
Under Under |293.57-|296.38—| 0.36— | 0.29-1.33 7 Under Under | 287.66—|295.66—| 0.32— Over
0.41 15.55 29711 | 29647 | 046 D 0.41 15.40 288.14 | 295.76 | 042 -03
0.71- 27.07- |29357-|296.38-| 0.36— Over 0.56— 2113 | 286.94—(29556—| 0.27— | -1.72-
1.02 38.59 29711 | 29647 | 046 1.33 0.87 32.59 28742 | 29566 | 0.37 22
041- 15,55~ |293.57-|296.33—| 0.31— | 0.29-1.33 041- | 15.4-26.86 | 287.66— | 295.61—| 0.27- | —1.25-
0.72 27.07 29711 | 29642 | 041 0.71 288.14 | 295.71 | 037 -0.30
0.72- 38.59- |293.57-|296.29-| 0.27- | 0.29-1.33 041- | 15.4-26.86 | 286.94— | 295.56— | 0.22— | -0.78-
1.02 50.11 297.11 | 296.38 | 0.36 0.71 28742 | 29566 | 0.32 -0.30
041- 15,55~ |293.57-|296.33—| 0.31— Over 0.56—- 2113- | 287.66—|29561-| 0.27— | —1.72—
0.72 27.07 297.11 | 29642 | 041 1.33 0.87 3259 288.14 | 295.76 | 0.42 -0.78
0.41- 27.07- Under |296.33-| 0.31— | 0.29-1.33 0.56— 2113 | 286.94—(29566—| 0.32— | -0.78-
0.72 38.59 29357 | 296.38 | 0.36 0.87 32.59 28742 | 29576 | 042 -0.30

for better microclimatic comfort, lower temperatures
and higher wind speeds are preferred. Considering
these two factors, we can state that the two inverted
‘L’ shapes facing each other are the most suitable
placement for the elevated structures.

Discussion

After analyzing the corresponding data of the
simulation outputs, desirable building shapes
considering favourable microclimate conditions for
‘on-ground’ and ‘elevated’ structures can be divided
in the following ways (Fig. 5 and Fig. 6).

Limitations of the study & Further scope of work

Although the study yielded useful insights, it also
revealed many shortcomings that indicate possible
areas for further research. Initially, the presence
of vegetations was not taken into account, which
could have a substantial influence on the outcomes,
particularly in investigations of urban microclimates.
The simulation was carried out during a 24-hour
period, which restricted the study’s temporal
range and may have disregarded any seasonal
fluctuations. Additionally, the study solely simulated
wind blowing towards the south, disregarding the
impacts of breezes coming from other directions
(i. e. north, east and west), which could produce
contrasting outcomes in an actual situation.

Furthermore, the research failed to consider
the diversity in road widths that could affect
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environmental factors such as heat retention and
wind flow, and it only accounted for a single road
width. It also presumed that all building materials
were the same. Additionally, irregular building forms,
which may have a significant impact on how airflow
and temperature are distributed in cities, were not
taken into account and the study only looked at
33 decimal plots. Finally, the study disregarded
the influence of traffic movements, so neglecting a
crucial factor that could potentially effect air quality
and noise levels in urban settings.

These constraints indicate that future research
should encompass a wider array of factors, such
as diverse construction materials, multiple wind
orientations, varying road widths, different plot
dimensions, irregular building shapes, and the
influence of vegetation and vehicular movements.
This will yield a more comprehensive comprehension
of the topic.

Conclusion

The study aimed to examine if there are
observable microclimate changes in ground-level
domestic open spaces that are generated after
implementing FAR (Floor Area Ratio) and MGC
(Maximum Ground Coverage) in residential areas,
taking into account the nearby building blocks.
From the study above, it can clearly be stated
that there is a significant relationship in terms of
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Fig. 5. Graphical presentation of favorable results considering "On-
ground" structures [In the left, shaded part denotes most suitable
building shape regarding temperature and wind condition]

In terms of wind condition:

In terms of outdoor temperature:

e\

GRSl
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——

Fig. 6. Graphical presentation of a favorable result considering
"Elevated" structures [In the left, shaded part denotes most suitable
building shape regarding temperature and wind condition]

building shape and outdoor domestic spaces used,
considering the local microclimate. In the case of a
tropical climate, achieving a lower temperature and
higher wind speed is preferable in order to enhance
microclimatic comfort. By considering these two
factors, it is evident from the study that the inverted
‘T’ shape building is more appropriate for on-ground
structures, while the two inverted ‘L’ shapes that
face each other are the most suitable positioning for
elevated structures. Apart from the limitations of the
study and considering the future aspects of further

work in this regard, it is necessary to examine such
relationships, which will eventually help in future
domestic space design for residential buildings to
improve the outdoor environment and thus influence
urban microclimate.

Funding

The article was prepared as part of the
work on the research project by the Shahjalal
University of Science and Technology Research
Center, Sylhet-3114, Bangladesh [grant numbers
AS/2022/1/03].

71



Architecture and Engineering Volume 9 Issue 4 (2024)

References

Abdollahzadeh, N. and Biloria, N. (2021). Outdoor thermal comfort: Analyzing the impact of urban configurations on the
thermal performance of street canyons in the humid subtropical climate of Sydney. Frontiers of Architectural Research,
Vol. 10, Issue 2, pp. 394-409. DOI: 10.1016/j.foar.2020.11.006.

Akbari, H. (2009). Cooling our Communities. A Guidebook on Tree Planting and Light-Colored Surfacing’. Lawrence
Berkeley National Laboratory [Preprint]. Available at: https://escholarship.org/uc/item/98z8p10x (Accessed: January 1,
2024).

Azad, A. K. and Kitada, T. (1998). Characteristics of the air pollution in the city of Dhaka, Bangladesh in winte. Atmospheric
Environment, Vol. 32, Issue 11, pp. 1991-2005. DOI: 10.1016/S1352-2310(97)00508-6.

Begum, B. A., Biswas, S. K., and Hopke, P.K. (2011). Key issues in controlling air pollutants in Dhaka, Bangladesh.
Atmospheric Environment, Vol. 45, Issue 40, pp. 7705-7713. DOI: 10.1016/j.atmosenv.2010.10.022.

Gapski, N. H., Marinoski, D. L., Melo, A. P. and Guths, S. (2023). Impact of urban surfaces’ solar reflectance on air
temperature and radiation flux. Sustainable Cities and Society, Vol. 96, p. 104645. DOI: 10.1016/j.scs.2023.104645.

Imran, H. M., Hossain, A., Islam, A. K. M. S., Rahman, A., Bhuiyan, A. E., Paul, S., and Alam, A. (2021). Impact of
Land Cover Changes on Land Surface Temperature and Human Thermal Comfort in Dhaka City of Bangladesh. Earth
Systems and Environment, \Vol. 5, Issue 3, pp. 667—-693. DOI: 10.1007/s41748-021-00243-4.

Jamei, E., Rajagopalan P., Seyedmahmoudian, M., and Jamei, Ya. (2016). Review on the impact of urban geometry
and pedestrian level greening on outdoor thermal comfort. Renewable and Sustainable Energy Reviews, Vol. 54,
pp. 1002-1017. DOI: 10.1016/j.rser.2015.10.104.

Kumar, P. and Sharma, A. (2020). Study on importance, procedure, and scope of outdoor thermal comfort — A review.
Sustainable Cities and Society, Vol. 61, p. 102297. DOI: 10.1016/j.scs.2020.102297.

Maclean, I. M. D., Duffy, J. P., Haesen, S., Govaert, S., De Frenne, P., Vanneste, Th., Lenoir, J., Lembrechts, J. J,
Rhodes, M. W., and Meerbeek, K. V. (2021). On the measurement of microclimate. Methods in Ecology and Evolution,
Vol. 12, Issue 8, pp. 1397-1410. DOI: 10.1111/2041-210X.13627.

MoHPW (2023) Dhaka Metropolitan Building Regulations 2023. Bangladesh: Ministry of Housing and Public Works.
Available at: https://mohpw.gov.bd/site/notices/b5d3dd6d-d569-4a4d-aeb2-1d945808c521/.

Mourshed, M. (2011). The impact of the projected changes in temperature on heating and cooling requirements in
buildings in Dhaka, Bangladesh. Applied Energy, Vol. 88, Issue 11, pp. 3737-3746. DOI: 10.1016/j.apenergy.2011.05.024.

Oke, T. R., Johnson, G. T., Steyn, D. G., and Watson, I. D. (1991). Simulation of surface urban heat islands under “ideal”
conditions at night part 2: Diagnosis of causation. Boundary-Layer Meteorology, Vol. 56, Issue 4, pp. 339-358.
DOI: 10.1007/BF00119211.

Ragheb, A. A., El-Darwish, I.I., and Ahmed, S. (2016). Microclimate and human comfort considerations in planning a
historic urban quarter. International Journal of Sustainable Built Environment, Vol. 5, Issue 1, pp. 156—167.DOI: 10.1016/j.
ijsbe.2016.03.003.

Rahman, Md. Z., Siddiqua, S., and Kamal, A. S. M. M. (2015). Liquefaction hazard mapping by liquefaction potential
index for Dhaka City, Bangladesh. Engineering Geology, Vol. 188, pp. 137-147. DOI: 10.1016/j.enggeo0.2015.01.012.

Ravnikar, Z., Bahillo, A., and Goli¢nik Marusi¢, B. (2023). A Protocol for Microclimate-Related Street Assessment and the
Potential of Detailed Environmental Data for Better Consideration of Microclimatology in Urban Planning. Sustainability,
Vol. 15, Issue 10, p. 8236. DOI: 10.3390/su15108236.

Santamouris, M. (2020). Recent progress on urban overheating and heat island research. Integrated assessment of the
energy, environmental, vulnerability and health impact. Synergies with the global climate change. Energy and Buildings,
Vol. 207, p. 109482. DOI: 10.1016/j.enbuild.2019.109482.

Sharmin, T., Steemers, K., and Humphreys, M. (2019). Outdoor thermal comfort and summer PET range: A field study
in tropical city Dhaka. Energy and Buildings, Vol. 198, pp. 149—-159. DOI: 10.1016/j.enbuild.2019.05.064.

Sharmin, T., Steemers, K., and Matzarakis, A. (2015). Analysis of microclimatic diversity and outdoor thermal
comfort perceptions in the tropical megacity Dhaka, Bangladesh. Building and Environment, Vol. 94, pp. 734-750.
DOI: 10.1016/j.buildenv.2015.10.007.

Sharmin, T., Steemers, K., and Matzarakis, A. (2017). Microclimatic modelling in assessing the impact of urban geometry
on urban thermal environment. Sustainable Cities and Society, Vol. 34, pp. 293-308. DOI: 10.1016/j.s¢s.2017.07.006.

UN (2018) World urbanization prospects : the 2018 revision. ST/IESA/SER.A/421. New York, p. 323. Available at: https://
digitallibrary.un.org/record/639679?In=enandv%3Dpdf&v=pdf (Accessed: 5 December, 2023).

72



Iftekhar Rahman, Abhijit Mazumdar — Pages 22-74
STUDY ON LOCAL MICROCLIMATE OF OUTDOOR DOMESTIC SPACES AFTER APPLYING FLOOR AREA RATIO
AND MAXIMUM GROUND COVERAGE IN DHAKA CITY

World Bank (2007) Dhaka : Improving living conditions for the urban poor. Working Paper (Numbered Series) 27.
Washington, D.C: World Bank Group. Available at: http://documents.worldbank.org/curated/en/938981468013830990/
Dhaka-Improving-living-conditions-for-the-urban-poor.

Yu, Z., Chen, S., and Wong, N. H. (2020). Temporal variation in the impact of urban morphology on outdoor air

temperature in the tropics: A campus case study. Building and Environment, Vol. 181, p. 107132. DOI: 10.1016/].
buildenv.2020.107132.

73



Architecture and Engineering Volume 9 Issue 4 (2024)

UCCNEAOBAHUE MECTHOIO MUKPOKJTUMATA HAPYXHbIX
BEbITOBbIX MOMELLEHWUA MNOCNE NPUMEHEHUA KOQ®OULIMEHTA
NMONE3HOW NNIOLWAAN N MAKCUMATIbHOIO NMOKPbLITUSA
3EMEJIbHbIX YHACTKOB B rOPOOE OAKKA

NdpTexap PaxmaH, AbxumknT Masymaap*
LlaxaxananbCckuii yHuBepcuTeT Hayku n TexHonorni (SUST), r. Cunxet, 3114, Banrnagew

*E-mail: abhijit-arc@sust.edu

AHHOTaUuA

BBepeHue. Npouecc ypbaHusaumm B baHrnagew npuobpetaer Bce bonblumn pa3max. [Jakka — ctonvua bavrnageu,
KOTOpas cTana us3BecTHa Kak OAMH U3 Meranonncos Mupa. [opoackas CTPyKTypa BAUSIET HAa MUKPOKIMMAT npunerarLwmx
pavioHoB. B 2023 rogy B COOTBETCTBUM C U3MEHEHHbIMW MpaBuiaMy CTPOUTENbCTBA 34aHWUN C y4eTOM KoadduumeHTa
Nosie3HoM NnoLwaam 1 MakCMMarnbHOro NOKPbLITUA TEPPUTOPUM BBEAEHLI NPaBmia CTPOUTENBCTBA OTKPbLITbIX NPOCTPAHCTB
Ha ypoBHE MepBOro aTaxa B npefenax 3eMerbHbIX Y4acTKOB. B CBA3W C 3TUM OXMOAKOTCS pasnUyHble U3MEHEeHUs
MUKPOKNMMaTa, OfgHaKo MccregoBaHui Mo 9TMM BOnpocam oveHb Mano. Llenb uccnegoBaHuA: aHanua pasnvyHbIX
KOHUrypaLmMn OTKPbITbIX MPOCTPAHCTB XMUMbIX JOMOB Ha YPOBHE MEPBOro dTaxa C TOYKU 3PEHUS MUKpPOKNMMarta Ha
npvMepe MpoeKkTUPYyeMOoro Xunoro panoHa B ropoge [akka. NoMMMo 3TOro, B UCCNEeLOBaHUM NPOBOAUTCS CPaBHEHWE
MUKpOKNUMaTa npu pasnuyHbIX KOHUrypaumsx npoctpaHcTs. Mbl npegnonaraemM, 4YTo 3TOT AOKYMEHT CTaHET XOpOLUMM
NnoAcnopbeM AN apXUTEKTOPOB M MNpOekTMpoBLUMKOB. MeToabl. KoMnbioTepHOE MogenupoBaHME MUKpoOKIMmaTta Wt
CTaTUCTMUYECKMIA aHann3 NpoBOAMNUCE C Ucronb3oBaHeM nporpamm ENVI-met, SPSS. [1ns onpeneneHns Bo3gencTeus
ObINMM NPUHSATHI BO BHUMaHWE pasnuyHble BapuaHTbl cTpouTenbHbliX 6mokoB («L», «N», «T», «O», «H», «I» n «Uy»).
Pe3ynbraTtbl. Bbino ycTaHOBNEHO, YTO pasnuyHble KOHMUrypaLmMnm KOHCTPYKUWA 34aHWA OKasblBaloT BO3OEWCTBUE Ha
MECTHbI MUKpOKNUMaT. [o3ToMy no pesynsrataM NpoBEAEHHOro UccrnenoBaHus Obiny nNpeanoxeHbl NoTeHUManbHble
KOHCTPYKLUMM 34aHuI, obecnevmBatoLime KOMGOPTHBIA MUKPOKIMMAT.

KntouyeBble crioBa: MUKpOKNMMAT; ypbaHu3auusi; OTKPbITOE MPOCTPAHCTBO XXUMOrO AOMA; KO3(MPMULMEHT MonesHon
nnowaau (FAR); koadpdrLMeHT MakcMmarnbHOro NoKpbITUS 3eMenbHbIX ydacTkoB (MGC).
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Abstract

Introduction. This paper presents the main issues of maintenance of structural properties of concrete depending on the
effect of temperature factor and heat and mass transfer processes in contact with the environment during the construction
of transport facilities erected from monolithic reinforced concrete under different initial and limiting conditions. Purpose of
study: quality assurance of preliminary design studies of reinforced concrete structures, including full-scale modeling of the
considered thermophysical processes in hardening concrete, including use of modern calculation and analytical software
packages. Methods: application of a special software package for calculation of temperature changes and strength of
hardening concrete, estimation of temperature factor impact on the following concrete properties: frost resistance, water
resistance, strength and crack resistance. Results: it is shown that recording of the thermal stressed state of hardening
concrete allows to ensure required operational properties of structures: quality, reliability, durability, including prevention of
appearance of temperature and shrinkage cracks, — one of the most common defects in transportation construction, that
reduce quality of the erected surface. The studies described in this paper have been widely tested at Russian transportation
facilities in Moscow, St. Petersburg, Kuban, Crimea and other regions, the obtained results have resonated with the
transport industry. The paper will be interesting and useful for persons involved in the processes of quality assurance of
defect-free concreting of multi-mass concrete structures of transportation facilities, as well as for engineers and technicians

engaged in the real sector of construction.

Keywords: concrete; thermal stresses; thermophysical processes; crack resistance; modulus of structure surface.

Introduction

The radical changes in the economic conditions
of the operation and development of the country’s
production sector that took place in Russia at the
end of the 20" century led to the priority use of road
transport in our country. This in turn required the
construction of appropriate motorways, flyovers,
bridge crossings, tunnels, numerous road junctions
and other types of transport facilities throughout
its territory (Ginzburg, 2014; Kosmin et al., 2014;
Vasiliev and Veitsman, 2015; Solovyanchik et al.,
2006; Balyuchik and Cherny, 2010).

The required scope of construction works since
the end of the 90 s has been met mainly due to the
large-scale use of monolithic reinforced concrete in
transport construction, which successfully provides
architectural expressiveness and diversity of design
solutions used in practice.

Wide application of monolithic reinforced concrete
was mainly facilitated by supply of highly efficient

and highly productive equipment to the transport
market for preparation, transportation and delivery of
concrete mixtures to the place of paving, as well as
wide use of new modern additives of different effect.
(Sokolov, 2002; Passek et al., 2002; Komandrovsky,
2003; Velichko and Cherny, 2013; Solovyanchik and
Shifrin, 2000).

However, the initial experience of large
transportation  facilities  construction, including
reconstruction of the Moscow Ring Road, showed that
in the process of construction of structural elements
of different masses, various defects began to appear
on their surface in the form of cracks, spalls, sinks,
which led to intensive and consistent destruction of
the erected structures at the initial stage of their active
operation and loading (Pryakhin, 2009; Sokolov,
2002; Solovyanchik et al., 2002; Solovyanchik et al.,
2003; Kosmin and Mozalev, 2014).

It turned out that, during the use of concrete of
high classes in combination with the intensive pace

For citations: Fedosov, S., Pulyaey, |., Aleksandrova, O., Cherednichenko, N., Derbasova, E., Lezhnina, Yu. (2024). Thermophysical 75
processes in hardening concrete as a factor for quality assurance of erected reinforced concrete structures of transport facilities.
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Architecture and Engineering

Volume 9 Issue 4 (2024)

of concrete works and the need to erect structures
in massive blocks, a fundamentally new integrated
approach is required to ensure the necessary quality,
reliability and durability of transport structures, related
to the effects of a whole series of thermophysical
processes both on the hardening concrete and on
the erection of individual structural elements and the
structure as a whole (Pryakhin, 2009; Tarasov et al.,
2007; Velichko, 1987; Evlanov, 2019).

However, the current rules and regulations with its
requirements regarding thermal processes occurring
in hardening concrete reflects only restrictions in
permissible heating temperature of the concrete
mixture and on critical temperature differences
between the concrete and the environment during
formwork removal from concrete structures (Concu
and Trulli, 2018; Zvorykin et al., 2017). At the same
time, the latter limitation is formulated only for
structures with a surface modulus of 2 m~' or more.

Physical picture of the thermal processes
development in the system ‘hardening concrete
plate — formwork’, can be presented in the form of
a graph in Fig. 1.

The curves illustrate development of temperature
fields in the model plate and formwork. It is assumed
that inside the plate (in its entire area) there is a
distributed source of heat — g;+(t), due to the effects
of hydration of cement components. From the side
surface the heat flux — ¢(t) is discharged. This
flux is transferred by heat conduction through the
formwork layer of size — §,and then from the outside
of the formwork is removed to the environment by
the mechanism of convective heat transfer.

Based on the above stated physical and
mathematical picture of the processes occurring in
a solidifying monolithic reinforced concrete slab, we
synthesize a mathematical model of the processes
of interconnected heat and mass transfer in a plate
of limited dimensions, complicated by the thermal

LX) —
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Fig. 1. lllustration of the dynamics of heat exchange processes
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effect of hydration reactions of binder components
(Fedosov, 2010; Fedosov et al., 2024):

ot r Ou

= V(av) e (1)
Ou
E:V(kVu)+V(k8TVt). ()

Equation (1) is a differential equation of non-
stationary heat conduction and reflects the fact that
in a given point of space of the hardening concrete
mass, the temperature change — f(x,y,z,T) — occurs
both in time t and in coordinates — x,y,z.

At the same time, both temperature (in particular)
and temperature field (in general) are impacted
by material properties: density (p,), heat capacity
(c*), thermal conductivity (A), which also generally
depend on temperature and humidity and, therefore,
vary both in time and in coordinates

Equation (2) is a differential equation of unsteady
moisture conduction; it shows that moisture transport
in a given point of space is determined by mass
conduction (diffusion in solid k), as well as by such
phenomena as thermodiffusion &, and pressure
transfer & .

As a rule, the initial conditions for nonstationary
heat and mass transfer problems are the values of
potentials at the moment of time taken as the origin:

X YZ7)| o UXYZT) o PGV ZT) o ()

The limiting conditions, in general, should be
recorded in the form of conditions of the Il kind, they
define the conditions of heat and mass transfer at
the plate boundaries:

(x[tc (r)—t(R,r)]z?»Vt(R,r)+qm (t)rs (4

G (7) =B ttne (7)1 (1) |pg =
=—k[Vu(R,7)+8;Ve(R,T)], (5)

where ¢,,(t) is the moisture flux from a unit of
material surface kg/m?s.

In thermal treatment processes of the greater
part of construction materials, the temperature does
not reach the value of 100 °C (otherwise, moisture
boiling occurs in the material, leading to a change
in the B/C ratio and the subsequent procedure of
structure formation). Taking this into consideration,
the system of equations (1), (2) may be transformed
to a simpler form:

ot
a=V(aVz)+qVT; (6)

Z—” =V (kVu)+V (kd7V1). (7)
T

At the same time, we pay attention to the fact that
in absence of internal moisture evaporation (2 = 0),
the last element of the right-hand side in equation
(1) turns to zero. But, at the same time, there are
processes of hydration of binder components
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in the concrete mixture. They are accompanied by
the release of reaction heat. This phenomenon is
characterized by a new element in the right part of
equation (6) — a volumetric source of heat due to
chemical transformations.

In accordance with the stated physical concepts
of the process, let us consider the mathematical
model of heat transfer in the system under study in
one-dimensional formulation.

In this case, it is logical to assume symmetry of
the temperature field in the model plate. In this case,
the boundary value problem of heat conduction for
the plate is written as follows:

Of (¥.For) _ 3T, (E’Fol’)+Po(f Foy);
aFOl a)_‘jz ’ 1)
Fo>0; 0<x<I; (8)
T1(57F01)|F01=T1.0(>7); 9)
o7, (x,Fo
%ufo; (10)
X
ol (x,Fo
BELo) - ki(r). )

The equation (9) shows that, in general, the initial
temperature distribution is non-uniform along the
coordinate. Equation (10) represents a symmetry
condition. Equation (11) shows that there is a heat
flux at the boundary of the concrete slab with the
formwork, the magnitude of which is generally a
function of time variable.

The heat conduction requirement for the formwork
may be represented as follows:

T, (X, Fe T, (X, F

azé;, 02):8 2()?2 02’);F02 >0; 0<x<1;(12)

0y ox
Ty (X,F0y)|psa=To o (X); (13)

o7, (x,Fo
BLD) | i) (14)

o7, (x,Fo
#x =1= Kl (FOz). (15)

Together with the condition of temperature
equality, they constitute the limiting condition of the
IV kind. Equation (15) characterizes the condition
of heat exchange of the external surface of the
formwork with the environment.

For dimensionless values and similarity criteria
we shall use the following formula:

) tl (an)_tl,O

Ty (¥, Fo,) = ; (16)
te
T2 @FOz):M; (17)
e
— X
X:g,6=|:61,6f:|; (18)

arT

at
Fo, = ; Foy =——. (19)
el s
Pomerantsev criterion:
6 2
Po()_c,Fol):M. (20)
7\']te
Kirpichev Criteria:
at the edge of the formwork:
)
K (Foy) = 210001 (1)

}"lte

at the interface between the formwork and the

medium:
q, (1:)8‘/{

gt

e

Kir (F02 ) = (22)

The solution of the limiting value problem (8)—
(11) obtained by methods of mathematical physics is
given in (Fedosov, 2010). This equation is used for
non-uniform initial temperature distribution and heat
transfer criteria (Po, Ki), varying in coordinate and
time.

The mathematical record of the solution is rather
tedious.

Below is an equation for the uniform initial
temperature distribution and constant values of the
criteria:

.
T, (%, Fo ) =Ty o +%[6Fol +3%2 —1]+
+%P0[6Fol +352 +1] (23)

Accordingly, the solution of the boundary value
problem (12)—(15) will have the form:

T2 ()?,Fl)z):

=T, +%{Ki] {(1 _x)2 _ﬂ ~Ki, {;2 _ﬂ}_
DN LRI

xcoscos THx exp( 2 2F02). (24)

—[ Ki) - Ki,. [Fo, -

Some results calculated according to the above
equations are shown in Fig. 2.

Some results of calculations according to
equations (23) and (24) are shown in Figs. 1-2.
It should be noted that the calculations were done for
constantvalues of the transfer coefficients, for greater
clarity of the physicality of the processes. At the same
time, when using numerical and analytical methods
of calculation, to which can be referred the "zonal
method" (Fedosov, 2024; Rudobashta, 2015) and
the "method of microprocesses" (Fedosov, 2010;
Fedosov et al., 2020), it becomes possible to create
mathematical models and engineering calculation
methods of heat and mass transfer processes
occurring at any dependencies of thermophysical
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Table 1. Hardening parameters of concrete mixture during erection of 2.0 m diameter piers

t ,°C Time of gaining strength R =0,7R,;, h

t ,cC |t ,°C max Atatt ,°C
em aver core surface max core surface

10 5 66 46 20 56 72

10 10 69 49.5 19.5 56 70

15 10 73 52 21 48 54

15 15 75.5 56 19.5 48 54

20 20 82 62 20 40 48

coefficients on temperature and humidity of the
material and the external environment. It should also
be noted that these methods allow us to use the
originated mathematical models with the reference
to available experimental information on the kinetics
and dynamics of thermal effects of hydration
reactions in the medium of hardening concrete mass
(Usherov-Marshak, 2002). Some data illustrating
and supporting these opportunities are presented
below in the Results and Discussion section.

Subject matter, Purposes and Methods of the
Study

The impact of the temperature factor on such
basic properties as frost resistance, water resistance,
strength and cracking resistance of hardening
concrete has been studied with the use of a special
software package “ZA” (Solovyanchik et al., 1992)
for calculation of temperature changes and strength
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of hardening concrete. It has been established that
when the surface modulus of the structure is less
than 5 m™', a temperature gradient of more than 10 °C
in the concrete structure is observed. This gradient is
even more critical at edges and faces as well as at the
other corner areas of the structure, which should be
used as a reference for setting of time for demoulding
of the element covered with concrete. Otherwise,
underestimation of the non-uniformity of concrete
heating can lead to early freezing of the material
and to surface cracks formation (Solovyanchik et al.,
1989; Kollegger et al., 2018).

When the structure is massive with a surface
modulus below 2.0 m, there is a problem with high
concrete warm-up, limits of which to ensure the
design frost resistance are 70 °C for non-surface
conditions of the structure and 80 °C for severe
conditions (Baluchik et al., 2012).
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The nature of temperature non-uniformity, which
arises, for example, in pillars construction of a
diameter of 2.0 m (surface modulus of 2.0 m™") may
be explained by the data from Table 1, which show
that the problem of concrete heating decrease in
structures of this type arises ata medium temperature
above 10 °C.

The current solution to the problem of
reduction of concrete heating consists mainly in
the timely prediction of maximum temperatures
in specifically considered units or elements
of a transport structure, since the performed
researches allowed to identify modern modifiers,
which provide reduction of concrete heating
either by slowing down the hydration process at
a certain stage of its hardening, or by using super
plasticizers or organo-mineral complexes, which
provide the possibility of essential reduction of
the concrete heating. On top of this, calorimetric
measurements of the heat release of concrete
have shown that the reduction in the heating of
concrete is directly proportional to the reduction
in the cement consumption in it.

In order to illustrate the effect of introduction
of organomineral additives into the concrete
composition, Fig. 3 shows the change of
temperatures in the process of its hardening during
the thermophysical calculation of the foundation slab
of a residential building with a thickness of 1500 mm
and the foundation slab of the air terminal building
with a thickness of 1400 mm. In the first instance,
the concrete class was assumed to be B40 and a
complex modifier such as “Embelit” was used in the
selection of concrete mix composition; and in the
second instance, when the design class of concrete
was B35, only traditional super plasticizer and air-
entraining agent were used in its composition.

Concrete volume - 433 m®

s crushed stone base

o Pils for measuring temperatures are
arranged at a distance of 50 ... 70 mm
from the edge of the structure, in the
middle of the structure at a depth of
h/2, where h is the height of the slab
1 - depth 50 ... T0 mm;

2 - depth 50 ... T0 mm;
4, 5 - depth 700 ... 750 mm;
3 - depth 1450 mm

Results and discussion

Comparison of the presented data shows that
during construction of the foundation slab with the
use of concrete based on the modifier “Embelit 8-100”
the maximum heating as a result of exothermic
processes occurring during the hardening of cement
in the core of the foundation slab is 9...14 °C lower
than in similar situation with the use of traditional
composition concrete, even despite the higher class
of concrete and greater thickness of the structure
under consideration (Fig. 4).

The second important impact of the temperature
factor for provision of marketable properties of
concrete is associated with conditions of formation
of its own thermal stress state, which is determined
by the specifics of the impact on the structural
formation of the matrix and by temperature increase
in the volume of the structure during its hardening,
depending on external and internal heat and mass
exchange processes occurring in the concrete
structure.

The emergence of thermal stressed state of
concrete is explained by the fact that due to the
process of uneven distribution of temperature
gradient over the maximum cross-section of
the concreted structure, its individual elements
(as a rule, ribs and faces) undergo significant
deformations. Under the conditions of the ongoing
concrete hardening process, despite the fact that he
observed difference in strain magnitude is recorded,
the strain changes are not clearly demonstrated.
This ultimately leads to formation and separation of
residual (intrinsic temperature) stresses, which in
certain conditions are the main cause of intensive
and uncontrolled cracking.

Prof. V.S. Lukyanov (Lukyanov and Denisov,
1970) in the old days experimentally proved that the

the thermal resistance of the formwork is assumed to be equal to the thermal resistance of the surface cover

1400 ... 1500 mm

15000 ... 17000 mm

formwork

15000 ... 17000 mm

s wooden plywood formwork

s covering material (polyethylene Glm + tarpaulin

Fig. 3. Schematic diagram of the foundation slab
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Fig. 4. Graphs of temperature gradient in concrete hardening during construction of foundation slabs
with the use of different types of concrete: a) 1400 mm thick (concrete class B35, without special
madifiers); b) 1500 mm thick (concrete class B40, with "Embelit 8-100" modifier).

intrinsic temperature macro stresses in a concreted
structure should be considered at the moment of
temperature gradient equalization in its entire mass
and under the condition of absence of external
mechanical effects and phenomena of uneven
shrinkage throughout the thickness during this
period of time. Prof. V.S. Lukyanov proposed and
later justified the hypothesis, according to which
the nature and magnitude of the effect of intrinsic
temperature stresses has a direct dependence on
the formed temperature gradient across the cross-
section of the concrete structure, while at this
point in the structure such stresses are completely
absent. This temperature distribution is called the
temperature field (or more often - temperature
curve) of zero stresses. A diverse understanding
of the nature of emergence of thermal stress state
under the direct impact of the temperature factor
on the concrete structure, conducted by Prof.
A.R. Solovyanchik (Lukyanov and Solovyanchik,
1972), showed that the time of formation of the
temperature curve of zero stresses corresponds to
the time of transition of primary unstable structures
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from hydrosulfoalumoferritic and hydroalumoferritic
new formations into secondary stable ones from
calcium hydrosilicates in zones of the structure with
the greatest lag in temperature. At this time, the
strength of concrete is in the range of 25...30 % of
R,; (Solovyanchik et al., 1994).

Estimation of the concrete’s own thermal stress
state is made by the calculated temperature difference
between the most and the least heated zones of
the structure, which is calculated by reduction of
the temperature difference at the most unfavorable
temperature distribution over the cross-section of the
structure by the temperature difference at the moment
of formation of the temperature curve of zero stresses.
An example of such estimation can be traced on the
characteristics of concrete mixture hardening in the
columns of channel piers of the bridge crossing over
the Oka River, presented in Table 2.

The calculations of this structure, which has
a surface modulus Mn = 0.95 m™', showed that at the
consumption of cement per cubic metre of concrete
mixture equal to 425 kg/m® in both winter and
summer periods of the year during the placement
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Table 2. Values of concrete intrinsic thermal stress state during construction of bridge supports piers

over the Oka River in Nizhny Novgorod Region

Calculation parameters Formwork design Maximum heaﬁ'”g Temperature gradient, °C Time of cooling
temperature, °C down
Cement steel steel at strength at the moment _ to acceptable
consumption, | t ,°Clt L ° w/o heat | with heat | surface | core of maximum | design | temperature,
kg/m? e - insulation | insulation of 0.3 Ry, heating day
425 9 4 + - 29 72 16 42 25 2,9
425 9 4 - + 64 74 1 9 7 6,4
425 18 18 + - 27 74 11 46 34 1.9
425 19 19 - + 61 85 8 23 14 4.4
375 9 4 + - 24 56 11 31 19 2.9
375 9 4 - + 39 52 3 12 8 4.4
375 18 18 + - 34 67 9 32 12 1.6
375 19 19 - + 49 67 5 16 10 3.4

of concrete mixture in the formwork made of metal,
the value of non-uniform temperature distribution in
the concrete appeared to be the most dangerous,
first of all, in terms of the probability of formation
of temperature cracks in the structure, because the
temperature difference exceeded 15 °C. Additional
heat insulation of the formwork system makes
it possible to provide the required temperature
differences, which in this situation vary within
9...16 °C.

It is obvious that the achievement of a greater
effect on reduction of the gradient of uneven heating
of concrete in the process of its hardening in the
construction of low-mass bridge piers is directly
achieved with a systematic reduction in cement
consumption from 425 to 375 kg/m? respectively. In
this case, when concrete works are carried out in the
hot period, the permissible temperature difference
can be guaranteed without additional formwork
insulation, including steel formwork.

The intrinsic thermal stress state of concrete
has a direct impact on the quality and reliability not
only of individual elements of the erected structure
covered with concrete, but also on the specified
properties of concurrently concrete-enveloped,
diverse in mass and configuration elements, as
well as on the force interaction of the considered
element with the previously concrete-enveloped
element. This interaction as a rule takes place at
stage-by-stage construction of tunnels, bridges,
other facilities, when at each subsequent stage
of concreting the hardened concrete becomes
“restrained” by the previously placed and hardened
concrete, and this restraint, limiting the manifestation
of free deformations of hardened concrete, leads to
emergence of thermal stresses, the value of which
forms the maximum allowable size of the concrete
structure and, accordingly, the distance between the
construction joints, at which it does not form defects
and cracks.

The distance between construction joints is
directly related to the permissible temperature

difference in the mass of hardening concrete, as well
as in the zone of restraint into the foundation, which,
in the event of assessment of the intrinsic thermal
stress state of concrete, occurs at the time when
the concrete forms a secondary structure of calcium
hydrosilicates, i.e. when the strength of hardening
concrete in this zone is 25...30 % of the strength at
the age of 28 days R,,.

The performed calculations have shown that if
the temperature difference between the concrete
placed in the formwork in the restrained zone and
the foundation at the moment when the concrete
has gained strength equal to 30 % of the strength
R,g not more than 20 °C, the acceptable length of the
blocks to be covered with concrete shall not exceed
15-17 m. However, contrary to this, a proper thermo-
physical expertise of the emerging temperature
conditions of concrete hardening is not provided
during development of design documentation (MS),
as a result of which the sizes of concrete blocks
are often assigned arbitrarily, in relation to which
through-temperature cracks with opening width up to
1.0 mm are inevitably formed in the erected structure
at the commencement of active operations.

At present a number of thermal engineering
methods have been developed, including by the
authors, which help to carry out pouring of blocks
restrained in the base up to 35 mlong, andin the event
of the possibility of partial concrete compression —
up to 50 m long. The proposed methods were used
for concreting of walls and slabs (with the length
30-35 m) of a number of tunnels in Moscow, which
provided almost one and a half times reduction of
the construction time of these facilities in critical
segments of the schedule of concrete works.

The need to consider the probability of
temperature cracks and develop appropriate
measures to eliminate and minimize them often
arises during simultaneous concreting of structures
with elements of different massiveness, for example,
during the construction of overpasses with slab-and-
ribbed spans.
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In structures of such type, there are significant
variations during concrete heating, which, on the one
hand, lead to formation of significant heterogeneity
in its physical and mechanical characteristics, and
on the other hand, require additional assessment
of the interaction between intrinsic thermal stress
states of the bearing rib and the slab part of the span
structure.

In this situation, the problem of thermal stress
reduction may be solved with the use of formwork
systems and additional thermal and moisture
protective coatings with variable thermal resistance
of thermal insulation, the values of which are set by
a special thermophysical calculation. Such approach
ensures complete elimination of cracking during
construction of overpasses with slab-on-ribbed
spans, and it has been implemented at various
transportation facilities.

In addition to the temperature factor, formation of
structural properties of concrete is primarily impacted
by the process of heat and mass transfer during its
placement in the concrete structure being erected.
One of the most important factors from this point of
view is the process of moisture exchange between
the exposed concrete surface and the environment.
Underestimation of this process can lead to plastic
shrinkage of concrete and, as a consequence, to
irreversible process of moisture loss of the whole
erected massif.

Thermal and humidity regime of the concrete
of a structure during its construction plays an
almost dominant role in formation of stresses
arising in concrete and leading to its shrinkage and
plastic deformations, as well as in the process of
determination of physical and mechanical properties
of the hardening concrete. These features have a
direct impact on the periods of interruption in the
overlay of concrete mixture layers, and this factor
directly depends on many factors, one of which is
the shape of the structure, its architectural design
features, speed of placement of the concrete mixture
into the formwork, guarantee of uninterrupted
logistic flows, as well as variability of concrete and
environmental temperatures, including the factor
of solar radiation, also directly affecting the level
of moisture loss. These factors shall be taken into
consideration during approval of restrictive measures
for construction works.

The conducted studies have allowed to establish
that the period of direct environmental impact on
the concrete surface in the process of its hardening
should be regulated by the time period from the
start of the concrete placement into the formwork
until the moment when moisture loss by the end of
the process of overlapping layers does not exceed
for concrete class B30 — 10.5 % of the volume
of mixing water and 10 % — for concrete class
B40. The above remark is valid provided that the
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workability of the concrete mixture previously placed
in the formwork system is not less than 2.5 cm of the
Abrams standard cone settlement, and the time of
joint vibro-compaction of two adjacent layers varies
within the limits equal to 25...30 s. At the same time
for the top - the final layer of concrete mixture to be
placed in the formwork system, the allowable level
of the moisture loss, at which the gain of the design
strength of concrete is guaranteed with a security
of 0.98, and there is no reduction in the grade of
concrete frost resistance, is about 6.9 % of the
volume of mixing water for concrete class B30 and
6.4 % — for concrete class B40.

The adopted limits on the permissible moisture
loss boundaries allowed to outline the optimum
period of environmental exposure on the poured
concrete. The results are presented in Table 3.

The critical challenge related to the care and
handling of fresh concrete by the time the formwork
is completed and the exposed surface of the
structure is finished can be divided into two key sub-
challenges.

The first is the need for absolute elimination of
further moisture loss from the concrete surface.
Bearing this in mind, the hardening concrete
maintenance period shall be calculated according to
the time of critical strength gain relative to moisture
loss in the surface layers of the placed concrete.
The physical determination of the values of this
parameter is recommended to be carried out on
the concrete mixture compositions selected in
advance in laboratory conditions and planned for
use. If performance of such tests is unavailable, the
above value should be taken as 75 % of the concrete
strength at R, age.

Implementation of the method described above
shall be carried out by covering the exposed concrete
surface of the structure under consideration with
prepared polymeric materials, which are fixed on the
concrete surface as appropriate.

The second sub-challenge is to ensure the
required conditions for formation of temperature
homogeneity across the cross-section of the
erected structure. For its solution, it is sufficient
to use various covering materials having a certain
thermal resistance, the number of layers of which,
including an additional layer of PE film protecting
the covering material from getting wet, shall be
determined in advance by a special thermo-physical
calculation.

It should be noted that pooled data on methods
of reduction of the degree of inhomogeneity of
concrete temperatures in different massiveness of
elements can only be indicative. Therefore, for each
newly designed structure, it is necessary to carry
out individual calculations on simulation models in
search for options that ensure exclusion of formation
of through-temperature cracks.
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Table 3. Regulated period of environmental exposure of the concrete surface

when the structure is concreted in layers

Concrete Medium parameters Regulated period of er'wironment
No Concrete structure __ exposure, min
class temperature, °C temps(r:ature, mobility, m/s rae\l’a}\:](z)n, top layer Iayelt;)l:?:‘-;ayer

1 B30 14 9 - - 115 146

2 B30 18 24 - - 35 87

3 B30 19 25 1.0 - 22 24

4 B40 14 9 - - 145 175

5 B40 19 24 - - 37 62

6 B40 20 25 1.0 - 19 29

7 B40 21 26 1.0 300 21 31

8 B40 22 27 0 300 27 38

Conclusions

The described features of the impact of
processes related to thermal physics on ensuring
the necessary structural properties of transportation
structures should be taken into consideration in
the development of process regulations as part of
Method Statements, which are an integral part of the
industry quality management system in relation to
transportation infrastructure facilities.

The primary goal of the developed rules for a
particular construction facility is to determine and fix
the conditions and techniques that ensure reduction
of defects and cracks, including in conditions of
discontinuity of technical processes, and with
reference to compliance with the requirements to
ensure performance of work at a fast pace.

It is important to note that the implementation of
these techniques, depends on availability of research
and technical support of the construction of transport
infrastructure structures, the main purpose of which is
to validate reliability of the decisions on the formation
of the specified structural properties of concrete
in practice with possibility of making operational
adjustments to the decisions taken (if appropriate),
with reference to thermophysical processes, which is
directly evidenced by a sufficient degree of coincidence
between the calculated and experimentally obtained
data on the temperature difference of concrete during
hardening at those facilities where this support was
carried out, as well as absence of defects and cracks
in structures for which the provisions of process
regulations were perfectly observed.
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AHHOTaUuA

BBeaeHue. B HacTosilen cTaTbe pacCMOTPEHbI OCHOBHbIE BOMPOCHI 0OecrnevyeHnst KOHCTPYKLUMOHHBIX CBOMCTB GeToHa
B 3aBMCMMOCTW OT BO3QEWCTBUS Ha HEro TemnepaTypHoro daktopa M TenroMacCcoOMEHHbIX MPOLIECCOB B KOHTaKTe C
OKpY)XaloLe Cpefo Npu CTPOUTENLCTBE TPAHCMOPTHbIX OOBLEKTOB, BO3BOAMMbIX W3 MOHOIUTHOMO Xerne3obeToHa
npu pasnuyHbIX HayarnbHbIX U rPaHUYHbIX ycrioBusix. Llenb nccnepoBaHuA: obecnedeHne kadectBa NpeanpoeKTHbIX
UCCNEeNOBaHNA  Xene300ETOHHbIX  KOHCTPYKLUMIA, BKIHOYAKOLWMX HaTypHOE MOAEeNMpoBaHWEe paccMaTpyBaeMbiX
Tennodgmanyecknx npoLeccoB B TBepAaetolwem OeToHe, B TOM 4MUCrie C UCMONb30BaHMEM COBPEMEHHbIX PacYETHO-
aHanuTnyeckmx komnnekcos. Metoabl. MNpuMeHeHMe cneumanbHOro NPorpaMMHOrO KOMMMEKca Ans pacyeta U3MeHeHus
TemnepaTtyp 1 NPOYHOCTU TBepaetoLlero 6eToHa, OLEHKM BNUSIHUS TemnepaTypHoro daktopa Ha obecneyeHne CBOMCTB
6eToHa: MOPO30CTOMKOCTU, BOLAOHEMPOHWULIAEMOCTM, MPOYHOCTU U TpeLiMHOCToMKoCcTU. PesynbraTbl. [lokaszaHo, 4To
YY4ET TEpPMOHAnNPsPKEHHOrO COCTOSIHUS TBepaetollero GeToHa MOo3BOMsSIeT rapaHTUpoBaHHO obecneunTb Tpebyemble
3KCMnyaTauMoHHbIE CBOMCTBA KOHCTPYKLMIA: Ka4eCTBO, HAAEXHOCTb, AONTOBEYHOCTb, B TOM YMCIE B YaCTU HeOoMyLLEHNUSI
NOSIBNEHNS TEMMEPATYPHbIX U YCAOO0YHbIX TPELLMH, KaK OAHUX M3 CaMblX PaCMpOCTPaHEHHbIX B HACTOsLlee BpPeEMs B
TPaAHCMOPTHOM CTPOMTENbLCTBE AeEKTOB, CHUXKAOLWMX Ka4ecTBO BO3BOAUMON MoBepxHOCTU. OnncaHHble B HacTosILLEeN
cTaTbe uccnegoBaHust OblNM HeOOQHOKpPATHO anpobupoBaHbl Ha TpaHCMOPTHbIX obbekTax Poccum B Mockee, CaHKT-
Metepbypre, Ha KybaHn 1 B Kpbimy, Apyrix 06nacTax v Hawmu LWMPOKUIA OTKIUK B TPAHCMOPTHOM MHAycTpun. CtaTbs
OyOeT MHTepecHa M Morfie3Ha Nnvuam, MHTEepecylwmMcst npoleccammu obecnedeHuss G6e3pedekTHoro H6eToHNpoBaHKSA
pPa3HOMACCUBHbIX KOHCTPYKLMIA TPaHCMOPTHbIX OOBLEKTOB, @ TaKKe WHXEHEPHO-TEXHWYECKUM paboTHWMKaM, 3aHATbIM
B pearlbHOM CEKTOope CTPOMTENbCTBA.

KnroueBble cnoBa: 6eTOH; TeMnepaTtypHble HanpsaXeHus, Tennoguanyeckne NpoLecChl; TPELLMHOCTOMKOCTD; Moaynb
NOBEPXHOCTU KOHCTPYKUUMN.
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Abstract

Introduction: China has an extensive network of tunnels requiring maintenance. An intelligent management and
maintenance of these tunnels based on a digital information system can be useful. To this end, it is necessary to collect
relevant digital information regarding the tunnel body and surrounding environment for long-term maintenance. The
purpose of the study was to take an existing operational tunnel as the research subject; this study applied various
information technology methods to construct a basic digital database for the intelligent management and maintenance
of tunnels. The following methods were used: data statistics, drone aerial photography, ground penetrating radar, full-
section laser scanning and theoretical analysis. As a result, the database can be used as a reference for similar projects.

Keywords: smart management and maintenance; digitization; basic database; aerial photography; full-section laser

scanning; ground penetrating radar.

Introduction

According to statistics, as of 2022, China has
operationalized a total of 17873 railway tunnels
covering approximately 21987 km (Gong et al,,
2023). With this, China has become a major country
with a large number of tunnel maintenance tasks,
and an intelligent management and maintenance of
these tunnels based on the principles of digitization
has become a necessary path. With the proposal of
smart cities, smart management and maintenance
technologies are gradually being developed.
Currently, China mainly focuses on the development
of new tunnels. For old tunnels, particularly those
built before 2000 (a total of approximately 6887
tunnels with a total length of 3667 km) (Tian et al.,
2021), the design drawings and other construction
materials are mostly hand-drawn versions.

Establishing a basic database for digital smart
management and maintenance of tunnels, and
obtaining existing and historical data that can truly
and comprehensively reflect the state of tunnels are
key research directions, and these are discussed in
this study. Conventional tunnel maintenance is largely
based on the long-term understanding and tracking
of tunnel diseases by maintenance personnel. This
approach strongly relies on the skill and experience of
the personnel, sense of responsibility, and business
skills. Although there are qualitative and quantitative
descriptions, such as in the form of maintenance
records, they cannot help track and evaluate diseases

or other anomalies appearing in the tunnel. Carrying
out full lifecycle operation and maintenance based
on digital monitoring can help objectively record the
entire process of disease formation, development,
and deterioration, and incorporate the experience of
enterprise employees into an information system as
long-term accumulated data, thus providing a strong
support for decision-making (Dai, 2022). Hence, it is
necessary to collect digital information regarding the
tunnel body and surrounding environment for long-
term maintenance.

Project Overview

An existing double-track tunnel with a total
length of 5804 m was considered as the research
subject in this work. The construction of this tunnel
started in 1989 and was completed in 1993. It
was operationalized in 1996. The tunnel has been
designed using the principles of the new Austrian
design method, with a curved wall composite lining.
The construction method was drilling and blasting,
with a spray anchor support.

The following issues have been noted in the
current maintenance process of this tunnel: (1)
Difficulty in terms of the engineering aspects. The
tunnel is not only located in a complex loess hilly
terrain but also passes through multiple gullies.
In terms of the complex geological conditions, it
mainly passes through layers of sand and mudstone
interbedded with coal seams containing abundant
groundwater. Since its completion, the tunnel has
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frequently seen diseases, mainly including lining
damage and cracking, softening of the foundation
bed, mud pouring from the base, blockage of
drainage facilities, groundwater infiltration, and
related issues. The tunnel underwent multiple
disease treatments in 1997, 1998, 2000, 2001, and
2013. However, in recent years, tunnel diseases
have continued to develop, and there is a further
deterioration trend. (2) Insufficient information on the
current state of the tunnel. After 30 years of operation,
the surrounding environment has undergone
significant changes; the tunnel now passes through
multiple factories and roads and multiple coal mines
below. The maintenance and testing data collected
over the years are complex and inconsistent, and
there is no systematic system in place, making it
impossible to predict and identify the causes of
existing diseases. (3) There is heavy traffic in the
tunnel, and skylights are few. After the tunnel was
opened, the operation of the line was busy, and the
transportation pressure was very high. On average,
a train passed every 8 min, and the transportation
volume has increased year by year. Since 2012, the
transportation volume has exceeded the 200 million
ton mark for 11 consecutive years, with the highest
annual transportation volume reaching 277 million
tons. The difficulty and pressure in terms of
transportation safety assurance, route maintenance,
and equipment inspection and repair are enormous.
There are few sunroof points for maintenance, and
there can only be 2—3 sunroof points per week, with
each sunroof point lasting 3—4 h.

In summary, to ensure the continuous safe
operation of the line and ensure transportation
capacity, it is necessary to establish a basic digital
information system that can support operation and
maintenance requirements and one thatis convenient
for maintenance comparison and decision-making.
Furthermore, an intelligent management and
maintenance technology characterized by either no
personnel (unmanned) or minimal personnel and
high efficiency should be developed.

Construction of a Basic Digital Database for
Tunnels

Basic Database Objectives

To effectively control operational risks, ensure
operational safety, and prevent tunnel diseases from
affecting driving safety, it is necessary to conduct
a comprehensive and systematic diagnosis of the
tunnel and make necessary structural improvements.
Before systematically rectifying tunnel diseases,
a comprehensive and systematic digital database
must be established. Based on this, analysis and
diagnosis work should be performed, and the safety
state of the tunnel should be evaluated to lay a solid
foundation for disease treatment work.

The basic requirements in building a basic
digital database (Fig. 1) for tunnels are the
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comprehensiveness and accuracy of the data.
To ensure the comprehensiveness of the collected
data, the data must contain information related to
the entire life cycle of the tunnel, mainly including
historical data and the current state of the tunnel.
Historical data include all tunnel-related information
during its construction and operation periods. The
above information should be comprehensively
collected, analyzed, and organized. The current
state of the tunnel includes the comprehensive
external environment and the internal environment
and structure of the tunnel. The comprehensive
digital collection of the current state of the tunnel
mainly requires an environmental investigation of the
external terrain, underground mining areas, and goaf,
as well as sorting out of the internal environment,
structural state, and disease database of the tunnel.
Data collection methods are mainly employed for
this process, such as drone photography, ground
penetrating radar, and 3D scanning technology. The
collected data are supplemented and verified using
manual tapping verification, numerical simulation,
comprehensive investigation and analysis, and
other methods. To ensure the accuracy of the data
collection, multiple self-verification tests and mutual
verification of the results obtained using conventional
manual testing and information technology testing
were adopted.

Digitization of Historical Data

A comprehensive understanding of the state of
a tunnel requires the collection of all historical data
such as geological survey data, design documents,
construction inspection  reports, construction
logs, design change data, supervision data, and
completion documents from the construction period.
Moreover, it is necessary to comprehensively collect
all previous inspection and maintenance data
and daily operation and maintenance data during
the operation period of the tunnel. Finally, all the
collected information should be converted into an
electronic format, and then classified, organized,
and archived.

The design materials and drawings for the tunnel
were hand drawn versions, while the construction
materials were handwritten versions. In conjunction
with the construction of a digital archive, all the
materials were scanned into digital electronic files.
The collected materials were sorted by year and by
category (Table 1). All the handwritten excavation
process data were converted into digital tables,
which can be equipped with 3D models in the later
stage for 3D demonstrations and data analysis of
the construction process. From the analysis and
organization of the historical data, it is possible
to have a better understanding of the tunnel and
discover many potential diseases from the beginning
of its construction. For example, at that time, the
design standards were low, and waterproof boards
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Construction of a Basic Digital
Database for Tunnels
[ |
Digitization and collection of
Rigiieaion of tstorcat eta the current state of the tunnel
Historical data during the
construction period, inchidiog The external environment of The internal environment and
geological prospecting, tunnel structure of tunnel
completion data, etc
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operation period, previous Existing facilities and
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and maintenance records data, and their performance
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The underground
environment outside the
L (i Mickades woar Structure and strength of
and tsodes prosand Hinkig tunnel lining
areas, and so on

Fig. 1. Technical roadmap for the construction of a basic digital database

were not used in the lining. Waterproof measures
were only used in some shallow buried trenches.
The construction technology level for the lining
was insufficient, and the construction conditions
were limited, resulting in significant collapse and
deformation during the construction process, which
caused many voids behind the tunnel lining. The
water temperature and geological conditions were
poor, and a coal seam of 1987 m was present in the
tunnel, accounting for 34.24 % of the total tunnel
length. The tunnel contains abundant groundwater,
including the presence of a loess tunnel groundwater

layer, which led to more diseases at the bottom of
the tunnel. Inadequate supervision and lack of a
supervision system during construction were also
noted. The digital historical data can be accessed
and retrieved at any time through the building
information modeling (BIM) platform in the later
stage (Sun et al., 2020).

Digitalization and Analysis of Tunnel Environment

For the digital acquisition of the external
environment of a tunnel, drone aerial photography
technology, combined with completion data and
manual on-site investigation and verification

Table 1. General Catalogue of Historical Data Collection and Sorting for an Existing Operating Tunnel

Number File Overview Number File Overview
1 1990 Design Documents 12 Design documents for engineering and disease
control in 2001
2 Tunnel excavation construction logs from 13 Tunnel clearance survey in 2005
1990 to 1993
3 Completion data for 1996 14 2012 non-destructive testing data
4 1996 Completion Drawing 15 2013 full line re survey
5 Data on disease control in 1997 16 Completion data for disease control in 2014
6 1998 drilling data 17 Disease control in the 2014 engineering year
7 Completion data for disease control in 1998 18 2016 Disease Settlement Data (2014)
8 1998 Engineering Information 19 Renovation of Drainage Ditches and Escape
Caves in 2017
9 1999 Disease Control Engineering 20 2020 Flood Control and Renovation Design
Documents
10 Completion data for disease control in 2000 21 Design Document for Rectification of Corrugated
Plate Diseases in 2021
1 2000 Engineering Information
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methods, was mainly adopted (Li et al., 2005). The
surface topography and terrain conditions of the
entire line were comprehensively determined, and
existing basic data were verified and revised, laying a
good foundation for a comprehensive understanding
of the current state of the tunnel from the perspective
of an external comprehensive environment and for
future intelligent operation and maintenance work.

A comprehensive aerial photography of the
ground surface was conducted within a range of
approximately 200 m on both sides of the tunnel
centerline using drones. External environmental
data were also collected, such as terrain and
topography along the tunnel, gullies, nearby factory
buildings, underground mining areas, current
state of entrances and exits, and burial locations
and conditions of auxiliary tunnels. Based on the
collected basic image data, the key terrain and
topography information within the survey area were
modeled and processed. Based on the collected
“Tunnel Completion Map” and other drawing
materials, as well as the comprehensive external
environment of the tunnel collected by drones, on-
site surveys were conducted to compare and verify
the collected data. Key environmental features, such
as important gullies, nearby factories and mines,
and tunnel auxiliary tunnels, were investigated and
verified (Fig. 2), to discover possible and potential
harmful environments. Through a comprehensive
comparative analysis, the tunnel structure below the
gully was found to be prone to severe water leakage,
while the tunnel structure under the factory and mine
was prone to more diseases. The internal structure
of the auxiliary tunnel was also severely corroded by
water leakage.

The digital assets collected mainly include a set
of surface panoramic orthophoto data with a total

Entrance | Plant Area 1 (in use)
K55+663

width of 400 m on both sides of the tunnel centerline.
A skewed model map (Fig. 3), displaying the current
state of the tunnel surface from a full perspective, can
be used as basic data for regular surface condition
collection and terrain comparison measurement. In
the later stage, it can be combined with the BIM to
serve as basic digital data for relevant early warning
systems to timely grasp the changing trends of
surface diseases and to expand the digital assets
of tunnels (Cheng et al., 2019). A topographic map
of the tunnel was constructed as well. By combining
the completed plan and longitudinal section, an
electronic version of the topographic map and an
electronic version of the longitudinal section can be
formed.

In this inspection, the main focus was on surface
data collection. Regarding underground mining
areas and goafs, relevant information was mainly
obtained through investigation and site visits. The
relative position relationship between the tunnel
and the mining area was obtained by analyzing data
collected from government departments. In the later
stage, special geological surveys can be conducted
to address issues related to the goaf, in order to
make the data more accurate and complete.

Collecting Data of the Ontology Information of
Tunnel Structure

1) Vectorization of surface disease information
inside the lining.

A full-section laser scanning technology was
adopted for the digital acquisition of the internal
surface of the tunnel. The purpose of using a full-
section laser scanner to scan and image the tunnel
lining was to collect data regarding the internal
appearance and existing facilities and equipment
of the tunnel, in order to meet the requirements of
identifying tunnel surface diseases, detecting basic

N

Plant Area 2 (Abandoned) CD

Exit

Plant Area 3 (Abandoned) Ko1+467

Collapse pit formed
during excavation

Fig. 2. Distribution of gully landform above the tunnel
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Fig. 3. Skewed 3D model results

building limits, and recording intrusion locations in
the later stage. Key findings include surface cracks,
cracks, misalignment, falling blocks, water leakage,
foreign objects, and other surface diseases in the
lining, as well as the location of tunnel intrusion limits.

The GRP5000 tunnel scanning system (Fig. 4),
which is currently one of the more advanced tunnel
detection technologies, was used for the digital
acquisition (Wen et al., 2014). The system meets
the requirements of railway tunnel clearance,
convergence deformation, and surface disease
detection. It integrates a manually pushed rail
inspection car and a high-speed laser scanning
measurement technology. This makes it suitable
to rapidly detect tunnels during tunnel operation,
establish  digital operation archives, guide
maintenance operations, and improve operation and
management levels.

Alaser scanner was used to perform a full-section
high-density scanning of the tunnel in a spiral

Fig. 4. GRP5000 tunnel scanning system

shape (Fig. 5). The acquisition software gathers
image information of the inner surface of the tunnel
lining by analyzing the intensity of the emitted and
received laser signals, forming a grayscale image
(Fig. 6). By analyzing the phase difference between
the emitted and received laser signals, the 2D
coordinates of the scanning points on the surface
of the tunnel lining can be obtained. Combined with
the external absolute positioning of the total station
or inertial navigation, the 3D absolute coordinates
of all the measurement points can be obtained.
The true unfolding map and cross-sectional contour
information of the tunnel surface diseases can be

Fig. 5. Schematic of the full-section scanning of a tunnel
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Fig. 6. Grayscale image

determined using professional
analysis software (Fig. 7).

The main digital assets collected include a set of
3D point cloud data on the surface of the tunnel. This
set was used for the later 3D modeling inside the
tunnel, full tunnel high-definition grayscale imaging,
and tunnel cross-section mapping (using a 2 m
section for this project). Through a comprehensive
analysis, a set of apparent disease display charts
was formed.

2) Digital collection of tunnel lining structure and
surrounding rock state.

In the digital acquisition of the current state of
tunnel structures, the geological radar detection
technology was mainly used for a comprehensive
nondestructive testing of the tunnel lining structures
(Shao et al., 2023). Diseases in the lining structure
and surrounding rock, and other diseases, were
mainly discovered.

Based on the current internal state of the tunnel,
the SIR-3000 geological radar host and a 400 MHz

post-processing
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shielded antenna were used for detection. This
radar system host is lightweight, highly automated,
has stable signals, high detection speed, and high
resolution. It can display the detected profiles in real
time, allowing for post-processing and interpretation
of the data on a computer, thus integrating the data
collection and processing steps. Ten survey lines
were set up throughout the tunnel (Fig. 8), including
two at the bottom of the tunnel, two on its side walls,
and six on the arches. The lining inside the tunnel
has a significant amount of fly ash, and the existing
facilities and equipment are relatively outdated,
and there is a need to avoid more interference.
Therefore, the method used in this study was
manual small carts (Fig. 9), which can adapt well to
the characteristics of the coal transportation line in
the tunnel. This method can not only closely adhere
to the tunnel wall but also timely avoid old facilities,

<3 § =
<= 2 9 =
Up track Down track
1 10
< N . B g

Fig. 8. Schematic of the geological radar

Fig. 9. Ground penetrating radar detection of tunnel lining
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and the detected data are accurate and reliable.
The detected contents mainly include the thickness
of the tunnel secondary lining, void and non-dense
distribution inside and behind the secondary lining,
cracks and water accumulation on the tunnel floor,
and other issues.

A set of ground penetrating radar data was
obtained, including information related to the position,
shape, structure, and size of the detected target
body. Clear and interpretable geological radar image
profiles were generated through data processing.
A search for areas in the radar wave spectrum where
the reflection wave has discontinuous in-phase axes
produced bending, strong reflection wave energy,
and strong echo amplitude response. Based on the
phase, frequency, and amplitude changes of the
radar waves, a comprehensive qualitative judgment
was made, and the density of the backfill (or grouting)
behind the lining, the thickness of the lining, and the
distribution of steel frames and steel bars inside the
lining were ultimately determined.

The digital assets collected include a set of
geological radar data, clear and interpretable
geological radar image profiles, and typical disease
images inside (behind) the lining (Fig. 10).

3) Concrete strength data collection at a typical
section.

A digital collection of the concrete strength data
for tunnel lining was performed using a concrete
rebound meter for testing. In accordance with the
standard, each detection point was located 50 m
away, and 234 detection areas were tested along
the entire line. By revising, a table of the concrete
strength for the entire tunnel was formed, and areas
with insufficient concrete strength were identified.
A total of 60 tested areas were found to have

Upward arch foot ( K58+000~k53+800)

== o o - -

Imperfect

Hollow

~ Time Ruler (ns)

Imperfect |

insufficient concrete strength (Fig. 11), including 29
upstream side walls and 31 downstream side walls.

The HT-225A concrete rebound tester was
used. It complies with the relevant provisions of
the national standard GBT9138-2015 “Rebound
Tester,” JJG817-2011 “Rebound Tester Verification
Technical Regulations,” and TB10426-2019 “Railway
Engineering Structure Concrete Strength Testing
Regulations.” This tester is suitable for testing the
strength of general building components, bridges,
and various concrete components (slabs, beams,
columns, and bridges)

Information integration

Tunnel Disease Statistics

The main focus of the inspection was tunnel lining
diseases, and the types of tunnel diseases detected
are summarized as follows.

1) Apparent diseases of tunnel arch walls include
cracking, falling blocks, cracking, and moisture
accumulation in the tunnel lining.

Diseases such as lining corrosion and damage

2) The diseases of the tunnel arch wall structure
include insufficient lining thickness, insufficient
strength, non-dense lining cavities, lining corrosion,
intrusion, and other diseases.

3) The main diseases at the bottom of the tunnel
include cracking, non-compaction, water filling,
sinking, mud pouring, and insufficient thickness of
the tunnel bottom.

4) The diseases of the drainage system include
broken blind pipes, water leakage, broken ditches,
blockage and paralysis of the drainage system, and
paralysis of the drainage system of the dewatering well.

5) The main diseases inside the car shelter
include water leakage, deformation, peeling, and
other diseases.

[ ]
Hollow

© (w)isiny ydsg

Fig. 10. Typical image of voids and non-compact areas inside (behind) the lining
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Fig. 11. Distribution of the concrete strength of existing tunnel lining side walls by mileage

6) Other diseases include a large number
of missing stakes in the line, severe water
accumulation in ventilation openings, and the
proximity of other underground mining tunnels to the
tunnels.

The results of all the diseases detected in this
test are summarized in the table 2. For a detailed
display, please refer to the "Comprehensive Disease
Display Diagram of a Certain Tunnel".

Comprehensive display diagram of tunnel
diseases

By integrating all the historical data and inspecting
the disease data, a comprehensive disease display
chart for a certain tunnel was drawn, aiming to fully
display the current state and existing disease state
of the tunnel. This map is based on the longitudinal
section map measured this time, and three parts
were collected: historical data statistics, detection
results, and historical disease treatment statistics.
The first part of the tunnel longitudinal section
diagram collects information from the completion
data, including the type of surrounding rock, lining
section (design thickness, changes, and reference
drawings), geological conditions (overall overview
and coal seam statistics), geomorphology, steel
support statistics, construction collapse statistics
(construction length, collapse amount, maximum
arch cavity height, and single linear meter collapse
amount), ground elevation, inner rail top surface
elevation, design slope, construction auxiliary
tunnels, and ground changes. This section fully
reflects the original structure of the tunnel. The
second part shows the disease state identified by
all the information tested in this test, including the
distribution of arch wall diseases, tunnel bottom
diseases, arch wall lining inspection thickness, tunnel
bottom inspection thickness, and side-wall concrete
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inspection strength, all of which are shown in the
figure. In the longitudinal section, the positions of the
gullies, factory buildings, and terrain change points
detected in the comprehensive environment, as well
as the auxiliary tunnels are shown. From the graph,
all the detected diseases at any cross-section can be
read. The third part is the layout diagram of previous
disease rectification and reinforcement, from which
we can see which reinforcement measures have
been taken in these areas.

For example, the K56+830-57+000 mileage
section is located below the third gully, and its
developed small gully is consistent with the direction
of the line here. During construction, this section
experienced significant collapse, with a maximum
collapse of 34.38 cubic meters per linear meter and a
maximum void height of 3 m. There is also a ventilation
shaft outside this site, which is well exposed and has
a significant amount of internal water accumulation.
The lining inside the tunnel has serious water leakage,
and the lining surface has a large area of corrosion.
The arch crown is cracked and falls seriously, and
the concrete strength (17.4 MPa) is relatively low.
The right arch waist is limited, and there are serious
cavities and non-compact diseases behind the lining.
The bottom plate of the tunnel is not compact, filled
with water, and cracked severely, and there is serious
mud pouring. There has been a history of arch crown
anchor rod reinforcement. It is recommended to
perform rectification as soon as possible.

The K60+790-K60+970 mileage section is
located below the eighth gully. There are two
longitudinal cracks that run through the arch waist,
with many cracks, severe water leakage, and limited
penetration. Other issues are the insufficient lining
thickness and low concrete strength. The arch crown
contains coal seams, voids, etc. The arch crown has
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Table 2. Disease Detection Results

. . Nondestructive Mgnual I?xternal
Number Project Unit testing _tapplr_lg a_nd e_nV|ror_1me_ntaI Remarks
investigation | investigation
1 Lining chipping place 43
2 Invasion limit place 267
3 Insufficient lining thickness | place 4942
4 Insufficient concrete place 60
strength
5 Cracks (0.3—-0.5 mm) place 151
6 Cracks (>0.5 mm) place 2752 37 Cracking of lining
7 Cracking place 3
8 Yin dampness place 1698 91 Leakage water
9 Lining corrosion place 3
10 Damaged lining place 284
11 Interior panel place 96
12 Empty place 1073 164
13 Not dense place 1046
14 Bottom plate cracking place 22
15 Bottom of the tunnel is not | place 120
dense enough
16 Tunnel bottom is not place 82
compacted and filled
with water
17 Tunnel bottom churning place 19
and mud seepage
18 Gully fracture place 13
19 Avoiding tunnel diseases | quantity 239
20 Investigation of the water place 32
level in the side ditches
21 Investigation of the water | quantity 64
level in precipitation wells
22 Gully quantity 8 Outside the
tunnel
23 Auxiliary tunnel quantity 11 Outside the
tunnel
24 Coal mine roadway quantity 2 underground
Total place 13301 21
been reinforced with anchor rods. It is recommended as manual tapping, numerical simulation, and

to perform rectification as soon as possible.

Evaluation of tunnel disease level

The tunnel was graded in sections of 100 m, and
all the sections were graded based on nondestructive
testing results. The results of each section were
rated as AA level, and combined with manual
tapping and observation results, according to the
Provisional Regulations on Safety Level Evaluation
of Railway Operation Tunnel Lining, the safety level
of the tunnel lining is extremely severe, i.e., AAlevel.
The tunnel should be renovated as soon as possible
and 24 h monitoring work be conducted to ensure
driving safety.

Verification and supplementation of digital
collection results

The above digital achievements in the rapid
machine inspection of information technology were
verified and supplemented through methods such

comprehensive investigation and analysis.

(1) Tunnel manual tapping detection technology:
The method of manually tapping the tunnel wall
(Fig. 12) was used to investigate hidden dangers in
the tunnel lining (Bao et al., 2023). The main factors
to be investigated include concrete cracks, falling
blocks, voids, water leakage, water accumulation in
ditches, diseases in car shelters, and mud pouring
from the tunnel. The main results are various disease
tables, including data on voids and cracks, which are
mutually verified with nondestructive testing results.
A comparative analysis showed that the results of
nondestructive testing and manual testing mostly
overlap with each other, proving the high accuracy
of the nondestructive testing data in this study.

(2) Numerical simulation: By comprehensively
analyzing all the detection results, weak links and
typical sections of tunnel structures and diseases
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Fig. 12. Tunnel manual tapping detection

were identified, modeling was done with measured
data, a numerical simulation analysis was conducted
on the tunnel, the trend in the tunnel deterioration
was identified, and preparations were made for
later operation and maintenance of the tunnel. The
MIDAS-GTS software was used in the numerical
simulation calculation of this tunnel. Based on all the
detection results, 76 typical cross-sections in areas
with severe diseases were selected and subjected
to 2D and 3D numerical simulations (Fig. 13) to
determine the bearing capacity of the tunnel lining
and the safety of the tunnel structure, and to analyze
and predict the further deterioration trend of the
tunnel. After using the load structure method to
calculate and analyze the tunnel lining structure with
different thicknesses and strengths, it was found
that the safety factor at the intersection of the arch
and the side walls on both sides did not meet the
regulatory requirements in all 76 sections, and the
safety factor at the arch crown, arch waist, and arch
foot of some sections did not meet the requirements.
The calculation results obtained using the geological
structure method and the load structure method
exhibited consistent trends.

(3) Comprehensive investigation and analysis
method: By investigating the daily regular inspection

data in tunnel engineering, combined with historical
data, tunnel interior surveys, nondestructive testing
results of tunnel lining diseases, and manual testing
results, special investigations and research were
conducted on tunnel boundaries, water damage
inside the tunnel, tunnel bottom diseases, and
water quality. The intrusion limit inside the tunnel
was mostly caused by historical reinforcement
measures and the increase in the amount of ballast
at the bottom of the tunnel. The water quality inside
the tunnel was good and noncorrosive. Due to the
poor geological conditions, unclear inverted arch
structure, paralyzed drainage system, increased
transportation volume, repeated action of heavy-duty
trains, and untimely operation and maintenance, the
tunnel bottom exhibited serious diseases.

Conclusions

(1) Basic working methods were established.
By digitizing historical tunnel data and applying
information collection technologies, such as drone
aerial photography, ground penetrating radar, and
full-section laser scanning, a basic database for the
intelligent management and maintenance of existing
operational tunnels was established.

(2) A comprehensive analysis method was
established. Through methods, such as manual
tapping, numerical simulation, and comprehensive
investigation and analysis, the results of the
information technology testing were reviewed,
verified, and supplemented. The database
established for the information technology testing
results was found to be accurate and reliable.

(3) All the data were digitized and connected. By
conducting comprehensive research and drawing a
comprehensive disease display chart, all the data
can be integrated and displayed for a comprehensive
analysis.

(4) The 3D display software platform inside and
outside the cave requires further improvement.
Drone aerial photography technology was used to
conduct a 3D modeling of the external environment
of the tunnel, and the full-section laser scanning
technology was applied to collect 3D data inside
the tunnel. All the digital collection results can be
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Fig. 13. Modeling results of the stress acting at typical sections of the tunnel lining
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incorporated into the BIM platform to achieve a 3D
integrated visualization display in the later stage.
By studying the visualized 3D model, the causes of
diseases can be identified and analyzed efficiently
and intuitively.

(5) The next step is to strengthen research on
rapid inspection equipment to better adapt to the
rapid detection of various operating tunnels with

(6) Regular inspections can be combined with
targeted rapid inspections to improve the level of
facility security. The tunnel can be combined with
regular inspections and targeted rapid inspections
during operation and maintenance. By comparing
and analyzing multiple detection results from different
periods, it is possible to quickly identify the causes and
trends in the changes in the tunnel structure, providing

heavy traffic. assurance for later operation and maintenance.
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AHHOTaUuA

BBepeHue. B Kutae nmeercsa oblumpHas cetb TyHHenewn, Tpebytowmx obcnyxunaHusa. MIHTennekTyansHoe ynpasneHue
n obCcnyxXrnBaHue 3TMX TYHHenNew Ha OCHOBE LM(POBON MHPOPMALMOHHOW CUCTEMbI MOXET ObiTb MONe3HbIM. [ns aToro
Heobxoaumo cobuvpaTb COOTBETCTBYHOLLYK LMAPOBYI MHMOPMALMI0O O KOXYXe TOHHEMS W OKpyXatlllen cpene ans
JonrocpoyHoro obcnyxmBaHus. Llenbio 6bino B3siTh B Ka4ecTBe 0ObeKTa UCCNENOBaHNSA CYLLECTBYOLLNIA AENCTBYOLLNIA
TyHHenb. B gaHHOM vccnegoBaHUmM NPUMEHSIIOTCA pasnuyHble MeToabl MHAOPMALMOHHBLIX TEXHOMOMIA AN NOCTPOEHUS
OCHOBHOW LMdpPOBON 6a3sbl AaHHbIX AN MHTENNEKTYanbHOro ynpasneHus u obcnyxveaHusa TyHHenen. Mcnonbayembie
MeToAbl: CTaTUCTMYECKNE OaHHble, BecnunoTHas aspodoToChbeMKA, AaHHblE MarnornybvHHOro paamonokaLyMoHHOro
30HAMPOBAHUSA, AaHHblE MOMHOMPOMUIIBHONO NasepHOro CKaHMPOBaHWSA U TEOPETUYECKMI aHanu3. PesynbraTtbl. basa
OaHHbIX MOXET ObITb MCMOMb30BaHa B ka4eCcTBe CNpPaBOYHOro Nocobusi 4nst aHanorMyHbIX NPOEKTOB.

KnioueBble cnoBa: MHTEeNnNeKTyanbHoe ynpasneHune wu O6CJ'Iy)KMBaHMe; LMdpoBM3aLmns; OCHOBHast 6asa [faHHbIX;
aspohoToceMKa; NONHONPOMUIIbHOE NTAa3epPHOE CKaHNPOBaHUS; MaJ'IOITIY6MHHoe paanonokauMoHHoe 3o0HOMpOBaHUE.
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Abstract

Introduction. The protection and repair of concrete structures are the challenges of high priority, some solutions of which
are presented in standards such as EN 1504 and GOST 32016-2012. Application of waterproof compounds is one of
the main methods to protect concrete structures from water impact. Sealants are widely used to preserve the concrete
properties, providing surface or volumetric hydrophobization. Purpose of the study was to develop and substantiate a new
method to improve the efficiency of volumetric hydrophobization of protective layers made of dry mix mortar (DMM) based
on microcement. Materials and Methods. Microcement MC MicroOST brand produced by New Technologies LLC was
used as the main component of dry mixes, aluminous (AC-35-40) and high aluminous (HAC-70) cements were considered
as aluminate components. Comparative assessment of hydrophobic properties of the prepared formulations of DMM
based on microcement was carried out by contact angle and water absorption indicators. Results of the study showed
that samples with introduction of aluminate component, such as high alumina cement (HAC), demonstrated high level
of hydrophobicity and faster completion of water uptake into the material, relative to samples with HAC-35-40, samples
of control formulation K-1, or with alternative additives (formulation with Mapelastic). It was found that introduction of
high alumina cement in amount of 10-15 % provides maximum hydrophobicity for the proposed method. Analysis of
the form of the water contact angle revealed formation of water-repellent film on the treated surface of samples with
10 and 15 % of high alumina cement. With regard to other coatings, it has been noted that they are highly resistant to
water penetration deep into the material. These results demonstrate high efficiency of the proposed method to improve
volumetric hydrophobization of protective layers made of dry mix mortar and used to protect building structures from
moisture and ensure their durability and strength.

Keywords: dry mix mortarres, hydrophobicity, aluminate component, contact angle, water absorption, protective layer,

repair compounds.

Introduction

Modern world experience of urban development in
big cities shows that optimal conditions for sustainable
development and comfortable living in the city may
be reached if the share of underground structures
in the total number of constructed facilities is not
less than 20-25 % (Popov and Demidova, 2013).
Meanwhile, concrete is the most frequently used
material for the construction of underground buildings
and structures. It is classified as a capillary porous
material and is therefore characterized by its ability to
absorb and filter the water. Porosity under otherwise
equal conditions depends on the quality of concrete
mix laying, selected materials, and decrease in the
performance characteristics of concrete over time is
determined by operation of the structure in severe
hydrogeological conditions. In this regard, in recent
years, much attention was paid to the protection and
repair of concrete and reinforced concrete structures.

The EN 1504 standard adopted in Europe in 2009
regulates requirements for materials and systems
for protection and repair of concrete structures.

The Russian Federation in 2012 developed
GOST 32016 standard aimed at harmonization
with the above mentioned EU standard, the GOST
standard sets out the principles and methods of
protection and repair of concrete structures.

According to the requirements of regulatory
documentation, the most available methods of
protection of concrete structures from corrosion,
excessive water absorption, and reduction of thermal
protection properties are coatings with waterproof
formulations (Kubal, 2012; Zarubina, 2011).

Special hydrophobic formulations, which can
provide surface or volumetric hydrophobization
according to the method of water impact protection
(Fig. 1) are used for preservation of properties of
concrete in structures.

It shall be noted that during surface
hydrophobization the Formulations of Group 1
(Table 1) provide water resistance due to dense
compaction of low permeability microstructure
with polymer film, which provides water-resisting
properties inside the matrix. The formulations

For citations: Strokova, V., Urmanova, Ch., Kalatozi, G., Nerovnaya, S., Shakhova, L. (2024). Method to improve the efficiency 99
of volumetric hydrophobisation of protective layers of building structures. Architecture and Engineering, No 4 (9), pp. 99-108.
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of Group Il increase water resistance by
hydrophobization of the surface of capillaries, which
blocks the penetration of water into cement structure.

According to this property, waterproof materials
are classified as:

- materials preventing filtration of water under
pressure;

- materials which do not absorb water by capillary
water absorption when the surface of the product
comes into contact with water.

Despite the availability of a wide range of
various waterproofing materials, reliable results
may be achieved only due to the correct choice of
components, their compatibility and strict compliance
with the Standard Operating Procedures. Moreover
it is well known that hydrophobicity is determined not
so much by properties of the material as a whole, but
rather by the properties and structure of the near-
surface layer, which is several micrometres thick
(Boinovich and Emelyanenko, 2008). The design of
hydrophobic coatings was guided by the principles
of creation of such formulations, based on the latest
achievements in the field of design of waterproof
protective films (Zhao et. al., 2006; Selyaev et. al.,
2019; Martuzaev et. al., 2021; Hao, 2021; Jihui et.
al., 2022).

Beside high hydrophobicity, protective
coatings should have high adhesion to the original
concrete and the maximum compatibility with its
structure. A popular method is the introduction of
waterproofing additives directly into the cement-
sand mixture. However, such cement-sand
formulations are subject to shrinkage phenomena,
which reduces the protective properties of the
coatings. Therefore, in practice, waterproofing
coatings based on a formulation of Portland cement
and gypsum alumina cement, which provides
the effect of shrinkage reduction or even slight

expansion are widely used (Chumachenko et. al.,
2016; Liang et. al., 2023; Maltseva, 2016; Lesovik
et. al., 2014). According to research studies, the
dosage of alumina-containing components used
for the improvement of the waterproofing ability of
the formulation of multipurpose dry mixtures varies
from 1.5 to 50 % (Kuzmina, 2017). This is due to
the fact that, hydration products of alumina cement
in the formulation with Portland cement recrystallize
over time from hexagonal calcium hydro aluminates
into cubic hexahydrates of tricalcium aluminate,
which leads to decrease in strength of products
(Kalatozi et al., 2024). To prevent this transition,
modifying additives that increase stability of
hydrate neoplasms are introduced into the dry mix
formulation. The effect of hydrate phases of alumina
cement expansion allows to increase density of the
matrix and thereby increase the degree of protection
of concrete structures from water penetration.

Regulation of properties of such formulations
is possible by application of various modifying
additives, which not only determine the setting time
and kinetics of the strength gain, but also provide
the effect of waterproofing due to the impact on
formation of hydrate phases with dense compaction
of matrix and formation of a surface with low surface
energy at the solid/liquid boundary.

It is possible to increase hydrophobicity of the
surface by creation of special texture on the material
surface with the application of fillers with multimodal
particle size distribution embedded in the matrix of
hydrophobic material, due to which a “lotus effect’
is created on bumpy surface, when a drop of water
cannot be evenly located on it, because it is prevented
by surface tension forces (Pang et. al., 2023).

In the process of consideration of the principles
and methods of protection, special attention should
be paid to compatibility of applied materials for repair
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Fig. 1. Methods of concrete and reinforced concrete structures protection with the use of hydrophobic special formulations
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Table 1. Methods and Mechanisms Providing Water Resistance of Protective Coatings

Formulation Waterproofing method

Waterproofing mechanisms

water absorption when
the surface comes into
contact with water

zero.

types
Group | Coatings preventing After hardening the coatings | The coatings provide dense compaction
filtration of water under | form microporous structures | of mineral components of the cement mix,
pressure with low permeability (filtration | as well as aggregate and filler particles
coefficient Kf < 1-10-10), due to the application of different functional
withstanding water pressure | additives that create a cement-polymer film
up to 0.8-1.0 MPa and more | with low microporous structure.
(according to GOST 12730.5).
Group Il Coatings which do not Due to the effect of capillary | The coatings do not protect structures from

absorb water by capillary | surfaces hydrophobization,
they form coatings that are
not wetted by water and have | These materials prevent moistening of

water absorption approaching |fencing elements of the structure when they

penetration of pressurized water, but reduce
the rate of its filtration through the coatings.

are exposed to heavy rainfall, in conditions
of possible capillary rise of groundwater,
when condensate is formed on the surface
of structures due to the introduction of water-
repelling agents into the mixtures.

and protection works with original concrete of the
structure (Sokolova, 2010). Cement-based dry mix
mortar that provide hydrophobic protective coatings
are suitable for protection of concrete and stone
surfaces from moisture, as well as brick and ceramic
facades of buildings, paving slabs, swimming pools
and terraces. The surface treatment with such
formulations leads to formation of hydrophobic
coating with low porosity, which reduces water
absorption of the material and increases its service
life (Abdalla et. al., 2009; Malgorzata et. al., 2023;
Loganina et. al., 2013).

During production of dry mix mortars, joint
grinding of Portland cement and functional additives
provides homogeneity of mineral formulation of the
product and its physical and mechanical properties,
leads to simultaneous mechanical activation of
all components, provides special properties by
introduction of functional additives in the grinding
process and guarantees high compatibility of
microcement matrix and concrete structures
(Shakhova et al., 2023).

Particle size of the formulation and uniform
distribution of all components are of particular
importance. Therefore the microcement was used
during preparation of effective waterproofing
coatings. Size of microcement particles s
comparable with the size of capillaries and may
penetrate deep into the body of concrete in the form
of dilute aqueous suspensions, blocking water flows,
as well as restoring the strength lost over time. The
second component used was finely ground sand
with an average particle size of less than 25 mkm.

In this regard, the purpose of the study was to
prepare and substantiate the method of improvement
of the efficiency of volumetric hydrophobization
through introduction of alum-containing components
into dry mix mortars based on microcement and

determination of optimal ratio of these components,
providing maximum contact angle, and minimum
water absorption.

Methods

This study refers to investigation of the surface
and hydrophysical properties of the prepared
formulations of dry mix mortars based on
microcement. The following components were used
for the study: microcement of MC MicroOST brand
produced by the New Technologies LLC (Shakhova
et al., 2023); alumina (AC-35 40) and high alumina
(HAC-70) cement produced by the Pashinsky
Metallurgical and Cement Plant OJSC; gypsum
produced by the Peshelansky Gypsum Plant LLC.

Quartz powder obtained by grinding of quartz
sand produced by the New Technologies LLC
(hereinafter — ground sand) was used as a filler.

Typical particle sizes and Blaine specific surface
area of microcement and ground sand in the
formulation are presented in Table 2.

To improve special properties to dry mixtures,
a complex modifying additive consisting of setting
regulators, dispersants and acrylic copolymers was
additionally introduced.

To obtain a thin-layer coating formulation from the
dry mix, mixing water was added until equal mobility
was reached, which was evaluated by Kantro’s
slump test (Kantro, 1980).

Hydrophobic  protective = compounds were
applied by brush to pre-cleaned surface of mortar
samples with dimensions 40x40x160 mm (shape
according to GOST 30744-2001) in 2 layers. Before
application of the waterproofing layer, the surface of
the samples was wetted. Thickness of the protective
coating was 1-1.5 mm. Samples with a protective
layer were stored in a normal hardening chamber at
a temperature of (20+3) °C and relative humidity of
(9515) % during 28 days.
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Samples of uncoated cement-sand mortar (K-1)
and samples coated with Mapelastic, a 2-component
mixture widely used for waterproofing concrete
pavements, produced by Mapei, were taken as
control samples to compare the hydrophobic
properties of the prepared formulations.

The waterproofing coating was evaluated by two
methods. Water absorption of samples was tested
according to GOST 12730.3-2020. After 28 days
of hardening, the coated samples were weighed
and then immersed in water so that the water level
was 50 mm above the top level of the samples.
After every 24 h, the samples were removed from
water and pre-wiped with a drained damp cloth. Test
was carried out until the results of two consecutive
weighings differed by not more than 0.1 %.

The second method was the well-known water
droplet test, which was performed by optical
measurement of the contact angle of the surface by a
droplet (lwamatsu, 2011; Mittal, 2018; Bormashenko.,
2009; Antonini et. al.,, 2009). The contact angle of
liquid on the surface of a porous capillary body may
be formed only in presence of a film that prevents
movement of liquid into the material under study.

It does not take into account the effect of water
pressure on moisture penetration into the sample
(Loganina and Sergeeva, 2020). During complete
wetting of the surface the angle is 0 degrees,
and during complete non-wetting the angle is 180
degrees, this is the main factor for determination of
the hydrophobicity or hydrophilicity of material. The
contact angle was measured with Kruss DSA 30
instrument. For this purpose, a drop of water was
applied to the sample with protective coating, the
fact of drop application was pictured. The treatment
was carried out according to the instrument program.

Type and dosage of alumina cement, as well
as content of ground sand varied in the dry mix
formulations based on microcement (Table 3). We

studied formulations with alumina cement content
from 5 to 15 wt.%.

During calculation of the composite content based
on hydrophobic cement formulations, we initially
determined requirements for the final product, such
as degree of hydrophobicity, strength, environmental
resistance and other technical parameters. Then,
we selected components including wetting agents,
strength boosters, stabilizers and other auxiliary
additives in order to provide the required properties.
Next, we conducted laboratory studies and tests to
determine the rational concentrations of components
and their interactions, providing the desired technical
characteristics and product quality (Selyaev et al.,
2019; Badmaeva et al., 2022; Guvalov et al., 2018;
Nguyen et al., 2023).

Thus, the following formulations were analyzed
in this paper:

1. Samples of prepared DMM labeled GF-5,
GF-10, and GF-15. Composite binder (microcement +
alumina cement + gypsum)+ ground sand +
+ complex additive. Microcement was used
to improve performance characteristics of the
composite. The purpose of its application is to get
a denser and stronger surface, which contributes
to the durability and aesthetic appearance of the
product. Alumina cement was added to improve
chemical resistance and strength of the composite.
This type of cement has a high degree of resistance
to aggressive chemicals and provides additional
protection  against  degradation  processes.
In addition, a complex additive was used to regulate
the time of the composite hardening, increase
mobility of the mixture and provide hydrophobic
effect. This additive enables precise monitoring of
the time required for the composite to harden, which
is particularly important in handling. Increasing
mobility of the mixture makes the application easy
and convenient, and the hydrophobic effect helps to

Table 2. Typical Particle Sizes and Specific Surface Area

Characteristics Microcement MC MicroOst | Ground sand
Particle diameter at 95 wt%; D, 16 65
Modal particle diameter, wt %; DCp 7.5 15.7
Blaine specific surface area, m?kg 950 610

Table 3. Formulations of dry mix mortars

Formulation Composite binder, % Ground Complex modifying wic
identification number MC | HAC-70 | AC-3540 |Gypsum| sand, % additive, % ratio
GF-5 40 - 5 1.65 53.1 0.25 0.25
GF-10 40 - 10 1.65 48.1 0.25 0.22
GF-15 40 - 15 1.65 431 0.25 0.24
GA-5 40 5 - 1.65 53.1 0.25 0.27
GA-10 40 10 - 1.65 48.1 0.25 0.265
GA-15 40 15 - 1.65 43.1 0.25 0.26
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protect the structure from moisture and improve its
resistance to external factors.

2. Samples of prepared DMM labeled GA-5,
GA-10, and GA-15. Composite binder (microcement +
+ alumina cement + gypsum) + ground sand +
+ complex additive. High alumina cement was
used to improve strength and resistance of the
composite to aggressive impact. This type of cement
is characterized by high alumina content, which
provides it with exceptional resistance to chemical
attack and abrasion. Addition of high alumina cement
to the composite allows for creation of material that
can withstand extreme operating conditions such as
high temperatures, humidity, aggressive chemical
environments and mechanical stresses. Advantages
of the application of high alumina cement include its
ability to form crystalline structures that have high
strength and corrosion resistance. This contributes
to significant extension of the service life of structures
made of such composite and reduction of the risk of
their destruction under impact of various factors.

3. Sample of uncoated cement-sand mortar
(K-1) — as a reference mortar.

4. Sample coated with Mapelastic, a two-
component mortar based on cement binder,
fractionated fine aggregate, special additives
and synthetic water-dispersion polymers mixed
according to a formula originated by Mapei’'s own
research laboratories.

a) b)

Results and discussion

According to the test results of coatings shown in
Figs. 2—4, itwas found that the samples the surface of
which is coated with formulations GA-10 and GA-15,
which corresponds to contact angle values of 100°
and 96°, respectively, have a hydrophobic effect. The
formulations of such coatings include high alumina
cement HAC-70, content of which is 10 % and 15 %,
respectively. This means that formulations have the
ability to repel water, which makes the surface of the
material less susceptible to moisture penetration.
As for other coatings, their high resistivity to water
penetration deep into the material was observed.
These coatings act as a barrier to water penetration
into the matrix, preventing its destruction and
preserving its structure and strength over time.
Therefore, the results demonstrate effectiveness
of GA-10 and GA-15 formulations with high
alumina cement as hydrophobic coatings to protect
materials from water and improve their performance
properties. The lowest contact angle was measured
in the formulation from Mapelastic (18).

The overall ranking of the samples according to
contact angle increase is as follows:

K-1 — Mapelastic — GA-5 —» GA-15 - GF-5 —
— GF-10 — GA-15 — GA-10.

So, the introduction of high alumina cement from
10 to 15 % into the formulation allows reduction
of surface energy at the solid/liquid interface.

,...4_@:&,q
i i

L

Fig. 2. Contact angle on the surface of the protective layer of the formulation containing AC-35-40:
a— GF-5 (6 =76°); b— GF-10 (6 = 77°); c — GF-15 (6 = 75°)

a) b)

0)

SR,

LT

Fig. 3. Contact angle on the surface of the protective layer of the formulation containing HAC-70:
a— GA-5 (6 =74°); b — GA-10 (8 = 100°); c — GA-15 (6 = 96°)
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Fig. 4. Contact angle on the surface of the protective layer of the
formulation: a — Mapelastic (8 = 34.2°); b — K-1 (6 = 18.3°)

An additional criterion contributing to the
assessment of the level of hydrophobization
of surface coatings is the water absorption.
Protective layer shall have hydrophobic properties
and a dense volumetric structure to prevent water
penetration to the concrete or mortar substrate.
Kinetics of water absorption by samples coated
with protective layers of hydrophobic dry mixes is
presented in Fig. 5.

Analysis of the graphs showed that all samples
have high water absorption during the first 3 days
of the experiment. This period is characterized by
intensive penetration of water into the material, which
is due to its structure and surface characteristics.
Approximately by Day 7 (for samples with
HAC-70) and by Day 11 (for samples with
AC-35-40) a stabilization of the water absorption
process was observed. This is manifested in the
fact that the sample mass change ceases to exceed
0.1 %, which proves the completion of the process
of water penetration into the material.

It should be noted that in the reference sample
K-1, completion of the water absorption process
occurred on Day 10, and in the sample with
Mapelastic coating — on Day 15. This points to
different speed and efficiency of material protection
from moisture penetration depending on the type
and formulation of the coating used.

Therefore, experimental results allow us to
conclude about the kinetics of water absorption of
samples and effectiveness of hydrophobic coatings
for protection of materials from water.

Analysis of water absorption by samples with
coatings made of prepared dry mix mortars revealed
the following trends. Compared to the coatings made
of hydrophobic DMM Mapelastic, all samples with
coatings showed better water absorption kinetics.
The samples containing aluminate cement AC-35-
40 showed faster completion of water uptake by four
days compared to Mapelastic. The samples with
introduction of HAC-70 aluminate cement showed
even higher performance, completing the water
uptake process eight days earlier than Mapelastic.
Compared to the reference sample K-1, water
absorption process was completed faster only for
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samples containing HAC-70 aluminate cement, and
this was achieved three days earlier.

So, the highest water absorption was observed
in the reference formulation K-1 (10 %). Protective
coatings may reduce water absorption to 5 %
on Mapelastic and up to 4 % on all prepared
formulations.

Compared to the sample coated with Mapelastic
formulation, application of coatings of the formulation
series GF-10 and GF-15 can reduce water absorption
by 2.5-3 times (from 150 % to 200 %).

During introduction of aluminate cement HAC-70
(series GA-10 and GA-15) into the formulation of
protective coating, the water absorption decreased
2.8—4 times (from 180 % to 280 %).

High water absorption was observed in
formulations GA-5 and GF-5. It means that despite
the fact that the contact angles for a series of GF
formulations are approximately equal, with the
content of alumina cement 5 %, it was not possible
to obtain dense layer of protective coating.

a) 1o
) . —4— GF-5
8 — GF-10
&7 . — —= GF-15
= 6
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5 5
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Fig. 5. Water absorption of cement-sand mortar samples
with protective coatings depending on the formulation of dry mix:
a — with the content of AC-35-40; b — with the content of HAC-70;
¢ — control formulations Mapelastic and K-1.
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The following trend of water absorption values
growth relative to control samples (at 7 days) was
established:

GF-15 —» GA-15 — GF-10 — GA-10 —
— Mapelastic —» GF-15 — GA-5 — K-1.

The most effective value of the amount of
absorbed water at the end of water penetration into
material, among the samples containing aluminate
cement AC-35-40, was shown by the formulation
with GF-15 — (3.7 %) (on day 11). Among samples
containing high alumina cement HAC-70, the most
effective was the formulation with GA-15 — (3.74 %)
(on Day 7). These samples are distinguished by
their high performance over the long run due to their
resistive capabilities, which means that they are able
to maintain stable characteristics under prolonged
exposure to moisture.

So, the obtained results emphasize theimportance
of selection of the right DMM formulation to achieve
optimal moisture protection and ensure long-term
stability of the material under different operating
conditions. This supports the high efficiency of the
proposed method of improvement of efficiency of
volumetric hydrophobization of protective layers
made of dry mix mortars and used to protect building
structures from moisture and ensure their durability
and strength. It should be noted as well that the
obtained formulations have a high resistive ability to
water penetration, so they play a role of a barrier for
concrete building structures.

The following conclusions can be drawn from
the conducted studies on selection of formulation of
waterproofing coatings for concrete structures:

1. The highest contact angle was observed
in formulations of protective coatings GA-10 and
GA-15, the smallest contact angle in the Mapelastic
formulation. The other tested formulations have
a contact angle of about 75-76°.

2. Ability to reduce water absorption in the tested
formulations GA-10, GA-15 and GF-10 and GF-15
are approximately equal (4 %), which is slightly
higher than that of Mapelastic (5 %).

3. GA-5 and GF-5 formulations failed to produce
a protective coating with low water absorption
capacity.

4. The type of alumina cement and critical
dosages were determined, at the introduction of
which it was possible to obtain formulations with high
resistivity to water:

- formulations containing alumina cement
AC-35-40 in all dosages and formulation containing
5 % HAC during measurement of the contact angle;

- formulation containing 15 % of alumina cement
AC-35-40 and formulations containing 10 and 15 %
HAC during measurement of the water absorption
index.

Conclusion

We have proposed and substantiated
the introduction of aluminate components
represented by alumina or high alumina cement
into the formulations of dry mix mortars based on
microcement in order to increase the efficiency of
volumetric hydrophobization of protective coatings
of concrete structures. The effectiveness of the
originated approach was assessed by two methods:
measurement of the contact angle and measurement
of water absorption.

The study showed that introduction of aluminate
cement into the formulation of dry mix mortars
significantly improves their hydrophobic properties.
Samples with addition of aluminate component —
high alumina cement (HAC) showed a higher level
of hydrophobization compared to samples without
this component (reference formulation K-1) or with
alternative additives (formulation with Mapelastic).
Dosage of high alumina cement 10 % and 15 % is
reasonable from the point of hydrophobicity increase.

BM containing aluminous cement as an aluminate
component (AC-35-40) showed improved resistance
to water absorption and faster completion of water
absorption into the material, relative to samples with
HAC, without this component (K-1) or with alternative
additives (Mapelastic).

In water absorption studies, the most effective
formulations were GA-10, GA-15 and GF-15.

Analysis of contact angle measurement showed
availability of a water-repellent film on the treated
surface of samples labeled GA-10 and GA-15
(samples containing HAC-70).

The obtained experimental data demonstrate
the effectiveness of the proposed method of
improvement of the volumetric hydrophobization, as
well as the reasonable need for assessment of the
quality of protective formulations by two methods
aimed at assessment of the hydrophobic properties:
measurement of contact angle and determination of
water absorption.
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CMOCOB NOBbIWEHUA 3®PEKTUBHOCTU OB BEMHOM
rMMaoPO®OBU3ALUN 3ALLUUTHBLIX CITOEB CTPOUTENBbHbIX
KOHCTPYKLUUN

Banepus CtpokoBa’, XpuctuHa YpmaHosa', leoprun Kanatosu', Cocdbs HeposHasa'™, Niobosb LLaxosa?

'"BenropoAckuii rocyaapCTBEHHbIN TexHonormvecknin yHusepcutet um. B. . Lyxosa, Benropoa, Poccus
206LWeCcTBO C OrpaHUYEeHHON OTBETCTBEHHOCTbLIO «BnagmMBOCTOKCKMIN Hay4YHO-UCCNEA0BATENBbCKUI LLEHTP
CTpouTenbHbIX MaTepmanoBy, I. Cnacck-JanbHuin, Poccus

*E-mail: nerovnaya.sofya@yandex.ru

AHHOTaUuA

BBepgeHue. 3awimta 1 peMOHT GETOHHBLIX KOHCTPYKLUMIA SBNSATCS MPUOPUTETHBIMU 3aJadaMu, HEKOTOpble peLleHus
KOTOpbIX MpeAcTaBneHbl B cTaHgapTtax, Takux kak EN 1504 n TOCT 32016—2012. MNMpuMeHeHne r1apom3onsiLMoHHbIX
COCTaBOB — OAWH M3 OCHOBHbIX METOAOB 3aLLUNTbI OETOHHBIX KOHCTPYKLMIA OT BO34encTBust Boabl. MMapodobHble cocTaBbl
LLIMPOKO MUCMONb3YHTCSA NS COXPaHEHNsi CBONCTB 6eToHa, 06ecneymBasi NOBEPXHOCTHYO UK 06beMHYtO ruapodobusaumio.
Llenbto nccnegoBaHus siBnsinack paspaboTtka 1 060CcHOBaHWE HOBOro cnocoba noBbileHUs 3dpekTUBHOCTN 06 bEMHOM
rmapocobmsaumm 3amTHBIX CrOEB, BbIMOMHEHHbIX U3 CyxnX cTpouTenbHbix cmecei (CCC) Ha ocHOBE MUKpOLIEMEHTA.
MaTtepuanbl U mMetoabl. B kayecTBe OCHOBHOrO KOMMOHEHTA CyXOW CMECK MCMOMb30BaH MUKPOLIEMEHT Mapku ML|
MwukpoOCT npoussoactBa OOO «HoBble TexHOMorMmM», B KauyecTBe artoMUMHATHbIX KOMMOHEHTOB PacCMOTPEHbI
rmmHosemucTbii (MLU-35 40) n BbicokornMHosemucTtbii (BIU-70) uemMeHTbl. CpaBHUTENbHYK OLEHKY rMapodobHbIX
CBOWCTB pa3paboTaHHbIX COCTAaBOB CyXUX CTPOUTENbHBLIX CMECEW HAa OCHOBE MMUKPOLIEMEHTA NPOBOAUM MO MoKa3aTensam
yrna cmadvMBaHusi 1 BogonornoweHus. Pesynbrarthbl CCrefoBaHuUst nokasanu, 4to obpasLbl C BBEAEHUEM anioMUHATHOMN
COCTaBNSIOLLEN, TAKOWN KaK BbICOKOTTIMHO3EMUCTLIV LiemeHT (BI'L), nposiBunu BelcokMin ypoBeHb ruapodobHocTn 1 6onee
ObICTpOE 3aBepLUeHMe NpoLiecca Habopa Boabl B MaTepmarn, oTHocutenbHo obpasuos ¢ MU-35 40, 06pa3uoB KOHTPONBLHOMO
coctaBa K-1 nnu c anstepHatMBHbIMK fob6aBkamu (cocTas ¢ Mapelastic). [Noka3aHo, 4To BBeAeHWE BbICOKOTTTMHO3EMUCTOrO
uemeHTa B konunyectse 10—-15 % obecneumBaeT MakcMManbHyt rMapodobHOCTL ANa NpeanoxeHHoro cnocoba. AHanmus
hopMbl KPAEBOroO yrra CMayYMBaHUS BbISIBUAI HanvyvMe BOOOOTTanNKMBAaKOLLEN MMeHKn Ha 06paboTaHHOW MOBEPXHOCTU Y
obpasuos ¢ 10 n 15 % copepxaHMeM BbICOKOTTIMHO3EMUCTOTO LieMeHTa. B OTHOLIEeHUM Apyrnx MOKpbITUIA OTMeYaeTcst
UX BbICOKas pe3aMCTUBHAs CNOCOOHOCTb K NMPOHWKHOBEHWUIO BoAbl Briybb matepuana. OTu pesynsraTtbl AEMOHCTPUPYHOT
BbICOKYIO 3(PhEKTUBHOCTb MPEANOXKEHHOrO crnocoba MnoBbIWEHNSS O0ObeMHON rmapodobur3annm 3almUTHBIX CIOEB,
N3TrOTOBEHHbIX U3 CYXMX CTPOUTESBHBIX CMECEN U NMPUMEHSIEMbIX 115 3aLLUThl CTPOUTENbHbLIX KOHCTPYKLIMIA OT BO3AENCTBUSA
Brnarn n obecneyeHnm nx ONroBEYHOCTM U NMPOYHOCTH.

KnioueBble cnosa: Cyxune CTpouTenbHble CMEeCH; I'VI,D,pOCbO6HOCTb; antMuHaTHas CcocTaengawoLwas; Kpaesow yron
CMayMBaHNA; BOOOMNOITIOLLEHME; 3aLUNTHBIV CNON; PEMOHTHbIE COCTaBbl.
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