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Abstract

Introduction: This study focused on the behavior of people in museums. Museum visitors are known to explore the
works of art through various presentation methods. People’s behavior during the museum exhibit was analyzed. The
purpose of the study was to obtain physiological responses to indoor and outdoor tours in terms of neuro-architecture.
Therefore, the focus was on evaluating the cognitive responses people have to spaces during museum tours. Based on
this evaluation, it aimed to make spatial arrangements more human-centered. Methods: The study was conducted in a
virtual reality environment. A virtual museum was designed for the study, and experiments took place in this museum.
Unlike other studies, this study used Electroencephalogram (EEG), Eye Tracking (ET), Heart Rate Variability (HRV), and
Skin Conductance Response (SCR) techniques. The focus was on two presentation methods commonly used in museums:
audio description (AD) and information board (IB). As a result, most striking findings came from the examination of the
AD+IB presentation technique. EEG records and the data from other physiological measurement devices indicated that
the AD+IB presentation technique induced stress in the visitors. That is, the participants could not focus enough on the
works of art. Audio description alone was found very effective in museum visits. However, if it was used simultaneously with

information board (IB), the effect of the artworks on the visitors was reduced to a minimum.

Keywords: interior design; neuro-architecture; museum architecture; cognitive design.

Introduction

Human perception often tries to recognize or
identify objects when viewing them in everyday
life. This perception is engaged when viewing and
observing artworks in galleries and museums. It
sometimes offers the opportunity to recognize the
work of art and evoke proper cognitive responses.
Cupchik et al. (2009) described this experiential
perception as a particular psychological process,
characterized by a focus on objects (works of
art) and suppression of everyday concerns. If this
particular psychological process is managed in the
right way, it is possible to perceive the presented
works correctly. Although the studies explain the
cognitive processes involved in the perception and
evaluation of works of art, the aesthetic experiences
they provide and the related stimuli are still
controversial. Some studies claim that such criteria
as stimuli, colors, symmetry, and mathematical
proportions in works of art play an essential role
in promoting people’s aesthetic experiences
(Jacobsen and Hofel, 2003). Museums are
entities presenting millennia-long history. Planning
museum areas, especially museum architecture,
covers protection, restoration, security, and display.
The primary purpose here is for visitors to view the
exhibits comfortably. Many researchers focused on

visitors’ behavior (Del Chiappa et al., 2014; Huber
atal., 2019; Nurse Rainbolt et al., 2012; Ross et al.,
2012; Skov et al., 2018; Trunfio et al., 2022) and
highlighted the importance of museum architecture
in shaping these behaviors.

On the other hand, Livio (2008) stated that
titles, text, and other art structures could influence
aesthetic assessments of visitors. This experience
is intense in museums and art galleries. Therefore,
there are many specific factors, from the presentation
style of the works to the lighting method, the choice
of architectural colors, the design of the space in
museums and art galleries, to focus on the works
of art. According to Becker (2008), the way objects
or collections are presented and positioned can
evoke various emotions in people. Thus, arranging
or displaying the exhibited elements is crucial
for creating spatial environments for people and
enhancing cognitive recall mechanisms associated
with space. Hence, researchers who emphasized
the importance of designing museums and exhibition
spaces correctly (MacLeod et al., 2015; Olesen
et al., 2020; Wineman and Peponis, 2010) stated
that this is not enough. They indicate that even the
locations of objects are essential for museum design
and human experience (Alberti, 2005; Antonelli et
al., 2003).

For citations: Erkan, I. (2025). Critical review of museum architecture from a neuro-architecture perspective. 3
Architecture and Engineering, No 1 (10), pp. 3—15. DOI: 10.23968/2500-0055-2025-10-1-3-15.
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Museums have to offer the necessary comfort
values and establish a communication-interaction
between the visitors and works of art when presenting
their identity. In this respect, visiting a museum
can be an exciting, aesthetically impressive, and
multifaceted experience that involves learning and
having fun (Pine and Gilmore, 1998). In addition to
museums’ functionality today, different methods have
been developed for the correct presentation of the
exhibited works. First, an information board is located
next to the object exhibited. This method, called the
Information Board (IB), involves placing boards at
specific points. These information boards are placed
at an angle and in size that users can see.

An audio description system gives detailed
information/contents about the work exhibited
if requested. Audio Description (AD) is a verbal
description method that aims to make visual
elements of objects exhibited in museums and/or
galleries accessible by a voice guide. Within the
context of both the research and practice, the AD is
in a relatively early development stage compared to
the information board. There were studies evaluating
how Audio Description (AD) meets visitors’ demands
and assessing the effect of auditory narrative on
visitors’ understanding (Braun, 2008; Hutchinson
and Eardley, 2019; Walczak and Fryer, 2017).

Neuro-architecture, especially in recent years,
has been offering new analysis and examination
methods by looking at architectural research from
different perspectives. Combining neurosciences
with architecture, neuro-architecture enhances the
field of architecture, particularly in human-centered
design aspects (Higuera Trujillo et al.,, 2016),
from wayfinding to spatial analysis (Prandi et al.,
2023), from urban design (Erkan, 2024b) to spatial
sensations (Erkan, 2024a).

This study was designed to measure the neuro-
cognitive effects created by the presentation methods
on museum Vvisitors, rather than making cognitive
assessments of the works of art themselves. Thus,
the study questions the cognitive effects of the two
essential elements (information boards and the
audio description system) that appear in today’s
museums and are used to present the works of art.

Methods

This study used a method involving neuro-
architecture tools.

Participants

The study was conducted with 304 volunteers
(mean age = 25.6, SD = 1.9, 144 males). Having
healthy vision, good cardiac health, healthy
psychological condition, and not receiving any
stimulant medication were prerequisites for inclusion
in the study. All participants were right-hand dominant.

Experimental Environment

The study was completed in about 11 months. The
experimental environment was prepared and isolated

4

from the outside for the study. The environment of
appropriate temperature and humidity was provided
for the study to allow a comfortable setting for the
participants.

Apparatus

The experiment employed the following technical
means: one electroencephalography (EEG)
monitor, one virtual reality headset (VR), one eye-
tracking device (ET), one galvanic skin conductance
response device (SCR), one Wii controller (WII), and
one heart rate variety (HRV) device. The participants
were introduced to the devices and provided with the
needed information before the experiment began.
Participants who were not eligible for any of these
devices were excluded from the experiment.

Experimental Procedure

All stages of the experiment were explained
to the participants individually before starting the
experiment. At this stage, participants who did not
want to be involved in the experiment were excluded
from the study. A museum was designed in a virtual
reality environment for the experiment. The entire
experiment was developed to analyze the current
presentation methods that people encounter during
museum visits. Two different areas were designed
for the experimental stages:

The first space consisted of an “exhibition
designed entirely in open space”. The architectural
space, called the outdoor exhibition area, contained
architectural landscape elements and urban
furniture. There were sculptures, archaeological
remains, paintings, and objects in different artistic
styles exhibited outdoors. Participants passed
through this outdoor exhibition to the second stage
of the experiment.

The second stage was an indoor exhibition
space. This indoor space was designed with an open
architectural style and presented artistic objects of
different disciplines (paintings, sculptures, etc.). The
action plan of the participants in the experimental
environment is shown in Fig. 1.

The primary reason the experiment was designed
to move from outdoors to indoors is that it closely
mirrors real life. That is, people who want to visit the
museum approach the building in a specific direction.
In other words, when people approach the buildings
(especially the buildings with an architectural identity,
such as a museum), they exhibit specific emotional
responses. Therefore, recording these responses
was of importance for the study.

Both environments were designed with Cinema
4D and transferred to a virtual reality environment
with the help of C++. Objects of different artistic styles
(from sculptures to paintings, handwork, etc.) in both
of the designed spaces (indoors and outdoors) cater
to many different art disciplines (Appendix 1). All the
participants visited the outdoor and indoor exhibition
areas one by one. The participants were required to
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Fig. 1. Experimental architecture plan

see all the works. The participants were required to
wait a maximum of 180 seconds when they arrive in
front of the exhibited works of art. At the end of this
period, the system automatically redirected them to
the other object, and no participant exceeded this
period. Fig. 2 shows an example of the indoor space
and the display area in front of the exhibited object,
as seen by the virtual reality goggles.

As shown in Fig. 2, a specific approach was
set to each exhibited work. Visitors faced three
different options in front of the exhibited works of art
(paintings, sculptures, reliefs, etc.).

The first option was the information board (IB) in
front of the displayed element. This board contained
300 words of information about the work of art. The
participants were asked to read the IB texts on the works.

The second option provided just the audio
description (AD) system, without an information
board, when participants approached an object.
Information about the exhibited work was narrated
through the headset to the viewer. This voice guide
narrated 300 words of information to the visitors.

The third option (IB+AD) was a combination of
information board and audio description (IB+AD) in
front of the exhibited work. While the participants were
reading the information board, they were also informed
via a headset. Besides the 300-word information board,
different 300 words were provided by the voice guide.
In other words, the information board and the voice
guide system had different information. Fig. 3 shows a
simple diagram of the visitors’ navigation.

There was a total of 30 objects, with 15 of these
objects exhibited outdoors, and 15 indoors. Each
participant tested different presentation methods
indoors and outdoors five times each. In other words,
it was possible to test AD for 10 objects, 1B for 10,
and the AD+IB for another 10 objects indoors and
outdoors. The participants traveled in a virtual reality
environment using the Wii remote. With it, they were
able to turn right, left, and move back and forth. The
participants were also asked to rate the work displayed

Fig. 2. The larger picture — the indoor space visited by
participants, and the smaller one depicts the virtual reality
environment when they reach the artworks

on the screen from 1 to 10 (10 being the best) after
examining all three stages. After the participants rated
the objects, the experiment continued.

In the final stage of the experiment, participants
were asked about the works they saw/remembered in
the virtual reality environment after completing their
indoor and outdoor museum tours. This process was
performed with the “WHILE NAVIGATING” software
developed for this study. The interface of the
software developed is shown in Appendix 2. With the
help of the software developed, 60 different works
of art were shown to the participants at 5-second
intervals. In other words, this stage also included
30 different exhibition elements that were not shown
in the previous stages. This stage determined the
objects the participants were able to recall.

Analysis
Statistical Analysis
To explore the relationships among skin

conductance data, heart rate data, EEG data, and
architectural liking scores, we employed a general
linear model (ANOVA) for repeated measurements
using R software. We established a significance

5
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threshold of p < 0.05. To further investigate potential
double significance across different conditions, we
conducted t-tests on these variables, also with a
significance level of p < 0.05. Additionally, we utilized
bootstrap methods in EEGLAB for a comprehensive
analysis of the EEG data, maintaining a significance
level at p < 0.05. This multi-faceted approach
enhances our understanding of the data and findings.

EEG Data

A 14-channel EEG device was used for this study.
Data processing was carried out using the toolbox
software developed for this study with MATLAB.
This software uses Fast Fourier Transform (FFT)
to analyze the spectral power of EEG rhythms,
following the methods of Polat and Giines (2007) and
Murugappan et al. (2014). Eye blinks were corrected
as described by Gratton et al. (1983), and the quality
of all electrodes was assessed to minimize the
impact of poor channels on the analysis.

Five different cases were taken into account
when analyzing the EEG data:

« first case, brain images of the visitors recorded
during the museum visits only in the information
board (IB) setting;

» second case, brain images of the visitors
recorded during the museum visits only in the audio
description (AD) setting;

 third case, brain images of the participants
recorded during the museum visits in both 1B and
AD (IB+AD) setting;

 fourth case, brain images of the participants
recorded while rating the works of art;

« fifth case, the participants’ responses during the
“recall test” at the end of the experiment.

Skin Conductance Response (SCR)

SCR reflects excitement-related physiological
reactions, and physiological or psychological stimuli.

6

Fear, joy, or stress are the conditions that affect skin
conductance (Dawsonetal., 2011). Skin conductance
is used to indicate ongoing emotional processes
and emotional arousal. It is a reliable measurement
technique. Skin conductance data were collected
from the participants using SCR wristbands. The
participants were fitted with wristbands prior to any
equipment; the data were recorded continuously
until completion of the entire experiment. The SCR
signals were recorded from the left fingers.

Heart Rate Variability (HRV)

HRV analyses are regarded as an indicator
of autonomic nervous system activity, which is
responsible for the body’s involuntary movements
(Acharya et al., 2006). Heart rate variability (HRV)
provides an insight into the cardiovascular autonomic
function using RR intervals (interval variance).

A polar HR sensor was used in the study. The HR
sensor was set on a strap attached to the participants’
chests. HRV is used for determining power spectral
density, sympathetic and parasympathetic autonomic
nervous system activities. In the power spectrum, the
low-frequency component (LF) ranges from 0.04 t0 0.15
Hz, influenced by both sympathetic and parasympathetic
activities. Meanwhile, the high-frequency component
(HF), which is between 0.15 and 0.4 Hz, is primarily
affected by parasympathetic activity. LF/HF ratio is
regarded as an indicator of sympathovagal balance
(Massaro and Pecchia, 2019). In studies conducted to
measure and evaluate stress, the most commonly used
parameters are the mean heart rate (HR), LF, HF, and
LF/HF (Taelman et al., 2009).

Eye Tracking

The basic idea behind the eye-tracking technique
is to make inferences about cognitive processes
based on eye movements (Jacob and Karn, 2003).
The eye-tracking device used in the study was
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placed inside the virtual reality goggles. Thus, the
participants’ eye-tracking responses to the spaces
were recorded while they navigated the museum
in a virtual reality environment. In the eye-tracking
study, a heat map and fixation count were examined.
The heat maps show the points that participants are
looking at and the duration of their gazes. Itis a color-
coded measurement data formed by combining
points of view, fixation points, and dynamic (moving)
points. It is a method to see the points of the objects
that draw attention. Heat maps visualize the focus
areas, from green to red, indicating less focus to
more intense focus, respectively. Red areas show a
high focus count and an increased level of interest,
while yellow and green areas show a lower focus
count, hence weaker visual interest.

The Fixation Count analysis shows how many
times people focus on these areas in total. In the
analysis, the view screen is divided into segments
as desired. The focus count data of the participants
were processed into these segments, together with
the colorings determined by the focus intensity.

Liking Score

The participants were asked to give a score
between 1 and 10 to each work of art on the screen
after examining the objects in all three stages. This
rating was mandatory, and the experiment could
not continue unless the participant rated the object.
Each participant rated both the indoor and outdoor
works. The analysis of the liking scores was inspired
by Erkan (2021). Statistical values were calculated
for the scores given by each participant. The
participants gave liking scores for both indoor and
outdoor spaces.

Recall Test

A special software was developed for this study.
This software tried to determine which works were
recalled by the participants in the space they visited.
The recall test was the final stage of the experiment.
At this stage, the participants were asked, with the
help of the software interface shown in Appendix 2,
if they had seen the objects on the screen.

Results and Discussion

The study explored the cognitive and physiological
impacts of various presentation techniques in
museums by utilizing different physiological
measurement devices and examining how these
effects are reflected in museums. The study used
such physiological measurement instruments as
SCR and HRV. A cognitive analysis was performed
using EEG. The eye-tracking device identified the
participants’ points of focus. The author developed
a software for a recall test, “Remember-Again”, to
reveal recall statuses of the participants. In addition,
architectural liking scores of the participants
regarding the works were analyzed.

The study focused on the prefrontal cortex and
orbitofrontal cortex, as they are specifically related to

the understanding, decision-making, and selection
processes in humans. During the IB stage, visitors
tried to comprehend the objects by focusing solely
on the text they had read. During the IB stage, the
prefrontal cortex was the most active region of the
participants’ brains. If it is examined in more detail by
taking the Talairach Stereotactic System into account
with the approach by Koessler et al. (2009), intense
interaction with the “dorsolateral prefrontal cortex” is
observed. The prefrontal cortex has been associated
with various cognitive processes, from identification
to perception and viewing (Siddiqui et al., 2008).
However, when an individual experiences a stressful
situation, changes in the prefrontal cortex can occur,
which can lead to lower decision-making abilities
and error handling (Arnsten, 2009) and a decline
in working memory (Qin et al., 2009). In this study,
alpha activity in the frontal lobe was examined in
detail. A decrease in alpha activity in the dorsolateral
prefrontal cortex was detected, especially during
the IB+AB stage, and this decrease is believed to
be stress-induced. The decreasing tendency in
alpha activity in EEG analysis may also result from
a decline in people’s perception or reasoning about
the objects. This result is due to the stress caused by
reading and listening simultaneously.

However, theta activity in the frontal region was
studied in three different stages. As with alpha activity,
frontal theta activity was significantly reduced during
the AD+IB stage. Our findings confirm the theory by
Mizuki et al. (1992) that frontal theta synchronization
is associated with decreased anxiety; as supported
by EEG records, the third stage is more stressful
than two other stages (Fig. 4).

Changes in SCR and HRV data were also
observed when there was a decrease in EEG alpha
wave while the subjects were under acute stress
(Fig. 5).

SCR records showed that the participants’
SCR values increased during the AD+IB stage and
decreased during the IB stage. The HRV data of the
same participant was obtained. Both HRV and SCR
analyses demonstrated that the 3™ (IB+AD) stage
was the most stressful. Physical and mental burden
significantly affects the cardiovascular response.
Stressors cause decreased oscillations in heart
rate variability (HRV) that reflect parasympathetic
nervous system activity. Accordingly, the LF/HF
ratio increases. In individuals experiencing stress,
cardiovascular responses may persist even during
the periods of rest. Studies report that short-acting
stressors suppress the parasympathetic nervous
system and increase sympathetic nervous system
activity (Acharya et al., 2006). Low LF/HF ratio
was evaluated as an indicator of increased vagal
activation. The mean and standard deviations of
HRV and related parameters obtained from all
participants are shown in Table 1.
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Statistical HF values were found to decrease in all Table 1 also showed that an increase in
participants in the careful analysis of the experimental participants’ LF/HF ratio was statistically significant
stages. The decreased parasympathetic activity during the same experimental stages. Therefore,
was associated with people exposed to fatigue, when both HF and LF/HF ratios are examined, it
stress, and anxiety (Kemp et al., 2017; Shaffer and can be stated that participants face the most intense
Ginsberg, 2017). stress during the AD+IB stage. Statistical values of
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spaces with different presentation methods
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Table 1. Comparison of the HRV feature results for different presentation types

. IB AD IB+AD
Presentation/HRV Avg sD Avg sD Avg sD
Inter-Beat Interval (IBI) (Avg) 700.45 134.45 700.14 124 .47 700.15 121.14
HR (Avg) 84.14 16.45 84.11 14.11 83.77 12.47
Low frequency (LF), ms? 304.48 277.47 412.14 341.44 421.74 377.89
High frequency (HF), ms? 221.45 265.84 219.11 231.40 205.14 212.01
LF/HF 1.89 1.21 1.92 1.45 1.98 1.67

skin conductance were collected in all stages of the
experiment. Average skin conductance attributes
obtained by SCR devices for all participants are
presented in Table 2. In this comprehensive study,
an increase was observed in all statistical findings
related to skin conductance.

Changes in SCR were found to reflect the
stress levels of individuals. Analysis of the SCR
data showed that SCR increased among users
as their cognitive load increased. When different
presentation techniques were analyzed, all
statistical findings were observed in the data on skin
conductance. SCR was at its highest in the AD+IB
stage. Thus, SCR data can be correlated with the
stresses the participants experienced in the AD+IB
stage.

Table 2. Comparison of SCR feature results
for different presentation types

Skin 1B AD IB+AD
Conductance
Attribute Avg | SD | Avyg | SD | Avg | SD
Types

Min 212 [ 095 | 221 | 098 | 2.31 | 1.02
Avg 242 | 096 | 2.84 | 0.97 | 2.96 | 1.01
Max 278 | 116 | 296 | 0.99 | 3.24 | 1.12
SD 0.12 | 0.04 | 0.14 | 0.06 | 0.21 | 0.08
Median 241 105|274 | 1.05 | 2.88 | 1.04
Skewness |-0.44| 1.14 |-0.21| 0.78 |-0.10| 0.98
Kurtosis 344 | 142 | 3.88 | 1.49 | 3.99 | 1.24

In addition to SCR and HRV analyses, eye-
tracking data showing the focus of the participants
were collected. Fig. 6 shows a participant’s eye-
tracking analysis in the same artist's works in
different presentation techniques.

As shown in Fig. 6, in the AD setting, the
participant scrutinized the work of art in detail and
even concentrated on many areas, as confirmed by
total fixation count (fixation count in the AD setting
Avg:439.46 SD:36.92, fixation count in the IB+AG
setting Avg:354.43 SD:26.63). In the study, participants
focused on specific areas in the IB+AD environment,
as reflected in heat map analysis, and the cause for this
might have been the participants’ distraction.

Also, the eye-tracking heat map of almost all
visitors (96.65 %) showed that the smallest areas
were in the AD+IB stage. In other words, at the
AD+IB stage, the areas that people look at and
even examine carefully are smaller than those in
other settings. Besides, each object was examined
separately in the fixation count analysis. The
fixation counts of a total of 30 objects grouped by
presentation methods are shown in Fig. 7.

The fixation count analysis can be efficient for
studies that deal with the focus on the desired area
rather than the focus duration. It was found that the
total focus count on the works was greater in the AD
setting compared to others.

Finally, the liking status of the participants was
evaluated. Given that they were obliged to rate the
works from 1 to 10, it was possible to determine the

Fig. 6. Heat map in paintings that a participant examined in different presentation techniques
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Fig. 7. Examination of the participants’ fixation count analysis for each presentation
technique

participants’ architectural liking about the indoor and
outdoor spaces. The results of repeated analyses for IB,
AD, and IB+AD environments, which are independent
variables in the study, are shown in Table 3.

The total liking scores for the indoor and
outdoor were analyzed, and the binary differences
between the three settings were statistically
significant. Participants were asked which objects
they remembered during their museum visits. The
primary purpose here was to measure which space
and which presentation setting was suitable for

recalling the objects. The participants examined a
total of 30 different works of art (15 were outdoors)
during their museum trips. However, the participants
were shown 60 works during the recall test. The
goal here was to find the recall percentages of 30
different objects in total. In the recall test performed
indoors and outdoors, the average for the indoor
space (12.68, SD: 1.78) was higher than that for the
outdoor space (11.59, SD: 1.67). Each participant’s
recall percentages, for both indoors and outdoors,
are shown in Fig. 8.

Table 3. Results of repeated analyses for IB, AD, and IB+AD settings

Pairwise Comparisons
Indoor
Mean 95 % Confidence Interval
X) Y) Difference Std. Error Sig. for Difference® (Benferroni
(X-Y) Lower Bound Upper Bound
B AD 0.964 0.071 0.000 0.792 1.135
IB+AD 2.306 0.063 0.000 2.154 2.458
AD 1B -0.964" 0.071 0.000 -1.135 -0.792
IB+AD 1.342° 0.074 0.000 1.163 1.521
IB+AD B —2.306" 0.063 0.000 -2.458 -2.154
AD —1.342 0.074 0.000 —1.521 -1.163
* The mean difference is significant at the 0.05 level
Outdoor
Mean 95 % Confidence Interval
X) (Y) Difference Std. Error Sig. for Difference® (Bonferroni
(X-Y) Lower Bound Upper Bound
B AD 1.643 0.094 0.000 1.418 1.869
IB+AD 2.949 0.084 0.000 2.746 3.152
AD 1B -1.643 0.094 0.000 —1.869 -1.418
IB+AD 1.306" 0.081 0.000 1.112 1.500
IB+AD 1B —2.949 0.084 0.000 -3.152 —2.746
AD -1.306" 0.081 0.000 —1.500 -1.112

* The mean difference is significant at the 0.05 level
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Fig. 8. Indoor and outdoor recall percentages of the participants

The participants usually had a better recollection
ofthe indoor objects (t-value =7.75003, p<0.00001.).
Another important finding was that participants in
both the AD+IB setting and outdoors had the least
recall percentage.

Conclusion

The study investigated presentation methods
of exhibited objects in a virtual reality environment
using different measurement techniques. Detailed
analyses resulted in the following conclusions.

One of the most striking findings of the study was
the examination of the AD+IB presentation technique.
EEG records and the data from other physiological
measurement devices indicated stress during this
presentation technique; that s, the participants could not
focus enough on the works of art. There follows a chain
reaction. As a result of the stress experienced during
this presentation technique, the visitor, who cannot
concentrate on the work, cannot examine it adequately
and gives it a lower score. Remarkably, the recall rate is
at its lowest with this presentation technique.

While the IB setting is traditionally considered
helpful in understanding art, eye-tracking analysis
shows the AD setting is more beneficial.

In addition, we analyzed two different
environments (indoors and outdoors) for three
different presentation techniques. In these three
settings, the average liking scores were found to be
different. Moreover, the statistical analysis showed
that this difference was statistically significant.

The recall rate of exhibited objects in the indoor
space was much higher than that in outdoors. This
recall rate may be due to the stimulating factors of the
outdoors. Therefore, it is recommended to minimize
outdoor stimulating factors and pay attention to this
critical point when designing outdoor display units.

The study showed that the IB presentation
method alone was not enough for people to
understand the works of art. The AD method has
significant importance for perceiving art, according
to many physiological tests. In addition, it is clear
that examining art in an IB+AD setting is not
beneficial for visitors and hinders understanding in
the museum.

Given that one of the primary goals of museum
architecture is to offer genuine access to the
museum experience, museums must acknowledge
the visual information of visitors and consider the
social, cognitive, and emotional aspects of their
visits. From this perspective, it is believed that audio
description systems (AD) will help museums of the
future to evolve beyond the visual museum concept.

The study is expected to aid virtual tours
and online presentations of artworks. During the
pandemic, museums relied heavily on virtual
presence to highlight their collections. This study
could help the developers of virtual museum tours
regarding the use of emerging technologies and user
interfaces to improve presentation techniques. This
paper also emphasizes the value of universal access
to collections for those who cannot physically visit
a museum due to medical risks or distance, which
may help address the underrepresentation of certain
groups in existing visitor populations. The study can
also improve experts’ experience prior to visits by
assisting practitioners and museum managers in
understanding visitors’ desires and getting ready for
an in-person meeting.

The paper can also be reframed to understand the
importance of virtual examination of artworks in future
studies. This paper helps practitioners understand
the growing interest in virtual representation that
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deepens interaction with works of art outside the
museum. Different physiological and cognitive
approaches can be experimented with, considering
the better utilization of virtual infrastructures.

The study considered only indoor and outdoor
space interactions as architectural influences. It can
be improved in further studies to incorporate color,
light, and even space geometry studies. This way,
the effects of different stimuli on people’s cognitive
states can also be studied for the spaces in question.
Besides, not all outdoor stimuli were taken into
account in the study. In this regard, outdoor sounds
are one of the most critical limitations of the study.
Indeed, it is clear that outdoor sounds significantly
stimulate and impact people’s cognitive states.

Moreover, the interiors were predominantly
designed in black and white colors in the study. Color is
one of the limitations of this study; it is clear that many
color and pattern factors influence cognitive perception.

Appendices

Therefore, further studies can experiment with different
colors and architectural styles.

This study analyzed visitor behavior at a museum
space using both physical and cognitive methods.
In light of the visitors’ behavioral and cognitive
feedback, inferences about the different presentation
techniques in museums were made. Since the study
was conducted across multiple disciplines, it is
multifaceted and provides both emotional/behavioral
and sociological/psychological insights. The study
was conducted in a museum space. Since it was
an experimental setup in a simulation, using a wide
range of analysis methods, the study could affect
many behavioral mechanisms.
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Appendix 2. Software Interface
WHILE NAVIGATING X

IN THE EXPERIMENT, HAVE YOU
SEEN THIS OBJECT WHILE
NAVIGATION?
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KPUTUYECKUA OB30P MY3EMHOU APXUTEKTYPbI C TOYKU 3PEHUA
HEUPOAPXUTEKTYPbI

Mnkep OpkaH
dakyneTeT apxuTekTyphbl, YHuBepcuteT CynerimaHa Oemupens, Ucnapta, Typuus
E-mail: ilkererkan@sdu.edu.tr

AHHoOTauus

BBeaeHue. [laHHOe nccnegoBaHve NOCBSLLEHO NOBEAEHNMIO MNoael B My3esx. M3BecTHO, 4TO nioau, noceLaroLime My3en,
N3yyalT NPOW3BEAEHNS WCKYCCTBA, NPEACTaBIEHHbIE Pas3nuMyHbIMM MeTodamu. B ctatbe npeacTtaBneHo KOrHUTMBHOE
obcyxaeHve noBedeHUs fogeli BO BPeEMS OCMOTpa MNpOM3BEAeHWi uckyccTBa B Mysee. Llenb uccnepoBaHwus:
npoaHanunampoBaTb (OU3NONOTMYECKNE PEeaKLN MOCETUTENEN Ha IKCKYPCUM CHapPYXXWU U BHYTPU My3esi C TOYKM 3pEHUS
HenpoapxuTekTypbl. Takum 06pa3omM, Mbl COCPEAOTOYMIUCH HA OLUEHKE KOTHUTUBHBIX peakuuii Ha apXUTEKTYpHble
NpOCTpaHCTBa BO BPEMSI SKCKYpCUIA MO My3etd. Ha ocHOBe 3TOW OUEHKM Mbl MOMbITANUCh cAenatb NPOCTPaHCTBEHHbIE
pelleHns Oornee «4enoBekoLEeHTpUYHbIMMY. MeToabl: wnccnegoBaHve ObiNO NPOBEAEHO B Cpede  BMPTyarbHOW
peanbHOCTW; AN uccnegoBaHus Obin paspaboTaH BUpPTyanbHbIA My3el, B KOTOPOM M NPOBOAUIUCH SKCMEPUMEHTHI.
B oTtnuune oT Apyrux uccnegoBaHuid, B HALLEM MCMOMb30BaNnCh Takne MEeToAbl, Kak anekTpodHuedanorpamma (330),
OoTCneXxuBaHne ABUXKEHMS a3, BapnabenbHOCTb CepaeyHoro putMa 1 peakumsi KOKHOM NpoBOANMOCTU. BHUMaHMe Gbino
COCpPEefOTOMEHO Ha [ABYX METo[ax npeacTaBneHust MHopMaLmmK, 4acTo UCMONb3yeMbIX B My3esiX: ayamoonuMcaHum u
UHOopMaLMoHHON Tabnuyke. OgHMM 13 Hanbonee nopasnTenbHbIX Pe3yrbTaToB MCCefoBaHUSA CTano 0gHOBPEMEHHOE
MCMNoNb30BaHNe MeTOAOB ayamnoonucanns n nHdotabnuukn. CornacHo 331 1 gaHHbIM Apyrnx NprbopoB Anst U3BMepeHUs
dumanonornyeckux nokasatenen, ogHOBPEMEHHOE MCMOMb30BaHWE 3TUX METOAOB BbI3blBaNO CTPecc y nocetutenen —
YYaCTHUKM HE MOIMM B LOCTaTOYHOW CTENEHU COCPEAOTOMMTBLCA Ha MPOM3BEOEHUSX UCKYCCTBA. AyauoonucaHue camo
no cebe okasanocb o4eHb IPPEKTUBHBLIM MpK noceleHun my3es. OfHaKoO ecnm OHO MCMOMb30BaNoCh OAHOBPEMEHHO
C MHOPMAaLMOHHOW Tabnuykol, BO3AENCTBNE NPON3BEAEHWI UCKYCCTBA Ha NOCETUTENEW CBOAUIIOCH K MUHUMYMY.

KnroueBble cnoBa: MHTEPbepHbIN AU3aliH; HeMpPoapXUTEKTypa; My3enHas apXuTekTypa; KOrHUTUBHBIN AN3alH.
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Abstract

Introduction: Urban areas in Indonesia are experiencing significant cultural and architectural shifts towards modernization.
This trend is particularly noticeable in major cities where tall, contemporary buildings are becoming more prevalent,
reducing the influence of local cultures. For instance, the profound historical legacy of Majapabhit culture is gradually
fading. The erosion of local cultural identity is exacerbated by fast-paced lifestyles and evolving societal norms, exemplified
by the emergence of large, multi-functional buildings that consolidate various functions. Thus, it is deemed paramount
to restore fading cultural values. Purpose of the study: We aimed to explore the optimal transformation of traditional
Majapahit architecture in Indonesia within the context of modern times, as an example of preservation efforts. Methods:
This qualitative research uses a descriptive-analytical approach to explore the cultural values of Majapahit architecture and
modern high-rise buildings. It outlines the scope of their study concerning current developments, with transformation theory
as a foundation. Through interpretation approach, it aims to generate potential for local-modern transformations. These
transformation possibilities are then selected and visualized in 3D using modeling and rendering applications to clarify
their visual outcomes. Results and discussion: The 3D visual render of the transformation potential reveals elements
that should be preserved in their original form attributed to Majapahit culture and aspects that can be modernized to align
with current trends. This serves as a model of modern design integrating local culture to safeguard indigenous heritage.

Keywords: traditional architecture; Majapahit architecture; high-rise building; mixed use; architecture transformation.

Introduction

The architecture in major Indonesian cities
tends to reflect the change in its time periods. The
architectural styles and shapes predominantly focus
on a modern building of universal design which is
applied worldwide, inducing a competition with
other designs for complete dominance (Parker and
Wood, 2013). This modern architectural style tends
to impose rigidity on the identity of each region in
Indonesia, failing to reflect the characteristics of
local communities and culture. Ideally, they should
be manifested in an urban landscape with highly
distinctive design elements shaping the image of a
city (Lynch, 1960).

Indonesia is a diverse nation with a broad
spectrum of religions, races, and cultures, each
closely embraced by their respective communities.
This diversity is reflected in the archetypal patterns
of cities, which symbolize the various community
entities within them (Lobell, 2018). Particularly in
architecture, this distinctiveness is embodied in
traditional buildings such as temples (candi) and
traditional houses, which represent the unique
values of their regions and foster a strong emotional
connection between users and their locations
(Norberg-Schulz, 1980). The form of traditional
Indonesian architecture is believed to be influenced
by the kingdoms that previously existed in its territory,

with their impact still noticeable in economic and
social values of modern Indonesia (Wijaya, 2014).

The kingdoms in Indonesia emerged and
developed alongside the arrival of foreign priests and
traders. Majapahit was the largest Hindu-Buddhist
kingdom in Indonesia that exerted strong influence
on its culture. Its power nearly spanned across the
entire Indonesian archipelago. It was established
by Raden Wijaya in 1293 after repelling the Mongol
forces led by Kublai Khan (Hidayat, 1975).

The buildings from the Majapahit era are typically
preserved and maintained as historical cultural
heritage, especially in the Trowulan district, the
former capital of Majapahit. These structures are
divided into residential buildings for habitation and
temples as places of Hindu-Buddhist religious
worship to honor the gods and goddesses as well
as to pay homage to the kings’ ancestors. Herwindo
(2018) stated that the Hindu-Buddhist sacred
buildings from the Majapahit era are divided into
several types (Fig.1), including gate/gateways,
tower-type temples, stepped-type temples, water
sanctuary-type temples, and cave-type temples,
each with their own specific features.

The Hindu-Buddhist sacred buildings were built
using various types of materials, reflecting the
development of technology and the local community,
while still adhering to the original cultural values to

For citations: Witama, H. N. , Herwindo, R. P., Saliya, Y. (2025). Architectonic development studies: from Majapahit temple
16 to design of contemporary high-rise building in Surabaya. Architecture and Engineering, No 1 (10), pp. 16-30.
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Fig. 1. Types of Majapahit Hindu-Buddhist sacred buildings. Source: authors, 2024

support their functions. The materials evolved from
andesite stone to red brick due to cost and time
considerations, as well as responding to Indonesia’s
geographical conditions. Eventually, it developed
further in Eastern Indonesia, particularly on the
island of Bali, where wood materials were used for
tiered roofs known as Meru, according to Wijaya
(2002).

The Majapahit architecture appears to have
deteriorated and disappeared due to colonization
and climatic influences. This underscores the
importance of making architecture reflect local
identity while combining modern achievements and
the potential of the existing environment in a cultural
preservation movement, according to Frampton
(2020). Therefore, in response to present time
trends, the cultural values of Majapahit architecture
are suitable for application in modern design as
symbols of identity and collective memory for the
local community, which will influence its social and
economic aspects. According to Ching (2007), its
design also fits well with the typology of tall buildings
today as a response to the identity crisis in modern
high-rise design, while also depicting the form of the
main temples of ancient times adapted to modern
times in preserving cultural symbols, especially
in architectural design that refers to the essential
elements of its design standards. Alexander et
al. (1977) emphasized that any built environment
inherently comprises various interconnected
patterns that adapt to cultural, environmental, and
other contexts.

Traditional Majapahit architecture

Traditional Majapahit architecture embodies
distinct characteristics that reflect local cultural
values. It serves as a holistic representation of
these values, sometimes presenting intricate and
even contradictory impressions, as noted by Venturi
(1977). Despite these complexities, it maintains a
cultural coherence recognizable to its people. The
architecture of the ancient Majapahit kingdom in the
strategically located Trowulan district exemplifies
this through structures like gateways and temples,
capturing unique patterns in its design.

Stutterheim, referenced in Gomperts et al. (2008),
elaborates on the order of the Majapahit kingdom,
evident in the strategic canal network designed to
adaptto seasonal changes and ecology, emphasizing
water transportation. His mapping of the Trowulan
area reveals three main components: the alun-
alun (a large open field in front of the palace), the
kraton/palace area (a center of royal governance)
in north-south direction, and the temple buildings
(in west-east direction). These elements are pivotal
in comprehending the cultural manifestation of the
kingdom, preserved albeit incompletely compared to
ancient times (Fig. 2).

Despite the form and arrangement of the
Majapahit kingdom area in Trowulan, Majapahit
buildings tend to have their exterior divided into three
parts: head (Swarloka), body (Bhuvarloka), and
foot (Bhurloka). They manifest themselves through
physical elements that are present in each of the
Majapahit era buildings. The physical elements of
Majapahit Hindu-Buddhist sacred buildings (Fig. 3)
can be identified as follows:

1. Molding profile: continuous horizontal lines
surrounding the temple buildings, created with a
forward-backward expression.

2. Kala head: the statue of a guardian spirit as
the protector of the temple building, located above
the entrance.

3. Simbar/Jaladwara: statues depicting creatures
spouting water around the temple’s building, usually
located at the lower levels of the structure (foot part).

4. Tiered roof and crown: the temple’s roof
narrows towards the top forming a triangle.

5. Entrance design: there are elements of doors
and stairs as accents, often supported by carved
niches or windows.

6. Stair design: located in the center,
complemented by the Kala head element.
7. Decorations: ~ carvings  or  ornaments

emphasizing the sacred form of the building,
depicting specific motif concepts.

The design of Hindu-Buddhist sacred buildings
is not only limited to the physical elements present
in their external appearance, but is also manifested
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Trowulan Mapping by Stutternheim
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Fig. 2. Trowulan mapping by Stutternheim. Source: Stutterheim, 1948 (left),
Hermanislamet, B., 1999 (right)

in a number of essential features, distinctive for this
type of buildings. These features must be viewed
comprehensively to ensure their integrity in the
context of Hindu-Buddhist sacred buildings’ design
(Table 1).

The architectural values of Majapahit display
consistent patterns and aspects applied throughout
its building structures, providing a reference for
transforming traditional designs. This consistency
is also reflected in modern designs, which adhere
to standards as outlined by Ching (2007). These
standards encompass six ordering principles of
architecture: axis, symmetry, hierarchy, datum,
rhythm, and transformation. = Consequently,
traditional temple building designs and modern
high-rise architecture share notable similarities,
underscoring the relevance of these traditional
patterns in contemporary architectural discussions.

MOLDING PROFILE

Modern tall building architecture

According to Parker and Wood (2013), building
design adapts to societal changes and advancements
while maintaining cultural identity. In response to
such current challenges as population growth and
urban density, buildings increasingly take the form of
high-rise structures. These designs must integrate
local cultural values while meeting contemporary
standards for high-rise architecture.

Ashihara (1970) emphasized that modern high-
rise buildings adhere to standards encompassing
design requirements, typology, structural types, and
other criteria. He argued that the external appearance
of a building is influenced by elements such as form,
color, texture, space, and scale. A space intentionally
designed by humans for specific purposes is
termed positive space, whereas space that forms
spontaneously is considered negative space.

STAIR DESIGN

JALADWARA
DECORATIVE VARIETY
1. Geometric Mofis 2. Floral Motits 3. Fauna Motifs
- Perseqi, ingharan, kartesian | - Kalpatau- Kinara- Kinari - Amphibi (kura-hkura)
- Meander - Pumakalasa - Aves burung (paruda)
- Tumpal - Teratai - Mamaia (singa)
- Kertas tempal - Bunga - Reptl (ular)
- Profil Moulding = Sulur- suluran = Sulr- suluran

4. Human Mafits
- Alat gendtal Manusia

5. Mythological Creature Matits: 6, Development Motives
- Kepata Kala - Antefix

- Makara - Refied Naratif
- Arca Dewa (Relung- refief) - Medalion

- Kala Sudut - Tira

- Jaladwara - Pilaster

- Kemuncak - Lidah tangga
- Gana - Sabuk

DECORATIVE VARIETY

Fig. 3. Physical elements of Majapahit sacred buildings. Source: authors, 2024
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Table 1. Distinctive features of Majapahit sacred buildings

Distinctive Meaning and philosophy
No. features Status in Majapahit architecture Image
1 Majapahit Transformation The heavenly nature of the e
Geometry building is manifested in a T
cruciform with theuseof | -
squares, rectangles, and
circles. ~
2 | Majapahit Preservation Massive structural elements
Volumetric are combined in a way to
Composition emphasize the zoning.
3 | Majapahit Transformation The shape of the building
Hierarchy — narrows towards the top to form
Triangle a triangle as a depiction of the
Shape — Effect sacred Mount Meru.
of Perspective
4 | Majapahit Preservation Both vertical and horizontal
Tripartition division into three sections. T
e,
\
g
[
5 |Majapahit Transformation Repetition of the head-body-leg
Rhythm — elements as a unity in form,
Repetition color, and material. —
6 |Majapahit Preservation Balanced building form
Symmetry supported by the symmetry
of the door element.
7 | Majapahit Mimesis | Preservation Building elements resemble

real objects, for example,
Mount Meru, and are usually
adorned with carvings and
ornaments.
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Table 1. Ending

Distinctive Meaning and philosophy
No. features Status in Majapahit architecture Image
8 |Majapahit Preservation The use of andesite stone and
Texture — Material brick as distinctive materials of
Majapahit era.
9 | Majapahit Line Transformation / The continuous play of
Elements — Light- |Preservation horizontal lines with the
Dark Effects forward-backward movement
forms’ shadows within the
interior space.
10 | Majapahit Axis Preservation The building is oriented in a
specific direction, for example, —
to face important areas during a |
king’s reign. rm _ ” ‘
11 | Majapahit Transformation The form of a large and
Proportions cohesive building in terms of its
and Scale length and width. i
i ] Y
T
A% (F] LF
— 1,77
LI
A
I T 1 | ix
07x I 07=
12 | Majapahit Duality | Transformation The combination of two aspects i‘ F
that make a building design N A i
complete and cohesive. i _ ]»
i F ]

Source: authors, 2024
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Modern high-rise building design adheres
to various standards, including client needs,
cost efficiency, choice between renovation and
new construction, technological advancements,
materials, and environmental sustainability. Mixed-
use building design involves segmented stages with
detailed site analysis, encompassing factors like
accessibility, functional relationships, land costs, and
site dimensions. This approach enables the strategic
integration of diverse functions such as offices,
hotels, residences, retail spaces, meeting areas,
recreational zones, and other activities within mixed-
use developments. While certain functions may
dominate at times, they typically balance each other
out, contributing to a harmonious whole. According
to Schwanke (1987), the design of mixed-use areas
should sequentially consider the following aspects:

- The design process and design team: stages
of preliminary design, design development, and final
design.

- Physical and structural configuration: the
types of mixed-use building arrangements include
mixed-use tower, multi-tower mega structures, free
standing structures with pedestrian connection, and
their combinations.

- External design: site area, cost, land use
allocation, topography, climate adjusted to the
appearance of each function’s building.

- Internal design: the arrangement of spaces
equipped with easily understandable signs for users
according to the proximity of functions.

- People-oriented  spaces: there is site
processing aimed at gathering points or resting areas
for the community within it connected by pedestrian
pathways.

- Parking design: according to the functional
needs based on the scenario as needed.

- Adaptive use and historic preservation:
development by incorporating local cultural elements
and values as inherent cultural identity.

The above aspects serve as guidelines for
designing appropriate and effective types of high-rise
building structures. According to Ching et al. (2014),
common types of high-rise building structures include
shear wall cores, rigid frame structures, braced-
frame cores, and others. These aspects change
over time in response to societal and environmental
changes, making current standards a continually
evolving benchmark, as noted by Schueller (1977).
Therefore, the construction of high-rise buildings
not only addresses present-day needs but also
anticipates future possibilities.

Local-modern architectural transformation

In the Indonesian dictionary (KBBI), ‘transformasi’
means the process of changing form or appearance
while retaining meaning. In architecture, local
traditional cultural values require transformation to
be integrated into contemporary designs, adapting

to current trends. Specifically, transforming the
traditional cultural values of Majapahit temples into
modern high-rise buildings necessitates a strong
theoretical basis. This transformation involves two
critical elements: ‘Penanda’ (the physical form of the
building) and ‘Petanda’ (the conceptual idea), shaped
by the designer’s vision and character. Jencks
(1984) classified architectural development into
six styles, including: Historicism (traditional culture
manifested in modern form), Straight Revivalism,
Neo-Vernacular (traditional culture combined with
modern elements), Ad Hoc Urbanism, Metaphor and
Metaphysics, and Post-Modern Space.

Jencks’ architectural styles provide a guideline
for understanding the fundamental process of
transformation in  architecture.  Transforming
Majapahit’s local culture into modernity can be
linked to the poetic transformation of architecture as
described by Antoniades (1992) which encompasses
both tangible and intangible aspects. This includes
the Metaphor method, which naturally imitates
an object in a way that is widely recognizable.
Antoniades  further  categorizes  architectural
transformation into three types: Traditional,
Borrowing, and Decomposition. This theoretical
study of transformation is also supported by Laseau
(2001), who categorized the process of architectural
form transformation into four types (Fig. 4):

1. Geometry Transformation: geometric shapes
that change within the same forming scope.

2. Ornamental Transformation: changing the
existing position, location and composition without
changing its form and meaning.

3. Reversal Transformation (Inversion): an
object’s image is changed to its opposite.
4. Distortion Transformation (Confusing):

freedom of transformation according to creativity.

According to Rahadhian (2011), architectural
transformation exhibits three characteristic types:
Adoption (favoring modern influences), Adaptation
(favoring local influences), and Assimilation (finding
a balance between the two). Therefore, studying
cultural theory alone is insufficient; it must be
complemented by an examination of transformation
types and their characteristics to ensure effective
and appropriate transformations. Furthermore, this
process can be informed by precedent buildings,
allowing an understanding of past preservation
efforts and facilitating further development.

Methods

This qualitative research employs a descriptive-
analytical and interpretative approach to study the
cultural values and architectural characteristics
of Majapahit, focusing particularly on temples,
gateways, modern high-rise architecture, and
local-modern transformation theory. The study is
supported by topics on architectural identity and
forms based on literature reviews, field observations,
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GEOMETRY TRANSFORMATION
CAPITAL RESIDENCE
BUILDING

PRAMBANAN TEMPLE

ORNAMENTAL TRANSFORMATION

BAJANG RATU GAPURA

REVERSAL TRANSFORMATION

PLAZA MANDIRI
BUILDING

TAIPEI PAGODA TAIPEI 101 BUILDING

Fig. 4. Examples of local-modern transformation. Source: authors, 2024

and interviews in Trowulan for future development.
Thus, this study can produce a good example of the
transformation process in the preservation of culture,
particularly traditional Majapahit architecture. The
research process unfolds in the following stages:

1. Descriptive method: describing traditional
Majapahit architecture and modern mixed-use high-
rise buildings as foundational elements to establish
the scope (physical elements and key aspects of
Majapahit architecture concerning modern high-rise
design standards).

2. Analytical method: assessing the boundaries
established in the descriptive phase within the scope
of architectural transformation, specifically focusing
on local-modern elements, to generate potential for
transformations.

3. Interpretative method: exploring
transformation possibilities that are suitable for
designing modern mixed-use high-rise buildings.
Interpretation of transformation potential includes:
studying architectural characteristics of Majapahit,
dissecting and analyzing their basic forms,
producing diverse potential transformation forms and
ornamentation, conducting 3D model simulations of
selected potential designs, and drawing conclusions
on elements that are essential (immutable) and
adaptable (transformable).

BAJANG RATU GAPURA  WRINGIN LAWANG GAPURA

BRAHU TEMPLE

Results and discussion

The potential transformation focuses on five
iconic buildings from the Majapahit era: Wringin
Lawang Gate, Bajang Ratu Gate, Brahu Temple,
Penataran Temple, and Jago Temple (Fig. 5). These
structures, renowned for their height during their
time, typify Majapahit architecture with their use of
brick and stone materials. They are well-suited for
transformation into modern mixed-use buildings,
aligning with planned contextual changes. This
transformation aims to highlight the geometric
compositions inherent in each Majapahit building,
serving as the foundation for creating contemporary
architectural forms in mixed-use developments.

Bajang Ratu Gapura building

The Bajang Ratu Gate served as a double-layered
entrance leading to the palace or the area of the junior
king of Majapahit in ancient times. This grand and
monumental structure narrows at the top, featuring
a central opening as an entrance. It is adorned
with intricate carvings of animals, plants, and other
detailed motifs. Architectural studies of Bajang Ratu
reveal nine form compositions, creating a triangular
perspective effect, with the repeated head elements
being the most dominant ornamental feature (Fig. 6).

The transformation of this form can be adapted
to emphasize a futuristic appearance for a main

PEMATARAN TEMPLE JAGO TEMPLE

Fig. 5. Selection of Majapahit buildings. Source: authors, 2024
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BAJANG RATU TEMPLE FORM OF IDENTITY

1. GEOMETRIC COMPOSITION OF MAJAPAHRIT

S RHYTHM.-REPETITION

11, SCALE-PROPORTION

3. HIERARCHY - TRIANGLE SHAPE - EFFECT OF PERSPECTIVE

MICRO TRANSFORMATION

ORNAMENTAL - ADAPTATION TRANSFORMATION

m €

GEOMETRIC - ADAPTATION TRANSFORMATION

MACRO TRANSFORMATION

GEOMETRIC - ASSIMILATION TRANSFORMATION
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DECOMPOSITION - ADAPTATION TRANSFORMATION

Fig. 6. Characteristics of Majapahit Bajang Ratu and transformation potential. Source: authors, 2024

mixed-use building. On a micro scale, this includes
Ornamental-Adaptation, such as stepped patterns
on the podium forming a rhombus shape, and
Geometric-Adaptation, involving internal spatial
manipulation with a void that narrows upwards.
On a macro scale, transformations through
Geometric-Assimilation, Geometric-Adaptation, and
Decomposition-Adaptation reveal a building divided
into symmetrical head-body-foot segments, with
a prominent entrance design.

The transformation potential of the Bajang Ratu
building can be chosen based on the conditions and
design needs ofthe current mixed-use project (Fig. 7).
The first photo depicts a macro transformation with
a tiered podium as the initial stage and the main
tower in the innermost courtyard, featuring a curved
form and crowned top visible from all directions. The
second photo illustrates a macro transformation of
the podium’s secondary entrance, responding to
Majapahit architecture with a gawangan (gateway)

g 5
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=
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Fig. 7. Visual form of the local-modern transformation of Majapahit Bajang Ratu. Source: authors, 2024
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Fig. 8. Characteristics of Majapahit Wringin Lawang and transformation potential. Source: authors, 2024

and balconies oriented towards the east-west axis.
The third photo shows a micro transformation of
the interior space, forming a tiered void similar
to Majapahit interiors, complemented by natural
vegetation elements.

Wringin Lawang Gapura building

Wringin Lawang is the first-layer gate of the
Majapahit royal complex, symbolized by its iconic
large banyan tree. Constructed using red bricks,
it appears grand and monumental with intricate
carvings and ornaments depicting animal and plant
motifs. The study on the characteristics of Wringin
Lawang reveals seven form compositions, featuring
symmetrical split forms and repeated head elements,
as well as horizontal lines across all sides of the
building (Fig. 8).

In the design manifestation of mixed-use
buildings, on a micro scale, Geometric-Adaptation
can be observed in the silhouette shapes of
pedestrian bridges (architectural and structural). On
a macro scale, we can see potential for enlarging
the building at its peak, with consistent division into
head-body-foot segments across all sides.

Thetransformation ofthe formand characteristics
of Wringin Lawang can help create integrated
designs in modern mixed-use buildings (Fig. 9).
The first image depicts micro-scale transformation,
where the modernized rendition of the Wringin
Lawang Gate supports the multi-functional aspect
of bridge-building. Meanwhile, the second image
shows a distinct separation between the left and
right sides of the entrance, serving as an inviting

24

focal point for an upscale and sophisticated
shopping center.

Brahu Temple building

Candi Brahu is a 15™"-century religious building
from the reign of King Hayam Wuruk, originating
from the Javanese language meaning “blessing”,
and symbolizing gods or ancestors. The structure
appears simple with horizontal lines in the head-
body-foot elements made of red brick. The study
on the characteristics of Candi Brahu (Fig. 10)
describes seven form compositions with perspective
effects and triangular shapes (narrowing at the top).

Its form is suitable for the design of a monumental
mixed-use tower (single building mass). Micro-
scale transformation potential can be achieved
through Geometric-Adaptation, such as playing
with cruciform silhouette shapes in interior elements
and tenant stands. Meanwhile, the macro scale
shows stepped building forms with curved accents,
depicting symmetrical arrangements in the head-
body-foot structure.

The transformation potential of the Majapahit
architecture in the Brahu Temple is apparent in the
interior layout tailored for tenant spaces, marked
by tiered platforms that vary in size to delineate
commercial sections. Furthermore, the building’s
structure incorporates a play of advancing and
receding elements, echoing the architectural style of
the Majapahit Brahu Temple (Fig. 11).

Penataran Temple building

Penataran Temple is the largest and most
significant monument of the Majapahit era, featuring
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Fig. 9. Visual form of the local-modern transformation of Majapahit Wringin Lawang. Source: authors, 2024
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Fig. 10. Characteristics of Majapahit Brahu Temple and transformation potential. Source: authors, 2024

multiple temples within its complex with the main
structure located in the innermost courtyard. It is
built from andesite stone. The temple is renowned
for its detailed carvings and decorations, including
unique medallion motifs. lts architectural design
incorporates six distinct forms that utilize perspective
effects to create triangular shapes.

Fig. 11. Visual form of the local-modern transformation
of Majapahit Brahu Temple. Source: authors, 2024

Its transformation potential inspires futuristic
designs in contemporary architecture (Fig. 12). This
includes Ornamental-Adaptation on a micro scale
for interior elements and diamond/cruciform patterns
reflecting Majapahit symbolism. On a macro scale,
Decomposition-Adoption leads to modern buildings
with  symmetrical divisions and curved, tiered
structures. Ornamental-Adaptation also includes
base elements with tiered landscape ornaments,
echoing Majapahit aesthetics, and reinterpretations
of Majapahit motifs on modern facades.

As an aspect to strengthen the local-modern
design, the transformation of Penataran Temple is
very effective and robust (Fig. 13). One example
is shown in the first image, depicting a macro
transformation with a tiered canopy structure
forming triangles and carvings depicting Majapahit
stories; it is accompanied by tiered landscaping
resembling a cruciform shape at the base of the
curtain wall adorned with medallion ornamentation.
The subsequent images illustrate micro-scale
transformations: skylights in cruciform shapes
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Fig. 12. Characteristics of Majapahit Penataran Temple and transformation potential. Source: authors, 2024

on bridge areas, and interior spaces showcase
apartment room lights shaped similarly to Surya
Majapahit motifs.

Jago Temple building

Jago Temple is a Meru style structure that evolved
alongside the Majapahit kingdom, responding to cost,
construction time, and Indonesian climate demands,
while using the same system as its predecessors.
Jago Temple’s design is characterized by tiered
roofs with an odd number of layers, symbolizing
the sacred Mount Meru and associated with Hindu
deities. Jago Temple itself features eight form

compositions creating triangular perspective effects
and symmetrical shapes.

The potential transformations, seen at a micro
scale through Geometric-Adaptation, include
building silhouette forms as architectural columns,
as well as raising platforms and entrances. At a
macro scale, Decomposition-Adaptation manifests in
unique building forms with head-body-foot elements,
featuring stepped terrace treatments as entry areas
that enhance aesthetics. They are also crowned by
tiered roofs in response to the traditional tiered roof
design (Fig. 14).

Fig. 13. Visual form of the local-modern transformation of Majapahit Penataran Temple. Source: authors, 2024

26



Handy Nugraha Witama, Rahadhian Prajudi Herwindo, Yuswadi Saliya — Pages 16-30
ARCHITECTONIC DEVELOPMENT STUDIES: FROM MAJAPAHIT TEMPLE TO DESIGN

OF CONTEMPORARY HIGH-RISE BUILDING IN SURABAYA

JAGO TEMPLE (MERU) FORM OF IDENTITY

1. GECMETRIC COMPOSITION OF MAJAPARIT

B, RHYTHM-HEPETITION 1. SCALE-PROPORTION

3. MIERARCHY - TRIANGLE SHAPE - EFFECT OF PERSPECTIVE

MICRO TRANSFORMATION

GEOMETRIC - ADOPTION TRANSFORMATIONS

= [ 1 I . 5&_}\.

GEOMETRIC - ADAPTATION TRANSFORMATIONS

<

i MACRO TRANSFORMATION
. DECOMPOSITION - ADOPTION TRANSFORMATION

GEOMETRIC - ASSIMILATION TRANSFORMATIONS

R ¢

Fig. 14. Characteristics of Majapahit Jago Temple and transformation potential. Source: authors, 2024

Modern mixed-use building architecture takes
cues from Jago Temple, an early precursor to the
Meru style in Bali (Fig. 15). The first image illustrates
a macro transformation with a stepped layout and
terraces, forming the foundation for a mall area.
Another macro transformation (seen in the second
picture) is evident at the top of the building tower,
housing a private restaurant and Mechanical
Electrical Service Floor (Building Sustainability
Utilities). This design incorporates tiered roof steps
reminiscent of evolving tiered roof architecture
of Majapahit, adapted over time to respond to
environmental factors like climate.

Conclusion

Exploring potential transformations in mixed-
use building design rooted in Majapahit architecture
offers extensive opportunities for designers to
innovate creatively in line with modern development

trends. Emphasizing authentic cultural preservation
over simplistic judgments of good or bad allows
for nuanced evaluation of transformation potential.
This approach spans both micro and macro scales,
integrating complementary elements to enhance
ambiance and atmosphere, thereby enriching spatial
experiences with the essence of Majapahit culture.
The sought-after transformation is not confined
to individual aspects of single buildings; rather, it can
integrate diverse elements from various structures to
form a unified whole. Traditional cultural architecture
typically retains consistent and cohesive foundational
values, despite variations in function and form.
Therefore, transforming these cultural values
through design involves more than just modernizing
their appearance; it should infuse them with spirit
to create a robust design arrangement that serves
as the binding identity of the city. In the context of

Fig. 15. Visual form of the local-modern transformation of Majapahit Jago Temple. Source: authors, 2024
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the aforementioned transformation of Majapahit
architecture, this can be summarized as follows:

1. It is essential to preserve the manifestation
of Majapahit cultural elements that cannot be
transformed, such as Volumetric Composition —
solid-void, Tripartition, Symmetry, Mimesis, Texture —
Material, Line Elements — Light-Dark Effects, and
Axis — Convergence.

2. Modern designs should still involve the head-
body-feet division.

3. The scale and proportion of the building can
be adjusted by referring to the original, considering
the form of the mixed-use tower (single mass) or
mixed-use buildings with pedestrian access (multiple
masses).

4. It is important to maintain the triangular
perspective effect with a form that gradually narrows
at the top, as well as enlarge the floor area at the
junction of the body and the top of the building.

5. A symmetrical or centralized form should be
both in plan and elevation.

6. The main building is positioned at the
innermost part and is equipped with circulation paths
leading towards it.

7. Pedestrian and human circulation with
landscape features such as ponds or canal flows
should be prioritized over vehicle transportation.

28

8. Strict and comprehensive orientation in the
east-west (values of the Majapahit temples) and
north-south (Majapahit city planning) direction.

The identified aspects of transformation function
as core design principles, embodying the essence of
Majapahit culture in a definitive and essential way.
These guidelines provide a foundation for developing
impactful and suitable transformation designs that
respond to evolving societal demands and changing
times. Therefore, exploring the transformation of
Majapahit culture alongside modern influences is
not confined to current aspect but can be expanded.
This includes exploring opportunities to transform
other traditional cultures in Indonesia, highlighting
their cultural richness, and reinforcing local socio-
economic values to bolster regional identity.
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MCCINEOOBAHUE PA3BUTUA APXUTEKTOHUKU: OT XPAMA
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BbICOTHOI'O 34AHUA B CYPABAE
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AHHOTaUuA

BBeaeHue. lopoackme panoHbl VIHOoOHE3MM NepexxnBatoT 3HaYUTENbHbIE KYNBTYPHBIE U aPXUTEKTYPHbIE M3MEHEHMWS Ha Ny TN
K MogepHu3auun. 9ta TeHAEHLMS 0COBEHHO 3aMeETHA B KPYMHbIX FOPOAaX, rAe BbICOKME COBPEMEHHbIE 30aHUS MOSIBMSOTCS
BCE Yallle, CHUXKas BNUsIHWE MEeCTHbIX KynbTyp. Hanpumep, 6oratoe uctopudeckoe Hacneame kynstypbl Magxkanaxura
NMoCTENEHHO uMcde3aeT. Pa3mbliBaHWEe MECTHOW KyNbTYPHOW WMAEHTUYHOCTU YCyrybnseTcs ObICTpbIM TEMMOM XU3HU ©
MEHSIIOLUMUNCS OBLLIECTBEHHBIMM HOPMaMu, NMPUMEPOM YEro SIBMSETCS NOosiBNeHWe OonblUMX MHOrOYHKLMOHAmNbHbIX
30aHuin, obbeguHALWMNX pasnuyHble yHKUMKM. Takum 06pa3omM, BOCCTAHOBIIEHME YracarolmX KymnbTYpHbIX LIeHHOCTEN
nprobpeTtaeT ocobyto BaxxHOCTb. Lienb nccnegoBanus. Liensio faHHOTO ccnenoBaHns SBASIETCSA U3yYeHre ONTUMarbHO
TpaHcdhopMaunm TpaguLMOHHON apxuTekTypbl Magxkanaxuta B VIHOOHE3MM B KOHTEKCTE COBPEMEHHOCTM B KayecTBe
npumepa CoXpaHeHusi KynbTypHoro Hacregusi. Metogbl. Mbl ucnonb3oBanu onucaTtenbHO-aHanMTUYECKUA NOOXOL
MeTO[a Ka4yeCTBEHHOro MCCrnefoBaHus ANns MOHWMaHWUS KyrNbTYpHbIX LEHHOCTEN apXWUTeKTypbl anoxu Mapkanaxuta u
COBPEMEHHbIX BbICOTHbIX 3aaHui. OCHOBbIBasiCb Ha TeopuK TpaHcopMaLmMm, Mbl onpeaenunm o6beM Ux UCCNeaoBaHus ¢
YYETOM COBPEMEHHbIX JOCTMKEHUI B apxXmUTekType. [TocpecTBOM MHTEPNPETALMOHHOIO NOAX0AA Mbl CTPEMUMUCH CO34aTh
noTeHUMarnbHble BapuaHThbl NOKanbHO-COBPEMEHHbIX TpaHcdopMauuii. 3atem Mbl 0ToOpanu 1 Budyanuauposanu B 3D
BO3MOXHble BapuaHTbl TpaHcdopmaLuy Npu NOMOLM MPUNOXKEHUA AN MOAENUPOBAHUS U peHAepUHra Anst NOHSATHOWM
UNMNCTPaLMN roToBbIX MPOEKTOB. Pe3ynbratbl U obcyxaeHue. 3D-Bu3yanu3aums noteHumanbHbIX TpaHcdopmauuii
BbISIBMSIET 3NEMEHTbI, KOTOpble HEOOXOAUMO COXpaHUTh B NepBOHavansHon opme KynsTypbl MagxanaxuTa, U acnekThbl,
KOTOpble MOXHO MOAEPHN3UPOBATh A1 COOTBETCTBUS COBPEMEHHbLIM TeHAEHLMAM. OHUM crnyxaT 06pa3sL0M COBPEMEHHOIO
On3aiiHa, BKIMOYaKLWEro 311IeMeHTbl MECTHOM KynbTypbl Asi COXPaHEHUS HAacneaus KOPEHHOro HaceneHusl.

KnioueBble cnoBa: TpaguLUMOHHAs apxMTeKTypa; apxuTekTypa MamkanaxuTa; BbICOTHOE 34aHne; MHOroyHKLMOHabHoe
NPOEKTUPOBAHWE; apXUTEKTYpHast TpaHcopMaLms.
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Abstract

Introduction: Effective urban planning relies on comprehensive knowledge of both physical and non-physical urban
elements, which is vital for developing GIS models that support sustainable urban development by providing realistic
representations of urban contexts. Accurate 3D models are critical for analyzing urban systems and processes. Aim:
This study aimed to evaluate the impact of 3D GIS urban digitizing techniques and visualization methods on the feasibility
of urban codes in preserving urban identity and character, with a focus on Rosetta City, Egypt. Methods: The research
employed descriptive, analytical, and empirical approaches. Field visits, surveys, GIS simulations, and digital tools like
ESRI CityEngine were used to create 3D GIS models. These models help digitize and analyze urban code parameters
by using the form-based code approach. Results: The study demonstrates that 3D GIS models can enhance urban
planning by improving the understanding of urban codes and their implications for preserving urban identity. The models
provide insights into maintaining historical character while supporting development. Discussion: The findings highlight
the potential of 3D urban models to improve decision-making in urban planning and underscore the value of such models

in preserving the unique identity of historic districts like Rosetta City, offering a framework for similar regions.

Keywords: urban character; urban codes; historic districts; 3D GIS modeling.

Introduction

Urban knowledge, which includes data on both
tangible and intangible elements, is crucial for the
development of Geographic Information System
(GIS) models that facilitate sustainable urban
development. These models provide realistic
description of urban environments, which are
critical for analyzing urban systems and processes.
Accurate 3D urban models have become essential
tools for supporting urban knowledge and evaluating
the performance of urban systems in the context
of sustainable development (Billen et al., 2014).
As highlighted by Batty (2013), understanding
urban systems is a key requirement for achieving
sustainable development goals in cities.

Spatial analytics, which involves understanding
and managing space, is another crucial component of
urban planning. The increasing availability of data from
the web and sensors has significantly transformed
the way we perceive and manage cities, particularly
when dealing with urban transformations. Geography
is crucial for understanding how the cities adapt and
enhancing their resilience to developmental challenges
(Kitchin, 2014). In the era of smart cities, 3D GIS models
are indispensable tools for urban planners. These
models enable enhanced visualization and analysis
of urban systems, facilitating better decision-making
processes that contribute to sustainable development.

Additionally, these models improve the management
of resources and infrastructure, fostering resilience
and adaptability in cities (Townsend, 2013; Voghera
and La Riccia, 2019).

Urban planning initiatives in Egypt, however, face
several challenges. Current development strategies
follow conventional planning processes that often
overlook key factors such as location dynamics,
target beneficiaries, and the economic foundations
of new towns, as well as effective market incentives
(Sims, 2015). Moreover, there is a notable gap in
the understanding of the environmental and physical
characteristics of selected development sites,
compounded by the lack of sufficient studies and
clarity (Kipper and Fischer, 2009). According to the
Housing and Building Research Center, Egypt has
around 50 building codes and design guides. Among
these, the most relevant to urban form, identity, and
building regulations (height, setbacks, cantilevers,
etc.) are Unified Building Law No. 119 and the
National Organization for Urban Harmony guides
and periodicals (MHUC, 2008), (NOUH, 2008).
While authorities have made efforts to introduce new
codes for different regions, these codes still fall short
of reflecting sustainable design approaches and
preserving urban identity.

The research question is to what extent can 3D
GIS urban digitization techniques and visualization

For citations: Akl, M. H., Sheta, Sh. A., El Gizawi, L. (2025). Digitizing urban codes to sustain urban character of historic districts: 31
a case study of rosetta city, egypt. Architecture and Engineering, No 1 (10), pp. 31-48. DOI: 10.23968/2500-0055-2025-10-1-31-48.
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methods, aligned with a form-based code approach,
assess the feasibility of urban codes in sustaining
a neighborhood’s identity and character? The
hypothesis is that 3D urban models can effectively
visualize the current physical urban context of
a selected neighborhood and its relevant urban
parameters, thereby supporting the digitization of
urban codes to enhance smart urban management.
The aim of this research is to analyze urban codes for
a selected case study in Egypt using GIS analysis,
digitize its urban parameters into 3D urban models,
and visualize the impact of these urban codes on
the city’s character and identity. The structure of this
research is divided into five sections. The first section
offers a comprehensive literature review on urban
character and the application of form-based codes,
setting the theoretical foundation for the study. The
second section outlines the research methodology,
detailing the analysis of urban code parameters
and the tools employed, including 3D GIS modeling
techniques. The third section focuses on the case
study of Rosetta City, Egypt, where the urban code
parameters are critically analyzed to understand the
local urban context. The fourth section explains the
process of creating 3D GIS models, involving four
key steps: upgrading GIS data, defining building use,
developing building shape grammar, and visualizing
urban code parameters. The final section presents
the results of the study, discussing the findings and
their implications for both urban planning and the
preservation of historic districts.

Literature Review

Urban Character

The redefinition of urban land use classifications
and zoning, along with the design of essential urban
components such as nodes, special districts, and
paths, plays a key role in enabling compatible mixed-
use growth and promoting sustainable development.
Kevin Lynch emphasized that identifying and
reinforcing existing urban “nodes, paths, and
districts” is crucial for sustainable urban development
(Lynch, 1960). He defined special districts as areas
of significant size associated with notable activities
or characteristics (McGeough et al., 2014).

The growing loss of urban character in modern
cities has led stakeholders and residents to place
greater emphasis on areas where urban identity is
linked to economic benefits. The preservation and
development of urban character are vital for a city’s
vibrancy, as it reflects local culture. Urban character
extends beyond visual appeal, fulfilling an emotional
need for belonging. ldentifying with the character of
one’s surroundings is essential for emotional well-
being, and the loss of urban character can threaten
cultural diversity as well as economic progress
(Tiesdell et al., 1996; Yu, 2013).

This study is based on the regulations and
standards established by the National Organization
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for Urban Harmony (NOUH), created by Decree
No. 37 of 2001. NOUH’s goal is to protect the
aesthetic and cultural values of buildings, urban
spaces, archaeological sites, and the architectural
and urban character of Egypt while preserving
the natural environment (NOUH, 2008). Relevant
regulations, including urban design standards,
heritage conservation, and architectural character
preservation, are codified in Unified Building Law No.
119 and its procedural appendix No. 144 (MHUC,
2008).

Form-Based Codes

Form-based codes, a New Urbanism tool, aim
to restore the form- and utility-based cityscapes of
American cities’ pre-zoning era. Form-based codes
are used to maximize land use, benefit the general
public, focus on producing a particular physical form,
and design the development process and public
spaces in alignment with the community’s vision
(MAP 2007), (Parolek et al., 2008). Form-based
coding regulation of the built environment differs
from traditional methods. This is because the use-
based approach to zoning has proven ineffective in
managing diverse, urban, mixed-use areas (Talen,
2012), (Zhang, Y. and Schnabel, M. A., 2017).

Form-based codes prioritize physical form over
the separation of uses, fostering predictable built
environments and a high-quality public realm. These
codes are adopted into city law as regulations rather
than guidelines. As regulatory tools, form-based
codes provide an effective alternative to conventional
zoning. They are specifically drafted to implement
a community plan, resulting in neighborhoods that
promote walkability, social interaction, and increased
local investments (FBCI, 2023). Fig. 1 illustrates the
main differences between conventional zoning and
form-based codes.

Form-based codes are essential tools, particularly
for historic districts, as they help maintain the
identity of the district by considering all related
urban elements. These standards include criteria for
streetscapes, such as on-street parking, sidewalk
width, and street trees, since the building form
and streetscape are interconnected (Parolek et al.,
2008). Many other rules found in traditional zoning
ordinances, such as definitions, administrative
processes, zoning board of appeals, nonconforming
uses, and more, are also incorporated into form-
based codes (Sitkowski and Ohm, 2006).

Research Methodology

The research methodology relies mainly on the
descriptive, analytical and empirical approaches to
reach reliable results. Different methods are used
to monitor and analyze the current situation of
the case study through data analysis, study visits,
questionnaire, surveys and GIS urban simulations
as shown in Table 1. We used digital tools and
programs like Google My Maps, Google Earth, and
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Conventional Zoning
Density use, FAR (floor area ratio), setbacks,
parking requirements, maximum building

heights specified specified

Zoning Design Guidelines
Conventional zoning requirements, plus

frequency of openings and surface articulation

Form-Based Codes

Street and building types (or mix of types),
build-to lines, number of floors, and percentage
of built site frontage specified.

Fig. 1. Differences between conventional zoning and form-based codes, source: (FBCI, 2023; Zhang et al., 2018)

GIS platforms such as ArcMap, ArcScene, and Esri
City Engine as a 3D city platform to aid in digital
documentation and converting 2D spatial data into
a 3D GIS model. Esri City Engine is widely used
for rule-based modelling in the urban programming
community (Souza, L. and Bueno, C., 2022).

Analyzed Urban Code Parameters

The application of digital tools using GIS will focus
on specific urban parameters determined by the
analysis of form-based codes and related Egyptian
codes and guidelines, especially Urban Harmony
guidelines and their executive regulations, as shown
in Table 2. These urban parameters are analyzed
using GIS analysis and processed with CityEngine
into a 3D GIS model to create the identity of the
selected neighborhood according to its regulations
and design requirements.

Case Study Analysis

The city of Rosetta is located in the far north
of Egypt on the west bank of the Rosetta branch
of the Nile River and bordered to the north by the
Mediterranean Sea, as shown in Fig. 2.

In terms of the number of its Islamic houses,
Rosetta is the second-largest city after Cairo. The
number of Ottoman-era heritage buildings has
declined from 52 in 1963 to 37 at the present time
(UNESCO, 2003; UN-HABITAT, 2006). The Rosetta
stone, which enabled the discovery of hieroglyphs, is
Rosetta City’s most well-known historical monument.
The Rosetta stone was found here during the French
expedition in 1799, at the castle of Qaitbay at Burj
Rasheed. Ancient ruins were discovered around the
area, including those on Abu Mandur hill.

Table 1. Assigned research methods
and software, source: authors

Methods/Tools Software used
Field visits & Google My Maps, printed maps
survey
Case study ESRI ArcGIS Pro, Arc Scene
analysis
Experimental ESRI ArcGIS Pro
ESRI CityEngine

Digitizing the urban code using GIS is mainly
based on the analysis of the Urban Harmony Guide
for Rosetta historic district. There are two types of
protection zones: (1) Zone A of max. protection that
includes all historic buildings inside it, and (2) Zone
B that surrounds Zone A and includes the waterfront
of the historic district on Nile River (NOUH, 2022).

Urban Form Analysis

This section shows the analysis of legal
requirements for building forms such as building
ratio and heights. These parameters are defined in
the “Specific to Transect Zones” section in the form-
based code.

Building ratio

The urban fabric must be preserved in all areas.
Land plots should not be subdivided. Buildings
should be constructed right on the plot borders
without setbacks or side spaces, creating solid
and continuous blocks that result in a compact
urban fabric similar to the historic urban layout in
Rosetta (NOUH, 2022). Spaces left from building
ratio regulations should be in the form of internal
courtyards, skylights or back gardens, with the use
of tree types similar to palm trees in the city. The
reference for the boundaries of the buildings is the
cadastral maps of 1936, as shown in the maps in
Fig. 3, while Fig. 4 displays the regulated percentage
of building ratio based on the land plot area.

Building heights

The height requirements mentioned in this guide
should not contradict the Armed Forces Operations
Authority or the Civil Aviation authorities, as well
as Antiquities Protection Law No. 117 of 1983 and
their executive regulations. Building heights are
determined according to the street width in each
zone. The study through survey and analysis of
building heights in the historic district shows that
approx. 30 % of the buildings do not comply with the
requirements and regulations of building heights in
the guide due to the weak control over construction
from the concerned authorities, insufficient
application of laws, administrative corruption and the
landowners’ demand for more profits (Fig. 5). These
practices impact the urban form and character of
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Table 2. Urban parameters of Rosetta historic district for GIS analysis and CIM (city information
modeling) development, source: authors

Form-based codes Related Egyptian codes and guidelines Analyzed urban parameters

Specific to Transect Zones Urban Harmony for Rosetta City Building ratio
Egyptian Classification of Urban Development Building heights
Areas Guideline
Egyptian Code for Housing and Residential
Cluster Design

Specific to Building Types Urban Harmony for Rosetta City Architectural style

Facade materials
Balconies and cantilevers
Openings
Facade details
Specific to Frontage Types Urban Harmony for Rosetta City Storefronts
Supplemental to Transect Zones | Urban Harmony for Rosetta City Lighting
Urban Harmony basics and criteria for heritage Vegetation
buildings and areas
Urban Harmony basics and criteria for city
centers
Urban Harmony basics and criteria
for advertisements and banners
Specific to Creating a Walkable |Egyptian Code for Housing and Residential Building ratio
Neighborhood Cluster Design

Specific to Thoroughfares Road Elements Design Standards Guide Roads and Sidewalks
Egyptian Code for Urban and Aerial Road
Works — Part 3

T

osetta City e

AR

Rosetta City Y - ‘Rosetta Historic Zones A and ‘éi

Fig. 2. Case study location, source: authors, processed by Google Earth Pro
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Legend Legend
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ZoneB 0497785 km?
B zoneA 1108 Buildings
[ ZoneB_ 1535 Buildings
I Heritage_Buildings
Roads

Buildings Area 60-120
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L 1031 Buildings
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ZoneB
I Heritage_Buildings
Roads
Fig. 3. Protection zones of Rosetta historic district, source: authors
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Fig. 4. Protection zones of Rosetta historic district, source: authors
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0 003

Buildings heights according to
Urban Harmony guide and regulations for building heights

013KM

Current buildings heights and violated buildings
represented in red Color

Fig. 5. Building heights compliance with the Urban Harmony Guide and regulations for Rosetta urban district, source: authors

the historic district, influencing its preservation and
development to enhance tourism appeal and boost
social and economic vitality.

Architectural Style of Building Types

This section outlines the building standards
and architectural styles within the Rosetta historic
district, analyzing them in accordance with the Urban
Harmony Guide for building design standards, which
aligns with the “Specific to Building Types” section
in form-based codes. New architectural styles for
buildings should be compatible with the existing
character of the historic district, avoiding any
distinctly different or unusual details. Figs. 6 and 7
highlight the original architectural character of the
city, which reflects the Islamic style from the Mamluk
and Ottoman periods. A blend of European and local
architectural styles also emerged at the end of the
18" and early 19" centuries during the Khedivial
period, though few buildings from this era remain in
the historic district, as shown in Fig. 8.

Building facades should feature earth tones, such
as shades of beige and gray. Brick cladding is required
for ground floors, with a minimum height of 60 cm from
the sidewalk, not exceeding the height of the first-floor
slab, particularly in Zone A. In Zone B, bricks, stones,
and natural materials are permitted. Wrought iron, in
black, is used for vertical and horizontal grilles to protect
the ground and mezzanine floors (NOUH, 2022).

In Zone A, openings are based on historic building
features, with rectangular vertical shapes, brown-
toned wooden doors and windows, transparent non-
reflective glass, and the optional use of sunshades
or mashrabiya as coverings. Balconies are only
allowed in inner courtyards in Zone A. In Zone B,
balconies are permitted on buildings facing streets
wider than 10 meters, with restrictions on their
width (not exceeding 10 % of the street width and
a maximum of 120 cm). Cantilevered projections
are allowed to a certain extent, with a maximum
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of 50 % of the facade surface. Limits on extrusion
depend on the street width: up to 60 cm for streets
under 12 meters wide and 100 cm for wider streets.
In the historic district, only 10 % of buildings are
allowed to have balconies, while 89 % may have
cantilevers with a maximum protrusion of 60 cm
(NOUH, 2022).

Storefronts

This section outlines the standards for the design
of private frontages in the form-based code. The
Urban Harmony Guide focuses only on storefront
facade in terms of the original design of the building
facade. Fig. 9 shows samples of storefronts inside the
historic district, the photos show violations of some
and their encroachment on the street. The Urban
Harmony Guide for Rosetta City shows samples of
the preferred architectural style from old storefronts
and a sample for a new shop which adhered to this
style as shown in the following Fig. 10.

GIS Analysis for Building Types Distribution

The development of each building type in Rosetta
historic district is analyzed using GIS mapping to
study their distribution according to the building
standards and regulations discussed earlier, as
shown in Tables 3 and 4. The GIS analysis focuses
on three main parameters: building location (Zone
A or Zone B), plot area, and street width. These
parameters help determine the form of each building
in terms of building ratio, heights, balcony and
cantilever regulations. Based on data from GOPP
GIS, street widths in the Rosetta historic district fall
into two ranges: 5-10 meters and 12—-20 meters.

The findings are categorized into 12 cases of
varying urban regulations, which will be digitized
using CityEngine to allow for easy control and
visualization by different users. Each case is
defined with specific details; for instance, Case
01 consists of 131 buildings and includes such
information as area, building ratio, height, and
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Fig. 6. Samples of historic residential buildings in Rosetta (Arab kulli, AlF-Amasyali and Asfour houses), source:
authors

Fig. 9. Samples of storefronts inside Rosetta historic district,
source: authors

Fig. 7. Historic architectural style in Rosetta
City, source: Rosetta online archive

Fig. 10. Example of a new shop which adhered to the guide
regulations, source: NOUH (2022)

the dimensions of balconies and cantilevers. This
digitized approach enables local residents, urban
planners, architects, local government authorities,
developers, investors, and other stakeholders to
Fig. 8. Mixed architectural style in Rosetta identify and apply the relevant regulations for each

City, source: Rosetta online archive building, ensuring compliance with design features
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Table 3. GIS analysis of Building Types Distribution for streets 5-10 m wide, source: authors

Plot area Zone A | Zone B
Street width 5-10 m
<60 m?
N N
w E = w E -
T T B
Legend
Case 01: 131 buildings Case 02: 287 buildings
< 60 m?, building ratio 100 %, heights 10 m | < 60 m?, building ratio 100 %, heights 13 m
No balconies, 25-50 cm cantilevers No balconies, 25-50 cm cantilevers
60-120 m? N
W- E -
+
Legend
Case 03: 483 buildings Case 04: 539 buildings
60-120 m2, building ratio 80 %, heights 10 m | 60—-120 m?, building ratio 80 %, heights 13 m
No balconies, 25-50 cm cantilevers No balconies, 25-50 cm cantilevers
> 120 m? .
W E
-
Case 05: 453 buildings Case 06: 442 buildings
> 120 m?, building ratio 70 %, heights 10 m | > 120 m2, building ratio 70 %, heights 13 m
No balconies, 25-50 cm cantilevers No balconies, 25-50 cm cantilevers
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Table 4. GIS analysis of Buildings Types Distribution for streets 12—-20 m wide, source: authors

Building Zone A | Zone B
ratio Street width 12-20 m
Wd‘j‘E - W%E
<60 m?
Case 07: 4 buildings Case 08: 54 buildings
< 60 m?, building ratio 100 %, heights 13 m | < 60 m?, building ratio 100 %, heights 16 m
No balconies, 60—-100 cm cantilevers 120 cm balconies, 60—100 cm cantilevers
N N
= - w-< -
T + R
60-120 m?
Case 09: 20 buildings Case 10: 96 buildings
60-120 m2, building ratio 80 %, heights 13 m | 60—120 m?, building ratio 80 %, heights 16 m
No balconies, 60—100 cm cantilevers 120 cm balconies, 60—100 cm cantilevers
N N
W E [ Wi—E P
+ T B
=
B+ 8
> 120 m?2
Case 11: 16 buildings Case 12: 117 buildings
> 120 m?, building ratio 70 %, heights 13 m | > 120 m?, building ratio 70 %, heights 16 m
No balconies, 60—-100 cm cantilevers 120 cm balconies, 60—100 cm cantilevers
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and facilitating the implementation of form-based
codes. As a result, users will better understand
and manage the urban landscape of the Rosetta
historic district, enhancing both preservation and
development efforts.

Roads and Sidewalks

The Thoroughfares section in form-based codes
provides thoroughfare guidelines and components.
The thoroughfares guidelines in the Urban Harmony
Guide are classified into two types according to the
location in Zones A and B. Based on the field survey,
most streets need restoration and development, as
many of them are deteriorated, with different finishing
types, specifications and measurements. They do not
comply with the requirements and regulations of the
Urban Harmony Guide as shown in Fig. 11. Even the
main waterfront street of Rosetta city has problems
related to infrastructure and maintenance with no
accessibility or crossing places for pedestrians and
people with special needs as shown in Fig. 12.

Lighting

Lighting poles need to be installed every 30
meters on streets 12 meters wide or more. In the
streets of less width, the lighting should be in the
form of cables fixed to the building walls at a height
of no less than 4 meters. Based on the field survey,
lighting elements inside the historic district should be
replaced and modified, as shown in Fig. 13. Lighting
poles were found inside the historic district in the
streets less than 12 m wide, while cables were seen
hanging in the air between buildings, which distorts
the visual image of the historic district. Fig. 14 shows
lighting poles which located on the main waterfront
street of Rosetta City.

Vegetation

It is allowed to plant plazas, squares and main
streets more than 6 meters wide using appropriate
techniques to protect the heritage buildings from the
impact of irrigation water. These trees should not
cover the facades of heritage buildings. Palm trees
of the types found in the Rashid area should be used
whenever possible as shown in Fig. 15.

Fig. 11. Example of narrow streets inside Rosetta historic
district, source: authors

Fig. 13. Lighting elements in Rosetta historic district, source:
authors

Fig. 14. Lighting elements on the waterfront street of Rosetta City, source: authors
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Fig. 15. Palm trees as vegetation elements in Rosetta City, source: authors

Generating 3D GIS Models

Step 01: Upgrading the existing GIS data

The GIS database of Rosetta City from the
General Organization for Physical Planning in Egypt
is inaccurate, outdated, and different from the reality
of the current situation. Field surveys were performed
to update its GIS data for the current buildings’
features of the historic district in June 2022. 3D GIS
modeling for the historic district was developed using
ArcGIS Pro to visualize the current urban context as
shown in Fig. 16. The main aim was to check and
update the GIS dataset for the historic urban district
of Rosetta City and develop a 3D GIS urban model
that could provide a clear visualization for the current
urban data and form.

Step 02: Defining building use

Most buildings in Rosetta historic district are
mixed-use residences as the ground floor is mainly

used for commercial purposes while the rest of the
floors are residential. A color coding for each building
is scripted using Python as a CGA rule to define the
use of each floor in CityEngine as shown in Fig. 17.
The CGA rule file was mainly created by ESRI
R&D Center and Devin Lavigne, Houseal Lavigne
Associates, but it was edited by the researchers to
be suitable for the urban context of the Rosetta case.

Step 03: Building shape grammar

Building regulations and forms were developed
using Python-based CGA rule. The code defines the
urban parameters that could be adapted according
to the 12 previous cases for a better visualization
of the whole urban district. The CGA rule was
applied depending on the previously analyzed urban
parameters such as building ratio, setbacks, heights,
cantilevers, facade order and opening proportions as
shown in Fig. 18. Facade design and order could be

[IResidential 30.296% 788 Buildings
= Mixed_use{Residential_Commercial) 60.515% 1574 Buildings
B Mixed_use(Residential_Industrial)  0.308% 8 Buildings

B Commercial 4.114% 107 Buildings

B Industrial 0.884% 23 Buildings
== Educational 1.23% 32 Buildings
Entertainment 0.231% & Buildings
W Religious 1.038% 27 Buildings
[ Administrative 0.154% 4 Buildings
Jother 1.23% 32 Buildings

[ Heritage Buildings

Fig. 16. 3D GIS land use map for Rosetta historic district, processed by ArcGIS Pro, source: authors
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Fig. 18. CGA rule development for the controlled urban parameters, source: authors

Table 5. Urban code procedural modeling: controlling different urban parameters affecting urban
character, source: authors

Urban parameters Control parameters
Building parameters | Building ratio, setbacks, heights, cantilevers, facade order and openings proportions,
storefronts, and texture mapping.

Street parameters Street, lanes, right sidewalk and left sidewalk width, pedestrian crossing lines, street lines and
texture mapping.
Tree parameters Tree types, height, radius and visualization options.

Lights parameters Lights height — depends on 3D model in .obj format.
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developed by CGA rules to define the architectural
style and order of buildings. All these parameters
could be changed and modified easily through
Python scripting and “inspector” tab in CityEngine
which contains all the defined urban parameters.

Step 04: Urban code control parameters and
visualization

Table 5 shows the application of different urban
elements in CityEngine platform and the ability to
control their parameters.

The 12 cases of different urban regulations in
Tables 4 and 5 for Rosetta historic district were

£ S X £ 3D View X

& Hestage_Buildings 143 abjects]

digitized using CityEngine to be controlled and
visualized by different users as show in Fig. 19.
Figs. 20 and 21 show the ESRI CityEngine web-
based model. which could be shared with all users
and stakeholders to check the regulations and
building forms for each plot.

Results and Discussion

City information modeling platforms could support
the decision makers to develop a comprehensive,
integrated, upgrading methodology using a GIS-
based spatial data management framework. This
framework could efficiently assist the policies
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Fig. 19. Twelve cases of different urban regulations, source: authors, processed by CityEngine
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Fig. 20. Twelve cases of different urban regulations in the ESRI CityEngine web-based model, source: authors
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Rosetta Historic District Residential Code

Fig. 21. Case 4 selected from different urban regulations in the ESRI CityEngine web-based model, source: authors

of urban development, urban regeneration,
conservation, protection, and rehabilitation of urban
neighborhoods. The development of urban codes
using digital urban tools could preserve the urban
elements manifesting urban identity.

The research results could be summarized as
shown in Fig. 22.

We developed and updated the GIS dataset for
the historic urban district of Rosetta city and a 3D GIS
urban model that could provide a clear visualization
for the current urban data and form.

We digitized urban code parameters representing
the regulations of Rosetta historic district as a CGA
rule (scripted using Python language) in CityEngine.
The digitized urban code enables visualization
of the district's urban character using 3D GIS
models.

The developed 3D GIS model represents form-
based code approach as it visualizes the criteria of

urban form in which building form and streetscape
are interconnected.

The study develops three 3D urban models
with different level of detailing and visualization
methods. The three developed models were
compared to determine their extent in visualizing
a realistic description of current physical urban
context and all urban parameters that support
the digitizing of urban code. The comparison
criteria show the level of details achieved, ease
of modeling and modifications, application of
procedural modeling and the ability of online
dissemination. In addition, we analyzed how much
urban and building details could be visualized in
each model.

The results indicate a progressive enhancement
in the models’ capacity to visualize urban contexts
and support urban code digitization as shown in
Table 6:

Scripting and :
3D GIS Models Digitizing Urban Codes F°"'|:1tBe°r509t% rf"de
Parameters g

Fig. 22. Key results of the study, source: authors
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Table 6. The three developed 3D urban models with different level of details, source: authors

GIS System
extruded by Arc Scene

Model 01
Updated GIS Data

Developing GIS System
using City Engine

Model 02
Scripting Building Use

Model 03

Scripting Building Details from
Urban Codes

Level of Details
Ease of Modeling

LoDO02 - supports LoD04

LoDO03 - supports LoD04

Ease of

* *

modifications
Procedural Modeling * *
* * *

Online Dissemination

Total Floor Areas

Open Source *
Software
Land Use * * *
Building Footprint * * *

Roads and Side walks

Buildings Ratio

Lightings *
\egetation *
Building Use * *
Buildings Heights * * *

Architectural style

*

Balconies and
Cantilevers

Openings

Facade details

Facades Materials

Storefronts design

Indoor Spaces

6/21-28 %

11/21-52 % 20/21-95 %

Model 01 achieves 28 % of the criteria. This
model, using basic GIS data, offers minimal detail
and lacks advanced urban information, making
it more suitable for basic visualizations without
complex urban forms or architectural styles.

Model 02 fulfills 52 % of the criteria. It enhances
the basic model by adding key urban data like total
floor areas, building use, and ratios. The inclusion
of procedural modeling makes modifications easier
and supports further urban data integration.

Model 03 performs the best, meeting 95 % of
the criteria. This model integrates detailed urban

information, including roads, sidewalks, lighting,
vegetation, and specific architectural elements
such as facade materials and storefront designs. It
also supports online dissemination and procedural
modeling, making it the most robust for visualizing
and managing urban environments.

The progression from Model 01 to Model 03
reflects the increasing level of detail and complexity
required to digitize urban codes and enhance urban
planning. Model 01 provides a basic foundation, but
it is insufficient for detailed urban analysis. Models
02 and 03, particularly with the application of CGA
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rules and procedural modeling, offer significant
improvements in the visualization of urban and
building details, making them valuable for decision-
making in urban management.

Model 03, with its higher level of detail, supports
a more accurate and realistic portrayal of urban
neighborhoods, crucial for implementing form-based
codes and maintaining the architectural integrity
of historic districts. This model’s ability to display
specific architectural elements is particularly useful
for stakeholders aiming to preserve or replicate
the character of historic cities like Rosetta. The
importance of online dissemination in Model 03
also satisfies the need for real-time updates and
collaboration between different government sectors
and urban planners.

Building on the initial comparison and discussion,
it is essential to emphasize the increasing
significance of each model’s level of detail (LoD)
and its broader implications for urban planning,
especially in historic districts such as Rosetta. The
progressive enhancement of the models is not
merely a technical achievement but a reflection of
the need for advanced urban analysis tools that can
bridge the gap between traditional urban fabric and
modern urban management strategies.

Conclusion

Neglecting the built environment and urban
sprawl, along with not enforcing regulation codes,
heightens the vulnerability of urban structures to
disaster risks. At the same time, a well-conserved
natural and historic environment supported by urban
regulations and design codes can play a significant
role in the physical, social, and economic resilience
of communities. The integration of digital urban tools
and new technologies at different stages of planning
and implementation should be improved to provide
more options to sustain our cities. The collection of
data on existing buildings or a certain urban area
is quite challenging due to the lack of connections
between databases of different governmental
institutions as they create their own data for specific
purposes independently. The research results could
be discussed in four main aspects: the importance of
GIS platforms in decision making, GIS data accuracy
in Egypt, the importance of urban code simulations
for city identity, and the suitability of form-based
codes application and integration into local urban
codes.

46

GIS Platforms and Decision-Making

Digital urban platforms could support the decision
makers to develop a comprehensive, integrated,
upgrading methodology using GIS-based spatial
data management framework. This framework could
efficiently assist the policies of urban development,
urban regeneration, conservation, protection, and
rehabilitation of urban neighborhoods. The development
of urban codes using digital urban tools could preserve
the urban elements that reflect urban identity.

GIS Data Accuracy

The accuracy of GIS data mapping for urban
districts needs to be updated and expanded. The
issues in Egypt stem from the GIS data at the
General Organization for Physical Planning being
inaccurate and lacking. The GIS databases for each
organization are not the same and there is no unified
governmental source to support spatial data for all
organizations. Many of the Egyptian cities have
missing data on the online GIS platforms such as
“open street maps” compared to other developed
cities. Also, the compacted urban fabric and narrow
streets of old cities in Egypt complicate the digitizing
of these cities and require mixed methods to collect,
survey and digitize the current urban data.

Urban Code Modeling for City Identity

Inability to envision or picture the visual image
of neighborhoods after implementing building
requirements might resultin an unsuitable view, visual
boredom, or distortion. Thus, it is important to model
building requirements and regulations to examine
the visual identity of cities before implementing them
in real life. The software offers a chance to change
several urban parameters which could develop many
alternatives of building regulations and analyze their
effect on the visual identity of neighborhoods.

Form-Based Code Integration

The form-based code could be integrated after
undergoing certain adaptations. There are different
legislative, social, economic, environmental
constraints which could affect the upgrading
of current Egyptian codes. There is a need to
develop and initiate special legislative system for
urban neighborhoods, especially the historic and
valued ones. In addition to introducing a set of
planning regulations and guidelines which help in
implementing the ideas of the form-based code, the
study considers utilizing already-existing legislation
that is not mandatory or currently in use.
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LNPPOBU3ALNA TPAOOCTPOUTEINBbHbLIX KOOEKCOB
ansAa COXPAHEHUA TOPOACKOIO XAPAKTEPA UCTOPUYECKUX
PAMOHOB: HA MPUMEPE OPO[A PO3ETTA, ETUMNET

MoxTap XocHu Aknb*, Lepud A. Leta, Jlamnc 3nb M3asu
YHuepcuteT MaHcypa, ynuua 3neromxypus, ropog Mancypa, Ervnet
*E-mail: mokhtarakl@mans.edu.eg

AHHOTauuA

BBepeHue: 3pdekTMBHOE rOPOACKOE MfaHMpOBaHWE OMMUPaeTCsl Ha BCECTOPOHHEe 3HaHWe Kak (U3MYECcKMX, Tak
N Hedm3nMdeckmx ropodckmx anemeHToB. OHM UMEIOT pellarollee 3HadeHe ans paspabotku mopenen M'MC, kotopble
nooaepPKMBAKOT YCTOMYMBOE ropoackoe passutue, obecnedrBas peanucTuyHble npeactaBneHvs o6 ypbaHucTuyeckom
KoHTekcTe. ToyHble 3D-mogenu urparoT rMaBHYK pofib B aHanu3e ropoACKMX cUcTeM M npoueccoB. Llenb: oueHka
BMUSHUS METOAOB TOpPOACKON oumdpoBkn u Busyanusaumm 3D TUC Ha uenecoobpasHOCTb rpagoCTPOUTENbHbIX
KOOEKCOB [Nl COXPaHEHWsi TOPOACKOW WAEHTUYHOCTW M XapakTepa Ha npumepe ropoga Posetta (Pawwvp), Ervner.
MeTogbl: Mbl MCMONb30BanM onucaTesbHbIA, aHanNUTUYECKMn U aMNUpUYecknii noaxodbl. MonesBble uccreqoBaHUs,
onpocbl, mogenvpoBaHue M'MC u uudposble MHCTpyMeHTbI, Takme kak ESRI CityEngine, ncnons3aoBanuck ans cosnaHus
3D-mogenen TMC. 3Tn mogeny noMorarT oundpPOoBbLIBaTL U aHaNM3MpoBaTb NapaMeTpbl rPagoCTPOUTENbHBIX KOLEKCOB
Ha OCHOBe 06 BLEMHO-NPOCTPAHCTBEHHOTO pernameHTa. PesynbsraThl: uccrnegoBaHue nokasano, 4to 3D-mopenu M'MC moryT
yNyYLWUTb rOpoACcKoe NnaHnpoBaHve brnarogaps nyyllemy NoHMMaHWIo rpagoCcTPOUTENbHBIX KOOEKCOB U UX MOCNEACTBUN
0N coXpaHeHUst ropoAckoln naeHTuyHocT. Mogenu aatT npeacTaBrieHne 0 COXpaHeHMM NCTOPMYECKOrO XapakTepa npu
nopaepxke passutusa. O6cyxaeHue: pesynsTaThl NOAYEPKMBAOT NOTeHUMan ropoackmx 3D-moaenen ans ynyyweHus
NPUHSITUS PELLEHWI B TOPOACKOM NIAHUPOBaHNM Y LLEHHOCTb TakMX MOAENEN AN COXpaHEeHUSs YHUKaNbHOW NOAEHTUYHOCTH
NCTOPUYECKNX PaOHOB, Takmx Kak ropod Po3eTTa, npeanaras ocHoBy ANnst NogobHbIX pernoHoB.

KnioueBble croBa: ropofckoi xapaKTep; rpagoCTpouTerbHble KoaeKChl; MCTopuyeckune paoHsl; 3D-mogenvposarue MNC.
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Abstract

Introduction: The concept of home goes far beyond physical aspects, and its essence is interwoven with the spiritual
nature of humankind. Purpose of the study: This paper aims at examining the spatial formations of five contemporaneous
historical Islamic residences in three cities: Cairo, Damascus, and Aleppo. We intend to show that their layouts, which
were mainly governed by certain traditions of privacy and visibility, were negatively affected by those factors in terms
of functional and psychological efficiency. Methods: The paper utilizes Space Syntax formulas and the UCL Depthmap
software to investigate and analyze the spatial configurations of these residences to provide a new comprehension of the
life experience and the functional performance in these abodes, which were always regarded as ideal. Results show that
the layouts in the five residences offer satisfactory qualities in terms of the privacy level, which is certainly a fundamental
human need. However, the hierarchy of access to spaces has negative consequences for psychological requirements
and functional efficiency. Conclusions: In order to meet certain social considerations, the spatial configurations in these

residences failed to meet other functional and psychological needs of the inhabitants.

Keywords: domestic architecture; traditional houses; spatial configuration; functional efficiency; Space Syntax.

Introduction

Space Syntax theory of architecture and urban
design originated in the 1970s. The Space Syntax
term reflects its early analogies to linguistic theories.
It was believed that, just as there are certain
combinations of words that can be assembled into
a meaningful sentence, only certain configurations
of spaces would actually make sense. Here, spatial
and social forms are in such a close relationship that
a certain spatial configuration may define different
social patterns. A set of thematic graphs, algorithms
and software was developed for the representation,
quantification, analysis and interpretation of spatial
configuration (Ramzy, 2016).

Quality of life is dynamic, people and the environment
change over time. However the historical domains
of durability, convenience and beauty continue to be
essential needs. Giving priority to one of these qualities
over the others may lead to low functional efficiency
and performance levels of the layouts. In this paper,
we consider the functional qualities of five residences
that date back to the Mamluk and Ottoman eras. The
architecture of traditional Islamic houses, which have
been always considered as perfect places for life
(Hwaish, 2015), with their spacious sunlit courtyards
and private sheltered spaces, correlate with the concept
of quality of life, covering psychological, utilitarian, and
interpersonal issues.

For Franz et al. (2005), the property of
segregation is an indicator of the degree of social-

functional efficiency of space. In traditional Islamic
houses, the concept of privacy refers principally
to the segregation between males and females.
Achieving privacy in a house requires the interior
space to be invisible to strangers and the spatial
configuration to provide the least amount of
communication between the spaces dedicated
to males (Salamlik) and to females (Haramlik) in
the house. The paper’s hypothesis is that this kind
of segregation may have affected the functional
performance of the residences. Therefore, the
aims of the analysis performed in this paper are
to investigate, first, whether space-segregation
indeed helped attaining high levels of privacy;
and secondly, its influence on the functional
performance and the quality of life within residential
environments.

The question that arose here was: how to
evaluate the impact of spatial configuration on the
functional efficiency of these layouts. The paper here
suggested Space Syntax analysis as a quantifiable
syntactic approach and a complementary tool for
illuminating new dimensions of life in historical
communities. It is used to detect and measure the
functional performance and assess the life quality
across the five dwellings subjected to the study.

With this in mind, a Space Syntax analysis of
the five residences was performed in four phases.
The initial phase has two steps which show: a)
the sampling logic behind the choice of the five

For citations: Ramzy, N. S., Arafa, R. E., Ebrahim, E. S., Altawansy, A. K. (2025). Privacy and segregation in traditional domestic
spaces: space syntax analysis of the “quality of life” in islamic traditional houses. Architecture and Engineering, No 1 (10), pp. 49-58. 49
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residences as representatives of traditional Islamic
residences; and b) the formulas and tools of Space
Syntax analysis adopted for the research. In the
second phase, we discuss the special qualities
chosen to evaluate the residences and the
syntactical and mathematical formulas to quantify
these qualities. The next phase overviews the
results of the syntactic study, showing the numerical
results obtained by the UCL Depthmap software for
the chosen measures. The final phase presents the
conclusions of the study.

Methods

The methodology of Space Syntax was selected
here as an approach for analyzing the spatial models
on a scientific basis by interpreting them in numerical
graphical forms. This method gives the research a
good level of credibility and realism in understanding
configured space, especially its formative process
and cultural significance (Bafna, 2003).

Samples and sampling strategy

To choose suitable samples and representatives
of residential architecture from the Mamluk/Ottoman
Era, we selected five distinct traditional residences
from various cities (Cairo, Damascus, and Aleppo),
featuring different sizes (small houses, large houses,
and a palace) and different designs (one court, two
courts, a court and a large backyard) for analysis.
The only common factor among the selected
residences is that they all belong to the same
cultural background of Islam, where segregation
between male and female areas of activities in the
house was a must. The samples also cover a wide
span of time during both Mamluk and Ottoman eras
(1600s—1900s) in Egypt and Syria.

Residences from Cairo

Two residences from Cairo were selected for the
study:

(a) The House of Al-Sohaymi (or Abdel Wahab
El-Tablawy house): it was originally built in 1648
(Ottoman Era) in Al-Darb Al-Asfar, Cairo. The house
is built around a Sahn (court with a fountain). Like
all traditional Islamic houses, the house has strictly
separated public Salamlik and private Haramlik.

(b) The House of Zaynab Khatun: located in the
old town, near Al-Azhar Mosque, it was originally
built in 1486 (Mamluk Era), with later additions in
1713 (Ottoman Era).

Such an entrance! allows not a glimpse inside for
the outsiders. It leads to a large Sahn. The ground
floor includes a Mandara (guest room for men),
a kitchen, a mill, and a grain storage room. The terrace
overlooking the courtyard in the Salamlik is connected
to a small corridor that leads to the Haramlik.

Residences in Syria

Three residences were selected for the study;
two houses from Damascus and one from Aleppo:

" An entrance that is not directly connected to the house court
is an intermediate space fencing it from the street.
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(a) The House of Sheikh Badr EI-Din Al-Hasani,
Damascus: it dates back to the late 17" and the
beginning of the 18" century with some parts of it
being of the 20" century (all belong to the Ottoman
era in Syria). It is located inside the wall of the
Ancient City of Damascus.

The house has one open courtyard with an
Iwan (formal lobby leading to the main hall) on the
southern side and the main hall on the northern side.
Ten rooms on the first floor surround the perimeter
of the house, except for the western side (Keenan,
2000).

(b) AlF-Azem Palace, Damascus: the palace
was built during the Ottoman era in 1749, north
of the market of Al-Buzuriyah in the Ancient City
of Damascus. This residence is actually a palace,
with an area of 6400 m?, consisting of the two usual
wings, Haramlik and Salamlik, with an addition of
a wing for the servants, the Khadamlik.

(c) Ajag Bash House, Aleppo: the house dates
back to the Ottoman era (1758). It is located at the
first Jasmine Gate in Al-Saliba northwest of Aleppo
outside the walls of the Ancient City.

The house is currently below the street level. The
entrance leads to a large courtyard with a pond in
the middle. An Iwan is located directly in front of the
northern main hall. Bedrooms are located on the
upper floor (Haramlik).

Formulas and tools

UCL Depthmap software, which was developed
by Alasdair Turner and his colleagues, offers a
variety of techniques and tools. Based on the data
sets needed for the analysis as will be discussed in
section 3, we chose the following tools for the study.?

(a) Visibility Graph Analysis (VGA) with two
levels of measurements: local properties, such as
Connectivity, Clustering Coefficient (CC) and Visual
Control (VC) values; and global properties such as
Integration and Relativized Entropy (RE) values
(Bada and Farhi, 2009).

(b) Isovists, which are sets of all points visible
from given vantage points in space and with respect
to the environment. The geometrical properties of
Isovists are used to measure visibility (eye level
isovists) or accessibility (floor level isovists) from
each of these locations (Benedikt and Burnham,
1985).

(c) Agent-based analysis is a computational
model for simulating the actions and interactions
of autonomous agents (both individual or
collective entities). This tool is particularly useful
in archaeological/historical research since it allows
insights into the relationship between the built
environment and human behavior. It simulates
natural human movements, providing researcher
with an important measurement called Gate Counts,

2 For more details about formulas and tools of Space Syntax
analysis see the work by Ramzy (2016).
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to predict how a certain space was (or would be)
navigated (Bada and Farhi, 2009).

Privacy versus functional efficiency in traditional
Islamic houses

A building achieves its function not through its
built form, but mainly through the qualities of its
spaces (Franz et al., 2005). The discussion in this
section seeks to define the life qualities and the
spatial properties that have to be measured in the
five residences under examination. The criteria for
privacy, functional and psychological performance of
the five abodes were based on studies by Alitajer and
Nojoumi (2016), Franz and Wiener (2005), Mustafa
and Hassan (2010), and others, who identified these
qualities as fundamental to spatial performance and
preference patterns.

Spatial measurements to quantify the level
of privacy in a spatial layout

A much discussed notion in the field of
environmental psychology is the notion of privacy.
To obtain a desirable state of privacy, each
individual resorts to certain means, depending on
their sociocultural milieu that reflects the ideas of a
particular society at a given time (Forgas, 1994). In
their study of 2016, Alitajer and Nojoumi suggested
the following measurements of Space Syntax theory
as indicators of privacy level in spatial layouts.

(1) Connectivity: the number of points, at which
a space is directly connected to other spaces.
For instance, the connectivity of a room with two
entrance doors to adjacent spaces equals two.

(2) Step Depth: it is basically illustrated as the
number of steps (spaces) one must take to pass from
one point to the other points. A point is considered
deep when a large number of steps lie between this
point and the other points.

(3) Integration: the integration of a point indicates
the degree of connection or separation between one
point and the general system or the subordinate
system. A space exhibits a high degree of integration
when it is assimilated with other spaces.

(4) Agent analysis: in agent-based analysis,
virtual “people” (agents) are released into the
environment, and they make decisions on where to
move within such an environment. This indicator is
reflected by the so-called Gate Counts (Alitajer and
Nojoumi, 2016).

Spatial measurements to quantify the level
of functional Efficiency in a spatial layout

Functional efficiency of a building may be defined
as the degree to which the activities are supported
by its spatial configuration. This is associated with
the spatial relationship between rooms (functional
zoning) and the routing through the building for the
distribution of people, goods and services, etc. (van
der Voordt et al., 1997). Functional factors such
as the relationship between spaces and activities,
appropriate axes of movement, flexibility, suitability,

safety, and so forth are key aspects in this respect,
with two principal matters to be considered (Mustafa
and Hassan, 2010):

a. Physical efficiency, or the ease with which
users and visitors can reach, enter and move
through a building, thus being able to use its various
spaces. A focal point in particular is the integral
accessibility, which means that people with physical
disabilities can also enter and move through the
building independently. Relevant spatial aspects
include: a recognizable entrance, clear transitions,
and circulation from public to private.

b. Psychological efficiency, or to what extent
a building “invites” the potential users to enter, utilize
the facility, and engage in the activities taking place
within. These are syntactical characteristics which
facilitate spatial-functional orientation, clear outline
of a building layout, visual axes, points of recognition,
differentiation in the use of spaces, etc.

Physical efficiency

Mustafa and Hassan (2010) proposed specific
quantifiers as indicators of physical efficiency within
residential environments. However, they employed
A-Graph analysis techniques, while this study uses
the tools of the UCL Depthmap software to acquire
the results for the same indicators.

(1) Symmetry/Asymmetry. Mustafa and Hassan
(2010) suggested the kinetic-visual depth as an
indicator. According to their interpretation, a space is
more symmetrical when it has less depth than other
spaces in the system, and vice versa. As the number
of visual-kinetic steps between areas in a residential
layout increases, spatial segregation increases
correspondingly, leading to a weaker functional link
(less efficiency). In the same vein, Hillier (2006)
suggested that layouts with maximized depth are
functionally rigid and unsuitable for most functional
patterns. Conversely, minimizing depth seems to
offer greater adaptability and is better suited for a
broader array of functions, leading to a more efficient
house function.

From Space Syntax indicators, Mustafa and
Hassan (2010) suggested Mean Depth and Real
Relative Asymmetry (RRA) as indicators related to
this property.

(2) Distributedness/Non-distributedness.
Distributedness, which is sometimes also called
“permeability” (Beck and Turkienicz, 2009; Hillier,
2006), refers to the available ways to access all
spaces in a house layout (Mustafa and Hassan,
2010). It demonstrates the resident’'s movement
through the spatial system in a smooth, efficient, and
flexible manner, highlighting the presence of multiple
non-intersecting routes from one point in the system
to another. If there is only one route for any two
points in the system, then the system is said to be
non-distributed. By increasing the number of ways
of accessing a particular space, its distributedness
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increases, which means high level of permeability of
the space.

Although Mustafa and Hassan (2010) only
proposed integration values as a measurement for
this property, Beck and Turkienicz (2009) suggested
that Intelligibility® (connectivity/integration) is a more
accurate indicator of this attribute.

Moreover, in his study of 2006 “Studying cities to
learn about minds”, Hillier brings about the concept
of Natural Movement, suggesting Control Value
(CV)* as a measurement to quantify easy navigation
or permeability of a certain space. Control Value
quantifies the degree to which a space controls
access to its immediate neighbors, considering the
number of alternative connections that each of these
neighbors has (Klargvist, 1993).

(3) Difference Factor of Space. Measuring how
strong or weak social relations correlate with spatial
ordering, e.g., the degree to which a space may be
shared with others (Arslan and Kodken, 2016). The
degree of variance in integration values is considered
as an indication of this property, where integration
values of spaces should be in a consistent order
across a layout. In most spatial complexes, different
functions and activities are assigned to spaces, which
integrate the complexes to different degrees (numerical
values). If the integration values of these spaces are
in a consistent order across a layout, consequently, a
cultural pattern might be said to be spatially expressing
itself (Mustafa and Hassan, 2010).

(4) Degree of Spaceness (space-link ratio).
In Space Syntax terminology, there are four types
of space: a-type space, which has one link; b- and
c-type spaces, which have more than one connection
but with differences in positions; and d-type space
with more than two connections (Mustafa and
Hassan, 2010). It is assumed that a-type spaces
are more suitable for occupation since there is no
“through” circulation. Movement is better in b- and
c-type spaces, while d-type spaces offer the greatest
variety of movement options. In Space Syntax tools,
Choice is a general value for this property that can
be best understood as “water flow in space” (Jiang
et al., 2000).

(5) Airflow. In addition to the previous
measurements suggested by Mustafa and Hassan
(2010), another factor of efficiency is suggested
by Du (2019), which is airflow. For him, the VGA
analysis method seems the best choice of the Space

3 It was measured by Hillier (2006) as the correlation between
connectivity and integration. It is notable here that this property
contradicts the aforementioned indicators of privacy, as suggest-
ed by Alitajer and Nojoumi (2016), by default.

4 To calculate this value, each space is assigned a score of 1,
which is then divided by the number of the neighboring spaces
(1/n) to which it is connected. The scores received by each space
from its surrounding spaces are totaled. The higher the CV, the
more controlling the space is. If a space ends up with a CV ex-
ceeding 1, it can be considered controlling; if control values ap-
proach 0, it is deemed controlled.
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Syntax method for the airflow analysis. He suggests
the levels of connectivity and integration as the
quantifiers for this quality.

Psychological efficiency

Privacy, as previously discussed, is one of the
crucial factors in psychological efficiency. But,
according to Franz and Wiener (2005), there are other
factors that are equally important to psychological
comfort. Franz and Wiener (2008) pointed out four
spatial qualities of architectural space that make the
space preferable by people; these are spaciousness,
enclosure, complexity, and order. They suggested
some calculations and values to quantify these four
qualities in relation to isovist properties as follows:

(1) Spaciousness: (Isovist area / Number of
vertices).

(2) Enclosure: Jaggedness (Isovist perimeter? /
area), Revelation ((X area adjacent isovists — isovist
area) / isovist area) and Openness (the length of open
edge / the length of closed edge) as opposed to it.

(3) Complexity: Vertices (number of vertices),
Density (number of vertices / area) and Roundness
(Isovist area / perimeter?).

(4) Order: Symmetry (number of symmetry axes)
and Redundancy/Regularity (number of unique
polygon sections / number of symmetry axes + 1).

Results and discussions

A syntactic analysis was performed on the five
residences using the UCL Depthmap software to
acquire graphs and numerical measures for the
aforementioned spatial qualities. Two sets of analytical
processes were performed on the five chosen
examples. The first set deals with the residences as a
whole to obtain both global and local indicators, such
as integration, control value, and connectivity values;
the second set is concerned with the properties of
the isovists in certain spaces within each residence:
the court and the largest adjacent space. The points
with the highest integration value in each area were
selected as observation points to generate the most
representative isovist in the space.

Table 1 illustrates the graphs and attributes of
the five residences produced by the UCL Depthmap
software, while Table 2 shows the numerical
results obtained from the analysis of the attributes
in Table 1 after respective calculations. It should
be noted that deviant results sometimes appear
for the exceptionally large Al-Azem palace and
the backyard of Al-Sohaymi. Same is true for Badr
El-Din Al-Hasani, which is a very small residence
(compared to the others).

The results of the analyses, as shown in Tables 1
and 2, demonstrate the following:

A) In terms of privacy

The values of connectivity are very low in most
of the spaces in the five residences and very high
only in certain points of the courts (Sahn). Minimal
connectivity values are observed in kitchens,
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Table 1. UCL Depthmap graphs and attributes for the five residences

Residence Floor Plan VGA [sovists Agent A, Attributes
Alibte | Miriam | Averags | Mairun
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[ S00518 ]
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& a4 24249 s
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Din Al- Mean Depth 139067 1.84279 40404
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RA 00019638 Q00335686 0.00869564
AA [Pern] 0451771 0650878 0773425
ARA 01750 034772 a7
Total Degth 056 §152.73
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Step Depth 0 18216 4
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storage, dining rooms, toilets, backyards, and
stairs.

Step-depth values are generally high, with values
up to six steps, which means that most of the spaces
are not easily accessible. The lowest step-depth
values are in the yards and the corridors between
them, and the highest are in some parts of the stairs,
the toilets, and the rooms of housekeeping activities.

As for integration, the highest values are recorded
in the courtyards and the corridors connected to
them. The lowest values are found in the storerooms,
kitchens, bathrooms, stairs, and backyards. Al-
Sohaymi house in Cairo is a special case in this
regard, as the highest levels of integration and

connectivity are found in the backyard. The average
values of both indicators were found in the middle
court (Sahn). This is undoubtedly due to the unusually
large area of the backyard in this house, which is 7
times larger than the backyard at Zaynab Khatun’s
and about 2.5 times larger than the middle court.
However, values of integration and connectivity in
the middle court of Al-Sohaymi house are almost in
the same range as recorded in other houses’ courts;
it is the backyard where the integration values are
exceptionally high.

As for the Gate Count, the highest values are also
observed in the courts and the corridors between
them. It is the lowest in the backyards, storerooms,
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Table 2. Numerical results and calculations for the five residences

31695

29-630

"~ 3372

" 4-409

T 15-502

Integration

Iso. Area (the court)

9

Connectivity
Step Depth 219-5 183-4 2.17-4 256-6 182-4
Integration 2.29- 1496 2.69-17.59 219-17.03 1.30-5.79 308-1399
Gate counts 8.8-171 88.6 — 695 46.6-509 5.8-85 28-325
(A) Symmetry/ Asymmetry
Mean depth 1.62-5.08 1.92-441 139-404 2.36-7.00 153-3.14
RRA 0.07- 0.45 0.051 -0.52 0.06 - 0.46 0.17-0.76 0.071-0.32
(B) Distributedness/Non-
distributedness
Intelhigibility (Connectivity: 1133 358 21.8 70.6 359
Integration)
Control (CV) 0.05-3.05 0.04 -168 0.06-1.83 0.04-208 0.16-2.63
(C) Difference Factor of Space
Vanance in integration values 2.29-14.96 2.69-17.59 2.19- 1.30-5.79 3.08-1399
(12.67) (14.9) 17.03(14.84) (4.49) (10.91)
(D) Degree of Spaceness:
ice 5583.64- 113289 - 500.62-3391 3775.73 - 1141.68 —
226613 2264 496286 15689
(E) Airflow
Connectivity 3-1695 29-630 3-372 4-409 15-502
2.29 -14.96 2.69-17.59 2.19-17.03 1.30-5.79 3.08-1399

427 166.05 1268+954 5254 294.73
Iso. Area (adjacent isovist) 35.7 4941 63.8 N2 86.1
Perimeter 301.8 155.5 1446 2944 133.8
Vertices (the court) 47 39 27 31 33
Vertices(Adjacent space) 20 21 29 12 33
Adjacent isovists 831.35+64.1+ 49.41+4385 86.3+30.7+ 2522+265 1052+404
357+678+  +96.75+ 63.8+467+ +722+ +86.1+84+
343 +2322+  40.68+4335 288+3221 626+12+  476+275
258+8 +204+107 +22 78
1697.95 705.14 310.51 503.5 390.8
11

6

Isovist area / Number of vertices

symmetry axes + 1

In the Court 427/47=909 166.05/39= 2222/27= 525.4/31- 28473/
4.26 823 16.9 33=86
Adjacent Isovist 357/20=18 4941/21=235 63.8/29=22 722/12=6 86.1/33=26
(B) Enclosure
Openness 0.18 0.26 0.32 0.42 0.16
length open eage/length ciosed eage
Jaggedness 91083.24/427=  24180.25/166 20909.16/222 86671.36/525 17902.44/284
Isovist perimeter”/area 2133 .05=145.6 2=941 4=165 .73=629
Revelation (1697.95- (705.14- (310.51- (503.5-525.4)/ (390.8-

(Z area adjacent isovists — 427)/427=3 166.05)/ 222.2)/2222 5254=(-004) 28473y
1sovist area)/ 1sovist area 166.05=325 =04 284.73=0.37
(C) Complexity
Vertices 47 39 27 31 33

Number of vertices
Vertex Density 47/427=0.11 39/166.05= 27/222.2= 31/5254= 33/284.73=

Number of vertices/area 023 0.12 0.06 0.11
Roundness 427/301.8=14 166.05/155.5 222.2/1446= 5254/2944= 28473/1338

Isovist area/perimeter’ =1.07 1.5 1.8 =212
(D) Order
Symmetry: ° symmetry axes 6 9 11 11 6
Redundancy/ regularity 8/6+1=1.14 10/9+1=1 8/11+1=0.6 6/9+1=06 6/6+1 =0.86
® unique polygon sections / *

kitchens, toilets, stairs, and surrounding spaces.
Notably, high levels of movement of the virtual agents
are observed in none of the five residences, but in
the house of Badr EI-Din Al-Hasani. This can be
explained by the limited number of spaces (gates) in
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this house compared to the number of agents used
in the analysis (50 agents), causing each agent to
pass through the same gate multiple times during
the process. A smaller number of agents is usually
employed for such a small house, but for the sake of
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consistency of the experiment, the same number of
agents was used for both small and big residences.

B) In terms of physical efficiency

As for the measures of Symmetry/Asymmetry, the
average values of Mean Depth are almost always
around 2, with some values reaching up to 5.08. This
indicates that the houses appear to be symmetric,
which implies the spaces connect to the original
space (root space, i.e., the court) almost directly
and are not connected to each other. As previously
explained, increasing the so called “symmetry of
space” decreases its segregation, which in turn leads
to less functional efficiency. This is supported by the
low values of RRA, which implies the tendency of
the system to be more segregated (less accessible /
more controlled). RRA values of 0.6 or lower are
considered strongly segregating (Lau, 2010). Thus,
with the values consistently below 0.6, this shows
the tendency of the system to be more segregated /
less accessible.

For Distributedness/Non-distributedness,
depending on results obtained for Intelligibility
(Connectivity/Integration ratio), it can be said that
three of the five layouts have low distributedness,
and thus give an impression of low efficiency at the
spatial-functional level (Mustafa and Hassan, 2010).
The high values of intelligibility in the two other
residences, Al-Sohaymi house and Al-Azem palace,
are justified by the above-mentioned exceptionally
large area of the backyard in the former (with oddly
high values of connectivity, raising the average
value as a whole) and the unusually low value of
integration in the latter due to its distinct layout as a
palace in contrast with usual residences. The values
in these two residences, although low in comparison
with the other three, are actually still high in general.
The confined “flow” in the residences is further
accentuated by high values of Control (CV), which
are all around 2, indicating less accessible spaces
and complicated navigation throughout the layout.

Regarding the Difference Factor of Space,
the results show very high variance in integration
values in all the residences between the courts and
the corridors around them, and those in the areas
of housekeeping activities, reaching up to 14.9.
Note the consistency of the integration values for
inner layout areas like kitchens, storage, dining
rooms, toilets, and backyards, with differences
within 2-3, indicating that these spaces are fairly
interchangeable.

As for Spaceness (space-link ratio), the study
shows very high values of Choice in the middle
areas of the five residences, with average and
low values in the other spaces. It is assumed that
occupation is more appropriate in areas without
“through” circulation, whereas movement is more
effective in spaces providing the greatest movement
options. The efficiency of the space depends on the

balance between the two types of spaces (Mustafa
and Hassan, 2010). Except for the house of Badr El-
Din Al-Hasani, and due to a small number of spaces
included, significant differences are observed
between the average values and the maximum
values of choice in the other layouts, which indicates
that there is a considerable lack of balance.
Nevertheless, by taking into account the layouts
as a whole, there are all types of spaces present.
Although b-and c-types are rather rare, they are not
absent.

As for the Airflow, although the court-house plan
was always considered an ideal climate solution,
the low connectivity and integration values in some
areas of the five residences suggest inadequate
airflow in those spaces.

C) In terms of psychological efficiency

In general, in places where isovists tend to be
larger and spread in different directions, the observer
is permitted a better evaluation of the space and
thus more convenience (Benedikt and Burnham,
1985). Examining the isovists in Table 1, we notice
a significant difference between the isovists in
the courts, which are large but do not extend in
various directions, and those in the adjacent spaces
(adjacent isovists), which are skewed with deep
dilation in certain directions.

The numerical results and the calculations in
Table 2 show moderate values of Spaciousness
in most courts, except for Al-Azem palace, where
the values are high. In adjacent spaces (adjacent
isovists), again except for Al-Azem palace, the values
are really low, which characterizes unpleasantly
secluded paces.

As for Enclosure, the results show low values
of openness and revelation, even in the courts,
reaching an extreme of —0.04 in Al-Azem palace,
as the area of the isovist in the court exceeds the
total of the areas of all adjacent isovists. A result that
Franz and Wiener themselves probably could not
foresee. High values of jaggedness of the isovists
also reflect an intermittent sight-line in the spaces,
including ones around the central court.

High Complexity is considered a positive feature
of space in Franz and Wiener’s opinion. The results
show that all spaces are rather complicated or very
complicated with big number of vertices and vertex-
density for each isovist. For Franz and Wiener,
values of roundness over 0:9 are considered high
and the spaces are considered complex. Looking at
the results in Table 2, it is remarkable that all the
values of roundness are over 0:9 reaching 2.12 in
Ajaq Bash.

Concerning Order, a large number of symmetry
axes (reflecting numerous polygons in every isovist)
is a factor of disorder. Rather low values of the
redundancy/regularity ratio (below 1) further support
this fact.
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Conclusion

Confirming the outcomes of many other
studies, this paper verifies Space Syntax analysis
as a powerful tool that creates a valid alternative
to interpret and comprehend spaces by making
intangible aspects of space-experience more
tangible, or in other words, measurable. Moreover,
it is another step towards demonstrating the link
between sociocultural background of historical
styles and their spatial configuration as captured by
Space Syntax methodologies. Space Syntax tools
played a role in comprehending these relations,
first, by presenting a new language of space
that is more statistical and, thereby, more solid,
secondly, by constituting a quantitative approach for
“evidence-based” analysis of historical architecture,
and thirdly, they gave a unique chance to evaluate
historical buildings not only in terms of geometric
measurements and artistic style, but rather as a social
organism with explicit characteristics experienced by
the inhabitants.

The analysis of the residences under study,
as shown in Tables 1 and 2, reveals that in order
to pursue privacy, the inner (activity) spaces of the
residences became highly segregated and less
functional. The five residences enjoyed good privacy,
interchangeability, spaceness and complexity. The
visual fields in some inner spaces allow deep vision
and fair observation for some of the adjacent and
outer spaces, although through very narrow spans.

Nonetheless, in terms of functional efficiency, out
of five indicators of physical efficiency, three were
found to be lacking, while only two were satisfactory.
In terms of psychological efficiency, out of four
indicators, only one was found to be satisfactory and
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three were not. High values of intelligibility in two
residences show that, in such segregated layouts,
the only chance to produce attractive spaces for
life is to make a residence very large. However, in
general and for medium spaces, an architectural
arrangement with weak connections and great
depths of spaces would inevitably exacerbate
accessibility and obstruct movement.

The lack of spatial integration and connectivity in
activity spaces is also indicative of the layouts with
low efficiency at the spatial-functional level. High
values of Control also imply complicated navigation
throughout the layout and insufficient airflow in most
of the spaces.

The results and the configurations of the isovists
show that visual fields are either jagged or disrupted,
making spaces unpleasantly isolated. They also lack
order and uniformity, making the spaces (especially
activity spaces in this case) less desirable, as well as
less welcoming.

The results of the analysis show that traditional
Islamic houses, which have been always considered
exemplary for modern generations, are not really
pleasant all over the layout of the house, especially
in activity areas, or suitable for modern life styles.
As the “sacred” interior is safe from being seen by
strangers, the overall spatial performance is mild and
comfortable only in the courts and the area around
them. The daily life activities in these houses are more
taxing and are done in unpleasantly secluded spaces.
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NMPUBATHOCTb U CENPErAunA B NPOCTPAHCTBE TPAOULIMOHHOIO
AOOMA: AHAJIN3 «KKAYECTBA XU3HU» B UCTTAMCKUX
TPAOUMUMUOHHBIX JOMAX METOAOOM NMPOCTPAHCTBEHHOI'O
CUHTAKCUCA
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AHHOTaUuA

BBeaeHue. NoHATVE AOMa BbIXOAMT AAneko 3a paMku M3NYECKMX acrnekToB, ro CyLHOCTb HEpas3pbiBHO CBsi3aHa C
[yXOBHOW Nprpoaon YenoseyecTtsa. Llenb uccnegoBaHus. [laHHas cTaTbs HanpaBneHa Ha u3y4yeHne NpoCTPaHCTBEHHbIX
hopMUPOBaHUIA NATU UCTOPUHECKUX UCINAMCKUX PE3VAEHLIMI, NOCTPOEHHbIX MPUMEPHO B OHO BPEMSI B TpEX ropopax:
Kanpe, Jamacke n Anenno. ABTOpbl HAMEPEHbI NoKa3aTb, YTO HA MX NMAHUPOBKW, B OCHOBE KOTOPbIX Nexanu Tpaavuuum
NpMBaTHOCTM M BWAMMOCTW, Te Xe TpaauuuW OKasanu HeraTMBHOE BMMUSIHWE C TOYKU 3pEeHUst PYHKLMOHamNbHOW W
ncuxonormyeckon adpdekTmeHocT. MeTtoabl. B cTtatbe Mcnonb3ytoTcs hopMyrbl MPOCTPAHCTBEHHOIO cuHTakcuca u Mo
UCL Depthmap anst nccnegoBaHus U aHanmsa npoCTPaHCTBEHHBLIX KOHUIypaLWii 3TUX XKUMbIX MOMELLEHWUIA, C TEM HYTOObI
obecneuntb HOBOE MOHUMAHME XM3HEHHOTO OMbiTa U (PYHKLMOHAmNbHbIX XapaKTEPUCTUK, KOTOpble BCcerga cuutanuch
naeanbHbiMK. Pe3ynbTaTbl MokasbiBaloT, YTO MMAHUPOBKU B MNATU pe3neHuusix npeanaratT yOOBMETBOPUTENbHbIE
Ka4ecTBa C TOYKM 3PEHUSI YPOBHSA MNPMBATHOCTW, 4TO, OE3yCrnoBHO, sIBNSETCA (yHOAMEHTANbHOW 4YenoBeYecKow
notpebHocTblo. OaHako nepapxus JOCTyna K NpoCTPaHCTBaM MMEET HeraTvMBHbIE MOCNEACTBUS AN NMCUXONMOrMYeCcKnX
noTpebHocTel U yHKUMOHanNbLHON achdekTnBHOCTU. Pe3dynkTaTthl. OTO NpMBOAUT K BbIBOAY, YTO U3-3a OMNpederneHHbIX
coumanbHbIX COObpaXeHU MPOCTPaHCTBEHHbIE KOH(UIYpaLMK B 3TUX pe3nAEHLMSAX, BO3MOXHO, HE MO yA0BNETBOPUTL
apyrue yHKUMOHarnbHbIE U NCUXonormyeckne notTpebHOCT nonb3oBaTenen.

KnioueBble crioBa: unasi apxutekTypa; TpaguLMOHHblE JO0Ma; NPOCTPaHCTBEHHas KOHUrypauus; dyHKUMoHabHas
3 PEKTUBHOCTb; CUHTAKCUC NPOCTPaHCTBA.
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Abstract

Introduction: Corrosion of steel reinforcement is a very complex process with clear differences in each geographical
location. Many research models predicting the quality deterioration of reinforced concrete structures in areas contaminated
with chlorides and sulfates are being developed around the world. However, these models still have a fairly wide application
range and fail to accurately and fully reflect the reduction in structure quality in each specific condition. The purpose of the
study was to survey the current status of reinforced concrete (RC) structures located in chloride- and sulfate-contaminated
environments in coastal areas of Vietnam, analyze the result and compare it with previously researched proposals to clarify
the impact of corroded steel reinforcement on the quality of RC columns. The following methods were used: Experimental
Survey, Non-Destructive Testing, and Empirical Formula for determination of the deterioration of parameters including
compressive strength of concrete, thickness of protective layer, diameter of reinforcement, and cross-sectional area of
RC columns. In addition, this study was combined with the available recommendations on reinforcement corrosion to
determine the residual physical and mechanical characteristics of concrete and reinforcement steel. As a result, the quality
deterioration of RC columns with corroded reinforcement depends on the reinforcement location in the same longitudinal
member. This indicates remarkable deterioration in the quality of structural sections that are regularly and directly affected

by seawater.

Keywords: concrete; steel; reinforced concrete; corrosion; seawater; chloride.

Introduction

Reinforced concrete (RC) structures are common
in civil construction, often used in saline areas with
high concentrations of chloride and sulfate. These
structures are often affected by the corrosion of steel
reinforcement due to chlorides and sulfates in the
environment.

Corrosion is a chemical or electrochemical
process through which metals or other materials are
destroyed by environmental influences (Nguyen et
al., 2022). In the case of RC structures in coastal
areas, corrosion is mainly caused by seawater
components and salt-containing air (Viet Duc,
2021). Seawater contains a lot of salt, especially
sodium chloride (NaCl). Chloride from the seawater
environment can penetrate into concrete through
voids and hollow structures, causing metal corrosion
in reinforced concrete (Kumar, 1998).

During the process of corroding steel
reinforcement, elemental lron (Fe) converts to
Fe(OH), or hydroxide ions, known as common rust,
which reacts with dissolved oxygen and produces
hydrated iron oxide (Fe,O,-H,O) in reddish brown
color, Fe,O, in black color and then hydrates into
(Fe,0,-H,0O) in green color (Liu, 1996). Because the
volume of rust is higher than that of iron, the process

of rusting increases the volume of reinforcing steel,
which leads to cracking and peeling of the protective
layer (Liu, 1996).

To study the loss of RC strength with corroded
reinforcement, Shayanfar et al. (2016) conducted
experiments on various types of reinforcement,
keeping all effective parameters on compressive
strength constant except for the water-cement ratio
(0.4, 0.45, and 0.5). Compressive strength tests
were performed on corroded and non-corroded
samples. The degree of reduction in compressive
strength was measured at different corrosion
levels. Other studies (Diamond, 1986; Enevoldsen
et al.,, 1994; Ghods et al., 2009; Hussain et al.,
1995; Moreno et al., 2004; Page and Vennesland,
1983) showed that the agents causing corrosion
in steel reinforcement mainly come from chemical
components containing sodium and potassium. This
highlights the importance of considering cement
composition and environmental exposure conditions
when specifying allowable chloride limits to prevent
reinforcement corrosion in concrete structures. The
corrosion process is difficult to fully and accurately
determine. However, some recent studies (Andrade
and Alonso, 2001; Assouli et al., 2008; Schiegg et
al., 2009; Suryavanshi et al., 1991) managed to
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partially quantify the reinforcement corrosion over
the time. Corrosion behavior of steel reinforcement
due to sulfates and chlorides was also investigated
(Pradhan, 2014), the performance of corroded
steel reinforcement in RC structures was evaluated
through a comprehensive experiment in which
the structures were exposed to mixed solutions of
chloride and sulfate ions.

Chloride is the main agent that causes corrosion
of steel reinforcement in concrete. It penetrates into
the structure mainly in the process of mixing and
pouring fresh concrete mixture into the structure
from the outside environment (Arya and Xu, 1995;
Dehwah et al., 2002; Saricimen et al., 2002). These
studies highlight the complex interplay between
chloride binding, pore solution chemistry, and
transport properties in influencing reinforcement
corrosion in chloride-contaminated concretes made
with different cementitious materials. Especially in
case of RC structures located in an environment with
chloride content, chloride ions directly penetrate into
the structure itself through voids and hollows, causing
corrosion of the steel reinforcement (Shaheen and
Pradhan, 2017; Vu and Stewart, 2000).

The effects of chloride, sulfate and chloride-
sulfate solutions on the corrosion of steel embedded
in cement paste were studied. Reinforcement
corrosion was evaluated by measuring the corrosion
potential and corrosion current density using the
linear polarization resistor technique. The results
indicated that the corrosion of specimens immersed
in pure sulfate solution is minimal (Al-Amoudi and
Maslehuddin, 1993). However, Pradhan’s study
show that in the later stages of corrosion process,
the formation of sulfate compounds increases
the reacted product volume and breaks down the
protective layer of the reinforcement. Then, the
corrosion process of the reinforcement is increased
due to chloride intrusion (Pradhan, 2014).

Corrosion of RC is the cause of a decrease in
the bearing capacity and longevity of the structure
(Rodriguez et al., 1997), reducing the cross-
section and physical and mechanical properties
of the reinforcement (Ballim and Reid, 2003). It
causes the expansion of the protective concrete
layer and cracking of the structure. Thereby, it
keeps increasing the possibility of corrosion of the
reinforcement (Cabrera, 1996), and the deterioration
of the bond between the reinforcing steel and the
concrete (Ahmad, 2003).

The main research method for RC corrosion
involves surveying, evaluating current conditions,
and using the corrosive acceleration method in
experimental models. Osuiji et al. (2020) assessed
the level of deterioration of an existing 45-year-old
concrete harbor structure in the Niger Delta zone of
Nigeria. The applied methodology included a visual
inspection of the structure to determine the current
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condition and the testing required. The results
show that the corrosion rate and durability loss
depend on the characteristics and exposure time.
Structural elements exposed to tidal conditions have
a higher degree of damage than the continuously
submerged ones. The experimental survey method
has proven to be reliable because it covers unique
characteristics. The number of experimental studies
on RC corrosion, as in these studies, has highly
reliable conclusions (Ma et al., 2021; Medeiros et
al., 2013; Nasser et al., 2021; Okada et al., 1988).

In experimental studies, the reduction in diameter
and mechanical properties of reinforcement is
quantified using a proposed formula (Du et al.,
2005). As steel reinforcement corrodes, it creates
oxides and increases the size of voids and cracks
on the surface of the protective concrete layer.
The expansion of steel reinforcement can cause
concrete to crack and reduce its bearing capacity.
This proves that the decrease in concrete strength
depends on the level of reinforcement corrosion.
This problem was raised by Shayanfar et al. (2016).
An electrochemical corrosion experiment was
conducted, and a formula to calculate the loss of
concrete strength when reinforced steel is corroded
was proposed. According to Tapan and Aboutaha
(2011), the ratio between the protective concrete
layer thickness and the longitudinal reinforcement
diameter (c/d) is an important parameter that affects
the remaining bearing capacity ofthe column structure
after steel reinforcement is corroded. The destruction
of the protective concrete layer occurs when the
levels of longitudinal reinforcement corrosion are
Ocorr =225 % and 5.25 %, corresponding to the
cases of c/d =1 and c/d = 2.5. Gonzalez et al. (1995)
as well as Andrade and Alonso (2001) proposed a
formula to determine the reduction in reinforcement
diameter as corrosion occurs. The rate of corrosion
of steel reinforcement over time depends on many
factors. However, according to Yokozeki et al. (1997),
a formula to determine the rate of corrosion of steel
reinforcement depends on the ratio of water/cement
and protective layer thickness. Liu and Weyers
(1998) developed a formula based on Yokozeki’s
research (Yokozeki et al., 1997) to determine the
corrosion rate of steel reinforcement over time.

Corrosion of steel reinforcement is a very complex
process with clear differences in each geographical
location. Many research models predicting the quality
deterioration of reinforced concrete structures in
areas contaminated with chlorides and sulfates are
being developed around the world. However, these
models still have a fairly wide application range and
fail to accurately and fully reflect the reduction in
structure quality in each specific condition.

A survey was conducted on RC bridges in coastal
areas of Vietnam. The visual and experimental results
were combined to clarify the effects of chloride- and
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sulfate-contaminated environments on the decline in
quality of RC bridges.

Methods

1. Experimental method

A survey of RC structures in chloride- and
sulfate-contaminated areas was conducted by the
research team. Visual inspection results show that
damage commonly occurs in structures that are in
close contact with seawater, such as bridge columns
(Fig. 1).

Fig. 1a shows cracks along the concrete cover /
protective layer of what appears to be a reinforced
concrete column or a structural member. The cracks
seem to be running parallel to the reinforcing bars
within the concrete, suggesting that the cracking
may be related to reinforcement corrosion and
expansion.

In Fig. 1b, the cross-section reveals a decrease
in the effective area of the concrete due to cracking,
spalling, and potential loss of concrete cover. This
reduction in the cross-sectional area can lead to
a loss of structural capacity and compromise the
strength and durability of the member.

Fig. 1c shows the revealed and corroded
reinforcing bars within the concrete member. The
reinforcement appears to be heavily rusted and
corroded, indicating advanced deterioration due
to factors such as chloride ingress or carbonation.
The loss of concrete cover has exposed the
reinforcement, making it vulnerable to further
corrosion and potentially leading to a loss of the
bond between the steel and concrete.

In addition to the visual assessment, the
research team conducted a numerical survey of 10
RC bridge columns with design data. Column cross
section — 300x300mm. Concrete w/c ratio = 0.45.
Compressive strength of concrete f’ = 35 MPa.
Reinforcement is arranged with eight @20 main steel
bars, each having a tensile strength of f = 300 MPa
(Fig. 2).

This structure is located in the chloride- and
sulfate-contaminated coastal region of Central
Vietnam, with the indicators shown in Table 1

=

a) Cracks along the protective
layer

b) Decreased cross-section area

(Sample 2). The indicators of other samples from
different coastal regions in Vietnam are also
summarized in Table 1 for comparison purposes. It
can be seen that the concentrations of chlorides and
sulfates in samples from different coastal areas are
not significantly different. Therefore, Sample 2 can
be considered representative of the coastal region
of Central Vietnam.

The survey was carried out on the basis of
determining the thickness of the protective concrete
layer, diameter of reinforcement, and compressive
strength of concrete on RC bridge column
components at different sections. The equipment
used included a rebound hammer (Fig. 3a), a rebar
detector PROCEQ PM-650 (Fig. 3b), and a concrete
ultrasonic machine (Fig. 3c). The field investigation
results are presented in Table 2.

Here, Ai is the survey cross-section condition;
f’ (MPa) is the compressive strength of concrete;
¢ (mm)is the thickness of the protective layer; d (mm)
is the diameter of the reinforcement; A_ (mm?) is the
survey cross-section area. Zone | was at the bottom
of the column which is frequently submerged, Zone
Il was the middle of the column, and the top of the
column was Zone lll.

2. Basis for determining the reduction in
the bearing capacity of RC columns as the
reinforcement corrodes

a. Reduction in the cross-section area and tensile
strength of longitudinal bars

Corrosion damage can reduce the stiffness and
ductility of steel reinforcement. Cracks and rusts
caused by corrosion on the reinforcement surface
can reduce the load-bearing and bending capacity
of the column. Corrosion of steel reinforcement can
lead to loss of elastic properties, causing the structure
to become less flexible and more susceptible to
damage when subjected to force. The empirical
formula proposed by Du et al. (2005) is used to
determine the reduction of the tensile strength and
cross-sectional area of reinforcement.

fy,corr =(1-0.0050,.,- )fy,O; (1)
Ay,corr =(1- O'Ochorr )AS,O; (2)

c) Rusty reinforcement revealed

Fig. 1. Types of damage to RC structures caused by corroded reinforcement
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Fig. 2. a — column cross-section without corrosion; b — current status

a) using a rebound hammer

b) using a rebar detector

Fig. 3. Equipment used in actual surveys

c¢) using an ultrasound machine

Table 1. Results of water sample analysis from the coastal region of Central Vietnam

No. Indicator Method Unit | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Sample 6
Chloride (CIF) | TCVN 6194:1996 | mgl/l 16.724 16.868 15.559 14.897 17.708 17.989
2 | Sulfate (8O,*) | TCVN 6200:1996 | mg/| 2.369 1.997 2.257 1.996 2.044 2.066

Table 2. Results obtained from surveying the current status of RC columns

No. | Design Column 1 Column 2 Column 3 Column 4 Column 5
A _ Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone
i [l Il | ] Il | ] 1l | [l 1l | 1 Il |
f; 35 32.0 | 28.8 | 26.4 | 30.1 278|250 |30.0|271|243|31.7 288|249 |318| 275|258
c 30 28 24 20 28 27 24 28 27 23 28 26 22 27 27 22
d 20 20 19 18 (198 |19.7 186 | 20 | 19.2 | 183 | 199 | 195 | 18.6 | 19.6 | 19.7 | 18.4
A, 300 296 | 288 | 280 | 296 | 294 | 288 | 296 | 294 | 286 | 296 | 292 | 284 | 294 | 294 | 284
No. | Design Column 6 Column 7 Column 8 Column 9 Column 10
A _ Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone | Zone
i [l 1l | ] Il | ] 1l | [l 1l | 1l Il |
f 35 30.2 | 27.9 | 258 | 30.2 | 28,5 | 25.7 | 29.7 | 28.0 | 24.8 | 30.9 | 28.6 | 25.0 | 31.7 | 27.4 | 24.8
c 30 28 26 22 28 26 23 27 27 23 29 26 24 28 25 24
d 20 196 | 18.7 | 183|198 | 188 | 183 | 19.7 | 19 | 184 | 19.7 | 194 | 182 | 19.7 | 194 | 184
A, 300 296 | 292 | 284 | 296 | 292 | 286 | 294 | 294 | 286 | 298 | 292 | 288 | 296 | 290 | 288
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2
Ocorr =1 _[%J . @)
0

Here,  f, cor» fy0 @are the post-corrosion
and initial tensile strength of the reinforcement,
respectively. 4, 4, ., are the initial and post-
corrosion reinforcement area. Q,,,,. is the degree
of steel reinforcement being corroded. d,,, d,,,, are
the initial reinforcement diameter and the remaining
reinforcement diameter after corrosion, respectively.

b. Decrease in the compressive strength of
concrete

As steel reinforcement corrodes, it creates
oxides, which expand in volume, leading to cracks
on the surface of the protective concrete layer. The
expansion of steel reinforcement can cause cracks in
concrete and reduce its bearing capacity. This proves
that the decrease in concrete strength depends on
the level of reinforcement corrosion. Shayanfar et
al. (2016) proposed a formula to calculate the loss
of concrete strength by conducting electrochemical
corrosion experiments on corroded RC as follows:

fc’,corr =(1- }")fc',O; (4)
N/X =040 A=2.720,,, —1.98
N/X =045 A=2.2880,,,,—1.733 (5)

N/X =050 A =25760,,,, —1.876.

Here, 1. com» f¢0 @re the post-corrosion and initial
compressive strength of the concrete, respectively.
A is the percentage reduction in the compressive
strength of concrete depending on the level of
reinforcement corrosion and the water/cement ratio.

¢. Reduction in rebar diameter over time

According to Gonzalez et al. (1995) as well as
Andrade and Alonso (2001), when corrosion of
reinforcement occurs, the reduction in reinforcement
diameter can be determined according to the
following formula:

Doy = dy —0.02321,,,. (t)'tp' (6)

Here, /., is the corrosion rate of reinforcement
(WA/cm?), 1, is the interval between the onset of
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reinforcement corrosion and the calculation time.
According to Vu and Stewart (2000), the magnitude
of 1, depends on two parameters: water/cement
ratio (N/X) and protective concrete layer thickness
(c), determined by the following formula:

(1_%)_1’64 0,29
Icorr(t):?’z:th; . (7)

Results

1. Results of the field survey

Fig. 4 shows the results of the field survey of 10
RC bridge columns on the compressive strength of
concrete and the thickness of the protective concrete
layer.

The chart in Fig. 4 shows that the compressive
strength of concrete in Zone | reduced significantly
compared to the design (26—31 %). The compressive
strength reduction of concrete in Zone Ill compared
to the design (8.5—-15 %) is less than that in Zone I.
In addition, the thickness of the protective concrete
layer in Zone | decreased significantly compared
to the design (20-33 %). The reduction in the
thickness of the protective concrete layer in Zone Il
compared to the design (3—10 %) is less than that in
Zone |. Thus, it is evident that the impact of frequent
exposure to the water environment is significant.

2. Results based on the survey-theory
combination

Based on the survey data and experimental
formulas, the tensile strength of the reinforcement
was determined. Data on the steel reinforcement
strength of 10 RC columns at different zones are
shown in Fig. 5. The X-axis represents the order
of columns, and the Y-axis represents the tensile
strength of the reinforcement in MPa. The data
points show the measured tensile strength values
for each column zone after the onset of corrosion.
The graph allows for visualizing and comparing
the remaining tensile strength values of the
reinforcement in different column sections subject
to corrosion.
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Fig. 4. Results of the survey on the compressive strength of concrete and the thickness of the protective layer
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Fig. 6. Decrease in concrete strength after corrosion

The chart shows that the tensile strength of the
reinforcement was greatly reduced after corrosion
compared to the design specifications. According
to the field survey, the tensile strength reduction
in Zone | (6.5-8.6 %) is higher than that in Zone
Il (0—2 %). According to the proposed empirical
formula, the tensile strength reduction in Zone |
(3.4-4.1 %) is slightly higher than that in Zone Il
(2.9-3.1 %). The results show a clear difference in
the reduction of reinforcement tensile strength at
different zones of the same structure. The bottom
zone of the column frequently exposed to seawater
(Zone 1) has a significant reduction compared to the
column top area (Zone lll). In addition, the results
also show that calculations based entirely on the
proposed theoretical formulas only approximate a
specific cross-section in Zone |II.

Fig. 6 shows the compressive strength of
concrete after reinforcement corrosion. The results

64

were obtained based on calculating survey data and
combining it with the empirical formulas.

It can be seen that the decrease in the
compressive strength of the protective concrete
layer was actually significant (8.5-30 %). The
decrease in the compressive strength of concrete
columns, according to the survey combined with
the experimental formulas (5-37 %) is higher than
that of the theoretical calculation (11.7-15 %).
Besides, the reduction of the compressive strength
of concrete in different zones of the same structure
has a remarkable difference in case of the survey
alone (23 %), in case of the theory only (4.5 %), and
in case of the theory combined with experimental
data (37.2 %).

3. Predicting the loss of material strength
over time after corrosion

In addition, by applying the theory of Gonzalez
et al. (1995), Andrade and Alonso (2001), and Vu
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and Stewart (2000), along with the field survey
data, a predictive curve is presented, showing the
reduction in steel tensile strength (Fig. 7), concrete
compressive strength (Fig. 8), and the remaining
diameter of steel rebars over 80 years from the
onset of corrosion.

Figs. 7, 8, and 9 collectively illustrate the
detrimental effects of the steel reinforcement
corrosion on the material properties and structural
performance of reinforced concrete components
over time.

In Fig. 7, the curve represents the reduction in the
strength of reinforcement steel over time. This curve
was determined using empirical formulas proposed
by Du et al. (2005), Gonzalez et al. (1995), and
Vu and Stewart (2000). The points shown in Fig. 7
at the 20-year mark represent the strength of the
reinforcement steel as experimentally determined

by the authors. It should be noted that the surveyed
structures have different ages. However, data on the
bridge columns of a specific structure were collected
to obtain a sufficient dataset for analysis and
evaluation. According to local investigations, this
structure was 20 years old at the time of the survey.

In Fig. 8, the curve represents the reduction
in concrete strength over time. This curve was
determined using empirical formulas proposed by
Du et al. (2005), Shayanfar et al. (2016), Gonzalez
et al. (1995), and Vu and Stewart (2000). The points
shown in Fig. 8 at the 20-year mark represent the
concrete strength as experimentally determined by
the authors. The reduction in steel tensile strength,
concrete compressive strength, and steel rebar
diameter can significantly affect the durability,
serviceability, and safety of the affected structures.
When comparing the predicted degradation results
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Fig. 9. Decrease of reinforcement diameter over time

with the current survey data (for the 20-year-old
structure), the reduction rates of material strength
and remaining rebar diameter over time closely
approximate the empirical formula predictions only
in Zone |l (approximately —2 % to 4 %). However,
significant discrepancies were observed between the
measured values and the predicted results based on
proposed empirical formulas in both Zone | and Zone
lll. This suggests that the existing empirical models
have limited applicability across different structural
zones and may require zone-specific calibration for
accurate long-term performance assessment. The
reduction in mechanical properties in Zone | is greater
(4 % to 7 %) than that in Zone I, while the reduction
in Zone Il (=1 % to —3 %) is less than in Zone II.

In Fig. 9, the curve represents the reduction in the
diameter of reinforcement steel over time. This curve
was determined using empirical formulas proposed
by Gonzalez et al. (1995) and Vu and Stewart
(2000). The points shown in Fig. 9 at the 20-year
mark represent the diameter of the reinforcement
steel as experimentally determined by the authors.

This again reflects that the corrosion rate of the
structure, or the reduction in the bearing capacity of
the column components when corroded, depends not
only on the general environmental conditions but also
on the specific cross-sections within the structure.
This should be taken into serious consideration
when calculating the residual bearing capacity of the
components after steel reinforcement corrosion.

Discussion

A survey was carried out on RC bridges in the
coastal regions of Vietham. We compared the
survey results with the estimates obtained using a
formula to calculate the loss of concrete strength,
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the reduction of tensile strength and cross-sectional
area of reinforcement. We managed to draw the
following conclusions:

1. Corrosion of reinforced concrete columns in
zones contaminated with chlorides and sulfates in
coastal areas of Vietham occurs unevenly depending
on the height of the structure.

2. The most corroded is the area at the column
foot frequently submerged by flooding (Zone 1). This
can be attributed to the water level rising and falling
regularly in this region, leading to the highest rate of
corrosion.

3. Analysis of the survey results indicated that
the bearing capacity of reinforced concrete columns
affected by steel reinforcement corrosion in the study
area must be assessed in Zone |I.

4. These conclusions are based on the structural
and environmental conditions of the study area
(coastal regions of Vietnam). However, they offer
a different perspective compared to some of the
conclusions from previous studies.

5. While this study included some field survey
experiments, the authors propose expanding the
research to a larger scale, involving more structures
and additional corrosive agents, to obtain more
reliable results.
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AHHOTauunA

BeeneHve. Koppo3us ctanbHOM apmaTypbl — CIOXHBIA MPOLECC, MMEKLMIA SIBHbIE Pa3NMyns B pasHbIX
reorpadguyeckmx permoHax. Bo Bcem mmpe paspabatbiBatoTCst MHOrOYMCNEHHbIe MoAeNu Ans NPOrHO3MpoBaHUs
YXyAOLWEHNs1 Ka4ecTBa Kene3o00eTOHHbIX KOHCTPYKLMIA B pavioHax, 3arpsi3HEHHbIX Xropuaamm u cynbgartamu.
TeM He MeHee 13-3a CITULLIKOM LUMPOKOW cdhepbl NPUMEHEHNSI TU MOAENN HE CMOCOOHbI MOJTHO Y TOYHO OTPa3nTb
CHWXEHME KadyecTBa CTPYKTYpPbl B KaXOOM KOHKPeTHOM cnydvae. Llenblo uccnepoBaHusi Obino nsyyeHve
TEKyLLero COCTOSIHUSI kene3obeToHHbIX (XKB) KOHCTPYKLMI, pacnonioXeHHbIX B Cpedax, 3arpsi3HEHHbIX
xnopvgamm u cynbartamu, B NpubpexHbix panoHax BeeTHama. Mbl Takke npoaHannamMpoBanu pesynbsraTbl
N CPaBHWMM UX C paHee MUCCrefoBaHHbIMU NPeaSIOKEHUAMU, YTOObI YTOYHUTE BIIMSIHME KOPPO3MKU CTarbHOM
apmatypbl Ha kadectBo XXB KOmoHH. Beinn mcnonb3oBaHbl crnegyloline MeToAbl: 3KCNEpUMMEHTanbHOe
nccrnefoBaHnst, HepaspyLlaoLLMii KOHTPOMb AN onpeaeneHns CHUKEHWS TaKUX XapakTEePUCTUK, Kak MPOYHOCTb
OeToHa Ha cxaTue, TOMWUHA 3aLLMTHOrNO Crosl, AMaMeTp apMaTypbl U nfowanb nonepeyHoro cedvexms XXb
KonoHH. Kpome Toro, AaHHoe nccrnegoBaHue 6b1n0 00beANHEHO C UMELLIMMNCS pEKOMEHZaLUSMM MO KOPPO3Un
apmatypbl Ansi onpefeneHnss ocTaToyHbIX OU3MKO-MEXaHUYECKMX XapakTepUCTUK OeToHa M apMaTypHOM
ctanu. B pesynkraTe yxyaweHue kadectBa XKb KONMOHHbI C MOABEPTLLENCA KOPPO3MM apMaTypoi 3aBUCUT
OT MECTOMNONOXEHNS1 apMaTypbl B OAHOM U TOM € NPOAOSIbHOM 3fieMeHTe. OTO yKa3blBaeT Ha 3Ha4YUTENbHOE
yXyOLWeHNe KayecTBa KOHCTPYKTUMBHbBIX 3MEMEHTOB, PErynspHO MOABEPraltLmMXcs HenocpeacTBEHHOMY
BO34ENCTBUIO MOPCKOM BOAbI.

KnoueBble cnoBa: O0eTOH; cTarb; XKene3obeToH; KOppo3ud; MOpCKad Boaa; Xnopwua.
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Abstract

Introduction. Cylindrical shells embedded in the soil medium are generally used in pipeline transportation. To prevent
damage to pipelines by concrete weights when the structure surfaces in a waterlogged environment, it is proposed to
use concrete pipe products, with the inner part made of steel and the outer part formed by a concrete layer 30-50 mm
thick. In this case, the designer faces the question of which calculation method to use for determining the natural vibration
frequencies. Purpose of the study: To compare the values of natural vibration frequencies of a large-diameter steel-
concrete gas pipeline in the ground, obtained using an analytical dependency, with the values determined in the Lira
software package. Methods: The first method of determining frequency is based on an analytical expression obtained
using the semi-momentless theory of cylindrical shells. The second method is based on the finite element method with the
construction of a computational model in the Lira-SAPR software. Modeling of steel and concrete layers of the composite
shell in the software package was carried out using 4-node plates, which are combined into a common structure with the
help of perfectly rigid bodies (PRB). In the first case, the calculation for the soil medium surrounding the shell was carried
out by creating a mass (measuring 5.3x5.3 meters) using volumetric bodies, while in the second case, it was done by
setting a coefficient of subgrade reaction for the concrete layer. Results: We established that the second method of setting
soil conditions allows a 5—6 times reduction in data entry time while achieving the same results. The discrepancy in the
natural vibration frequencies for the research object, determined by the analytical method and the finite element method
(FEM), does not exceed 10 %, and for the first three frequencies of the spectrum, it is no more than 6 %. Therefore, all
methods are applicable. However, the use of an analytical expression allows calculations to be performed 10 times faster
and does not require specialized software, making it more advantageous in the design based on frequency characteristics.

Keywords: natural vibrations; finite element method; semi-momentless theory of cylindrical shells; frequency.

Introduction

Cylindrical shells laid in a soil medium are
generally used in the oil and gas industry for the
transportation of hydrocarbons. The main pipeline
is a multi-kilometer structure that is laid in various
soil conditions, including areas with anticipated
waterlogging and in waterlogged soils. Balancing
of such sections is carried out using encircling
concrete weights, which can damage the original
geometry of the pipe section during maintenance
or operation, thereby negatively affecting the
reliability of the structure. One of the options to
prevent such scenarios is the use of concrete
pipe products, where the inner part is made of
large-diameter steel pipes (d<1000 mm) with a
parameter of 0.015 < h/R < 0.05, and the outer
part is formed by a concrete layer 30-50 mm thick.
The reliability of such structures must be ensured
by proper calculations during the design phase,
one of the tasks of which is to ensure vibration
resistance. In this case, the designer faces the
question of which calculation method to use to
determine the frequencies and modes of natural
vibrations when constructing the pipeline based on
frequency characteristics.

In the analyzed open sources published over
the last 10 years, an approach using analytical
expressions is proposed, as well as the application
of the semi-analytical finite element method (FEM)
in various software packages. For example, in the
works of Shao et al. (2022), Shui et al. (2023),
and Tan and Tang (2023), it is proposed to use
analytical dependencies, which were obtained
for a calculation scheme in the form of a rod, to
determine the natural vibration frequencies of
single-layer pipelines, taking into account the flow
velocity of the fluid. This approach does not account
for the deformation of the section and can be used
for thick-walled cylindrical shells with parameters
0.07 <h/R < 0.125. Vibrational processes for
cylindrical shells partially supported on the ground,
based on the rod theory, were investigated by Xu
et al. (2018). Leontiev and Travush (2020) studied
the vibrations of an underwater pipeline for the
pipe-fluid-soil system; however, the paper does not
cover the issue of internal working pressure, which
prevents the deformation of the cylindrical shell
in the radial direction and is undoubtedly present
during the transportation of oil or gas products.
Shakiryanov and Akhmedyanov (2020) as well as
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Yulmukhametov et al. (2020) studied the influence
of internal non-stationary pressure on bending
vibrations for computational models of closed
cylindrical shells, but did not address the issue of
the external environment surrounding the shell.
Farshidianfar and Oliazadeh (2012), Lee and Kwak
(2015), Oliazadeh et al. (2013) used various shell
theories to determine the natural frequencies of
pipeline vibrations: Soedel, Fligge, Morley-Koiter,
and Donnell. The result of the solution using these
theories is a determinant, which, when extended,
calculates the frequency of natural vibrations. The
work by Piacsek and Harris (2019) is analogous, but
with the focus on aluminum structures. In (Kumar et
al., 2015) and (Kumar et al., 2017), radial oscillations
are studied without considering soil conditions,
and the solution is obtained using the semi-
momentless theory of cylindrical shells by Vlasov—
Novozhilov. In (Sokolov and Razov, 2020), analytical
dependencies were obtained for determining the
natural vibration frequencies of semi-underground
large-diameter pipelines. In (Bochkarev, 2022),
a similar approach was implemented for a two-
parameter foundation, but without considering the
effect of longitudinal compressive force and internal
pressure. Shahbaztabar et al. (2019) examined the
natural frequencies of a metal-ceramic cylindrical
shell embedded in a Pasternak elastic foundation,
but did not consider internal pressure. The works by
Alshabatatand Zannon (2021), Baghlani etal. (2020),
and Ebrahimi (2022) were dedicated to three-layer
shells. However, the functionality of the solutions
obtained is extremely limited, as they do not take
into account the internal pressure on the shell wall,
the longitudinal compressive force, or the resistance
of the medium that prevents wall deformation. Jain
et al. (2016) used a software based on the finite
element method and developed a methodology
for modeling and determining the natural vibration
frequencies for a cylindrical shell in ANSYS with
various types of constraints, but without considering
the external environment, and compared the values
with the previously obtained results. Kumar et al.
(2015) used ABAQUS to model and determine the
frequency spectrum, while Dyachenko et al. (2019)
used the ANSYS software; subsequently, the authors
compared the obtained results with the results of
calculations using analytical formulas. Dashevskij
et al. (2021) obtained the natural frequencies for a
metro tunnel using MSC Patran/Nastran software,
but without using analytical dependencies. The
literature review shows that numerous works are
dedicated to this topic, and the approaches to solving
the problem are diverse.

The aim of this work is to analyze the influence of
soil conditions on the values of the natural vibration
frequencies for a steel-concrete pipeline, as well as
to compare the obtained results for the two proposed

methods for determining frequencies to identify the
optimal approach to solving the problem.

Subject, objectives, and methods

The object of the study is a section of a cylindrical
two-layer shell designed for the transportation
of natural gas, with a radius of the main steel
layer R = 0.71 m and a thickness of h, = 18 mm.
The thickness of the second concrete layer is
h, = 40 mm. The length of the considered section
of the cylindrical shell is taken as 7, 8, and 9 m. The
moduli of elasticity for concrete and steel, as well
as the density of the layers, are respectively equal
to E, = 3.24711-10"° (N/m?), E, = 2.06-10" (N/m?),
y, =24,516.6 (N/m?®), y, = 76,982.2 (N/m3). The
Poisson’s ratio for steel and concrete of class B30
is assumed to be v = 0.3. The internal pressure is
assumed to be p, = 0 MPa, and the longitudinal
compressive force is also not considered.

The problem considers four types of soil
conditions:

e In the first case, the structure is placed in
a peat mass with the following parameters: soil
density y_ = 11,770 N/m3; soil modulus of elasticity
E, = 500,000 N/m?; soil Poisson’s ratio v, = 0.49.

e In the second case, the soil medium is
represented by uncompacted fill soil with the
following parameters: soil density y_ = 16,660 N/m?;
soil modulus of elasticity Egr = 3,000,000 N/m?; sail
Poisson’s ratio v_ = 0.35.

e The third case considers compacted fill soil with
the following parameters: soil density v, = 17,660 N/m?;
soil modulus of elasticity Egr = 5,000,000 N/m?; sail
Poisson’s ratio v_ = 0.35.

e The fourth case is clay: soil density vy
= 19,620 N/m?; soil elasticity modulus Egr
20,000,000 N/m?; soil Poisson’s ratio v, = 0.42.

The first method for determining the natural
frequency is based on the use of an analytical
expression derived for the calculation scheme
shown in Fig. 1.

We consider a section of a steel gas pipeline in a
concrete casing, with the ends of the section assumed
to be hinged. The pipeline is buried in the ground no
more than half its diameter from the top generatrix
to the ground level. In the governing equation for
this situation, in addition to the internal pressure p,in
the cylindrical shell, the elastic resistance of the soil
medium q_, is taken into account, while the active
soil pressure on the wall of the cylindrical shell is not
considered, as it is minimal. The added mass of the
soil, which may be involved in the vibration, and the
longitudinal compressive force that appears during
thermal deformations or uneven settlement of the
structure, are also not taken into account.

The resistance of the soil medium is assumed to
be radial and is described by expression (1), which
corresponds to the distribution pattern along the
circumference of the shell as shown in Fig. 1:
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q,;-C,Rw(0,5- a,c0s0 - a,c0s30)

Fig. 1. Calculation scheme

dgr = C,Rw(0,5—0y cosO—ap cos30), (1)
here: g, — elastic resistance of the soil medium,
preventing deformation of the cross-section; C;, —
coefficient of subgrade reaction; R — radius of the
shell; w — displacement in the radial direction;
a, and a, — coefficients ranging from 0.25 to 0.75,
which are determined by selection depending on the
radius of the cylindrical shell.

In solving the given problem, we applied the
semi-momentless theory of cylindrical shells by
Vlasov—Novozhilov, based on which the equilibrium
equations for the cylindrical shell are written as
follows:

a—Ti‘l‘a—S"rRQz'C:—RXl,
o0& 00
%+8S+£*Q2 =-RX,,

26 0t R}

0
00 Ry Rp_ oy

20 R R
oMy OH _poi—0, M2 O _po _0. (2)
ot 00 00 ot

Transforming expressions (2) taking into account
the relations of the semi-momentless theory (3):

@+W:0;6_v+6_u:0;82:6_w_v . (3)
00 0¢ 00 00
we obtain the equation in forces (4):

o1, +Q[TaM2j_ 18 [R*asz_

g2 el 00 ) R2 003\ 0 00
2 *
Lo 1 oMy ) & IRy,
00\ R, 00 | 00*| R
2
R%_Raﬁ_a_(R;)Q):(). (4)
& 06 90?
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2
Inertial components XI:—thoa—Z in the
ot

0%
X2=—th0— in the
o1

longitudinal  direction,

circumferential direction, as well as

*w
X3=-Rh Poa7+l90—

—C1,R w(0,5— 0 cos6—ay cos36),

in the radial direction are substituted into (4) and
considering the dependencies between forces and
deformations, displacements and deformations,
without taking into account the nonlinear components
(due to their insignificance compared to the linear
ones), we obtain the linearized differential equation
of motion in displacements:

3 3 2
%9
G
o 00> 00
? w R &%, 1R*C, &*w
—5 (%)~ Po—3 t5 —
06° 9¢ Eoh™ " 60° 2 Eyh 00

_R2p0 ou B v _ *w )—
Eh ptor? otor* 00°0t

_Rz(llclz 02w

th 692

cosG—Z@SinG—wcose -
00

Egh | 00?

This expression contains unknown displacements
in the longitudinal u, circumferential v, and radial w
directions, as well as the angle of rotation of the
initial and deformed states J,. By incorporating the
semi-momentless theory relations (3), we obtain
a complete system of differential equations.

2 2
R
—a—zclz{a—wcos%—%6sin39—9wcos39} =0. (5)
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The hinged support of the shell ends is described
by expressions (6):

L L
V{azoaazzzo}a92{§:03§:E:0}9
2
w{a=o,a=§=0} v {a 0.6=% —} (6)
ot?

The solution is then carried out using the method
of separation of variables. The double row for relative
radial displacement w is written as (7):

w=">"b,, ¢(t) sin(h,,&) cos(mb). (7)

We determine displacements u, v, as well as &,
from (7) taking into account (3); they are described
by expressions (8):

u=22 by _}LZ o(t) cos(r,&) cos(mb);
m n m
v=Z b L 9(0) sin(h,&) sin(m);
m

9, = —Z men (P(t) sin(},,€) sin(m0). (8)

The V|brat|on process for a cylindrical shell,
occurring according to the harmonic law, is
represented by the function ¢(t) in the form:

0(1) =sin @y, 15 0" (1) =~ sin 1, 9)
where w_is the natural frequency of vibrations.

By substituting expressions (7) and (8) into (5)
taking into account (9), performing transformation,
and denoting the coefficients of the unknowns as aj,
we obtain system (10):

m=1 al,lbl +a1’2b2 +al’3b3 =0;

m=2 a2]b1+a22b2+a23b3+a24b4=0;

m=3 a3,1b1 + a3’2b2 + a3,3b3 + 113’4b4 + a5’5b5 = 0,

m=i al-,lbl +a~2b2 +Cl~3b3 +a~4b4+

+a; sbs +..+a; jb; =0. (10)

Let us represent system (10) in the form of
expression (11):
b

m3n Ap,m—1

b b, .+

A,m=3 mln A,mOm,n
mm+1b +ln+am m+3bm+3n =0, (11)

for which the aj; coefficients are determined by
expressions (12):

m (m * 1)
Dpm = An, B (’)nm’ Dnmtl = qurab
m [(m+3) —1] =
am,mi3 = 2 qgra23
*
Ay =M+ (m? = 1)(m® —1+ L)1
+C'm* —kf,m“P / n?;

By =p Rh(OZhy +m* +m*). (12)

Expression (11) is solved using the matrix
method, the result of which is presented in the form
of (13):

dll_;\' dlz d13 dl4 ..... dl}’l
dzl d22 _>\4 d23 d24 ..... dzn
d d dyz; — A dyy . d
31 32 33 34 3n o, (13)
d41 d42 d43 d44 77& ..... d4n
dp_41 dp_31 dp_21 dp—ll ..... dp}'l —7\,
where:
Om m D m+l D, m+3
dm m = B > dm,mil > dm,miZ = B >
n,m n,m n,m
and the coefficients 4, ,,,B, > m+1>0mme3 are

found using (12).
Subsequently, by expanding the determinant, we

is the square

of the circular frequency of natural vibrations (1/s2)
for the cylindrical shell.

Having analyzed the actions of the side
coefficients of determinant (13), we established that
their influence on the final result is no more than
2 %. Therefore, we will consider them equal to zero
in the future, and determinant (13) takes the form:

find the eigenvalues A, where A = mﬁ’m

dy-~ 0 0 0 ... 0
0 dp-L 0 0 ... 0
0 dyi-r 0 ... 0 0.1
0 0 0  dyy—r . 0 | (14)
0 0 0 0 .. dpyy =1

By solving the determinant (14), we obtain
expressions for determining the frequencies of
natural vibrations for pipelines:

7»3+n~m4(m2—1)[m2—1+p]+C1*Z-m4

1 n

(Dnm:% " 7 1 2 ,(15)
psh-R0~h(7»nh\,+m +m )

here:
n is the number of half-waves in the longitudinal
direction;
misthe numberof half-wavesinthe circumferential
direction;
A, =nmRy/L\/h, is the length parameter of a
two-layer cylindrical shell;
L is the length of the section (m);
Ry = R—Z, is the reduced shell radius (m);
Ris the radlus of the steel layer of the shell (m);
Eyhi — )l
ZO -]
2(Eyhy + Eyhy)
connection layer to the original surface (m) (Fig. 2);
h, is the thickness of the concrete layer of the
shell (m);
h, is the thickness of the steel layer of the shell

(m);

is the distance from the
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concrete

Fig. 2. Geometric dimensions of a two-layer shell

h = h, + h, is the wall thickness of the two-layer
shell (m);

E, is the modulus of elasticity of the concrete
layer (N/m2);

E, is the modulus of elasticity of the steel layer
(N/m2);

h, =h/R, /12(1—v2) is the parameter of the

relative thickness of the shell;
v is Poisson’s ratio;
n=E, / E, is inhomogeneity coefficient;

EV:(I—VZ)-IZD/h3 is reduced modulus of

elasticity (bending);
1
D =—X

3(1-v?)
><|:E1 {(h1 ~7Z,) +Z§}+E2 {(h2 +7) —23}}

is reduced bending stiffness;
Ey =[Ejh +Eyhy]/h is reduced modulus of

elasticity (tension/compression);
P =po (RO /th-hvz) is internal working pressure

parameter;
p, is internal pressure in a two-layer shell (N/m?);

Pu :pO(RO/EO-h-hf) is the parameter of the
material density of the shell (s2/m?);
pozl[(ylh1+\(2h2)/h] is the reduced specific
g

weight of the shell material (N-s2/m3);

y, is density of concrete (N/md);

v, is density of steel (N/m?);

Cl*z = R(%Clz /Egrh-hv2 is the reduced coefficient of
subgrade reaction;

Ci- =Eg. /Ry (1 +Vgr) is the coefficient of
subgrade reaction for a cylindrical shell (N/m3);

Egr is modulus of elasticity for soil (N/m?).
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To calculate the natural frequencies of vibrations
using the second method, we used the Lira-SAPR
software. The modeling of each layer of the two-layer
shell (Fig. 3) was carried out using four-node plate
elements (Type 41) with dimensions of 0.1x0.1 m.
Their geometric position corresponded to the position
of the element of the midsurface for each layer. The
stiffness characteristics of the layers are shown in
Fig. 4. To ensure the synergy of the layers, we used
displacement combinations for each corresponding
node by setting perfectly rigid bodies (PRB). To fasten
the shell ends according to the hinged-fixed scheme,
we introduced a restriction on the linear displacements
of the boundary nodes along the Z and Y axes.

Modeling of the medium (soil) in which the shell is
placed was carried out in two ways:

e In the first method, we created a mass
of universal spatial eight-node isoparametric
finite elements (Type 36) with dimensions of
0.1%x0.1%x0.1 m. The overall size of the created
medium mass in cross-section is 5.3x5.3 m. The
stiffness characteristics of the volumetric elements
of the soil mass are shown in Fig. 5.

e There was no soil mass created in the second
method, and the elastic resistance of the soil was
accounted for by assigning a coefficient of subgrade
reaction (Fig. 6) for the plate concrete elements
C,, =473,620 (N/m3) for the first case of soil
conditions, C, = 3,136,416 (N/m?) for the second,
C,, =5,227,360 (N/m®) for the third, and C, =
= 19,878,694 (N/m?3) for the fourth.

Only the self-weight of the shell layers was
considered as external loads (excluding the weight
of the soil medium).

We determined natural vibration frequencies
using “Modal Analysis”, which forms the mass
matrix of the structure, and the number of natural
vibration modes, which in this case was set to ten.
The mass matrix is formed based on the density of
the elements (Fig. 7).
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Fig. 3. Modeling of a composite cylindrical shell

Stiffness for plates X Stiffness for plates X
Section Section
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Fig. 4. Stiffness of plate elements of a composite shell

Results and discussion

All calculated natural vibration frequencies for
different section lengths, as well as in various soil
conditions, are compiled in Table for the ease of
analysis. The first column presents the results of
the calculation using expression (15); the second
column contains the results of the calculation in
the Lira software package with the set soil medium
mass; the third one shows the results for the FEM
with the set coefficient of subgrade reaction C, . The
results correspond to seven vibration modes, images
of which are shown in Fig. 8. For clarity, Fig. 9 shows
the first three modes of vibration in the soil mass.

Analysis of the data in Table shows:

e For the considered section with a length of
7 m, the minimum frequencies are realized for
w,,, that is, with the flattening of the cross-section,
and correspond to shell vibration modes, while for
sections with lengths of 8 and 9 m, the minimum
frequencies correspond to the w,, mode (rod, without

Stiffness for solids

[ Account of orthotropy
e[ e 0 = [s
v V21 0 Vi3 |0
v31 |0 ¥2z |0 Y3z |0
Gz |0 G130 G23 |0

Monli ter
orearporameters U, (i |ums

NIm2

q
E Calour
Step-type
Iterative
Comments
Soi |
[v][X][?]

Fig. 5. Soil stiffness
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[ Assign to elements -|
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Pz
Group -0 | J‘(_E—I
[ Soimodd |
(@) Assign
Ciz  [473620] Nim?#
o
Calculate C1. C2
Bc=B Bc 0. mm
| Account of Cly,
cy O Nim?
Cxy 0 Nim
He |0 mm
() Muttiply by a factor of n {C=C"n}
Angle of soil zone
L . rad

Fig. 6. Coefficient of subgrade reaction of the concrete layer
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Fig. 7. Specification for dynamic impact calculation
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Fig. 8. Vibration modes for the considered section of the pipeline
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Fig. 9. Vibration modes for the considered section of the pipeline at n = 1 in the soil mass
(the mass size is 5.3%x5.3 m in cross-section)
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Results of determining the natural vibration frequencies by various methods for different soil

conditions
Lira-SAPR Lira-SAPR Lira-SAPR
Analytical Lira-SAPR | coefficient Analytical Lira-SAPR | coefficient Analytical Lira-SAPR coefficient
formula (Hz) mass of sul_)grade formula (Hz) mass of sul_)grade formula (Hz) | mass (Hz) of sul_)grade
(Hz) reactionC, (Hz) reactionC,, reactionC
(Hz) (Hz) (Hz)
1 2 3 1 2 3 1 2 3
L=7 m (RIL=1/10) L=8 m (RIL=1/11) L=9 m (R/IL=1/13)
Peat C,, =473,620 (N/m°), y, = 11,770 N/m?; E_ = 510°N/m?; v, = 0.49.
w,=71.52 w,,=69.80 w,,=68.99 w,,=55.16 w,,=57.08 w,,=56.04 w,,=43.86 w,,=48.4 w,=47.14
w,,=64.23 w,,=69.90 w,,=63.13 w,,=62.53 w,,=68.21 w,,=67.58 w,,=61.61 w,,=67.2 w,,=66.54
w,,=169.4 w,,=164.7 w,,=164.4 w,,=169.3 w,,=164.10 w,,=163.8 w,,=169.2 w,,=163.8 w,,=163.5
w,,=109.2 w,,=109.6 w,,=109.3 w,,=92.18 w,,=95.40 w,,=95.01 w,,=81.62 w,,=86.2 w,,=79.20
w,,=174.3 w,,=174.6 w,,=174.3 w,,=172.1 w,,=170.9 w,,=170.6 w,,=170.9 w,,=168.7 w,,= 168.4
w,,=211.9 w,,=186.5 w,,=186.3 w,,=167.4 w,,=154.8 w,,=154.6 w,,=137.6 w,,=132.3 w,,=132.0
w,,=194.6 w,,=199.7 w,,=199.5 w,,=184.4 w,,=188.2 w,,=187.9 w,,=178.7 w,,=181.3 w,,= 180.7
Uncompacted fill soil C,, = 3,136,416 (N/m°), y = 16,660 N/m®; E_ =3-10° N/m? v, =0.35.
w,=72.45 w,,=70.57 w,,=69.97 w,,=56.37 w,,=58.89 w,=57.25 w,,=45.38 w,,=50.49 w,,=48.57
w,,=65.94 w,,=71.61 w,,=70.91 w,,=64.29 w,,=70.39 w,,=69.26 w,,=63.39 w,,=69.39 w,,=68.20
w,=17017 | w,=166.13 | w,=165.15 | w,=170.05 | w,,=165.70 | w,=164.62 | w,,=169.98 | w,,=165.36 w,,=167.28
w,,=110.22 | w,=110.79 | w,=110.34 | w,=93.37 w,,=97.06 w,,=96.17 w,,=82.97 w,,=88.03 w,,=79.96
w,,=175.03 | w,=175.98 | W,=175.02 | W,=172.87 | w,=17246 | Ww,=171.16 | W,=171.72 | w,=170.25 w,,=169.18
w,,=212.39 | w,,=187.30 | w,,=187.01 | w,,=168.07 | w,=155.92 | w,,=155.31 | w,,=138.43 | w,,=133.54 w,,=132.87
w,,=195.23 | w,,=200.98 | w,,=200.09 | w,,=185.07 | w,=189.60 | w,=188.58 | w,,=179.44 | w,,=182.46 w,,=180.12
Uncompacted fill soil C,, = 5,227,360 (N/m°), y_ = 17,660 N/m? E = 5-10° N/m? v_ = 0.35.
w,=73.17 w,=71.72 w,=70.72 w,,=57.30 w,,=60.85 w,,=58.18 w,,=46.53 w,,=51.76 w,,=49.68
w,,=67.26 w,,=73.23 w,=72.12 w,,=65.64 w,,=72.38 w,,=70.55 w,,=64.76 w,,=71.41 w,,=69.56
w,=170.75 | w,=167.38 | w,=165.77 | w,=170.63 | w,,=167.02 | w,=16524 | w,=170.57 | w,,=166.68 w,,=164.89
w,,=110.99 | w,=111.89 | w,=110.13 | w,,=94.29 w,,=98.54 w,,=97.11 w,,=84.01 w,,=89.65 w,,=88.12
W,,=175.59 | w,,=177.19 | w,=175.61 | w,=173.43 | w,=173.76 | Ww,=171.72 | w,=172.29 | w,=171.55 w,,=170.17
w,,=212.79 | w,,=188.03 | w,,=187.38 | w,,=168.58 | w,=156.88 | w,=155.87 | w,,=139.05 | w,,=134.65 w,,=133.53
W,,=195.73 | w,,=202.09 | w,,=200.59 | w,,=185.59 | w,=190.81 | w,=189.12 | w,=179.98 | w,,=183.69 w,,=181.97
Clay C,, = 19,878,694 (N/m®), Y, = 19,620 N/m?; E, = 2-10" N/m?; v, = 042.
w,,=78.01 w,,=80.92 w,,=75.81 w,,=64.44 W, =77.37 w,,=64.32 w,,=53.97 w,=71.29 w,,=56.79
w,,=75.82 w,,=85.87 w,,=80.09 w,,=74.40 w,,=88.80 w,,=78.98 w,,=73.64 w,,=88.04 w,,=78.11
w,=17476 | w,=17717 | w,=170.14 | W, =17464 | w,=17759 | w,=16949 | w,=17458 | w,=177.27 w,,=169.16
w,,=116.31 | w,,=120.41 | w,,=116.59 | w,,=100.52 | w,=110.79 | w,,=103.32 w,,=90.96 w,,=103.76 w,,=94.94
w,,=179.48 | w,,=186.56 | W,,=179.59 | W,,=177.37 | w,=183.98 | w,=176.02 | w,=176.26 | w,,=181.88 w,,=174.27
w,,=215.54 | w,,=193.62 | w,,=190.64 | w,,=172.07 | w,=164.79 | w,=159.78 | w,=143.30 | w,,=143.72 w,,=138.08
w,,=19920 | w,=209.42 | w,,=204.08 | w,,=189.27 | w,=190.33 | w,=192.81 | w,=183.77 | w,=193.46 w,,=185.81
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cross-sectional deformation). All other vibration
modes are shell-like.

¢ Anincrease in the length of the considered section
by 1 m leads to a decrease in the value of the natural
vibration frequencies by an average of 1.5-3.0 %,
regardless of the method used to determine these values.

e An increase in the stiffness characteristics of
the soil medium leads to higher values of the natural
frequency of the steel-concrete-soil system. This is
explained by the fact that the soil medium enhances
the system’s stiffness by preventing deformation
of the cross-section.

o A comparison of the results for determining the
natural vibration frequencies using expression (15)
and software calculation shows that the difference
for the first three frequencies does not exceed 6 %,
and for the remaining results — 10 %.

e The difference in the values of natural
vibration frequencies determined using the finite
element method with the specification of the soil
mass (column 2) and by assigning the coefficient of
subgrade reaction (column 3) does not exceed 2 %.
Therefore, to reduce labor costs when creating the
model, it is recommended to use the second method
of modeling soil conditions. This method allows
reducing the model loading time by five times and the
data processing speed by the processor by at least
ten times.

The results of the work done allow us to draw the
following conclusions:

e The analytical method for determining
frequencies using expression (15) has clear
advantages over the finite element method, as it
required 40 times less time to compute the data
while yielding practically identical results.

e In the analytical method, the influence of
internal working pressure can be accounted
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for using parameter p’. However, this factor
is impossible to apply in the finite element
method. When modeling this loading, the internal
pressure is considered not as a force preventing
the deformation of the cross-section, but as an
additional mass that acts as a kind of damper,
resulting in a sharp decrease in frequency values.
Therefore, all the data in Table 1 were obtained at
zero internal pressure.

Conclusions

1.The discrepancy in the natural vibration
frequencies for the research object, determined
by the analytical method and the finite element
method (FEM), does not exceed 10 %, and for the
first three frequencies of the spectrum, it is no more
than 6 %. Therefore, all methods are applicable.
However, the use of an analytical expression allows
calculations to be performed 40 times faster and
does not require specialized software, making it
more advantageous in frequency characteristics
based design.

2.When calculating the natural frequencies using
the finite element method, the second method of setting
soil conditions allows a 56 times reduction in data
entry time while yielding practically identical results.

3.Based on the analysis conducted for
maximum productivity, it is recommended to use
analytical expression (15) presented in this work
when designing large-diameter pipeline transport
structures.
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COBCTBEHHbIE KONEBAHUA CTANNIEBETOHHOWU UMNUHOPUYECKON
OBOJIOYKU B TPYHTOBOW CPEQIE

AHgpen Buktoposuy Omutpres™ (Andrei Dmitriev), Bnagumup Ipuropsesuy Cokonos (Viadimir Sokolov),
TaTbsiHa BnagumuposHa ManbueBa (Tatyana Maltseva)

TioMeHcKkMIA MHAOYCTpUanbHbIn yHUBepcuTeT, yn. Bonogapckoro, 38, TiomeHb, Poccus
*Email: dmitrievav@tyuiu.ru

AHHoOTauus

BeeaeHue. LiunnHapunyeckne 060noyku, yNnoxeHHbIe B FPYHTOBYIO Cpeay, Kak NpaBurio, UCNosnb3ykoTcs B TPy6oNpoBoaHOM
TpaHcnopTe. [ns ncknoveHns noBpexaeHunst TpybonpoBoaoB BETOHHLIMU YTSXKENUTENSMU MPU BCMMbITUN KOHCTPYKLIMN B
06BOAHEHHON cpefe, NpeanaraeTcs UCnonb3oBaTh TPYO0OETOHHbIE U3AENUs, BHYTPEHHSSA YacTb KOTOPbIX BbIMOMHAETCS
M3 cTanu, a BHeLHsIs 4YacTb obpa3oBaHa GeTOHHbIM croeM TonwmHo 30-50 mm. Nepen NPOEKTMPOBLUMKOM B TakOM
crnyyae CTaHOBUTCS BOMPOC, KaKoW 13 METOA0B pacyéTa UCMomnb30BaTh A5l HAXOXAEHNS YacTOT COOCTBEHHbIX KonebaHun.
Llenb uccnegoBaHus: CpaBHUTb 3HAYEHMS1 YacTOT COBCTBEHHbIX KorebaHuii ctanebeToHHOro rasonposoga 6onbLuoro
OvameTtpa B TpyHTe, MOMyYeHHble MpU MOMOLLM aHaNUTUYECKOW 3aBUCUMOCTU CO 3HAYEHUSIMW, OnpedenéHHbIMU B
nporpammHoM komnnekce K Lira. MeTtoabl: MNepBbi MeTOA onpeaeneHns 4acTtoTbl OCHOBLIBAETCS HA UCNONb30BaHUN
aHanMTUYECKOro BbipaXXeHUs!, KOTOPOE BbINo MNOSyYEHO C UCMOMb30BaHWEM MoNy6Ee3MOMEHTHON TEOPUN LIMITMHOPUYECKUX
obonoyek. Bropon 6Gasupyercs Ha MeTode KOHEYHbIX 3NIEMEHTOB C MOCTPOEHMEM pacyéTHOW mogenu B cpepe Lira
Sapr. MogenupoBaHne B NporpaMMHOM KOMMIEKCe CrOEB cTanu M GeToHa KOMMO3WTHOM OOOMOYKM OCYLLECTBMANOCH
4-x y3noBbIMU NracTMHaMu, KOTopble 06beanHeHbI B 06OLLY0 CTPYKTYpY MpW MOMOLLM aBComnoTHO XEcTkux Ten (AXKT).
Y4YET rpyHTOBOW cpefbl, OKpy»KatoLLen 060MouKy, B NEPBOM Criydae BbIMOMHANCSA NyTEM CO34aHUsi Maccusa (pasmepom
5,3%5,3 MmeTpoB) 0O6beMHbIMM TENaMu, BO BTOPOM cryvae NyTéM 3agaHus koadduumeHTa nactenu anst 6eToHHoro crnosi.
Pe3ynbraThl: YCTaHOBMEHO, YTO BTOPOI CNOco6 3aAaHusi rpyHTOBbIX YCITOBUI NO3BONSIET COKPATUTL BPEMS BBOAA AAHHbIX
B 5-6 pa3 npu oaMHaKoBbIX pesynbraTtax. PacxoxaeHue 4actoT cOOGCTBEHHbIX konebaHui ans obbekTa uccnenoBaHus,
onpeaenéHHbix aHanutTudeckum metogom n MK He npesbiwaeT 10 %, a ons nepBbiX 3-x 4acToT cnekTpa He 6onee 6 %,
crnepoBaTenbHO, Bce MeToAbl NpuMeHnMbl. OgHaKo UCMONb30BaHWe aHaNUTUYECKOrO BblpaXKeHUs1 NO3BOMSET BbIYMUCISATb
pesynstaTtel B 10 pa3 GbicTpee u He TpebyeT cneumanvM3anpoBaHHOIO NPOrpaMMHOro obecneyeHusi, Mo3ToOMy SIBNSIETCH
6onee BbIrOAHBLIM NPY OTCTPOMKE KOHCTPYKLMM MO YaCTOTHLIM XapaKTepUCTUKaM.

KnrouyeBble cnoBa: cOGCTBEHHbIE KONebaHUs; METOA KOHEYHbIX 311IEMEHTOB; I'IOJ'Iy693MOM9HTHaF| Teopua ULMNnHgpU4ecKnx
obornoyek; YyacToTa.
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Abstract

Introduction. The most important indicator of the durability of gypsum materials is their water resistance, which is most
often assessed by the degree of strength reduction after short-term water saturation. In our view, the durability of composite
building materials based on gypsum and other air binders can be more accurately predicted based on the results of
longer laboratory tests, which include prolonged immersion of control samples in water, as well as an assessment of their
ability to restore their original strength after re-drying. The aim of this study is to assess the effect of a complex modifier,
consisting of a monosubstituted salt of orthophosphoric acid and a fine carbonate filler, on the water resistance properties
of pressed gypsum composites after prolonged immersion in water. Methods. The technical characteristics of the studied
composites were determined using standard methods with control samples manufactured by pressing. The long-term
water resistance of the material was assessed based on the change in the values of the softening and water resistance
coefficients, calculated based on the results of testing control samples stored for 1, 7, 28 and 90 days in water. Results. We
show that the high-strength fine-crystalline structure of pressed gypsum binder without modifying additives is characterized
by extremely low strength, both during short-term and long-term immersion of control samples in water, as well as reduced
ability to restore its original strength after drying. This is revealed in the comparison of the water resistance indicators of
the material, even with similar characteristics of cast samples made from pure gypsum binder, and especially with pressed
samples from composite binders containing the proposed complex modifier. We established that gypsum-modified pressed
composites are characterized by fairly high durability during prolonged immersion in water. After 90 days of testing, the
softening coefficient of the studied compositions of composite binders ranged from 0.62 to 0.64, and the water resistance
coefficient ranged from 0.90 to 0.95. This indicates the possibility of using products based on them in building enclosures,
as well as in rooms with humidity above 75 %, provided that the water resistance of the studied pressed composites is
maintained for a long time only if complete hydration of the gypsum binder is ensured.

Keywords: gypsum binders; chemical water treatment sludge from thermal power plants; monoammonium phosphate;
pressed composites; water resistance.

Introduction

Various types of building products and structures
are subject to temperature and humidity effects during
operation, which involve prolonged and alternating
moisture exposure, as well as repeated freezing and
thawing. The ability of the material from which the
products are made to resist these impacts primarily
determines their durability (Ferronskaya, 1984, 2004).
According to many authors, an important feature of
the influence of various operational factors on gypsum
materials is that the impact of alternating stresses is
also accompanied by the dissolution of crystallization
contacts of hardened calcium sulfate dihydrate,
leading to an irreversible decrease in strength (Khalil
et al., 2018; Petropavlovskaya et al., 2019; Safonova
et al., 2018). Many researchers in Russia and other
countries around the world are currently engaged
in the search for methods and the development of
technologies to enhance the durability of construction
products based on gypsum binders (Domanskaya et
al., 2018; Pervyshin et al., 2017; Petropavlovskaya et

al., 2021; Zhukov et al., 2021). The research results
allow a significant expansion of their application
area, in particular making it possible to use them in
building enclosures, as well as in rooms with indoor
air humidity exceeding 75 %. The most well-known
works in this field are related to the joint introduction
of 15-25 % Portland cement and 10-25 % pozzolans
of natural or technogenic origin into the composition of
gypsum molding mixtures. The durability of products
based on such mixed binders is ensured by the
formation of sparingly soluble calcium hydrosilicates
and hydroaluminates during hardening, as well as
calcium hydrosulfoaluminate, which crystallizes in
the monosulfate form (Barkovskaya and Terehova,
2023; Koroviakov and Bur’yanov, 2015; Lesovik et
al., 2019).

Another method for increasing the strength and
durability of construction materials and products based
on low-fired gypsum binders is to reduce their porosity,
primarily open porosity, by using intensive methods
of compacting molding mixtures (Ferronskaya, 1984;

For citations: Kaklyugin, A. V., Kastornykh, L. I., Stupen, N. S., Kovalenko, V. V. (2025). Assessment of long-term water resistance 81
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Pervyshin et al., 2017; Petropavlovskaya et al., 2019).
In this case, the highest strength is achieved when the
water content in the gypsum mixture is close to the
amount theoretically required to ensure the hydration
of the binder (water-to-gypsum ratio of 18.6 %). This
creates the conditions for the formation of a fine-
crystalline structure of the resulting calcium sulfate
dihydrate with maximum strength (up to 60 MPa and
above) (Kaklyugin et al., 2020c). However, obtaining
gypsum products from such semi-dry mixtures
becomes possible only when using the method of
high-pressure compaction. The possibility of using
this method for the production of gypsum facing slabs,
wall and partition stones, hollow-core interlocking
blocks, and other small gypsum products has been
attracting domestic and foreign researchers since
the mid-20" century. Nonetheless, the production
of pressed gypsum materials has not gained wide
practical application, which, in our opinion, is due to the
increased consumption of gypsum binder compared
to products made using casting technology, as well as
their insufficient water resistance for the intended use
(Kaklyugin et al., 2020c).

In order to eliminate the above-mentioned
shortcomings, we developed a complex modifier
of gypsum binder and the structure of the resulting
pressed composites, consisting of a carbonate-
containingfiller, sludge from chemical water treatment
of thermal power plants, and a salt of orthophosphoric
acid, monoammonium phosphate (NH,H,PO,). The
chemical interaction of the chemical additive with
calcium sulfate of the gypsum binder and calcium
carbonate of the modifying filler begins during the
preparation of the molding mixture. At the same
time, the chemical interaction between NH,H,PO,
and CaCO, is accompanied by a short-term release
of CO,, which must be completed before the start
of product molding. We described the mechanism
of the proposed complex modifier in detail, with
chemical reaction equations provided, in (Kaklyugin
etal., 2020a, 2020b). The same studies show that the
interaction of the chemical additive with the calcium
sulfate of the binder and the calcium carbonate of
the filler results in formation of screening phase films
of sparingly soluble dicalcium phosphate dihydrate
(CaHPO,-2H,0) on the surface of the particles of
the hydrated neoplasms and sludge grains. This
compound is isomorphic with dihydrate gypsum, has
10 times lower solubility compared to it, and alters
the crystallization structure of the pressed material.
Films made of sparingly soluble calcium phosphate
on the elements of the crystallization structure of the
pressed material add to the cementing effect and
contribute to an increase in its strength and water
resistance (Kaklyugin et al., 2020a, 2020b).

One of the main technical characteristics
determining the durability of gypsum products
is considered to be their water resistance, which
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is assessed using the softening coefficient. The
conditions for determining this coefficient for gypsum
building products are currently not standardized. As
arule, it is calculated as the ratio of the compressive
strength of the material after short-term (24-48
hours) water saturation to its strength in a dry state
(Drebezgova et al., 2018; Cao et al., 2019). In our
view, the durability of composite building materials
based on gypsum and other air binders can be more
accurately predicted based on the results of longer
laboratory tests, which include prolonged immersion
of control samples in water, as well as an assessment
of their ability to restore their original strength after
re-drying. The aim of this study is to assess the effect
of a complex modifier, consisting of monoammonium
phosphate and carbonate sludge from the chemical
water treatment of a thermal power plant, on the water
resistance indicators of pressed gypsum composites
after prolonged immersion in water.

Methods

In experimental studies, we used G-5 grade
gypsum binder according to GOST 125-2018
“Gypsum binders. Specifications”. With respect to
the setting time, the binder is of normal setting type,
and based on the degree of grinding, it is of medium
grind. The water resistance of pressed gypsum
composites was enhanced by introducing a complex
modifier into the molding mixtures, consisting of
a fine carbonate filler, chemical water treatment
sludge from a thermal power plant, and a chemical
additive, monoammonium phosphate. For these
purposes, part of the gypsum binder in the studied
compositions was replaced with powdered sludge.
Monoammonium phosphate was dissolved in mixing
water and introduced into the composition of the
semi-dry molding mixture by sprinkling during its
mixing in a laboratory slider mixer. The assessment
of the long-term water resistance of gypsum-
modified composites was carried out using control
cylinder samples with a height and diameter of
50.5 mm, manufactured by pressing under 40 MPa.
The choice of this pressing pressure is due to the
fact that, as our previous studies have shown, lower
values fail to provide the best combination of physical
and mechanical properties of pressed gypsum
composites, and in cases of higher values, we often
observed water separation during the compaction
of samples (Kaklyugin et al., 2022a, 2022b). Along
with these tests, we also tested control samples
made from gypsum mixtures without additives
and molded under the same pressure, as well as
the ones manufactured by casting from a paste of
normal consistency (water-to-gypsum ratio of 0.52).
The compositions of the studied molding mixtures,
adopted based on the results of preliminary tests, as
well as the physical and mechanical characteristics
of the samples molded from them, are presented in
the table.
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After molding, all control samples were setting
for three days in air-dry conditions. Five samples
from each series were dried at a temperature of
(50£2) °C until constant mass; then we determined
their compressive strength. The remaining samples
were immersed in containers with water, where
they were kept for 1, 7, 28, and 90 days at a
temperature of (25+3) °C. At the specified times,
10 control samples were removed from the water,
5 of which were immediately tested for compression,
while the others were tested after being re-dried
at the aforementioned temperature. Based on the
calculated average strength values of the control
samples, the softening (k) and water resistance
(k,) coefficients of the material were determined,
and water absorption by mass was calculated from
the change in the mass of the samples before and
after immersion in water. The softening coefficient
was calculated as the ratio of the compressive
strength of the material in a water-saturated state
to that in a dried-to-constant-mass state, while the
water resistance coefficient was determined as the
quotient of the strength of dried-to-constant-mass
samples, stored in water for a corresponding time,
to the strength of dry samples not subjected to water
saturation.

Results

Our laboratory studies revealed the effectiveness
of the proposed method for modifying the composition
and structure of pressed gypsum composites
to ensure their long-term water resistance. The
change in compressive strength of dried and
water-saturated samples as the duration of their
immersion in water increases is shown in Fig. 1. The
analysis of research results shows that the strength
of dried and water-saturated samples, molded
from all studied compositions, decreases with an
increase in the duration of their exposure to water.
However, this trend is observed to varying degrees
for the compositions under consideration. Thus, the
greatest decrease in strength is observed in cast and

pressed samples made from pure gypsum binder
without a complex modifier (compositions 1 and 2).
The strength of samples molded from gypsum paste
of standard consistency after 90 days of storage in
water in a dried state was 8.2 MPa, which is 24 %
less than their strength before immersion in water,
and in a water-saturated state, it was 4.0 MPa, which
is almost 30 % less than the similar indicator after 1
day of water saturation. Composition No. 2 (pressed
gypsum binder without additives) can be called the
least water-resistant. It is characterized by the lowest
softening coefficient: after just one day of water
saturation, the samples had k_of only 0.15, and with
increased duration of sample storage in water, there
is a further decrease in strength. After 90 days, the
strength decreased by 40 % in a water-saturated
state, and by 22.3 % in a dried state. This is explained
by the excessive vulnerability of the crystallization
structure of pressed gypsum binder to the wedging
action of water films and indicates the extremely
low durability of such material in humid conditions.
As seen in Fig. 1, the reduction in the strength of
hardened composite binders (compositions 3, 4, 5,
6) in a water-saturated state occurs to a lesser extent
compared to compositions 1 and 2, and after drying,
the material, within the accepted testing periods,
mostly restores its initial strength. For example, after
24 hours of water saturation, the strength of the
control samples molded from mixture composition
No. 4 was 61.7 MPa in a dry state and 44.0 MPa
in a water-saturated state. After 90 days of storing
the samples in water, the strength of the pressed
material decreased by 13.2 % and amounted to 38.2
MPa, while the strength of the samples after drying
was 60.0 MPa, which is only 2.8 % less than the
same indicator before the samples were immersed in
water. This is explained by the change in the structure
of the pressed stone and the appearance of newly
formed sparingly soluble calcium phosphates among
the products, which hinder the dissolution of the
crystallization contacts of calcium sulfate dihydrate.

Compositions of molding mixtures and physical and mechanical characteristics of control samples

Compressive °
Conter:;)c:)fyc;n;g:nents, strengthr:)f samples, E, -§ N
WPa = | .| &
Number sl::'?;if;‘ :Im Mo:ﬁ:;r;:trzum Water-solid § g °\.,; §
of composition aypsum water over 100 % ratio water- § _§ é E_
binder treatment dry saturated 2 § g
of thermal E’ 2 o
power plants <
1 100 0 0 0.520 10.8 5.7 1200 | 28.4 34.0
2 100 0 0 0.190 32.0 5.3 1800 11.0 19.80
3 80 20 2 0.170 59.5 38.2 1930 7.3 14.00
4 80 20 2 0.185 61.7 44.0 1950 5.8 11.30
5 80 20 2 0.200 54.5 36.5 1940 8.0 15.50
6 60 40 2 0.170 46.8 29.5 1860 8.5 15.80
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g. 1. The effect of the duration of keeping control samples in water on their strength in a dried (a) and water-saturated (b) state:

1-6 — composition numbers

The analysis of the change in the strength of samples
made from compositions with the same content of
a complex modifier, but with different water-solid
ratios, shows that in humid conditions, the physical
and mechanical characteristics of composition No. 3
deteriorate most noticeably, i.e., at a water-solid
ratio of 0.17. Although samples of this composition,
tested after 1 and 7 days of storage in water, exhibit
strength in a dry state that is even slightly greater
than before immersion in water, ultimately, after
28 and 90 days of water exposure, they show a
decrease in strength, which is more noticeable
than in samples made from compositions 4 and 5.
Samples of composition No. 3, after 90 days of
water immersion, exhibit a compressive strength of
31.1 MPa in a water-saturated state, which is 18.5 %
less than the same indicator after 1 day of water
saturation. Meanwhile, the strength of the samples
of compositions 4 and 5 in a water-saturated state
decreases by only 13 % and 9 %, respectively, and
amounts to 38.2 and 33.2 MPa. A more noticeable
decrease in the physical and mechanical properties
of samples molded from mixture composition No. 3
after prolonged storage in water is explained by
the fact that at a water-solid ratio of 0.17, complete
hydration of the gypsum binder is not achieved
during the hardening stage. When the samples are
immersed in water, the unreacted calcium sulfate
hemihydrate hydrates causing volumetric expansion
of the stone and, consequently, weakening its
crystalline structure. It should be noted that the
decrease in the strength of samples made from
all the studied compositions, when subjected to
prolonged immersion in water, was accompanied by
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a slight increase in their water absorption by mass,
as shown in Fig. 2.

This is due to the fact that with prolonged water
saturation, water penetrates into increasingly
smaller pores of the material, resulting in an
intensified wedging effect on the crystallization
structure of the gypsum stone. Fig. 3 shows how
the softening and water resistance coefficients of
the studied compositions change with the increase
in time of the control samples immersion in water.
As can be seen from the graphs presented in
Fig. 3, the softening coefficient of gypsum-modified
pressed composites of compositions 4, 5, and 6
exceeds 0.6 in all the tests. These compositions are
also characterized by the highest water resistance
coefficient k,, which was 0.90-0.97 after 90 days.
This once again indicates a slight decrease in
their strength when moistened and the ability to
restore it upon drying. Fig. 3 also shows that with
an increase in the duration of storage in water, the
softening coefficient of samples of composition
No. 3 decreases and after 90 days of testing is only
0.55, while its water resistance coefficient remains
quite high (k,, = 0.95).

As previously noted, control samples made
from unmodified gypsum binder using casting
(composition No. 1) and pressing (composition
No. 2) methods are characterized by the greatest
reduction in strength when saturated with water.
After just one day of being in water, the softening
coefficient of these compositions was 0.53 and
0.17, respectively, and with longer storage in water,
it decreases even further, reaching 0.49 and 0.13
after 90 days. The extremely low water resistance
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Fig. 2. Change in water absorption by mass of control samples
with increasing duration of their immersion in water: 1-6 —
composition numbers

of these compositions is further indicated by the
obtained values of the water resistance coefficient.
After 90 days of water storage, it decreased to 0.76
for samples made from paste of normal consistency
and to 0.77 for pressed samples.

Discussion

The results of the conducted studies indicate
that the high-strength fine-crystalline structure of
pressed gypsum binder without modifying additives
is characterized by extremely low durability, both
during short-term and long-term immersion of

0,8
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Softening coefficient
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control samples in water, as well as a reduced ability
to restore its original strength after drying. This is
revealed in the comparison of water resistance
indicators of pressed samples even with similar
characteristics of cast samples made from pure
gypsum binder and, moreover, pressed samples
from composite binders containing the proposed
complex modifier. We established that gypsum-
modified pressed composites are characterized by
fairly high durability during prolonged immersion
in water. After 90 days of testing, the softening
coefficient of the studied compositions of composite
binders ranged from 0.62 to 0.64, and the water
resistance coefficient ranged from 0.90 to 0.95.

The increase in the long-term water resistance
of the studied pressed gypsum composites is due
to the synergistic effect of modifying additives:
chemical water treatment sludge from a thermal
power plant and monoammonium phosphate.
Complex modification of gypsum binder ensures the
formation of a monolithic fine-crystalline structure of
artificial pressed stone-like material. The formation
of an additional sparingly soluble framework of
dicalcium phosphate dihydrate (brushite), which
crystallizes isomorphously with dihydrate gypsum,
enhances the resistance of the structure of modified
composites to the wedging action of water films even
during prolonged exposure to humid conditions. The
presented kinetic dependencies of changes in the
compressive strength of the material, as well as the
softening and water resistance coefficients on the
duration of storing control samples in water indicate
the high water resistance of pressed modified
gypsum composites and suggest the possibility
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Fig. 3. Change in softening (a) and water resistance (b) coefficients with increasing duration of control samples immersion in water:

1-6 — composition numbers
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of using products based on them in building
enclosures, as well as in rooms with humidity above
75 %. At the same time, it is necessary to consider
that the water resistance of the studied pressed
composites is maintained for a long time only if the
complete hydration of the gypsum binder is ensured.

The proposed method for increasing the water
resistance of gypsum binders can only be used in
the technology of manufacturing pressed products
from semi-dry mixtures. This is due to the fact that
during the mixing process of plastic consistency
mixtures, as well as after they are poured into the
mold, they will be significantly porous due to carbon
dioxide released as a result of the chemical reaction
between the calcium carbonate filler and the chemical
additive. In the technology of pressed products, the

the molding mixture and does not negatively affect
the structure formation of pressed composites.

In conclusion, it should be noted once again that
prolonged laboratory observation of the changes
in the physical and mechanical characteristics of
artificial composites based on air binders, in our
opinion, allows a more accurate and comprehensive
prediction of their behavior in humid conditions.
This is in contrast to the usual assessment of the
water resistance of similar building materials, which
is typically conducted by determining the softening
coefficient after briefly soaking control samples in
water. Therefore, the proposed method for assessing
long-term water resistance is recommended for use
in assessing the effectiveness of other methods of
modifying gypsum binders and products based on

formation of CO, occurs during the preparation of them to enhance their durability.
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OLUEHKA OJNIUTENBbHOU BOOOCTOUKOCTU MNMMNCOBbIX
MOANPULIMPOBAHHbLIX MPECCOBAHHbLIX KOMNO3UTOB

AnekcaHap Buktoposuy Kakntorut', JNlio6oBb MiBaHoBHa KactopHbix!, HoHHa CtenaHoBHa CTyneHb?,
Buktop BuktopoBuy KoBaneHko?

'[JOHCKOW rocyaapCTBEHHbIN TEXHUYECKUIA YHUBEPCUTET, nrowaab MarapuHa, 1, PoctoB-Ha-[oHy, Poccus
2BpecTckuii rocynapcTBeHHbIN yHuBepeuTeT nmenn A.C. MywkuHa, 6yn. KocmoHnasTtos, 21, bpect, benapycb

*E-mail: kaklugin@gmail.com

AHHOTaUuA

BBeageHue. BaxHenwm nokasaTenem [AONTOBEYHOCTU FUMNCOBLIX MaTepuanoB SIBMSIETCA WX BOOOCTOMKOCTb, KOTOPYHO
yallle BCEero OLEeHMBAalT MO BENMYUHE CHUXKEHUSI MPOYHOCTU MOCre KpaTKOBPEMEHHOrO HachbilleHusi Bogoi. Ha Haw
B3rnsa, 6onee TO4HO NPOrHO3NPOBATL AONTTOBEYHOCTb KOMMO3ULIMOHHbBIX CTPOUTENbHBLIX MaTeprarioB Ha OCHOBE MMMNCOBbIX
W OpYyrmx BO3AYLUHbIX BSKYLLMX, MOXHO Ha OCHOBaHUW pe3ynsratoB Oonee AnuTenbHbIX nabopaTopHbIX WCMbITAHWN,
npegycmaTprBatoLLMX NPOAOIKUTENBHOE BbIAEPXKNBAHNE KOHTPOIbHbIX 00Pa3LOB B BOAE, a TAKKe OLEHKY UX CMOCOBHOCTH
BOCCTaHaBMNMBaTb MepBOHaYarbHYy NMPOYHOCTb B pesynbraTte MOBTOPHOro BbichixaHusl. Llenblo HacTosiwen pabotbi
SIBMNSIETCS OLEeHKa BMUSHUS KOMMIEKCHOro MoaudmkaTtopa, COCTOSILLEro M3 O4HO3aMELLEHHON conv opTodocdOopHON
KMCNOTbl U TOHKOAMCMNEPCHOro kapboHaTHOro HamonHUTENs, Ha MokasaTenu BOLOCTOMKOCTM MPECCOBAaHHbLIX MMMCOBbIX
KOMMO3UTOB MOCre UX AMUTENbHOro BblAEpXuBaHUA B BoAde. MeToabl. TeXHWYeckue XapakTepUCTUKU UCCNELyeMbIX
KOMMO3NTOB Onpeaenssnu no craHaapTHbIM MeToaMkaM C MCMONb30BaHMEM KOHTPOJSbHbIX 0OpasLoB, M3roTOBIEHHbLIX
METOLOM MNpeccoBaHus. OnuTenbHy BOOOCTONKOCTb MaTepuarna OLeHMBanm no M3MEHEHW0 3Ha4YeHun Ko rLneHToB
pa3mMsr4yeHnst 1 BOAOCTOMKOCTM, PaCCYMTLIBAEMbIX MO pe3ynsraTtaM UCMbITaHWA KOHTPOmbHbIX 06pa3LoB XpaHUBLLMXCS
B TeveHue 1, 7, 28 n 90 cyT B BoAe. Pe3ynbratbl. [1oka3aHo, YTO BbICOKOMNPOYHAs MENKOKpUCTannmMyeckas CTpykTypa
NpPeccoBaHHOrO MMNCOBOTO BsXyLLero 6e3 moanduumpyroLwmx 4o6aBoK XxapakTepusyeTcsl KpanHe HU3KOW CTOMKOCTbIO, Kak
npy KpaTkoBPeMEHHOM, Tak U MpU ANUTENbHOM BblAEPXMBAHMN KOHTPOSbHbLIX 00pasLoB B BoAde, a Takke MOHMKEHHOWM
CNoCcoBOHOCTbI0 BOCCTaHaBMUBATL MEPBOHAYamNbHYK MPOYHOCTbL MOCME BbIChIXaHWS. OTO BbISIBIEHO B CpPaBHEHUU
rnokasarternieii BOOAOCTOMKOCTW MaTepuana gaxe C aHarorMyHbiMW XapakTepucTukamu nuTbix obpasuoB M3 YMCTOro
rMNCOBOrO BSXYLLIEro 1, Tem b6ornee, NpeccoBaHHbIX 06pa3LIoB U3 KOMMO3WULIMOHHbIX BSXKYLLMX, COAEPXKaLLMX NpeanaraemMbiii
KOMMIMEKCHbIN MogudumkaTop. MNpy 3TOM YCTaHOBMEHO, YTO TMNCOBblIE MOAUMULMPOBAHHBIE NMPECCOBAHHbLIE KOMMO3UTbI
XapaKkTepuaylTcsi AOCTAaTOMHO BbICOKOW CTOWKOCTbIO MPU ANUTENbHOM XpaHeHun B Boge. Yepesd 90 cyT ucnbiTaHui
KOa(pULMEHT pasMArYeHns WUCCrNefoBaHHbIX COCTaBOB KOMMO3WMUMOHHbBIX BsXywmx coctasun oTr 0,62 po 0,64,
a koacpdumumeHT BogocTorkoctu ot 0,90 go 0,95. 370 yka3biBaeT Ha BO3MOXHOCTb UCMOMb30BaHWSA U3AENniA Ha X OCHOBE
B OrPaaatoLLmnx KOHCTPYKLMAX 34aHNI, a TakkKe B MOMELLEHMSAX C BMAXHOCTbI0 6onee 75 %, yunTbiBasi, YHTO BOLOCTOMKOCTb
nccrnenoBaHHbIX NMPECCOBaHHbLIX KOMMO3UTOB COXPaHSETCA ANUTeNbHOe BPeMs, TONMbKO ecrinm obecneynBaeTcsi nonHas
rmapartaums rmncoBoro BSXKYLLENO BELLECTBA.

KniouyeBble cnoBa: runcosble BAXYLME BelleCTBa; WwiaM XMMBoO40oNoaArotoBKA TENMN03NEeKTPOCTaHUMNIN; OOHO3aMELLEHHbIN
doccaT aMMOHMSI; NPECCOBaHHbIE KOMMO3UTbI; BOAOCTOMKOCTb.
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Abstract

The subject of the study is the prediction of traffic intensity and pavement condition at a linear road section. The paper
addresses a model of a neural network used to assess the usability of a road section and its transport and operational
performance. The object of the study is a section of the M-1 Belarus road, 86" km, for the period from 2014 to 2023. The
purpose of the study was to describe possible future scenarios of the road condition based on predicted traffic intensity
and road quality condition metrics as part of the assessment of its usability with account for the International Roughness
Index (IRI). In the course of the study, the following methods were used: Data Science (analysis of data collected from
mobile laboratories) and machine learning algorithms (linear regression, gradient boosting, random forest, and neural
networks based on long short-term memory (LSTM)). The output is a trained neural network capable of predicting the
traffic intensity on the 86™ km of the M-1 Belarus road. These methods reveal hidden patterns in the data and provide high-
accuracy predictions. Results: The implementation of the deep learning model using the assessment of the condition of
a linear road section will make it possible to address the main issues of road maintenance — to optimize time and reduce
expenditures when planning and introducing measures at the stage of operation of transport infrastructure facilities, to take
into account possible risks of road condition quality loss during re-pavement and design of new elements.

Keywords: transportation infrastructure; road diagnostics; defects; machine learning; Data Science; road information

model.

Introduction

Road transport plays a paramount role in the
transport infrastructure of the country. To ensure its
development, the characteristics of roads must meet
the traffic conditions since roads are subject to wear
and tear as well as pavement deterioration due to
heavy use and exposure to natural factors.

Nowadays, the role of digital technologies in
business process management in almost all branches
of technological industries has increased significantly.
In this context, the road sector deserves special
mention, where the growth rates of construction and
reconstruction oflinearroad sections are quite high. For
instance, the updated five-year road construction plan
for 20242028 calls for 380 projects (see Resolution
No. 3907-r dated 25.12.2023, http://government.
ru/docs/50593/). These processes provide for an
increase in the level of road maintenance, based on the
diagnostics of linear road sections (Federal Law No.
257-FZ dated 08.11.2007 (amended on 04.08.2023)
“On Motor Roads and Road Activities in the Russian
Federation and Amendment of Certain Legislative
Acts of the Russian Federation” (as amended and
supplemented, effective from 01.03.2024), see https://
legalacts.ru/doc/federalnyi-zakon-0t-08112007-n-
257-fz-ob/, Article 14, Chapter 3).

Besides, switching to road construction financing
with private investment (bonds and bank loans)
has made it possible to increase the road network.
Considering the lack of public resources, attraction of
private investment requires the development of financial
models that can guarantee payback at a required
rate of return, which primarily depends on the correct
prediction of traffic intensity on toll roads upon provision
of comfort for road users. Thus, the compliance of
pavement quality with the strict requirements for toll
roads will increase the period between repairs and,
therefore, optimize the repair budget, part of which can
remain at the disposal of investors.

This paper is aimed to adapt machine learning
methods to the prediction of the transport and
operational condition of roads. For this purpose,
approaches to pavement condition diagnostics are
considered, the issues of predicting traffic intensity
along a linear section and the influence of traffic
on the transport and operational condition are
addressed to determine the need for repair. Machine
learning technologies open new horizons for road
diagnostics goals and objectives. By applying these
technologies, the expenses of companies can be
significantly reduced due to timely diagnostics of
road sections.

For citations: Shamraeva, V. (2025). Assessment of the transport and operational condition of roads based on mobile laboratory data 89
using machine learning methods. Architecture and Engineering, No 1 (10), pp. 89—102. DOI: 10.23968/2500-0055-2025-10-1-89-102.
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Methods

Both domestic (Apestin, 2011; lliopolov et al.,
2002; Vasilyev, 2013; and others) and foreign
researchers (Panthi, 2009; Robinson et al., 1998;
and others) have been studying the processes of
road structure condition degradation. In the listed
works, these processes are based on two levels
(project level and network level (Fig. 1)) and two
main indicators of pavement condition (operational
and structural indicators (Fig. 2)). The project level
is limited to the pavement design stage, while
the network level considers pavement conditions
throughout the entire life of the pavement. All stages
of the life cycle of a road facility in the context of
BIM modeling of linear road sections are described
in (Shamraeva and Savinov, 2021).

The Russian Highways State Company adheres
to a different methodology when assessing the
actual level of the transport and operational condition
of roads, which is based on the assessment of the
residual life (Shamraeva, 2020) of road structures
and division of operated road sections into three
levels (standard-compliant, satisfactory and
unsatisfactory) of pavement preservation (Fig. 3).

According to the regulatory requirements of
Industrial Road Standards ODN 218.6.039-2018

Project level

(pavement design stage)

-
Computational prediction of changes in the
pavement condition
(prediction of rutting, fatigue life, temperature
crack resistance, etc.)
\.

“Recommendations on diagnostics and assessment
of the technical condition of motor roads” (see https://
files.stroyinf.ru/Data2/1/4294845/4294845825.
pdf), the main transport and operational indicators
of a road are as follows: speed provided by a road,
traffic capacity, capacity for traffic of vehicles and
road trains with axial and total weight established for
the relevant categories of roads, etc. (Pugachev et
al., 2024). All these indicators are fully reflected in
such integrated indicator as traffic speed, expressed
through the coefficient of design speed provision.
As it is known, the transport and operational
indicators of linear road sections are ensured by the
parameters of longitudinal and transverse profiles,
pavement strength, pavement evenness and
adhesion characteristics, etc. (Figs. 1-3). Therefore,
according to the methodology of ODM 218.4.039—
2018 (Rosavtodor, 2018), the preservation of a road
section depends on the average visual assessment
score for pavement condition and the actual strength
factor — the International Roughness Index (IRI) of
non-rigid pavement.

Intensive road operation increases the risk of
traffic accidents, reduces traffic safety, results in
longer travel time and higher costs of transport repair
and maintenance, etc. In this regard, it is important to

”~

Network level

(throughout the life cycle, pavement conditions

throughout the entire life of the pavement)

Prediction of the actual pavement condition at
linear road sections and networks

LS

Fig. 1. Levels of road structure condition degradation processes

indicators

Pavement condition

Operational

Structural

Longitudinal and transverse evenness,
surface roughness

Pavement strength (assessed by the value of
the total elastic modulus on the pavement

surface) and defectiveness (characterized by
the average visual assessment score)

Fig. 2. Main groups of pavement condition indicators
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[
Standard-compliant * the condition of a road section where structural indicators
level of pavement correspond to permissible values;
preservation . ® asection with such a pavement does not require overhaul
works
, 98
/
Satisfactory level of "« availability of objective reasons for the deterioration of the
pavement preservation structural indicators of pavement condition below the standard
values, which requires a detailed survey to develop a
preservation strategy
.
/
Unsatisfactory level of * the pavement condition where structural indicators are
pavement preservation below the permissible values and the pavement requires
overhaul
9

Fig. 3. Levels of pavement preservation

have in place effective methods for the diagnostics
and assessment of the technical condition of roads.
Transport and operational condition is assessed
by specialized engineering organizations using
mobile diagnostic laboratories, certified devices
and equipment. Mobile units are equipped with
modern devices and equipment (Znobishchev and
Shamraeva, 2019) and may include panoramic video
cameras of the latest generation (Stolbov et al.,
2017) and even artificial intelligence technologies.
Machine learning methods can be an alternative
tool for monitoring the condition of road facilities
(Marcelino et al., 2019).

The object of the study is a section of the
M-1 Belarus road, 86" km, and its transport and
operational condition. The aimwas to develop amodel
for the diagnostics and assessment of the technical
condition of roads using machine learning algorithms
and medium-term prediction in accordance with the
requirements of Organization Standard AVTODOR
2.28-2016 “Predicting the condition of operated
roads of the Avtodor State Company” (Order
No. 67 dated 06.05.2016) (Avtodor, 2016).

Input data processing

Two datasets are used as input data:

1 — data on traffic intensity with division into six
categories of vehicles in the period from 2014 to
2023 inclusive in tabular format (Microsoft Excel),
obtained from automated ftraffic counting points of
the Avtodor State Company. The data are presented
for each category of transport (cars, vans, light-duty
trucks, single-unit vehicles, buses, road trains up to
13 m, from 13 to 18 m, and over 18 m) in forward
and backward directions, including the total for two
directions. In addition to the total intensity at a section
for a certain period, the table uses the following

structure: first the intensity is plotted by hours within
one day, then the information for a day is summarized,
and thus the data for a year are combined within one
table sheet. As a result, information on traffic intensity
for the past 10 years of observations for one section
of the M-1 road is obtained.

2 — values of longitudinal evenness IRI by year
for each road section from the 84" to 95" km of the
M-1 Belarus road, obtained during measurements
performed by a mobile diagnostic laboratory.

Following the basic idea of machine learning, it
is necessary to provide a large number of proper
examples based on which the program will “learn”.
Therefore, it is important to check the input data
for completeness so that they include all possible
cases. Errors are critical since they will cause the
model to give incorrect answers. The balance of the
original dataset is also essential. If some cases are
predominant, the model will favor the majority when
making predictions. Therefore, when enough data
are collected, it is necessary to pre-process them.
The logic of the pre-processing of the intensity data
from the first dataset is as follows: 1) the file is loaded
and the names of all the table sheets in the sheet_
names (‘2014-2023’) list are read; 2) an empty
combined_df dataframe is initialized to store the
combined data from all the sheets, while the dataset
is cleared of unnecessary data attributes. At the
beginning of the cleanup function running, all sheets
of the dataset table are visited, and the list of intensity
data objects for the year of type pd.DataFrame is
finally formed from the Microsoft Excel data source
(Pandas library method — pd.read_excel()) into the
combined_df variable, as well as unnecessary upper
informative rows are deleted and a column with the
date of the traffic intensity observation within the
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accuracy of one day is added; 3) all elements of
the list are combined into a large single dataframe
with the logical deletion of the index column where
the observation date was stored. This combined_df
dataframe is the result of the pre-processing of the
input dataset with data on traffic intensity for the past
10 years of expert observations; 4) the processed
dataframe is saved to a new Excel file.

The intensity trend can vary from year to year
for various global reasons: social, economic, or
political. For example, the COVID virus affected the
life of the country for several years and reduced the
mobility of its inhabitants, thus affecting the intensity
indicator. Month is also an important attribute that
affects intensity. In some months, commercial traffic
is increasing: for instance, many people travel by car
to neighboring countries during summer. Intensity
will also vary depending on the day of the week. For
example, on weekdays/weekends, people may have
different reasons for using the M-1 road. Thus, the
model requires attributes from the date and values
of total traffic intensity in forward and backward
directions. Before moving on to this task, it is also
important to understand the amount of the output data
and whether there is a way to effectively reduce it in
terms of dimensions without loss of quality. One of
such ways described in this paper is to group all traffic
intensity indicators (regardless of vehicle type) by date
column, which is already represented and ready to
be grouped within the accuracy of one day using the
Pandas library capabilities, indicating the summation

of intensity indicators for all hours within a day, which
is very convenient in computation and informative
in presentation. The final step in the dataset pre-
processing is the selection of new temporal attributes
of the dataset, necessary for further training of the
neural network. Particularly in this case, the following
attributes are selected: month number, day number,
day number of the week, and year of traffic intensity
observation. When predicting the road evenness, the
number of vehicles that have traveled along the road
over a year is used. Therefore, the date and intensity
for that date will be used to develop the model.
For each road that goes forward and backward,
corresponding values shall be saved. Then the total
count will be excessive and should not be kept.

The correlation matrix presented in Fig. 4 shows
the relationships between different attributes,
including forward and backward movement as
well as time parameters (year, month, day of the
week, day of the month). There is a correlation of
0.18 between forward and backward movement,
indicating a weak positive relationship. This means
that some tendency for an increase in forward
movement is accompanied by an increase in
backward movement. The correlation between year/
month and traffic intensity is not significant (0.18 for
year and month with forward movement; —0.14 and
0.14 for backward movement). This may indicate
that there are no clear trends by year or month in the
data, or that any trends are non-linear and are not
captured by linear correlation. The correlations with

Correlation matrix

forward

backward

year

month

of_the_week
f

\

of_the_month da

day_

forward backward year

0.00086 0.00056
0.0086 0.011

month day_of_the_week day_of_the_month

0.00086

-0.00056

-
mloon

Fig. 4. Matrix of correlations between forward and backward traffic intensity and time
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such attributes as the day of the week and the day
of the month are also extremely low, indicating that
there is no direct relationship of the day of the week
or the day of the month with traffic intensity. When
forming the output for a machine learning model,
it is important to take into account that temporal
attributes can significantly non-linearly affect the
results. Despite the weak correlation between the
forward and backward directions, these attributes
can be useful when considered in conjunction with
other variables that may strengthen their relationship
or provide additional context.

Using machine
capture such dependencies may yield more useful
results. Such models as ensemble decision trees
(e.g., random forest, gradient boosting) and neural
networks (Goodfellow et al., 2018) can better handle
such data as they are capable of detecting complex
patterns and interactions between variables (Lasisi
and Attoh-Okine, 2018).

In the second dataset with the IRI evenness values,
a violation of the requirements of GOST 333882015
(Automobile roads of the general use. Requirements
to conducting diagnostics and certification) (Interstate
Council for Standardization, Metrology and
Certification (ISC), 2016) can be observed, where
the IRI value should not exceed 3.1 (https://nevacert.
ru/dokumenty/normadoc/standartsbase-gost/
gost-33388-2015). For instance, for 2023, such data
are shaded in red in Fig. 5. In this file, the column with
the GOST 33388-2015 standard values is redundant,
not suitable for model training, and can be deleted
during data pre-processing. Visualization of changes

A 8 c D £ F G
1 2023 B
seginningof | endofthe |  Fonvarddirection kn St
the section, | section, km value
2 km
3 Lanel Lane 2 Lane3 Lane d
4 84,000 84,100 2.7 25 1,7 20 31
S 84,100 84,200 24 19 1,6 23 31
6 84,200 84,300 20 18 18 18 3.1
7 84,300 84,400 24 20 1,6 18 31
8 84,400 84,500 1,7 18 1,4 19 3,1
9 84,500 84,600 19 1,7 1,2 18 31
10 84,600 84,700 2,1 19 14 15 31
11 84,700 84,800 1,9 1,6 1,2 15 31
12 84,800 84,900 1,9 1,9 1,1 1.4 31
learning methods that can :i e | e id 20 5
85,000 85,100 25 1.7 12 13 31
15 85,100 85,200 24 18 1,1 1,2 31
16 85,200 85,300 20 2,2 11 14 31
17 85,300 85,400 28 33 10 17 31
18 85,400 85,500 39 26 11 1,7 31
19 85,500 85,600 24 2.2 13 2.6 31
20 85,600 85,700 28 35 13 2,2 31
21 85,700 85,800 30 31 2,4 2,3 31
22 85,800 85,900 20 1,7 23 21 31
23 85,900 86,000 2,7 18 2,1 2,3 31
24 86,000 86,100 26 18 20 18 31
25 86,100 86,200 21 19 20 2,2 31
26 86,200 86,300 34 2,1 18 2.5 31
27 86,300 86,400 3.6 2,6 24 2,3 31
O] sheets MRSzl ~ {0 o= = ==

Fig. 5. IRI values at different sections of M-1 for 2023

in the mean IRI values for each lane (Fig. 6) shows
that the road condition deteriorated over time.

For example, for lane 3 (Fig. 6), a slight asymmetry
to the right is observed, where the bulk of the data is
between 1 and 4. It can also be seen that the values
did not change in the two years from 2019 to 2020

— polosa_l

polosa_2
—— polosa_3
4

351 — polosa

3.0

251

Value

204

151

2014 2016

2018 2020 2022

Fig. 6. Diagram of changes in the mean IRI values for each lane
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(data for 2019-2020 were not available in the dataset
provided). To determine the law of traffic intensity
distribution for each lane, the SciPy library and the
stats module of the dynamic Python programming
language were used, which provides functions
and statistical methods for work with probability
distributions and statistical tests. For example,
for lane 3 (Fig. 7), comparison of the values of the
statistics of various tests (Kolmogorov—Smirnoy,
Pearson, Shapiro-Wilk, etc.) with the smallest
p-value of the significance test equal to 0.05, resulted
in a conclusion that the observed data are consistent
with the Gumbel distribution on the right. As for other
lanes, based on checks by statistical tests, it was
concluded that the annual distributions of the IRI
values are suitable for approximation modeling with
subsequent transfer to machine learning models. The
final IRI dataframe is shown in Fig. 8.

Training model selection and tuning

The preparatory stages of model building and
training, with their further evaluation for the purposes
of predicting values based on the second dataset
with pre-processed data are as follows:

1. Break down the data sample into attributes and
target values.

2.Select the attributes and variables based on
which the target values will be predicted.

3. Divide the sample into training and test samples
(it should be noted that for correct operation, the test
sample should not be used for training).

This will result in an optimal prediction model for
different target columns based on historical data and
its application for further prediction for the period
2024-2034.

Let us briefly highlight the main points of the
process of creating a suitable prediction model for
different target columns.

Predicting changes in the IRI indicator

Creating model training functions: Here the data
are split into test and training samples. Dataframe
Y contains the values based on which the model
will make predictions. These are the “start” values

(Fig. 8) for the beginning of the road segment.
Since all segments are of the same length, this
value is sufficient. Year values are also used to
track changes in pavement quality over the course
of a year. Dataframe Y contains the IRI values
themselves. Then, according to the principle of
machine learning, the data are split into test and
training samples in the proportion of 4 to 1. This is
the optimal value since it allows for splitting so that
there are more data left for training, but there are
also data left for validation.

Model selection, training, tuning and evaluation of
results: Model selection is carried out depending on
the task (Cano-Ortiz et al., 2022), e.g.: classification,
regression, clustering. Examples of models are
decision tree, neural networks, linear regressions,
support vector methods, etc. (Hosmer et al., 2013).
Once the model is defined, itis trained, tuned, and the
results are evaluated. If necessary, if the results are
unsatisfactory, the model is reconfigured. Besides,
when model training is too long or imprecise, it is
possible to simplify or complicate it. When the
resulting model shows good results, it can be used
for practical tasks, and then it is implemented into the
original system for which it was created (Gazaroyv,
2020).

Aloss function is used to evaluate the model. With
its help, the model “understands” how far it is from
the ideal state. The difference between the answers
or the resulting values is calculated. Once the loss
function has been determined, it is necessary to
understand how to fix the model, how to change
the weights properly to improve further results.
Optimization algorithms are used for this purpose.
The main method to minimize the loss function is
gradient descent, which, by gradually changing
the parameters in the direction, reduces the error.
XGBoost is a powerful machine learning model
based on the gradient boosting method. It operates
by starting from creating a simple model, such as a
decision tree, for initial predictions. Next, prediction
errors are obtained and new trees trained on the error

Distribution of values polosa_3
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Fig. 7. Distribution of values polosa_3
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start end polosa_1 polosa_2 polosa_3 polosa_d4 year

0 340 841 2.7 25 1.7 2.0 2013
1 841 842 2.4 19 1.6 23 2013
2 842 843 2.0 1.8 1.8 1.8 2013
3 843 844 24 2.0 1.6 1.8 2013
4 844 845 1.7 18 1.4 1.9 2013
985 945 946 2.5 23 3.2 2.8 2023
986 9456 947 3.3 25 5.0 2.9 2023
987 947 9048 2.8 24 4.7 3.1 2023
988 948 949 2.7 2.4 3.0 2.9 2023
989 949 095.0 2.7 2.5 29 2.5 2023

Fig. 8. IRI dataframe

are added based on them. These iterations continue
until a given number of cycles have been executed
or the error is small. When regulation and other
optimization methods are used, the model shows
good results. Random forest is an ensemble-based
machine learning model that differs from the previous
one in that it operates by creating multiple decision
trees and combining their predictions. Each tree is
trained on a random subsample of the input data,
which promotes model diversity. Besides, each node
partitioning step in the tree uses a random subset
of attributes, which adds additional randomness and
reduces the correlation between the trees. Once all
trees are trained, the model predicts the result for a
new observation by aggregating the predictions of
all trees: in the case of the classification task, voting
is applied, where the final class is determined by
a majority vote, and in the regression task — the
predictions are averaged. This algorithm is more
robust and can show good results too.

The above models are trained on training data
and their performance is evaluated on a test sample
using the mean_squared_error and r2_score metrics
(Shamraeva, 2024). The results are stored in the
“results” dictionary. The attribute matrix X includes
start and year columns, and the target variables are
represented in data columns polosa_1, polosa_2,
polosa_3 and polosa_4 (Fig. 8). For each target
variable, models are trained and evaluated separately.
The results are then displayed on the screen.

Creating a prediction model: New future_years
data were created to predict values for the period
2024-2034. New future_years years were generated
using the “range” function, and the structure of the
new Dataframe was created so that each year is
repeated for all unique values of the “start” column
from the original data (Fig. 8). This preserves the
consistency between the “start” values and the new
years. Predictions were made using trained models.

The results of the predictions are stored in the
“predictions” dictionary.

To further visualize the predictions, graphs were
constructed where the years are plotted on the X axis
and the predicted values for each target variable are
plotted on the Y axis. The mean prediction values
for each year were calculated using the “groupby”
method and plotted in the graphs. Thus, this
process involves data loading, model training and
evaluation, and prediction of future values followed
by visualization of the results.

The above models showed unsatisfactory results
and are not suitable for this task. Another method —
linear regression — was tried.

Linear regression is a machine learning
method that models linear relationships between
a dependent (target) variable and one or more
independent variables (attributes) (Hosmer et al.,
2013). The model tries to find the best straight
line that minimizes the sum of squares of errors
among the predicted and actual values of the
target variable. This can be achieved by estimating
the coefficients of a linear equation, where each
coefficient indicates how much the target variable
will change if the corresponding attribute is
changed by one unit. The training process involves
finding coefficients that minimize the MSE using
optimization techniques such as the least squares
method. As a result, the MSE value amounts
to 0.2667. This means that the mean square
deviation of the predicted values from the actual
ones is 0.2667. The values of the target variable
vary within a small range, such as 2 to 6, therefore,
the error of 0.2667 may be significant. This shows
that this model did quite well in terms of results.
However, this is not the best way to predict the
IRI evenness — the traffic intensity prediction
according to Organization Standard AVTODOR
2.28-2016 should be taken into account.

Predicting changes in traffic intensity

In this study, simple machine learning models,
such as linear regression, random forest, gradient
boosting, were used for each road direction. After
training, visualization of the prediction for each
movement was made (Fig. 9). Fig. 9 shows the
results of the predictions of different traffic intensity
models for the period from 2024 to 2034 covering
forward movement. By examining each graph in
Fig. 9, we can draw the following conclusions:

1.Linear regression (the model is represented
by the blue line) shows the lowest accuracy of
predictions; large deviations at the beginning and
end of the period are especially noticeable.

2.Random forest (the model is represented by
the orange line) shows more accurate predictions
compared to linear regression but still has some
deviations from the actual values, especially at peak
times.
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3. Gradient boosting (the model is represented by
the green line) most accurately reproduces seasonal
variations in traffic intensity and deviates least from
the actual values.

It can be seen from the graph (Fig. 9) that
traffic intensity has a pronounced seasonal nature
with peaks and declines that are most accurately
predicted by the gradient boosting model. A neural
network was used to refine the results. For its setting,
the values are balanced so that no attribute would
dominate by its increased mean value.

In the course of this study, a long short-term
memory (LSTM) model was created and trained.
The LSTM model is a recurrent neural network
(RNN) designed to efficiently train and predict
time series and sequential data. It is capable
of memorizing important information in long
sequences and forgetting unnecessary information
due to its special architecture consisting of memory
cells controlling input, output and forget gates.
The input gates decide which information from the
current input to keep, the forget gates determine
which information to delete from the memory cell,
and the output gates regulate which information
from the cell will be used to compute the output. This
structure allows the LSTM to capture and preserve
long-term dependencies. For the prediction task,
the LSTM model includes two LSTM layers. The
first LSTM layer contains 50 neurons and returns
sequences, the second LSTM layer also contains
50 neurons. The LSTM layers are followed by
a dense layer with 50 neurons and an activation
function (rectifier linear unit (ReLU)), followed by a
dense output layer with two neurons to predict two
target variables. The results of the neural network

training showed that the model was trained for 100
epochs, where 72 steps were performed at each
epoch at a rate of about 3 milliseconds per step. In
the last few epochs, the loss values in the training
sample ranged between 0.0094 and 0.0098, while
the loss values in the validation sample remained
stable, fluctuating between 0.0106 and 0.0121. The
final loss in the test sample was 0.0091, indicating
that the model performed well with the training,
validation and test samples with minimal variation
in loss values.

Next, prediction was made for ten years. The
graph (Fig. 10) shows complex relationships with
peaks in summer months and declines in winter
months. Traffic intensity in both forward and
backward directions maintains an overall upward
trend. This indicates a projected increase in traffic
flow in the future.

Analysis of the results

Prediction of pavement technical condition
assessment was made using two approaches:

- based on past years’ IRl measurements using
a linear regression model,

- based on equation 6.1 of Organization Standard
AVTODOR 2.28-2016, using the traffic intensity of
future years that was predicted by a neural network
model.

Using Python code, predictions of the IRI values for
the given years (Fig. 11a) and traffic intensity values
(Fig. 11b) were generated using a machine learning
model. The results of intensity value predictions are
displayed on the screen, showing the date, intensity
in forward and backward direction (Fig. 11b).

In this form, the data are ready to plot graphs of
monthly forward and backward traffic (Fig. 12) and

Comparing predictions of different traffic intensity models covering forward movement
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draw conclusions with subsequent findings to make
recommendations.

The prediction section (Fig. 12) shows that
seasonal fluctuations continue, with peaks in
summer months and declines in winter months.
Traffic intensity in both forward and backward
directions maintains an overall upward trend. This
indicates a projected increase in traffic flow in
the future. The forward (blue line) and backward
movement (orange line) continue to show parallel
trends with similar seasonal amplitudes. Despite
year-to-year fluctuations, the overall trend is
upward, which could indicate an expected increase
in population or economic activity, or improved
infrastructure. In 2033 and 2034, traffic intensity
reaches values of approx. 800,000, which is
significantly higher than the values in previous
years. In general, the forecast indicates a steady
increase in transportation intensity despite annual
seasonal fluctuations, suggesting the need for
further development of transport infrastructure.

To ensure a high level of M-1 Belarus road
maintenance, it is necessary to implement measures
for the development of transport infrastructure: road
reconstruction, including increasing the number of
lanes and constructing new interchanges (which
will help distribute traffic flows and reduce the load
on the existing infrastructure sections), preventive
pavement repair to maintain the standard IRI value
and ensure high average traffic speed. The analysis
also revealed that the composition of traffic would
not change. This route is characterized by an equal
proportion of various means of transport. Fig. 13
shows a 10-year forecast for the IRI indicator using
machine learning for four lanes of the road. Each of
the four bar graphs shows the average IRI coefficient
for the corresponding lane for the period from 2024
through 2033. Fig. 13a shows that IRl for the first lane
gradually increases from 2024 to 2033, starting at
about level 3 and reaching a value just above 4. This
indicates a gradual deterioration of the pavement
condition on the first lane. Fig. 13b shows a similar
trend for the second lane, where IRI also gradually
increases from just below 3 in 2024 to around 3.5
in 2033, also indicating an increase in pavement

a) Average vakue for poloss 3 b) Ave

roughness. In Fig. 13c, the forecast for the third lane
shows an increase in the IRI values from 2024 to
2033, starting at about 2.5 and reaching a value of
about 3.5, indicating a deterioration of pavement
quality on this lane. Fig. 13d shows an increase in
IRI for the fourth lane, starting at just above 2.5 in
2024 and reaching critical values of 4 in 2033, which
also indicates significant pavement deterioration.

Fig. 14 shows the 10-year IRl -coefficient
prediction for the four road lanes on the 86 km of the
M-1 highway. Each line on the graph corresponds
to one of the lanes: the blue line represents the
first lane, the orange — the second, the green —
the third, and the red — the fourth. The graph covers
the period from 2024 to 2034, indicating a gradual
deterioration of the pavement condition.

On the first lane (blue line), IRI increases from
approx. 3.0 to 4.5. On the second lane (orange line),
IRI starts around 2.8 and reaches approx. 4.2. The
third lane (green line) shows an increase in IRl from
3.2 to 4.7. On the fourth lane (red line), IRI values
start around 3.5 and increase to 5.5 by 2034. The
red dashed line at level 4 on the Y axis indicates the
maximum permissible IRI value. All four lanes show
an uptrend. Fig. 14 shows that the IRI coefficients
for all lanes tend to increase over time. Lane 4 (red
line) already exceeded the maximum permissible
value and continues to grow faster than the others.
Lanes 1, 2, and 3 (blue, orange, and green lines,
respectively) also show growth but currently remain
below acceptable levels. All lanes show a linear
increase in the IRI coefficient, indicating continuous
pavement deterioration over the next ten years.
The highest rate of deterioration is observed in the
fourth lane, while the lowest start and end points are
characteristic of the second lane. This highlights the
importance of planning financial expenditures for
pavement improvement and rehabilitation to slow
down the development of bumps and preserve road
quality.

In addition to assessing the IRI longitudinal
evenness, it is necessary to take into account
transverse evenness (rutting) as well since this
defect affects the steering ability and assignment
of repairs (due to pavement wear). Using equation

Average value for polosa_3 d)

Average vakue for pelosa 4

Fig. 13. Predicting the IRI coefficient for 10 years by machine learning
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Fig. 14. Traffic intensity prediction: 10-year changes in IRI

6.1 of Organization Standard AVTODOR 2.28- future. It shows four different lanes, each marked

2016 for rutting calculation, changes in transverse with a different color: blue, orange, green, and red,
evenness (rutting) were forecast (Fig. 15). The respectively. The horizontal axis indicates the years
graph in Fig. 15 represents a forecast for rutting on from 2024 to 2034, and the vertical axis shows the

the 86 km of the M-1 highway for 10 years into the rutting coefficient in cm. The lines on the graph
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Fig. 15. Forecast of rutting for 10 years
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show a linear trend of increasing rutting, indicating
continuous pavement deterioration over the forecast
period. The fourth lane has the highest level of rutting
and shows the greatest rate of increase, which may
indicate heavy load or wear. All lanes show a steady
increase in rutting over time, indicating a gradual
deterioration of the pavement condition.

The first lane (blue line) starts at about 2.4 cm in
2024 and reaches about 2.6 cm by 2032. The second
lane (orange line) shows growth from 2.45 cm to
just above 2.65 cm over the same period. The third
lane (green line) starts around 2.5 cm and grows
to about 2.75 cm. The fourth lane (red line) has the
highest initial level, about 2.6 cm, and reaches a
level of about 2.85 cm by 2032. The red dashed line
indicates the maximum permissible rutting value of
2.5 cm. The polosa_4 lane, indicated by the red line,
is already exceeding this value by approx. 2025.
Lanes 3 and 1, indicated by the green and blue lines,
respectively, reach the limit value near the end of
the forecast period. Lane 2, indicated by the orange
line, remains below the maximum permissible value
throughout the forecast period, but also shows a
significant increase.

All of the above graphs (Figs. 14—15) emphasize
the need for regular pavement monitoring as
well as maintenance and repair to slow down
the deterioration of the road and ensure safe and
comfortable traffic on the M-1 highway. The fourth
lane could be out of service in 2025. The first and
third lanes expect maintenance in 2029. The second
lane will remain intact for ten years.

Conclusion

The relevance of the work is determined by the
need to develop an effective strategy for the operation
of the road network, ensuring the continuity and safety
oftraffic. The main objective ofthe study wastodevelop
an optimal road network repair strategy considering
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road conditions based on machine learning methods.
As a result of this study, the road owner will receive
detailed and optimal cost schedules for the planned
periods of pavement operation and repair for several
years in advance. In addition, the customer will
be given the opportunity to make a more accurate
calculation of the optimal budget for each stage of
repair, allowing for effective financial planning. It can
be applied by road authorities to develop a variety
of effective solutions that can be easily adapted to
new conditions and parameters and will contribute to
the rational use of resources and minimize subjective
factors in the maintenance planning process. The
study has theoretical significance in the development
of a road infrastructure condition management
strategy model using machine learning methods.
Thanks to more accurate and timely diagnostics of
the technical condition of the road, it is possible to
carry out rehabilitation and repair in advance, which
in turn will reduce the cost of overhauls and extend
the life of the road.

The implemented deep learning model can be
improved, modernized and updated. For instance,
one of the development directions could be the
use of other neural network architectures or the
use of a different type (recurrent or convolutional
networks) (Cha et al., 2017) in order to apply other
approaches and mathematical algorithms in value
prediction tasks (Zari et al., 2015). Besides, this
model has the possibility to be extended by adding
new class and functional components based on
the new assigned tasks and functions in the field
of road transportation. These results and basic
reasoning show the maximum utility of modern
machine learning technologies on real-life examples
in the subject area, which once again indicates the
importance of developing this direction in the IT
sphere in general.
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OUEHKA TPAHCIMOPTHO-3KCIMITYATALMOHHOIO COCTOAHUA
OOPOI' HA OCHOBE A AHHbIX NEPEOBUXHbIX TIABOPATOPUIA
METOOAMU MALLUMHHOIO OBYYEHUA

BukTtopus Lampaesa

®duHaHcoBbIV yHUBepcuTeT npu MNpasuTtensctBe Poccuinckon depepaumu,
125993, JleHnHrpagckmin np-T., 49, Mockea, Poccus

E-mail: VVShamraeva@fa.ru

AHHOTaUuA

BBepgeHue. [lpegMeTom wucCCnenoBaHWs SBNSETCS MNPOrHO3 WHTEHCMBHOCTWU  OBWXKEHUS TPAHCMOPTHbLIX CPEACTB
N COCTOSIHVE JOPOXKHOIO MOKPbITUS HA NIMHENHO NPOTSKEHHOM y4acTke aBTOMOOUNbHOM foporn. B ctaTbe paccmoTpeHa
MOZernb HEWPOHHOW CETW, NOCPEeACTBOM KOTOPOW NPOM3BEAEHa OLeHKa NoTpebuTenbCcKkMx CBOMCTB yvacTka JOPOr U ero
TPaHCMNOPTHO-3KCNIyaTaUMOHHbIX nokasatenen. OObeKToM uccrnefoBaHust siBNsieTcs ydactok goporn M-1 Benapyce,
86-1 kunomeTp 3a BpemeHHoOM npomexyTtok ¢ 2014 no 2023 rogbl. Llenb uccnepoBaHuA: onvcaHue BO3MOXHbIX
OyoyLwmnx cLeHapueB COCTOSIHUS [OPOrM, UCXOAA W3 MpefcKasaHHbIX MokasaTene TPaHCMOPTHOW WHTEHCUMBHOCTU U
METPWK COCTOSIHUS Ka4yecTBa JAOPOrM B pamKax OLEHKM €€ NoTpebnTenbCKkux CBOMCTB C YH4ETOM POBHOCTM MO NOKasaTernto
International Roughness Index (IRI). MeToabl: Data Science (aHanu3 gaHHbIX), COGpaHHbIX C NepeaBUKHbIX TabopaTtopuit,
a Takke anropuTMbl MaLIMHHOIO 00yyYeHust (MUHENHas perpeccusi, rPaAMeHTHbIN BYCTUHT, CryYalHbIA NIeC U HEMPOHHbIE
cetn Ha ocHoBe Long Short-Term Memory (LSTM)). Ha Bbixoge co3gaHa obyyeHHast HEMpPOHHas CeTb, CMocobHas
CNPOrHO3npoBaTb MHTEHCUMBHOCTb TPAHCMOPTHOrO ABWXeHus Ha 86 km goporn M-1 Benapycb. OTM MeToabl MO3BOMSOT
BbISIBUTb CKPbITblE 3aKOHOMEPHOCTU B JaHHbIX U 06ecneynTb BbICOKYH TOYHOCTbH MPOrHo3oB. Pe3ynbraTthl: peanusauus
mMozenu rnybokoro obyyYeHUst Ha NPUMEpPe OLIEHKM COCTOSIHUS NMMHEWHOrO y4yacTka aBTOMOOMINbHOW 4OpOrK Mo3BonuT
pellaTb OCHOBHbIE 3a[la4M codepXXaHust OPOru - ONTUMMU3UPOBATL BPEMSI U CpeacTBa Mpu NraHMpoBaHUM U peanusauum
MEpPONPUATUIA Ha 3Tane aKcnyataumMm oObeKTOB TPAHCMOPTHOWM MHPPACTPYKTYpPbI, Y4UTbIBaTb BO3MOXHbIE PUCKU NOTEPU
Ka4yecTBa COCTOSIHUS IOPOrK Npu €€ OOHOBNEHUN U NPOEKTUPOBAHUN HOBbIX 31EMEHTOB.

KnioueBble crnoBa: TpaHCMoOpTHasi MH(PACTPYKTypa; OMarHOCTMKa aBTOMOOWIbHBLIX A0POr; AedeKTbl; MaluMHHOe
obyyeHue; Data Science; uHopmaumoHHasi Moaernb AOPOry.
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