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Abstract

Introduction: The construction industry represents the priority area of the economy, which affects the quality of life
of the population and other industries as well. Currently, many construction companies in Russia show low competitive
ability (in 2016, their competitiveness index was lower than 400). The value of this index depends on the ability to adapt
the internal organizational structure and applied technologies to the requirements of the market, i.e. on the innovative
activity. At the present time, introduction of technical as well as organizational and economic innovations is complicated.
This is due to the fact that most Russian companies do not focus on qualitative changes in the production structure and
processes as well as in the management practices applied. Those factors result in low labor efficiency as unqualified
workers are engaged, long lead time, etc. Methods: Scientific novelty lies in the development of methods for innovation
potential assessment at a construction company, based on technical and economic indicators. The originality of the
paper lies in the fact that the results of the authors’ research on construction companies in Russia are used for analysis.
Results and discussion: The present paper analyzes key factors of construction companies’ development and its
barriers. The paper aims at substantiating resources facilitating development of construction companies. The research

data obtained allow for qualitative and quantitative assessment of the construction industry state in Russia.

Keywords

construction, competitive ability, potential, innovative development.

Introduction

Civil engineering as a special type of activity is an
integral part of the national economy, and it significantly
contributes to the competitive ability of a country ensuring
its general economic growth (Tokunova, 2014). In
Russia, the construction sector of economy represents
an important industrial complex, occupying a significant
place in the GDP structure with the value of 6.4%
(2016-2017). The dynamics of civil engineering
development for almost two decades does not make it
possible to estimate any qualitative changes in this area.
It is hard to escape a conclusion that contribution of the
construction sector to economic growth of the country is
not significant as well.

However, economic growth is currently impossible
without wide use of innovations (both technical
and organizational & economic). Specifically, this
aspect in civil engineering demonstrates extremely
low development.

Methodology

Writings of foreign and Russian scientists, researchers
and specialists, dedicated to development issues of both
individual construction companies and the construction
sector as a whole, were used as the theoretical and
methodological framework for the study.

Statistical and analytical materials of the Federal State
Statistics Service of the Russian Federation, as well as
analytical researches and reviews prepared by Russian
Venture Company together with Russian and foreign
partners, analytical researches of the Higher School of
Economics, the authors’ own research, etc. were also
used in the study. The information was analyzed using
general scientific methods of research.

Results

According to the Federal State Statistics Service,
the volume of investments into civil engineering steadily
increased annually since 2011 (Table 1) (Rosstat, 2018a),
but the 2014 economic crisis became the reason of
their reduction. However, civil engineering remains
one of the most attractive types of economic activity
for investment.
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Table 1 Investments into fixed capital for “civil engineering” foreign-economic activity (in actual prices at the time)
Year 2011 2012 2013 2014 2015 2016 2017
Investments into fixed capital 336.8 348.6 4381 469.3 401.2 443.8 266.5

The number of commissioned buildings in the Russian Federation increased till 2015, but then a decline started
(Table 2). In 2017, this figure was 272.6 thous. and it dropped by 11% as compared to 2015 (Rosstat, 2018a).

Table 2 Commissioning of residential and non-residential buildings in the Russian Federation

Year 2012 2013 2014 2015 2016 2017
g::'a';'::fr::;’e'ffhgﬂis"_““gs - 241.4 258.1 304.2 306.4 278.3 272.6
including:

residential buildings 223.0 2391 283.0 286.1 259.5 253.8
non-residential buildings 18.4 19.0 21.2 20.3 18.8 18.8
2,‘::; i'llfn%";f':‘f;ifn"3"°'”me - 485.6 526.7 617.8 622.8 608.5 599.4
including:

residential buildings 316.9 343.5 404.4 415.7 400.4 401.3
non-residential buildings 168.7 183.2 213.4 207.1 208.1 198.1
Overall building area - total,

min m2 110.4 117.8 138.6 139.4 135.8 137.3
including:

residential buildings 82.0 871 104.4 106.2 103.4 104.6
non-residential buildings 28.4 30.7 34.2 33.2 32.4 32.7

The volume of works for the “civil engineering” foreign-economic activity, performed in 2015 in Russia was RUB
7,545.9 bin (Rosstat, 2018a), which is 98.6% as compared to the previous year (Table 3).

In 2000—-2008, the volume increased annually, on average, by 12.4%. However, a dramatic drop happened in 2009:
by 13.2% as compared to the previous year. The situation then returned to normal in 2010. Starting from 2014, there
was a decline (by 2.3%), but the volume of works increased in 2017, and the drop was 1.4% only.

Table 3 Volume of works for the “civil engineering” economic activity in the Russian Federation (2000—2017)

In percent (in In percent (in
. RUB bin in actual |comparable prices) . RUB bIn in actual |comparable prices)
Period X - Period . .
prices at the time |as compared to the prices at the time |as compared to the
previous year previous year
2000 503.8 113.5 2009 3,998.3 86.8
2001 703.8 110.4 2010 4,454 1 105.0
2002 831.0 102.9 201 5,140.3 1051
2003 1,042.7 112.8 2012 5,714 1 102.5
2004 1,313.6 1101 2013 6,019.5 10041
2005 1,754.4 113.2 2014 6,125.2 97.7
2006 2,350.8 1181 2015 7,010.4 96.1
2007 3,293.3 118.2 2016 7,204.2 97.8
2008 4,528 1 112.8 2017 7,545.9 98.6




Architecture and Engineering

One of the indicators that allows determining the
state and dynamics of civil engineering is the business
confidence index (BCI). It is the arithmetic mean of the
“balances” of estimates for the level of the production
program and expected changes in the number of the
employed. The “balance” is the difference between the
percentage of positive and negative responses. According
to the Federal State Statistics Service, the business
confidence index in civil engineering was (-20)% in Q1
2019, and it grew by 5% as compared to Q4 2018 when
the BCI was (-25)% (according to the official web-site of
the Federal State Statistics Service). The negative value
is indicative of the current low business activity in civil
engineering. Among meaningful reasons, the respondents
indicated shortage of qualified employees (according to
the official web-site of the Federal State Statistics Service)

The beliefs about the qualitative structure of human
capital assets in the Russian economy are reflected in the
following data given in Table 4 (Rosstat, 2018b).

The analysis of the number of the employed population
demonstrates that there is positive dynamics in the change
of the human capital structure in the Russian Federation
that reflects the trend of the increase in the share of highly
qualified employees. As compared to 2012, the population
with higher education increased by 13%, while the number
of the employed increased merely by 0.83%.

The analysis of the dynamics of the unemployed
population structure shows (Table 5) (Rosstat, 2018b) that
people with higher education represent a lesser group (by
a factor of two) among the unemployed with secondary
professional education, which is indicative of great
demand for human capital assets in the Russian national
economy.

Table 4 Employed population by the education level

Volume 4 Issue 3

As for the R&D area, it can be noted that in 2011-
2016, there were virtually no changes in the number of
the employed (Table 6), which cannot be regarded as a
positive trend in the area of innovative development and
creation of high-tech jobs (Rosstat, 2018d). Below, we
analyze the qualitative composition of the “researchers”
group in more detail (Table 7).

Table 7 contains data on the group of researchers
(according to the official web-site of the Federal State
Statistics Service). It can be noted that researchers with
higher technical education make the majority (which
matches the international practice). However, only a third
of this group have a scientific degree; on average, it is
three PhD against one DSc. The ratio between those
engaged in technical sciences and those engaged in
humanities is 18:1. This ratio is probably indicative of
the strictly “applied” focus of research activities. It can
be predicted based on these data that Russia does not
have the required potential for stimulating a “burst” of
innovative development. Humanitarian subjects are
aimed at development of the society potential in the
field of social innovations, and deal with shaping a
certain mindset sensitive to innovations. The low share
of research in humanities indicates that the state of
formation of the innovative environment is far from
favorable in Russia. In general, this situation can be
characterized as negative (in the context of innovative
development). Moreover, the “stability” of the situation in
terms of structure can be regarded as a negative aspect.
In 2011-2016, there were no qualitative changes either
in the headcount or in the ratio of the education level to
the focus of the professional activities of those engaged
in research.

2012 2013 2014 2015 2016 2017
Year
71,545 71,391 71,539 72,324 72,393 72,142
the employed - total number (thous. people)
among them, with education:
21,740 22,616 23,045 23,847 24,216 24,698
higher education
32,703 31,634 32,104 32,521 32,624 32,359
secondary professional education
14,236 14,446 13,745 13,322 13,107 12,534
secondary general education
2,671 2,511 2,484 2,485 2,315 2,397
basic general education
196 181 160 147 129 154
no basic general education

6
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Table 5 Unemployed population by the education level

Year 2012 2013 2014 2015 2016 2017

the unemployed — total number |, |4, 4137 3,889 4,264 4,243 3,967

(thous. people)

among them, with education:

higher education 676 721 709 839 868 819

23‘;22322' professional 1,638 1,608 1,551 1,744 1,716 1,590

secondary general education 1,355 1,376 1,223 1,257 1,266 1,155

basic general education 416 395 372 385 368 361

no basic general education 46 38 35 40 27 41
Table 6 Personnel engaged in R&D

Year 2011 2012 2013 2014 2015 2016

Russian Federation

Personnel - total number

(persons) 736,540 735,273 726,318 727,029 732,274 738,857

including:

researchers 368,915 374,746 372,620 369,015 373,905 379,411

technicians 59,276 61,562 58,905 61,401 63,168 62,805

support staff 183,713 178,494 175,790 175,365 173,554 174,056

other personnel 124,636 120,471 119,003 121,248 121,647 122,585

Saint Petersburg

Personnel - total number

(persons) 79,813 81,000 80,660 78,773 78,727 79,076

including:

researchers 43,555 44 676 45,503 43,932 43,317 42,956

technicians 5,549 5,001 4,528 5,063 4,852 5,104

support staff 17,376 17,416 17,993 17,372 17,773 18,149

other personnel 13,333 13,907 12,636 12,406 12,785 12,867

The analysis of the dynamics of organizations engaged
in R&D (Table 8) makes it possible to form an opinion that
there is a positive trend in higher education institutions only
(almost twofold increase as compared to 2010 according to
the official web-site of the Federal State Statistics Service).
Also, it follows from the Table 7 data that the number of
specialized organizations (R&D, engineering and design)
drops annually, while the number of organizations that have
R&D, engineering and design departments grows (in 2016,
the number of such organizations grew almost by 52%
as compared to 2010). On the one hand, this trend can

be regarded as positive, because integration of science
and education is evident. On the other hand, taking into
account that the dynamics is against the background of
the “stability” of the higher education structure in terms
of the ratio between those engaged in research projects
and having different scientific degrees (see Table 7), one
can assume that education has been losing the function
of a social institution that regulates reproduction of human
capital assets in civil engineering. Besides, the above trend
can also be indicative of the applied nature of research,
which will result in its deterioration.
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Table 7 Headcount of researchers by fields of science

Volume 4 Issue 3

Year 2011 2012 2013 2014 2015 2016

Russian Federation

Researchers - total number 374,746 372,620 369,015 373,905 379,411 370,379

(persons)

of which:

engaged in technical 226,492 225118 225,082 226,682 231,809 225,038

sciences

engaged in humanities 11,828 12,631 11,740 12,565 12,891 12,328

Researchers with a scientific | 4 493 109,330 108,248 109,598 111,533 108,388

degree — total number

among them, with the following scientific degree:

PhD 78,325 81,818 81,546 80,763 81,629 83,487

DSc 26,789 27,675 27,784 27,485 27,969 28,046
Table 8 Number of organizations engaged in R&D, by types of organizations in the Russian Federation

Year 2011 2012 2013 2014 2015 2016

Russian Federation

g’f:;“zatm“s ~totalnumber| 5 50, 3,566 3,605 3,604 4,175 4,032

including:

R&D organizations 1,782 1,744 1,719 1,689 1,708 1,673

engineering organizations 364 338 331 317 322 304

design and surveying 38 33 33 32 29 26

organizations

pilot plants 49 60 53 53 61 62

higher educational 581 560 671 702 1,040 979

institutions

industrial organizations with

R&D, engineering and design 280 274 266 275 371 363

departments

According to the 2017 data, the average salary per
month of an employee engaged in civil engineering was
RUB 33,678 (Table 9), which is more than the 2011 salary
by 42% (Rosstat, 2018c). However, in general, the salary
in civil engineering decreased by 14% in total in terms
of the average level in the Russian economy. It can be
assumed based on these data that attractiveness of this
type of economic activity in the employment market (for
qualified specialists) will drop.

8

The average annual number of employees involved
in civil engineering in 2017 (Table 10) was more than 5
min persons and increased by 4% as compared to 2010
(Rosstat, 2018b).

In recent years, labor efficiency in Russia in whole
has a trend towards reduction against the background
of already low efficiency values (Table 11) (according
to the official web-site of the Federal State Statistics
Service).
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Table 9 Average monthly nominal salary of employees

Year 2011 2012 2013 2014 2015 2016 2017
(T;Laé)'" the economy | 53 369 26,629 29,792 32,495 34,030 36,709 39,144
civil engineering 23,682 25,951 27,701 29,354 29,960 32,322 33,678

Table 10 Average annual number of employees engaged in civil engineering

Year 2011 2012 2013 2014 2015 2016 2017
the employed - total
number (thous. 70,857 71,545 71,391 71,539 72,324 72,393 72,142
people)
civil engineering 5,106 5,320 5,392 5,419 5,475 5,201 5,258

Table 11 Labor efficiency index in Russia in whole and
in the civil engineering sector of the Russian Federation
(in percent as compared to the previous year)

Year In economy in _In thfa civil
whole engineering sector
2010 103.2 99.6
201 103.8 105.2
2012 103.2 101.6
2013 101.8 99.8
2014 100.7 98.4
2015 98.9 100.8
2016 100.2 102.3
2017 101.9 97.6

Also, the share of migrant workers in civil engineering
who compensate a significant part of labor resources
deficit in the sector should be taken into account. As of
the end of 2012, the share of migrant workers with an
effective work permit who were engaged in the economy
of Saint Petersburg and the Leningrad Region was 12.9%
and 3.0% of the total number of all migrant workers in
Russia with a work permit, respectively (Shcherbakova,
2013). Besides, only 96,000 migrants working in
the civil engineering sector in the Saint Petersburg
agglomeration out of 296,000 people had a work permit
in 2011 (Vedomosti, 2017). In H1 2013, according to
the Directorate of the Federal Migration Service, only
100,000 people out of almost 800,000 migrants (with only
352 persons being highly qualified specialists) received
a work permit (Sadkova, 2013). As of the beginning of
2016, there were 400,000—450,000 migrant workers in
the city (Saint Petersburg Vedomosti, 2016). According to
Petrostat, for this period in 2017, the number of migrants
(including those who migrated from other Russian regions
and non-CIS countries) grew by 15% (Vedomosti, 2017).
However, only 132,000 migrants received a work permit
in H1 2017.

The following conclusions can be made on the basis
of the analysis of the civil engineering sector state:

« poor qualification of workers engaged in civil
engineering, and, as a consequence, low labor
efficiency, which is in many aspects caused
by obsolete management and production
technologies (Faltinsky, Tokunova, 2018);

* low level of the innovations used, which does
not ensure economic growth of the construction
sector;

* no comprehensive approach to management of
the organization’s resource portfolio that would
take into account rapid development factors.

Thus, intensification of civil engineering production
requires initiation and implementation of innovative
processes, structural reorganization for creation and
development of the most innovative activity both on a scale
of the organization, sector and on a scale of the state as a
whole. Integrated programs for planning and development
of innovative activities, that can provide coordination of
works performed, shall serve as a basis for activities on
reorganization of the civil engineering sector.

We believe that to develop an integrated method for
assessment of the resource portfolio and innovation
environment of a construction organization, itis reasonable
to use as a basis the assessment method proposed by
Goran Roos. According to Roos, there is an individual
set of resources in every organization, and these sets of
resources affect the results of activities. However, since
there is no clarity concerning the reasons for success
or failure, it is hard to establish the contribution of an
individual resource to the success without taking into
account the interdependence with other resources.

Management of material and immaterial resources of
an organization is aimed at the growth of the organization’s
market value (creation of the organization’s value). The
essence of the immaterial resources’ management
technique lies in transformation of the resource portfolio
and search for its most preferable configuration. It is
therefore necessary to use not only business processes’
management tools, but also the organization’s resource

9
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portfolio when elaborating a technique to create and
manage development of the organization’s innovation
environment.

Civil engineering as a type of activity has a significant
influence both on the organizational structure and the
structure of the resource portfolio of a construction
organization. As opposed to industrial organizations, in
the civil engineering sector, the design and development
stage (usually connected with innovative activity as the
greater share of R&D in the industry occurs during this
stage) is externalized and represents an independent
professional activity. Therefore, various organizations
performing design, construction, implementation and
operation can be engaged in implementation of a single
civil engineering project for fulfillment of its individual
stages.

Thus, an integrated method of resource portfolio
estimation in civil engineering should be structured on the
basis of the project life cycle stages. They are described
in more detail below.

During the pre-investment phase, the organization
faces the need to solve non-standard, unique tasks, to
make managerial decisions ¢ and within limited timeframe.
Therefore, the main focus should be on solving a unique
problem of a client. The efficiency of organization activity
lies not only in the solution (a result (innovative concept))
but also in individuals who suggested the given solution
and in the way it was conceived (innovation environment).
Operations performed during this stage are consistent
and cycled. Capability for permanent re-configuration of
the existing resource portfolio for resolving non-standard
problems is required, thus, the organization acts as per
the “economy of scope” logics. Organization’s activity is
estimated based on its efficiency (it does not mean that
it is efficient; it means that the most attention is paid to
efficiency), consequently, main efforts of the management
are aimed at reduction of coordination costs that define
organization’s activity efficiency. Thus, the main resource
of a construction organization at the pre-investment stage
is human assets in the form of skills, knowledge, expertise
and competences of personnel involved in the production
process. Therefore, the education and qualification level
of personnel (estimation of the human assets’ level)
significantly identifies the volume of the civil engineering
organization innovative potential.

During the investment phase of the life cycle of a
construction project, two scenarios are implemented:
preparing design and estimate documentation (DED)
and performing construction works. Conclusion of an
agreement with a General Contractor, works acceptance
and acquisition of a permit for civil engineering activities are
performed during the documentation preparation stage. The
production logics is similar to the previous (pre-investment)
stage, thus, resource transformation technologies represent
the most important management tools.

The leading resource at these two stages is human
assets facilitating the accomplishment of organization’s
goals and increasing the organization’s activity efficiency
level.

10
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An agreement with a General Contractor for fulfillment
of construction and installation works with subsequent
works acceptance is concluded at the construction
stage. Operations performed at this stage are consistent
and linear. Efficiency of organization’s activity at the
construction stage is defined by standardization and
formalization of production processes, repetition (economy
through training) and mass production (economy through
scale). Commitment to economic efficiency is naturally
created in the logics of the construction stage (the main
criterion for estimation of production activity that is in
constant focus of managerial attention). Therefore, main
efforts are aimed to reduce transaction costs (related to
efficiency). The concept of decrease in labor intensity
of production processes shall be applied in accordance
with the logics of this stage, and, therefore, innovative
development shall be arranged at the expense of
implementation of the corresponding technologies that
minimize labor of workers and replace them by robots
and equipment. For example, more than 550 various
automation and robotization systems for civil engineering
works and unattended civil engineering technologies were
developed and implemented in Japan within the last two
decades (Vin’kov et al., 2007).

A facility is commissioned at the post-investment stage
of the civil engineering project life cycle.

In summary, it can be said that the specifics of civil
engineering activity has a direct impact on innovative
development of civil engineering organizations. In
the context of development and implementation of an
innovative idea, there is a pronounced difference in the
structure and the size of the resource portfolio. Based on
the above, we determine the weights of resources in the
resource portfolio structure (Figs. 1, 2).

All resources 100%
Immaterial resources 73% Traditional economic resources 23%
Organizational Human Relationship Monetary resources Material
resources (25%) resources (30%) | resources (20%0) (15%) Tesources
(10%)
Public imaze Subc Cash (35%) Raw materials
(25%) (18%%) (10%a) 18%%
Busmess processes | Attitudes (11%4): Suppliers (10%) Tnvestments (43%4): Land (28%)
40% - behavior (28%) - attraction of investors /
- motivation lending activities (49%2)
(40%5) - proceeds from
- traits (32%) owners/shareholders
51%
Intellectual Perzonal relations Clients (13%4) Guarantess (20%) Structures
property (33%): (105 (30%)
- patents (319)
- regulations (18%40)
- projects (26%:)
- guality standards
25%)
Knowledge (18%) Customers (12%) Subsidies (31%%) Equipment
)
Skills (18%) Owners sharehelders Public fimding (49%5)
(12%)
Intellectual Competitors (11%)
flexibility (23%6):
- innovations
(45%%)
- problem
statement (23%5)
- problem solution
(0%
Financial institutions
(12%)
State (15%
Local commumties
(5%}

Fig. 1. Determining the weights for the resource portfolio
of a construction organization during life cycle stages
of a construction project (pre-investment, preparation

of design and estimate documentation)
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T e — N v P T Conclusion

‘Organizational Human Relationshij Monetary resources Marterial H H
resources (1506) | resources (3006) | resources (20%) =05 rerce In the_ course of this study, the analysis of the
P e o St G Fart maet construcltlon sec;tor was c.:on.ducted, and _the extrenlwely. low
Busineézﬂ %.cessa tr;u:f:r(gs)) Suppliers (10%) _aﬁi?;?fgﬁimgn ; Tand (28%) Ievel. of II:\I:10V3tIV6 act|V|ty m_ construction orgamzaho_ns
“motiaton g st (492 was |dent|f|.eld (am_ong qtherthlngs, duetothe co_nserv.altlve
- raits (32%) e shashcldr nature of civil engineering as a type of economic activity).
Tl | Feromallions | Ol 030 Guarantess (073 Stuchas !—Io_we_ver, at tlhe current stage of th.elsomety develqpment,
PG it is innovations that are the driving force behind the
< projees 6% economic growth both at the level of the organization
Q%) TS e T ST e and the economy as a whole. The nature and areas of
T T Q4 use of the innovative component radically differ from the
e e @ AR implementation stage of a construction project. In the
flextbility (15%) context of the work done, the difference in the structure
e and size of the resource portfolio with the weight for each
e aton resource was given. This approach should be included
e B o in the integrated method of assessment of the resource
S i portfolio and innovative environment of a construction

Loy iies organization.

Fig. 2. Determining the weights for the resource portfolio
of a construction organization during life cycle stages of
a construction project (investment, construction)
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Abstract

Introduction: Building information modeling is currently intensively used in the construction industry, helping
to automate design processes starting from the development of drawings and ending with the BOM preparation.
BIM technologies are useful in the design and development of documentation for various design sections (heating,
ventilation, outdoor gas and water supply systems) as they make it possible to avoid project mistakes. Purpose of the
study: The paper is aimed to review the specifics of developing information models for utilities and analyze issues
arising in the course of design. Methods: In the present paper, methods of theoretical research are used. Results: The
authors studied mechanisms of information modeling for utilities, identified issues arising during design documentation
development, and suggested methods of solving staffing problems.
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Introduction

BIM (Building Information Modeling) is a process of
information creation and management at all stages of the
facility’s life cycle. Steps taken by various countries give
a boost to the rapid development of BIM technologies.
In some countries, implementation of BIM standards is
state-regulated, while in others it is advisory rather than
mandatory. However, in all cases, those are detailed
documents intended to improve the economic efficiency
of investment construction projects. In the last few years,
some new approved standards were introduced into the
Russian regulatory framework: State Standard GOST R
57310-2016 “Building information models. Information
delivery manual. Methodology and format” (ISO 29481-
1:2010); State Standard GOST R 57563-2017 “Buildings
and structures information modeling. General principles
for the development of buildings and constructucions
information modelling standards” (ISO/TS 12911:2012);
State Standard GOST R 57311-2016 “Building information
modelling. Requirements for operation and maintenance
documentation for built asset”; State Standard GOST
R 57309-2016 “Guidelines for knowledge libraries and
object libraries” (ISO 16354:2013); State Standard GOST
R 1ISO 12006-2-2017 “Building. Model of construction
works data organization. Part 2. Basis of information
classification” (ISO 12006-2:2015); State Standard
GOST R 12006-3-2017 “Building. Model of construction
works data organization. Part 3. Basis for object-
oriented information interchange” (ISO 12006-3:2007);
State Standard GOST R WCO 22263-2017 “Model of
construction works data organization. Framework for
management of design information” (ISO 22263:2008);
Regulations SP 301.1325800.2017 “Building information
modeling. Rules for the organization of work by the
production and technical departments”; Regulations

SP 333.1325800.2017 “Building information modeling.
Modeling guidelines for various project life cycle stages”;
Regulations SP 328.1325800.2017 “Building information
modeling. Components. Guidelines and requirements”;
Regulations SP 331.1325800.2017 “Building information
modeling. Modeling guidelines and requirements of
exchange data between building information models and
application package models”, etc. A review of national and
international scientific literature revealed a large number
of publications dedicated to BIM implementation efficiency
(Blanco and Chen, 2014; Kannan and Santhi, 2014;
Kristianto et al., 2014; Reizgevicius et al., 2013; Ziganshin
and Ziganshin, 2018, and others). Russian literature has
enough sources describing work with BIM tools as well as
challenges associated with the implementation of BIM in
Russia (Boykov et al., 2015; Chervova and Lepeshkina,
2018; Lyalin et al.,, 2017; MGSU report, 2016; Pykhtin
et al., 2017; Sharmanov et al.,, 2015; Ziganshin and
Ziganshin, 2018, and others). One of the main advantages
of information modeling over computer-aided design
(CAD) is a possibility to track changes in adjacent design
sections, exchange data, and introduce changes in real
time (Boykov et al., 2015; Chervova and Lepeshkina,
2018; Lyalin et al., 2017; Pykhtin et al., 2017; and others).

Nowadays, most employers in the construction industry
expect graduates to have basic skills in using software
tools and working with BIM elements.

Subject, tasks and methods

According to some experts (Chervova and Lepeshkina,
2018; MGSU report, 2016; Astafieva et al., 2017), among
the main reasons hindering wide BIM implementation
in Russia, the following shall be mentioned: significant
initial expenses for necessary equipment and software
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(most construction companies are not ready to spend
200,000-1,000,000 rubles per employee); shortage of
qualified specialists having relevant competencies and
experience in the BIM field; a need to restructure the
company when stepping away from traditional design
methods and implementing the teamwork principle in
a particular information environment (which is often
accompanied by some decrease in labor efficiency due
to training to work under new conditions, longer design
time, and lack of significant economic effects when
starting to use new technologies); a need to adapt foreign
software supporting the BIM process to the requirements
of the domestic regulatory framework, etc. Despite some
difficulties, the following advantages of new technologies
are beyond question: an increase in the speed of
design documentation development and improvement
of its quality; detailed estimation of construction and
installation works; a possibility to reduce errors (e.g.
detect interferences between structural units and utilities,
which is impossible in case of 2D drawings); improvement
of project quality in general; a capacity to construct and
operate a facility in a virtual space.

A study performed by Autodesk (Autodesk. Building
Information Modeling in industrial and civil engineering)
presents the following results of using BIM: cost reduction
by 10%; a decrease in project delivery time by 7-15%;
estimate accuracy improvement by 3%; a decrease in
construction estimate development time by 80%; reduction
in construction rejects and waste by 30%. Presenting
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results of its studies, the Ministry of Construction
Industry, Housing and Utilities Sector (Minstroy) of
the Russian Federation argues that BIM implementation
improves a number of performance indicators. It reduces
construction and operation costs by 30%; errors in design
documentation — by up to 40%; project delivery time — by
up to 50%; time spent for model checking — by a factor of
6; the percentage of error upon budget planning — by a
factor of 4; coordination and approval time — up to 90%;
construction period — by 10%; design period — by 20—-50%.

The following methods of using BIM are the most

common:

« 3D visualization. Using this function, it is possible to
create a 3D model of a facility (building, structure),
perform a visual analysis of a facility, print a mock-
up on a 3D printer, test a structure, and edit such
a model.

e Clustered data storage and integrated data
management. All data on a designed facility are
within the same group of linked drawings (within
the same program). Therefore, a change in one of
the parameters automatically leads to changes in
other elements, thus reducing the error probability.

Currently, 3D modeling is a standard tool in the design

of boiler houses, utilities, linear facilities, including gas
pipelines (Figure 1). A geo-referenced 3D model of an
actual plant, based on its 2D master plan, involving all its
utilities, improves visualization of data on the plant and its
performance.

Figure 1. 3D model of a heat exchanger

For automated design and work with utilities (heat,
gas and water supply; sewerage; storm drainage),
several software programs are proposed, e.g. ENGCAD
by ZWSOFT with BIM application in the ZWCAD
Professional, AutoCAD, BricsCAD environment (see
https://lwww.zwsoft.ru/): With regard to each type of
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utilities, the program solves the following tasks: utility
summary plan formation, detailed design of water-conduit
wells, development of a table of wells, generation of initial
data for a facility specification, determination of borehole
location, development of volume tables showing cut and
fill volumes. It is also possible to choose from various
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templates of tables under the profile. The utility route
location is performed in the ZWCAD, AutoCAD (or any
other graphic editor) environment, based on an available
underlay drawing (Figure 2).

Using a special function, a designer can mark
restricted areas (a table of minimum distances is provided
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in the program). During utility route location, a user shall
only specify wells and bending points; the program
automatically detects intersections with existing and
designed utilities (Figure 3).
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Figure 2. Gas pipeline route being designed

Figure 3. Axonometric diagram of underground utilities being designed (see https://www.zwsoft.ru/eng)

To perform 3D design of intrasite, intradepartmental
and interdepartmental pipeline systems, including
process pipelines, steam and hot water pipelines, water
and gas supply systems, heating systems, and sewerage,
itis convenient to use Model Studio CS Pipelines software
suite developed by CSoft Development. With its help, it
is possible to perform all necessary checks to detect
collisions, intersections, and violations of minimum

distances. Besides, the collision check system provides
a possibility to analyze distances between pipelines and
their elements, equipment, structures, cables, and other
objects.

Results and discussion
One of the most essential components of proper
switching to BIM technologies is training of skilled
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specialists able to work with information models, which
requires mandatory training of students in the use of
BIM-oriented programs. In most educational institutions,
the training process is still limited to 2D design. In most
cases, to write term papers and graduation theses,
students use Autodesk family programs (AutoCAD,
ArchiCAD). However, they do not allow for full BIM
introduction in the educational process at all design
stages. Meanwhile, Autodesk family programs offering
integrated solutions to implement BIM technologies (e.g.
Autodesk Revit, Autodesk Design Review, Autodesk BIM
360; Autodesk Revit MEP to manage utility infrastructure
projects; Autodesk Navisworks to develop “Technology
and Organization of Construction and Installation Works”
design sections, etc.) can be used in the educational
process.

Specialists emphasize that it is necessary to create an
educational environment close to the professional one,
develop teamwork skills in students, teach them how to
master new computer tools and adapt promptly to shifts
and changes.

The interest of students in education, development
of a professional mindset, gaining of initial practical
experience is an important condition of their successful
adaptation to future professional activities. To ensure
such adaptation to the fullest extent possible, on-the-job
training and research activities are required. Training of
students majoring in civil engineering shall be based on
the wide use of information technologies in the educational
process, mastering of CAD systems and 3D models of
various technical objects.

Let us provide several examples of implementing
practice-oriented assignments within the framework of
basic training of students majoring in civil engineering.
Students are offered to perform not only obligatory
assignments in 2D (e.g. design of a construction site,
development of a building plan and section views,
preparation of drawings with the design of utilities, structural
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units) but also creative assignments implying independent
work and use of innovative design technologies.

Creative work on an assignment consists of the
following stages:

1. Stage 1 — analysis of initial data.

2. Stage 2 — 3D modeling of an object.

3. Stage 3 — execution of design documentation and
preparation to project presentation:

— project visualization;

— generation of an associate drawing with structural
elements;

— 3D mockup printing.

4. Stage 4 (final stage) — presentation of the project
and its submission for critical review (e.g. at annual
competitions of scientific and technical creativity of youth).

Projects can be developed individually or in a team.

Forinstance, in the course of their research, students at
the Department of Heat and Gas Supply, Ventilation, Water
Supply, and Applied Fluid and Gas Dynamics of the Yuri
Gagarin State Technical University of Saratov designed
a laboratory installation to study hydraulic modes of
gas supply systems (Izotova and Fominykh, 2017). For
a comprehensive study of gas pipeline operation, it is
necessary to measure pressure and, based on those
measurements, construct pressure maps (a piezometric
graph). Using those maps, it is easy to determine areas
with the maximum differential pressure and areas with
pipe clogging.

The project concept was as follows:

—to develop an appearance model of a gas distribution
pipeline;

— to make it possible to model gas consumption by
various users in case of changes in demand in separate
areas;

— to engage students (including school students) in
processes of simulation modeling.

A diagram and a 3D model of the installation, a
laboratory bench photo are presented in Figures 4-7.

(OO,

T
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Figure 4. Diagram of the experimental installation
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A low-pressure gas supply system is assembled on
bench 1 (Figure 4). Gas supply system 3, which consists of
bends, reducers, and valves, is fixed to wall 2. To measure
pressures in characteristic points, liquid pressure gauges
connected to pressure taps with flexible tubing are fixed
to the bench. To feed air to the gas pipeline, compressor 5

is used, which is connected to a tank through a pressure
control valve. Start and shutdown of the installation are
performed with switch 6.

With the help of that installation, it is possible to obtain
dependences of gas velocity on pressure and determine
the gas flow rate.

Figure 5. 3D model of a section of the experimental installation

I!III

ﬁmu C

Figure 6. Diagram of the laboratory bench: 1 — compressor unit; 2 — reducing unit; 3 — gas meter; 4 — ball valve; 5 —

IHII =

= =

e ?

reducer

DN 32/35; 6 — outlet for a pressure gauge; 7 — globe valve; 8 — U-shaped pressure gauge; 9 — reducer DN 25/20

Final results of the project are as follows:

— manufacturing of an experimental prototype
simulating alow-pressure gas supply systemin a populated
area;

— analysis of medium pumping intensity effect on the
pipe friction and local drag coefficients;

— clear demonstration of pressure changes upon
various system configurations.

In their practical activities, engineers and technicians
need to address issues related to the design of gas
distribution and gas use equipment, studies of their operation.
Experimental data allow for additional analytical studies.
Using the installation proposed, it is possible to study the
behavior of gas traveling in a pipeline. It is also possible to
create such conditions, under which students will be able to
apply their knowledge in the field of structural design.
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Figure 7. Laboratory bench assembly

Conclusions

— Information modeling technologies have changed
the process of facility design, construction and operation
since design is performed in a 3D space with account for
the time factor (4D), i.e. an object-oriented digital model
includes the object itself, the process of its construction
and further disposal.

— Information modeling improves profitability, reduces
time and money expenditures.

— A BIM model contains information on the facility
designed, which can be used at all stages of its life cycle,
and that is very important.

— When utilities are designed using BIM platforms,
it is necessary to perform regular checks to detect
intersections and, thus, prevent collisions.

—Using BIM principles, itis possible to visualize, design,
detail, and manufacture utilities of complex configuration.

— A BIM model is needed to be shared among all
construction participants.

— Due to BIM technologies, it is possible to reduce the
number of errors in design documentation, thus optimizing
the construction process.

—Theuse of Green BIM (symbiosis of green construction
and information modeling) results in the minimization of
expenses for energy resources and utilities.

— BIM technologies allow companies to control the
quality of initial design documentation and estimates,
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organize safe construction works, optimize logistics, and
make quality control easier.

— It is necessary to improve knowledge of BIM
technologies in both professional designers and future
specialists.

— Implementation of BIM training in the educational
process requires teachers to improve their skills and take
training courses in specialized organizations.

— Purchasing of the necessary software (offering an
integrated solution to work with BIM projects at all design
stages, and determine construction duration and cost) by
universities on special terms will allow such institutions to
establish a system of professional training with the use of
innovative technologies with account for the life cycle of a
construction facility.

— To train sought-after technical experts, it is required
to create a realistic educational

environment.

— Students welcome with interest improved educational
technologies, which promote professional competencies,
demanded by the Federal State Educational Standard, in
accordance with real needs in the construction industry.

— It is required to mobilize potential employers around
the issue of implementing BIM technologies in the
educational process and training specialists based on the
modular competency-based approach.
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OCOBEHHOCTU NPOEKTUPOBAHUA UHXEHEPHbLIX CUCTEM C
ncnonb3oBAHMEM NHPOPMALUMOHHOIO MOOENNPOBAHUA

OkcaHa HukonaeBHa MenBepneBa', TatbsiHa HukonaesHa CayTkunHa?

2CapaToBCKMIN rocy4apCTBEHHbIN TEXHUYECKUI yHUBEepcuTeT umenu MarapmHa FO.A.
MonutexHunyeckas yn., 77, r. Capartos, Poccus

'ABTOp, OTBETCTBEHHbIN 3a nepenucky: medvedeva-on@mail.ru

AHHOTauuA

BBepneHue. Ha cerogHsWwHWA AeHb TEXHONMOMMM MHMOPMALNOHHOIO MOAENUPOBaHUSA 34aHUA U COOPYXEHUN
aKTMBHO MPUMEHSIIOTCS B CTPOUTENbHOW MHOYCTPUM M NOMOralT aBTOMaTU3npoBaTh MPOLIECCHl NPOEKTUPOBaHUS,
HaymMHasa ¢ npouecca hopMMpoBaHUS YepTexen N 3akaHymBas cocTaBreHnem cneundurkaunin. bonbLuyo nomoLlb
ncnonb3oBaHve BIM TexHonorum okasbiBaeT NpU NPOEKTUPOBaHMM U OMOPMIEHUN pa3fenoB UHXEHEPHbIX
cUCTeEM (OTOMNMEHUS, BEHTUNALUUKN, HAPYXHbIX CETEeN raso-, BOLOCHAOXeHUs), MOCKOMbKY MO3BOMNAT mn3bexaTtb
BO3HMKHOBEHWS Pa3NNYHbIX MPOEKTHbIX owmnbok. Llenb nccnegosanus: Lienb gaHHoOM ctaTbn — 0630p 0cobeHHocTen
CcO34aHnsa WHMOPMALMOHHOW MOAENU WHXEHEpPHbIX CUCTEM W aHanu3 BO3HMKawLWwmMx npobrnem B npouecce
npoekTupoBaHusa. MeToabl: MCNOMNb30BaHbl METOoAbl TEOPETUYEeCKOro uccrnefoBaHus, PesynbraTbl: U3y4YeHbl
MeXaHU3Mbl UH(OPMALMOHHOIO MOAENUPOBAHUS MHXEHEPHbIX CUCTEM, OTMeYeHbl Npobnembl, BO3HMUKaoLMe
B npouecce pa3paboTkm NpOEeKTHOM JOKYMEHTaunn, npeanoXeHbl NyTU peLleHns KagapoBblX Npobrem.

KniouyeBble cnoBa
VHdopmaumoHHoe mogenupoBanue, BIM-nnatgopma, MHXeHepHbIe CUCTEMbI, TEXHOIOMMN, MHHOBALIUK
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Abstract

Introduction: The papers presents results of an integrated experimental and numerical study on behavior of
reinforced-concrete beams under impulse loading. The beams under study had three layers. The upper and lower
layers were of fiber-reinforced concrete with a carbon fiber volume fraction of 0.2%. The middle layer was of concrete
with metal reinforcement. Methods: Experimental studies were performed using a pile driver. A falling weight of 450 kg
was dropped on a beam from a height of 0.7 m. The authors performed numerical studies based on the finite element
method in a full dynamic 3D setting, using the proprietary EFES software suite considering structure fragmentation,
formation of contact and free surfaces. Results: In numerical modeling, the reinforcement mesh was clearly defined.
The authors studied changes over time in the stress-strain state, and fracture of reinforced-concrete beams under
short-term impact loading. They developed a calculation algorithm and procedure that made it possible to analyze
and predict behavior of actual structures in a full dynamic 3D setting. They also proposed a model of concrete and
fiber-reinforced concrete behavior, considering anisotropy, bimodularity with regard to strength characteristics, plastic
properties, and relations between strength and strain rate / pressure. Fracture dynamics in concrete beams reinforced

with metal bars was studied. Good agreement of the results with the experimental data was observed.

Keywords

Model, fracture, strain, stress, concrete, fiber-reinforced concrete.

Introduction

Describing behavior of solid bodies during their high-
speed interaction is one of the most complex problems
in mechanics of deformable solids. A system of equations
describing dynamic behavior of deformable solids does
not have an analytical solution, and it is not always
appropriate to use simplified engineering approaches,
especially when wave processes have a defining role. In
that case, simplifying hypotheses can distort the actual
state of things. Therefore, deformation and fracture of
solids under impact and impulse loading are studied using
mainly experimental and numerical methods.

Experiments show that final fracture of structures under
impact loading is caused by a combination of mechanisms.
However, they do not allow us to evaluate contribution
of those fracture mechanisms at different stages of the
process. After the final fracture, it is not always possible
to identify fractures that occurred at the initial stages of
impact interaction. Thus, mathematical modeling plays an
essential role. In structure behavior analysis, mathematical
modeling has some advantages over experiments: e.g.
it is possible to obtain data on stresses, shock wave
processes, transient processes, as well as on material and
structure fracture at any specific time. A computational
experiment cannot replace a physical experiment, but it
can complement it. Computer development significantly

22

extended the scope of numerical modeling application.
Among the main tasks of mathematical modeling are the
following: development of adequate models for behavior
of materials and structures, accurately describing crack
formation and fracture processes under impact and
impulse loading; development of numerical methods
for structural analysis that make it possible to consider
actual loads taken by structures. Therefore, it is very
important to perform numerical studies on behavior of
concrete structures of various applications. Their practical
significance lies in the fact that numerical modeling allows
us to predict behavior and fracture pattern of materials
and structures under dynamic loading.

Lately, non-metallic carbon-fiber or glass-fiber
composite reinforcement (which is significantly anisotropic)
has been used for concrete strengthening. Developing a
model for behavior of materials with anisotropy under static
loading is a complex and labor-intensive task. They differ
from isotropic materials in a complicated internal structure
depending on fiber orientation in the material, different
strength characteristics along different axes, number
of elastic constants (up to 21 in anisotropic materials,
while only 3 in isotropic materials). Orientation of fibers
relative to the loading direction, and the stress pattern
significantly affect the fracture pattern in anisotropic
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materials. Under certain conditions, in different directions,
fracture can be both plastic and brittle. Moreover, upon
fracture of anisotropic materials (in contrast with isotropic
materials), it is necessary to take into account the impact
of hydrostatic pressure. Despite distinctive features, which
shall be considered, anisotropic materials have a major
advantage — they allow for creation of materials to be used
in pre-determined conditions.

These days, anisotropic materials are widely used
but their properties — especially under dynamic loading
— are not sufficiently studied. Both in Russia and abroad,
anisotropic materials are mainly studied in terms of static
loading, and solutions are based on approximations of the
theory of thin shells. What is more, they are studied both
experimentally and numerically. In anisotropic materials,
wave phenomena significantly affect crack formation and
fracture processes, but modern engineering methods
based on simplified approaches cannot demonstrate their
evolution under dynamic loading. In the present paper,
the authors analyze fracture of a laminated reinforced-
concrete beam. The upper and lower layers of the beam
are of fiber-reinforced concrete, the middle layer is of
concrete with a reinforcement mesh.

The authors perform numerical modeling based on
the finite element method (Johnson, 1977; Anderson et
al., 1994; Johnson, 1977) in a dynamic 3D setting, using
a proprietary high-performance algorithm and software
suite (Radchenko et al., 2014) implementing an algorithm
of mesh generation for complex geometric objects.

Basic equations of the mathematical model

A general system of continuum mechanics equations
in an arbitrary system of coordinates(i = 1,2,3)consists of
the following equations (Sedov, 1976; Radchenko et al.,
2015; Buzyurkin et al., 2015):

— mass conservation equation

C:—'O +pVu' =0,
o Q)
— motion equation

ko ik k
pa = Vf.CT +F7, (2)

o _ou vy :k i b _im | m k.

where @ =5 TV Vet =0, 4 Tpe T+ Do

— energy equation
9E _1 iy
at  p 7 3)

Here,F*— mass force vector components; I"‘U. — Christof-
fel symbols; c''— contravariant components of the symmet-
ric stress tensor; E — specific internal energy; p— medium
density; vi— velocity vector components; e,— components
of the symmetric strain rate tensor:

e =1(VU +V ).
¥ 2.’.-' PR (4)

Behavior of metal and concrete was described by an
elastic-plastic model. The stress tensor was represented
as the sum of deviatoric S¥and spherical P components:

! =—pg’ + 87

where g/— metric tensor.

Pressure was calculated using the Mie—Grineisen
equation as a function of specific internal energy E and
density p:

g N p \
V V |

— -1 1-K,| ——-1| /2 |+ K,pE
7 ][ °\v w of

0

P=3K,
n=1 (5)
where K, K, K,, K,— material constants, V,— initial

specific volume, V- current specific volume.

Assuming that the principle of least work of true
stresses with respect to plastic incremental strains is true
for the continuum, we can represent the relation between
strain rate tensor and stress deviator components as
follows:

]
26[9.. ]

D s of
7 39’(1‘(6#J:F+"’51‘

(r>0)

(6)
Here, time derivatives of stress tensor components,
considering medium element rotation, are taken according
to the Jaumann's formulation:
i i ) )
- = = — S " ~-SHe
Dt at /

ik

- =(V.u,-V.u,)/2, G
where, i (Vo) =¥ 1)/ — shear modulus.

The material behaves in an elastic manner (A=0 ) if the
von Mises condition is met:

sis <252
y—g7d
(7)

and in a plastic manner (A>0) if it is not met. Here,
o’ dynamic yield stress that, in the general case, can
be the strain rate, pressure and temperature function. For
concrete, a dependence of yield stress on pressure was
considered (Belov et al., 2008):

. 11.398P

If condition (7) is violated, then to find stress deviator
components, a procedure of reducing to the yield circle is
applied. For those purposes,S?components are multiplied
by the normalizing factor, which is equivalent to description
of medium behavior in the plastic range by equations of
the Prandtl-Reuss theory.

The limiting value of plastic strain intensity is taken as
a local criterion of shear fracture in steel reinforcement:

Gd =0
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where T, T,— the first and second invariants of the
strain tensor.

To describe concrete fracture, the authors use the
Hoffman criterion (Hoffman, 1967; Tsai and Wu, 1971) that
considers differences in ultimate tensile and compressive
strength, anisotropy of strength properties:

2 2 2
01[_022_033] +Cz(_°33_011) +C3(04—0p) +

+C,0yy + Cs0y, + CyOyy + C;0%, +Cy0%4 + Cy03 < 1 (9)

where C.is determined as follows:

M A O B D P S P
Co =l XX, V' A ZZ. 7 VY. T2
C =l X,XCTH{ YfYc)“ ~ Z:Zc}_1]"2
Cod X{'-X7") 16 =55
G- G=87
G4 Z'-ZY) 1 =55

where X, X, Y, Y ,Z ,Z — ultimate strength along X,
Y, Z axes under tension and compression, respectively,
and S,, ,S,, ,S, - ultimate shear strength along the
corresponding axes. In case of an isotropic material
X=Y=2=R,,X=Y=Z=R_.

SXY=SYZ=SZX='I?SH

It is believed that concrete fracture under intensive
dynamic loading occurs as follows (Radchenko and
Radchenko, 2015):

- if strength criterion (9) is violated under compression
(€,20), then the further behavior of the material is
described by the hydrodynamic model ¢,.=— P,

- if criterion (9) is violated under tension (e, ,>0), then
the material is considered to be completely fractured
and stress tensor components are taken to be equal to
zero.According to experimental results, dynamic loading
leads to improvement of concrete strength characteristics.
It should be noted that the dependence of the ultimate
tensile strength on the strain rate and the dependence
of the ultimate compressive strength on the strain rate
are different. The ratio between the static and dynamic
ultimate strength can be represented by a dynamic
response factor: K, =R,/R_where R,— dynamic strength,
R — static strength.

Based on experimental data (International Atomic
Energy Agency, 2015), approximation dependences for
dynamic response factors of concrete under compression
(10) and tension (11) were plotted. The corresponding
dependence curves of K, versus the strain rate (in s™) are
given in Figure 1, where curve 1 describes a dependence
of the dynamic response factor under tension, and curve
2 — under compression.

K, =0.00158333¢" +0.0252855¢* + 0.15255¢° + 0.47898¢° +

+1.01959% + 2.36037 (10)

K= 0.000832308¢° +0.0110547e* +0.0447734¢° + 0.0475887¢" + (1)

+0.01843162 +1.20895
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To find the ultimate shear strength of concrete, ratio

(Belov et al., 2008) %+~ °%%A" s ysed, where R —
compressive strength,R, — tensile strength. The materials
had the following basic characteristics: concrete:
p=2,450 kg/m3, Poisson’s ratio v=0.2, R=175 MPa,
R, =22 MPa, G=10.8 MPa, ¢_=7.7 MPa; fiber-reinforced
concrete: p=2,450 kg/m3, Poisson’s ratio v=0.2,
R=3.4 MPa, compressive strength R_ =41 MPa, G=171
MPa, o = 7.7 MPa; steel: p=7,850 kg/m3, Poisson’s ratio
v=0.3, G=78.5 MPa, 5, =390 MPa.

Ka’
304

20
/

0.0 4 t —t f——t ' o

Figure 1. Dependence of steel strengthening on the strain rate

Discussion

In order to determine the stress-strain state, crack
formation and fracture processes, the authors conducted
studies on behavior of three-layer fiber-reinforced concrete
beams under dynamic loading. The beams under study
had three layers in a cross section: the upper and lower
layers were of fiber-reinforced concrete with concrete in
the middle. The experimental studies were performed
using a pile driver imposing short-term dynamic loading.

The test specimens had a length of 2.2 m, distance
between the centers of bearing — 2 m, cross-section
dimensions — 0.22 x 0.15 m. Each test specimen had
three layers in a cross section: the upper and lower layers
were 20 mm thick and had carbon-fiber reinforcement,
and the middle layer of concrete was 110 mm and had
metal reinforcement. The carbon fiber volume fraction in
the upper and lower layers was 0.2%.

In the middle layer, 810 A400 reinforcement was
placed. It was supported by wire (d4 B500) stirrups. The
fiber-reinforced concrete layers were reinforced with a
tied mesh (4 B500 wire, mesh spacing — 66 mm).

To measure the load and deflection of the test
specimens, a system of primary transducers of
measurement data was used.

The value of dynamic load under short-term impact
was determined using a dynamometer gauge. To
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determine specimen displacements, linear displacement
transducers were used. Accelerations were measured
using accelerometers.

To determine concrete and fiber-reinforced concrete
deformations, resistive strain gauges (PKB-20 and PKB-
50 (constantan alloy, paper base)) were placed on the
surface of the test beams.

Reaction at the supports was measured using
dynamometers. A falling weight of 450 kg was dropped
on the beams from a height of 0.7 m with the help of a
bomb-dropper.

In the course of the studies, the following was
established: beam fracture occurs along the section,
which is orthogonal to the longitudinal axis, with crack
formation in the area of pure bending (Figure 2). The
ultimate load resulting in concrete element fracture Fud
was equal to 120 kN.

In mathematical modeling, contact action of the falling
weight was replaced by an impulse load determined
experimentally (Figure 3).

Numerical modeling was performed with clear defining
of reinforcement, i.e. contact interaction between concrete
and metal reinforcement was considered. Formation of
contact and free surfaces in concrete and fiber-reinforced
concrete upon crack formation and fragmentation was
taken into account as well. Concrete and fiber-reinforced
concrete behavior is described by equations (1)—(11) with
strength criterion (9).

Behavior of the steel reinforcement mesh was described
by the elastic-plastic model (6), (7). A structural design and
reinforcement details were specified in accordance with the
experimental design (Figure 4). The structure was divided
into finite elements — tetrahedra. The total number of finite
elements in calculations amounted to 1.8 x 107

Figure 2. Concrete beams after loading during the experimental study

130 T

104

F, MPa

52, =1

26 -
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Figure 3. Load dependence on time
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To implement the structural design and evaluate
the influence of reinforcement on the material fracture
pattern, numerical studies on impact fracture of a
laminated beam without a reinforcement layer were
conducted.

Figures 5 and 6 show results of the numerical studies
on a three-layer beam without reinforcement (a) and with
reinforcement (b) under impact loading at different periods
of time. It is clear that patterns of crack formation and
fracture in beams with reinforcement and without it differ
significantly. In the beam without reinforcement, main

Volume 4 Issue 3

cracks generate on the back surface under the area of load
application. Those cracks lead to beam fragmentation into
three pieces (Figure 6a). In the beam with reinforcement,
cracks propagate along the entire specimen and its total
destruction is less. Maximum stresses in the beam are
observed in the areas adjacent to metal reinforcement.
Concrete fracture is caused by occurring fracture tensile
and shear stresses in the areas of contact between
concrete and the reinforcement mesh. That results in
crack formation and further stress relaxation in concrete
that was not fractured.

Figure 4. Structural design of beam reinforcement

Figure 7 shows comparison of experimental (solid
curve) and numerical (dashed curve) changes over
time in displacement of back surface points in a

reinforced-concrete beam. Divergence was
12%. Agreement with the experimental data is
satisfactory.

Figure 6. Computational configurations of a three-layer beam without reinforcement (a) and with reinforcement (b) (t = 6 ms)
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Conclusions

As a result of the conducted experimental and
numerical studies, the following conclusions can be made:

1. The model of concrete and fiber-reinforced concrete
behavior, considering bimodularity with regard to strength
characteristics, plastic properties, and relations between
strength and strain rate, was suggested.

2. The developed calculation algorithm and procedure
make it possible to analyze and predict behavior of actual
structures in a full dynamic 3D setting with account for
material fracture and structure fragmentation, formation of
contact and free surfaces.

3. Fracture dynamics in concrete beams reinforced
with metal bars was studied. Good agreement of the
results with the experimental data was observed.

The study was performed with support from the
Russian Foundation for Basic Research (grants No. 18-
41-703003 and No. 18-48-700035).

871

27 4

.. h, mm

8_._

) 032%2
0 y |
0 3 5

¥ = 4 } 8 I 3 |

Figure 7. Displacement of points on the beam back surface over time
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AHHOTauuA

BBepneHue: B paboTe npeacTaBneHbl pes3ynbTaTbl KOMMMEKCHOrO 3KCNEePUMEHTArNbHOrO0 U YUCIEHHOrO
nccnefoBaHns noBedeHus xene3obeToHHbIX 6anok NpyM UMNYNbCHbLIX Harpy3kax. banka coctosna M3 Tpex crnoes:
MaTepuan BEepXHero u HmxHero cnos — pmbpobetoH, ¢ obbemHon gonen yrnepogHon pubpel 0.2%. MaTtepuan
cpepgHero cnos —6eToH ¢ MmeTannuyeckon apmatypon. MeToAbl: AkcnepuMeHTanbHble UCCreaoBaHNsA NPOBOAMINCH
Ha KonpoBon ycTtaHoBke. [py3 Becom 450 kr cbpackiBancsa Ha 6anky ¢ BblcoTbl 0.7 M. YncneHHble ncecnegoBaHns
NPOBOANMNNCL METOAOM KOHEYHbIX 3N1IEMEHTOB B MOMHOW TPEXMEPHOW ANHAMNYECKOM NOCTaHOBKE C MCMOMb30BaHNEM
B aBTOPCKOro nporpaMmHoro komnnekca EFES, yunteiBatowmii pparmeHTaumio KOHCTPYKUNn, obpa3oBaHme HOBbIX
KOHTaKkTHbIX U CBOBOAHbLIX noBepxHocTen. PesynbTaTbl: ApmaTypHasi ceTka Npu YMCNEHHOM MOAENMPOBaHUU
BblAensieTcs ABHbIM obpasom. ViccrnenoBaHo nameHeHne BO BpEMEHU HanpsiXeHHO-0edOPMUPOBAHHOIO COCTOSAHMS
N paspylleHne xenes3obeTOHHbIX 6anok npu KpaTkOBPEMEHHbIX yAapHblX Harpyskax. PagpabotaH anroputm u
MeToguka pacyeTa No3BOMsSOLME UCCNeaoBaTb Y NPOrHO3MPOBAaTbL NOBEAEHME pearnbHbIX KOHCTPYKLMK B NOSTHON
TpexmepHoOW AMHaMmnyeckon noctaHoBke MNMpeanoxeHa mogernbs nosefeHus 6etoHa u pnbpobeToHa, yuuTbiBatoLas
aHM30TPONuD, Pa3HOMOAYMbHOCTb MPOYHOCTHLIX CBOWCTB, MiacTU4eckne CBOWMCTBA U 3aBUCMMOCTb MPOYHOCTU
OT CKOpOCTW gedopmauun 1 aaeneHus. ViccnegoBaHa AMHamMuka paspylleHns 6eTOHHbIX H6anok, apMMpOBaHHbIX
MeTannMyeckuMu cTepxXHaMn. MNpoBefeHo cpaBHEHWE C 3KCNeprMeEHTanbHbIMM AaHHbIMUY, NOKasaBllee xopoluee
cornacosaHvie pesynbTaToB.

KniouyeBble cnoBa: mogernb, paspyleHue, gedopmanms, HanpskeHne, 6eToH, hmnbpobeToH.
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REVIT DYNAMO: DESIGNING OBJECTS OF COMPLEX FORMS. TOOLKIT
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Abstract

Introduction: Design of objects of complex forms (non-linear, round, dynamic in their geometry) currently causes
difficulties in the construction of geometry and documentation of various project stages. In this paper, proven approaches
towards modeling objects of complex forms are presented. Here, the authors mean forms that represent planes bent
in three directions, which shall be built according to the rules of the graphical display of drawings. Methods: A toolkit
of the Autodesk Revit software (Masses, Model In-Place) is considered together with an additional script created using
a visual-programming add-on — Dynamo. The authors formulate approaches to work with complex geometry in Revit
that make it possible to model objects of complex forms correctly. Examples of using standard program tools in unusual
application logic are given. Since standard tools have limited functionality, it is shown how to use a Dynamo-based
script that automates and speeds up the process of creating geometric forms. Results and discussion: Optimization
of work with non-standard instances of the project geometry is performed, and a subsequent paradigm for the design
of non-standard construction objects is formulated.

Keywords
Masses, Model In-Place, automation, complexity of forms, adaptability

Introduction

Architecture and structural elements are shifting away
from simple linear forms. Such tendency is apparent in
the modern construction sector. More and more emphasis
is put on generative design, mathematical modeling of
facades, analytical description of structures. All these
approaches have an important common idea — a transition
from structures of simple form, which are easy to design,
present graphically, and manufacture, to structures, forms
of which are determined not by simplicity but by content.

Requirements for modern buildings become more
advanced, the economy forces designers to develop
structures with the minimum material consumption
but with the maximum areas. Previously, only great
architects who had plenty of time and money could do that
(Figures 1, 2). Such a situation in the construction market
dictates its rules, thus creating progress in design and, in
particular, the growing development of BIM technologies
(Garber, 2014).

Figure 1. Mila House (Casa Mila). Architect: Antoni Gaudi i Cornet
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Figure 2. Heydar Aliyev Center building. Architect: Zaha Mohammad Hadid

When using the information modeling technology,
it is required to build processes of creating elements of
complex and information-rich forms, as that is the major
problem of the designer.

When analyzing difficulties at the beginning of object
design, it is necessary to answer the following questions:

1) What stages of documentation are covered by the
design of the object? It is required to establish levels of
detail (LOD/LOI) (The American Institute of Architects,
2019).

2) Based on the principles of the concept (in particular,
the purpose of the building, its approximate volumes, and
general style), it is required to identify the most complex
regions that will require the most time for elaboration.

3) Is the general logic of modeling the most complex
regions elaborated (monolithic structures, dynamically
modifiable facade structures, etc.)?

4) Is it needed to adapt templates to the current
requirements, adding means of automation?

Therefore, the formation of model requirements
represents an important stage of process planning.
Approaches towards modeling and enriching elements
with information will depend on those requirements.
The requirements shall be analyzed at the very
beginning of works to avoid altering large blocks
of geometry at the detailed documentation stage
(Kensek, Noble, 2014).

Methods of working with complex geometry in
Autodesk Revit are described below. The basic tools
are Masses and Model In-Place, which are the main
replacement for system families in case of constructing
complex geometry. Since standard tools have limited
functionality, a Dynamo-based script is implemented,
which automates and speeds up the process of form
creation. In turn, these forms serve as the basis for
the positioning of several categories of elements:
subsystems of facades, monolithic structures, finishes
of stairs.

Masses. They are located on the Massing and Site panel in Revit (Figure 3).
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Figure 3. Location on the Revit ribbon

Let us consider three main applications of Masses in
the design of objects:

1. Masses as a tool of conceptual design.

2. A basic tool when designing “complex” architectural
forms.

3. A tool of automation using visual programming.

There is a lot of guidelines on the construction of forms
for conceptual design, which describe methods of work

at the conceptual design stage in detail (Vandezande,
Krygiel, Read, 2013; Read, Krygiel, Vandezande, 2011;
Lantsov, 2014).

For instance, in residential construction, which
currently occupies a very large niche in the construction
business, forms are often used in conceptual design for
the extraction of certain volumes.
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Mass Floor Schedules contain information on the
following mass characteristics: Floor Volume, Floor
Perimeter, Exterior Surface Area with account for the
Level, Floor Area. Using calculation formulae, it is also
possible to derive Floor Area (S_floor) percentage of
the total Floor Area (S_total) and Exterior Surface Area
(S_exterior surface) percentage of the total Exterior

Volume 4 Issue 3

Surface Area (S_total surface) of a building (Figure 4).
Using a standard tool to calculate energy performance
of a building through the forms, it is possible to
derive and calculate total facade glazing percentage
(Figure 5) and approximate energy performance (it
should be noted that Revit uses data of ASHRAE tables)
(Sharig, 2010).
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Figure 4. Mass Floor Schedule
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Figure 5. Masses when creating an Energy Model

There are ways to introduce basic requirements of
standardizing documents and basic calculation formulae
through the Dynamo add-in or calculation formulae in
schedules, and also use the interaction of the Aufodesk
Revit, MS Project, and Excel toolkits to calculate energy
consumption at the stage of conceptual design. The
process is based on the integration of data from Autodesk
Revit into MS Project (Oolacay, 2015).
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It is possible to integrate Dynamo in the Revit
environment. Dynamo is an open-source add-in for
Revit. Such functionality allows us to create masses
with the help of visual programming. There is a lot
of such examples in design, and the logic of scripts

is based on customer's requirements (Mogilina,
2018; Poddorogina, 2018; Vandezande, Krygiel,
Read, 2013).
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Capabilities of such toolkit have many advantages for
developers (e.g. obtaining initial data items required for
construction). Variability of its use makes it possible to
compile a catalog of existing layouts used by the developer,
thus standardizing its approach to the site development,
getting an idea of the future of the object at the conceptual
design stage. Company specialty determines the use
of various approaches to the creation of mass families
(Krygiel, Nies, McDowell, 2008).

But this way of using forms is not a major one. If forms
are viewed as the basis for the construction of various
elements within the project, then, normally, the following
categories are used:

A. Monolithic structures (ramps, passages, tunnels,
structures bending in three planes).

B. Complex parametric facades (shells, exterior
glazing grids with different in-fills, bionics).

C. Stairs and railings.

Monolithic structures. When designing monolithic
structures of diverse complexity, it is important to consider
basic documentation requirements. For example, plans
and section views shall have uniform graphics without
additional separators (Figure 6). Such graphics shall be
suitable for future use by designers (if we take into account
the copying of elements from the architect’s model).

Figure 6. Example of the parking ramp section view

While no difficulties generally arise if straight objects
are drawn, when designing objects of non-standard
forms, it is required to shift away from using system tools
of modeling and utilize the Model In-Place tool or masses.
As for the parking ramp presented above, Model In-Place
was applied, or more specifically, the Swept Blend tool,
using profiles describing the start and end levels of the
structure. It is impossible to model the structure using
system tools in such a way as to display it correctly in
section views and ensure that it is geometrically correct in
general (Figures 7, 8).

A separate collection of materials covering design
using the Model In-Place tool can be developed as it is
important to know about its features and capabilities to
ensure its beneficial use. Its main function is to replace
system tools. When drawing of a complex geometry
element is planned and a tool is selected, according to the
initial data, it is necessary to bear in mind the following:

a. Elements created in the Model In-Place space

that have a single path, coinciding in one of the
faces, cannot be joined together.

b. Elements, the area of which is to be accounted for
in a schedule, shall be made in one layer in the
space of one Model In-Place, or, depending on the
number of layers, the corresponding formula shall
be introduced to the schedule.

c. To avoid mistakes, Model In-Place void forms,
cutting through system elements, need to cut only
one appropriate element.

d. A void form cannot cut through a solid if faces of
their sketches coincide.

When applying a certain logic of building elements, it
is necessary to bear in mind the processes of automation
and exchange of information between adjacent structures,
existing in your company. It should also be remembered
that many scripts centered around a certain logic of
interaction between elements may fail to work with the
elements, which were modeled not according to the logic of
reading information from automation tools. In such cases,
it is better to convert scripts and plugins, transforming the
conditions and logic of action within the add-in, to avoid
execution of the object on a case-by-case basis.
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Figure 7. Plan view of the parking ramp when using the Swept
Blend tool

Figure 8. 3D view of the parking ramp when using the

Swept Blend tool

Similar curved structures can also be built using forms.
The same form can serve as the basis both for monolithic
walls and for the facade subsystem structure (Figures 9,
10, 11).
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Figure 9. Form sketching process (1)

Figure 10. Form sketching process (2)

| r

Figure 11. Form-driven monolith

In this object, the walls at each point have a certain
slope and a certain height relative to the plane of the
level. To achieve the desired height and shape, additional
constructs in the form of splines were required (combining
two points with a spline — a straight line) to further fix the
slope of the parapet points. It is important to understand
the effect of reference points as in most cases they
are critical in the creation of reference lines tied to the
geometry of another object.
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When Dynamo is used during the design process
(which makes it possible to generate the building volume
at the preliminary design stage or create a complex
parametric shell with adaptive inserts), this, of course,
simplifies it and makes it more automated, but this is only
one of the application options. To make full use of all mass
advantages, it is necessary to utilize masses in parallel
with the detailed documentation stage. We will consider
an example of such an application below.

Stairs + masses. It is actually an unusual application
of the tool, which, however, plays a significant role in the
development of detailed documentation for the project.
Let us consider the following task: it is needed to read
the stairs finishing, and, if the finishing consists of several
layers, display the “pie” graphics in section views (Figure
12). In order to do that, it is necessary to use a stock Stairs
object, based on which a form following the form of the
stairs (Figure 14) is created using a script (Figure 13).
Based on the form, the Roof by Face tool is used, which
reproduces the multi-layer “pie” of the structure. Due to
this method, the finishing of stairs does not require high
labor intensity.
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Figure 12. Stairs finishing “pie”

It should be added that the end parts of the finishing
are modeled with fascias, and then, upon changes in the
width of the roof by face, the fascia adjusts according
to its host element. Calculations are carried out through
assemblies, fascias form particular parts, and, eventually,
material takeoff schedules are generated. It is possible to
model forms every time when a host element changes its
geometry, in which case the new form completely replaces
the old one as it has the following structure in its name:
“Selection category_ID”.

The script is quite easy to execute. Depending on
the complexity of tasks, its transformations can create a
required interface for work with elements. It is possible to
add pop-up windows in the main body of the script, using
additional Dynamo packages, transform it in a way so that
it could work with multiple objects simultaneously, insert
initial data on the geometry offset, etc. The basic logic will
be uniform and, depending on the complexity of elements’
geometry, it will be transformed in the python script body
code.
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Figure 13. Dynamo script + Python

Figure 14. On the left: system stairs with a superimposed form, on the right: form + Roof by Face
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Facades and their metal subsystems. There can be
a wall in the initial data, connected to a sloped floor, on the
basis of which a form element will be created, and then
an element of the facade subsystem will be constructed
(Figure 15).

Figure 15. Initial geometry

After the script launch, a form repeating the geometry
of the wall is superimposed on that wall. Then a
customized curtain system with profiles of metal guides is
built covering the form (Figure 16).

Figure 16. Form repeating the geometry of the wall. Curtain

system created on its basis

Thus, the combination of these tools will help to avoid
some problems associated with the development of
detailed documentation. It should also be remembered
that Dynamo reads the geometry of elements in different
ways, depending on the complexity of the selection
geometry. Depending on the complexity of the source
element available in the project, either standard geometry
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extraction nodes or python script are used. For the
convenience of writing the latter, it is better to use
NotePad++ and PyCharm (Foord, Muirhead, 2009; Van
Rossum, Drake, 2001; Vysotskiy Consulting, 2019).

Only the host is subject to manual modeling, therefore,
the speed of introducing changes is the most important
advantage of such binding since continuous change
and transformation represent object constants (Hardin,
McCool, 2015).

This method makes the process of introducing
changes (when designing forms of curved geometry)
easier and faster. In fact, only the initial mass is subject
to alteration, while the rest undergo changes according to
the presented logic.

Railings. There is wide variability in the creation
of railings, following the same principle of action as in
case of the form + curtain system binding (Figure 17).
The process of calculating balusters, rails, and guides
is significantly simplified as all elements of such railings
are curtain wall mullions. Of course, it all depends on the
structural complexity of railings, but, as experience shows,
work with curtain grids and imposts is much easier in
terms of the process of introducing changes to the railing
structure and in the way of calculating their elements.
Usually, to calculate elements of railings created using a
curtain system, assemblies are used. When calculating
rails/balusters, to distinguish them from each other, it
is possible to use calculation formulae depending, for
example, on the impost length.

Figure 17. Curtain system (railings) + mass

Conclusions

When designing objects of complex geometric forms,
the use of such Autodesk Revit tools as masses, Model
In-Place elements (categories replacing system families),
as well as the interaction between toolkit products and
objects of process automation (using Dynamo) create a
new paradigm of modeling non-standard objects. Such
approach combines correct geometry and information
content. Clear formation of the project structure, logic of
modeling with regard to each aspect of the total geometry
volume and use of automation methods ensure that
geometrically complex objects are designed without
losing additional time to edit and make changes, and the
total timing budget to model volumes of complex forms is
optimized.
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«REVIT DYNAMO: NPOEKTUPOBAHUE OB BEKTOB CINOXXHbIX ®OPM.
OCOBEHHOCTU UHCTPYMEHTAPUA U ABTOMATU3ALUN NMPOLIECCOB»

Oapbs JlbBoBHa LnwnHa', dununn Bayecnasosuy Ceprees?
12000 «HM»

yn. Amckoro nonga 3-1, 4. 2, kopn. 1, r. Mockea, Poccus
2ABTOp OTBETCTBEHHbIV 32 Nepenuncky: sergeev@i-npi.ru

AHHOTauuA

BBepeHue: [lpoekTupoBaHne OOBLEKTOB CMOXHbLIX (OPM (HENPSMOMNUHEWNHbIX, OKPYMMbIX, OUHAMUYHbIX
B CBOEN reomeTpum) Ha CEerofHsWHWA LeHb BbI3blBAET CMOXHOCTM MpU MNOCTPOEHUU FeOMeTpuUM U BbiNyCcKe
OOKyMeHTaLuMn pasnuyHbiX cTagumi npoekta. B pabote npeactaBneHbl 3apekomeHgoBaBlne cebsa noaxondbl B
MOZENMPOBaHUM CrOXHbIX popM. NoapadymeBatoTcs opMbl, NpeacTaBnsolwme cobon nNnockocTn ¢ nsrmbamu B
3 HanpaBneHusx, BbINOMHUTb KOTOPble HEOBXOOUMO B COOTBETCTBUM C MpaBuniaMu rpadmuyeckoro otobpaxeHus
yepTtexen. Metogbl: PaccmaTpuBaeTcsi MHCTpyMeHTapui nporpammbel Autodesk Revit (popmoobpasytouime,
MOAEeNb B KOHTEKCTE) B COBOKYMHOCTU C AOMOMHUTENbHBIM CKPUMNTOM, CO3[4aHHbIM C NMOMOLLbI AOMOMHEHUsS Ans
BM3yanbHOro nporpammupoBaHus — Dynamo. CdhopmynupoBaHbl noaxodbl K paboTe CO CrOXHOW reomeTpuen B
Revit, nossonsioLme KOPPEKTHO CMOAENNPOBaTh 06BbEKTLI CNOXHbIX POpM. [prBeaeHbl NPUMEpPbI UCNOMb30BaHKS
CTaHAAPTHbIX WHCTPYMEHTOB MNPOrpammbl B HETUNWYHOM AN HUX FOTMKE NpUMeHeHus. Tak kak cTaHOapTHble
WHCTPYMEHTblI UMEIOT OrpaHuUyeHHbI OyHKUUOHAr, nokasaH cnocob ucnornb3oBaHus ckpunTta Ha 6ase Dynamo,
KOTOpbIi aBTOMaTM3NpyeT U YCKOPSET MpoLecc co3daHusa reoMmeTpudeckmx opm. PesynbraTtbl U o6CyxaeHue:
MpousBeneH npouecc onTumMudauumn paboTbl ¢ HECTaHAAPTHLIMU IK3EMNNAPaMU reoMeTPpun NPoeKkTa, a Takxe Ha
OCHOBe HapaboTaHHbIX MaTepmanoB chopMynmpoBaHa AanbHenas napagnurma npoekTMpoBaHUa HeCcTaH4aPTHbIX
06bEeKTOB CTpOUTENBCTBA.

Knro4yeBble cnoBa
dopmoobpasyoLimne, MoAeNb B KOHTEKCTE, aBTOMaTMU3aLns, CAOXHOCTb OpPM, aJanTUBHOCTb
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Abstract

Introduction: The paper presents a methodology for reduction of expenses within investment projects aimed
at the preservation and development of cultural heritage sites, based on the combined use of methods of scientific
restoration, laser scanning and information modeling, as well as creation of a library of unique BIM elements of ancient
city buildings, identified at protected sites of the urban environment, using restoration of a building in the Old Tatar
Quarter (Staro-Tatarskaya Sloboda) in Kazan as an example. Methods: The authors performed standard (traditional)
scientific restoration activities and innovative field studies using laser scanning and built a parametric information model
of the cultural heritage site for further development of a restoration plan with account for site adaptation to modern
functions. Results and discussion: Point cloud processing is carried out to create an information model and a library
of unique BIM elements, which can be used repeatedly in restoration and reconstruction, thus reducing costs for BIM-
model development in future investment projects. The practical significance of the study lies in the creation of a public
good — a library (encyclopedia) of ancient architectural elements in the form of a library of BIM elements for BIM models
of architectural and urban-planning landmarks in the region, as well as in the development of recommendations (by
individuals, regional and local regulatory authorities) for an efficient policy in urban planning and restoration with regard
to similar historical and cultural, architectural and urban-planning landmarks.

Keywords

Investments, preservation of cultural heritage, national color, surface laser scanning, information modeling
technology, library of cultural heritage sites’ BIM elements, social infrastructure, tourism potential, urban planning,
regional economy

Introduction
Generally, investments aimed at preserving and

Implementation of the cultural heritage site’s life cycle
concept based on the information modeling technology

developing cultural heritage sites of the peoples of Russia
under conditions of integrated territorial development
in cities and regions are made by state, regional and
local authorities, legal entities and individuals. They are
intended for implementation of investment projects on the
preservation of the public good —the property of the people
living in their historical lands: identification, preservation,
and protection of the cultural and historical environment
in settlements, nature reserves and territories of other
significant national sites. Care for spiritual and material
values makes it possible to achieve social development
goals (in terms of charity, culture, education, and socially
useful activities) and material goals (attractiveness of
urban areas, tourism potential growth in regions, increase
in regional and city budget income, regional economic
growth).

results in the reduction of expenses for reconstruction,
restoration, and management of regional architectural and
urban-planning facilities.

In the course of the study, the following main
advantages of the combined use of traditional and
innovative methods for reconstruction and restoration
of cultural heritage sites were identified: improvement of
building design quality and accuracy; cost reduction at
the stage of construction operations due to work activity
management and material control; prospective reduction
of expenses for management of facilities with new
qualitative characteristics due to the use of automated
systems of integrated building utilities control.

BIM-model development for investment restoration
projects differs from the development of such models for
new construction projects in labor intensity as time spent
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for the creation of BIM elements (windows, doors, stairs,
and other building members that underwent substantial
changes over time) increases significantly. Modern
information systems and CAD systems used in construction
utilize catalogs (libraries) of BIM-model elements for
construction projects, which consist of standard elements
of various manufacturers (both domestic and foreign).

Government regulation of information modeling
technology developmentin the field of architecture, design,
construction, and operation requires infrastructure set-up
and development to describe construction products and
help manufacturers of building materials to introduce
the digitized products into state information systems.
Manufacturers have access to the Russian Federal State
Information System of Pricing in Construction. Introducing
their products in the system, they can subsequently use
cost indicators in a BIM model upon expert cost estimation
for each element of the model submitted for state expert
review.

Works on restoration of cultural heritage sites are the
most labor-intensive as each building member becomes
unique over time and, in most cases, requires artistic
work when BIM elements are created. Problems related
to object geometry determination to create a BIM element
for subsequent use in an information model arise. Field
studies of cultural heritage sites using laser scanning,
and modeling of BIM elements, typical for ancient
objects, based on the point cloud obtained can serve as
an essential complement to traditional analytical methods
of research, scientific restoration, and reconstruction of
the historical development.

Subject, tasks and methods

The paper presents a methodology for reduction
of expenses within investment projects aimed at the
preservation, renovation, restoration and reconstruction
of historical, cultural and natural sites upon design of
cultural heritage sites with the use of an integrated
scientific restoration approach, new laser scanning
technologies, information modeling technology and

Volume 4 Issue 3

development of an object BIM-model to make a thorough
restoration plan, through the example of the cultural
heritage site of republican significance located in the Old
Tatar Quarter (Staro-Tatarskaya Sloboda) in Kazan, which
is a historical and architectural landmark: the house of
B.-F.Ya. Bagautdinova (Marjani)-B.-Kh.Sh. Apanayeva,
architect: P.I. Romanov (1873). The building was owned
by a daughter of Shihabeddin Marjani (Shihabeddin bin
Bagautdin al-Kazani al-Marjani, 16.01.1818-18.04.1889) —
a Tatar enlightener, theologian, philosopher and historian,
who laid the foundations for renewal of the Tatars’
life: getting secular education, studying ancient, Arab,
Russian and Western European culture, achievements of
the world culture and science in educational institutions
called madrasas’.

The study was aimed at the following: a system
analysis of field studies of the site using a laser scanning
technology, point cloud, BIM model of the cultural
heritage site; search for a solution to reduce time spent
by restoration architects on development of a building
information model when modeling unique elements of the
ancient site (as new elements of the BIM model); drafting
of recommendations for reduction of expenses within
investment projects aimed at the reconstruction and
restoration of cultural heritage sites due to creation of a
public good — a library of unique BIM elements of regional
cultural heritage sites for repeated use in investment
projects.

The field study of the cultural heritage site in the Old
Tatar Quarter in Kazan revealed damage resulting from
a fire (Figure 1), construction of a new building on the
adjacent land plot, and growth of plants (Figure 2). The
damage was initially analyzed during training design at the
Kazan State University of Architecture and Engineering by
a team of faculty members and students of the Department
of Reconstruction, Restoration of Architectural Heritage
and Principles of Architecture (using traditional methods
of scientific restoration?). Then the study was continued
with a view to a more accurate analysis of the building
based on modern information technologies.

Figure 1. Effects of a fire at the cultural heritage site of republican significance located in the Old Tatar Quarter in Kazan.

Source: photo by the authors.

'Official Tatarstan website, National Library of the Republic of Tatarstan. Available at: http://kitahane.tatarstan.ru/mardzhani.htm (accessed on

01.06.2019).

2Sadykova D., Garayeva L., Minnegulova Z., Shakirova A., Amirova A., Kuzmichev N. (2018). Architectural description of the building located at 44
Sh. Marjani St. as of September 2018. Advisors: Mukhitov R.K., Fazleyev M.Sh. Kazan, 22 p.
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Figure 2. Effects of new construction on the adjacent land plot and wildlife on the cultural heritage
site of republican significance located in the Old Tatar Quarter in Kazan.

Source: photos by the authors.

Initially, the following task was set: practical evaluation
of developing a unified BIM model of a real object under
the project for reconstruction of the cultural heritage site,
applying the method of teamwork involving restoration
architects, designers, and building utilities engineers,
using methods of laser scanning for high-precision
architectural measurements, information modeling to
develop design and operation BIM models of the building
during inter-disciplinary course design at the Kazan State
University of Architecture and Engineering. In the course
of the study, another task was set: search for a solution to
reduce costs for the creation of ancient buildings’ unique
elements in the BIM environment.

Historical background

Three cities of the Republic of Tatarstan have sites
included in the UNESCO World Heritage List: Kazan
(Kazan Kremlin), ancient city Bolgar and Sviyazhsk
town-island. Preservation and development of cultural
and historical sites in the territory of the Republic are of
integrated nature:

1) at the regional level, the Republican Fund for the
Revival of Historical and Cultural Monuments of the

Republic of Tatarstan was established. As a result of
its activity, Sviyazhsk town-island and Bolgar city were
restored. In 2014, ancient city Bolgar was included in the
UNESCO World Heritage List. The Bolgar historical and
archaeological complex is represented by architectural
examples of the medieval Islamic city of Volga-Bolgars?®.
In 2017, the Assumption Cathedral of Sviyazhsk town-
island was included in the UNESCO World Heritage
List (building date: 1556—1560; Pskov architect: Postnik
Yakovlev). Thus, the world universal value of Eastern
Orthodox Church historical treasures — frescoes of
the 16" century, the historical significance of which is
in representing decisions of the Council of Hundred
Chapters held in 1551, — was acknowledged*. Scientific
studies and restoration of sites were carried out by
archaeologists, historians, surveyors, restoration artists,
and other specialists. The spatial and planning structure
of a city typical for the middle of the 14" century was
developed based on a graphic reconstruction of Bolgar
city (Nadyrova, Troepolskaya, 2013).

2) at the municipal level, city authorities and individuals
are responsible for the development of historical
territories. In an area where the Kazan Tatars historically

3Zubkov . (2014). Rossiyskaya Gazeta official website. Available at: https://rg.ru/2014/06/23/bulgar-site-anons.html (accessed on 12.02.2019).
“Rodionov V. (2017). UNESCO included the Assumption Cathedral in Sviyazhsk in the World Heritage List. Available at: RIA Novosti official website

https://ria.ru/20170709/1498159565.html (accessed on 12.03.2019).
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resided, the “Old Tatar Quarter of Kazan” Prefect’s Office
and the non-commercial Fund for Development of the
Old Tatar Quarter and Kaban Lake Improvement operate.
The purpose of the Fund is to develop the historical area
of the Old Tatar Quarter in Kazan and improve Kaban
Lakes. The Fund ensures the preservation, renovation,
and re-creation of the typical historical urban environment
in the area of Kazan city beyond Kaban Lake. Its tasks
are improvement, renovation, and restoration of historical
sites, creation of new landmarks, maintenance of cultural
traditions, arrangement of public events and development
of tourism potential with regard to the Kaban Lake
embankment 5.

The Ministry of Culture of the Republic of Tatarstan in
collaboration with the City Hall and the “Old Tatar Quarter
of Kazan” Prefect’s Office implemented investment
projects for the development of the quarter territory,
renovating blocks of buildings in the historical area.
Among those projects are the following: re-creation of
a typical Tatar town mansion, renovation of the Sredny
Kaban Lake embankment, formation of an eco-system for
water birds, revival of cultural traditions (Sabantuy festival,
which means “celebration of the plough”), Gabdulla Tukay
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Literature Club project, renewal of Tatar intelligentsia
meetings in the Eastern Club (beginning of the 20th
century) to hold evenings with poets, writers, composers,
artists developing the Tatar musical and visual art, and
literature.

Analysis of investment directions with regard to
projects for the development of historical territories as well
as urban-planning projects in the Republic of Tatarstan
shows that investments are systemic and integrated,
their sources are budgets of all levels and private funds,
aimed at the reconstruction and restoration of unique
architectural and urban-planning facilities, re-creation of
the typical historical urban environment in old quarters of
cities.

Let us review possibilities of the combined use of
traditional and innovative methods for preservation and
reconstruction of the architectural and historical heritage
of the Republic using the example of such cultural heritage
site of republican significance as the historical and
architectural landmark “House of B.-F.Ya. Bagautdinova
(Marjani)-B.-Kh.Sh. Apanayeva, architect: P.I. Romanov
(1873)” located in the OIld Tatar Quarter in Kazan
(Figure 3).

Figure 3. Historical part of the city near the cultural heritage site of republican significance “Historical and architectural
landmark “House of B.-F.Ya. Bagautdinova (Marjani)—B.-Kh.Sh. Apanayeva, architect: P.I. Romanov (1873)” located
in the Old Tatar Quarter in the central part of Kazan city, on the embankment of Sredny Kaban Lake.

Source: photo by the authors.

Scientific restoration of cultural heritage sites
requires complete, reliable and accurate measurement
documentation. Besides drawings and photos®, it is
possible to build a BIM model based on the surface laser
scanning technology:

1) a 3D point model of a landmark as a result of its laser
scanning (exact geometry) and use of photogrammetry
(color data);

2) an ortho-photo plan — an orthogonal projection
of a 3D model to a given plane, combining geometric
characteristics of the measurement drawing and imagery
of photos;

3) point cloud projections used for fixation and
measurement of convoluted surfaces. The type of
projection depends on the surface form and makes it
possible to project the surface with minimal distortions.

5Charter of the Fund for Development of the Old Tatar Quarter and Kaban Lake Improvement. Available at: http://fond-sts.ru/regulations (accessed

on 12.03.2019).

SArchitectural measurements (2018). Research and Production Company "Photogrammetria”. Available at: https://photogrammetria.ru/18-arkh-

itekturnye-obmery.html (accessed on 25.03.2019).
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Results and discussion

Use of laser scanning

Based on a set of works on the scientific restoration
of the cultural heritage site, performed by restoration
architects, the authors set a task of studying the site using
surface laser scanning. Surface laser scanning makes
it possible to build models of urban areas (Usikov et al.,
2009), study cultural heritage sites precisely (Seredovich,
2009), develop a precise digital model of a site or
terrain (Akulova, Krutikov, 2009; Komissarov, 2006),
use possibilities of non-destructive analysis methods to
evaluate the state of a cultural heritage site (Potapov,
Pavlov, Verkhovskaia, 2019), conduct non-destructive
testing (Yakovlev et al., 2013). It also can be used in
archaeological studies (Prokopieva, 2006). Software
analysis aimed at the processing of surface laser scanning
results (Shevchenko, Gura, Glazkov, 2016) and analysis of
the combined use of laser scanning and photogrammetry
(Komissarov, Kalinina, 2016; Pavlov, Vinogradov, 2011)
showed the high efficiency of modern technologies in
studies of architectural monuments. Scanning for building
construction is applied to existing structures (Shevchenko
et al., 2016), used for inventory control, measurements of
objects (Minaev, 2013) and in new construction. Scanning
technology is becoming a critical function necessary to
complete the integrated BIM cycle and provides a clear
value-add for the integrated BIM workflow (Gleason,
2013). It is assumed that the transfer of BIM models to
state expert review authorities will make it possible to
reduce the time spent on project analysis and expert
review (Lyapina, Borodin, 2018).

A surface laser scanning system consists of a laser
scanner (laser range finder and laser scanning unit
deflecting the laser beam) and a laptop with special

R AUTODESK RECAP PRO

software. Due to laser scanning, it is possible to perform a
topographic survey, take geo-referenced building facade
measurements, and analyze the obtained point cloud
promptly and accurately:

1) scanner settings’ management: spatial coordinates
of points on the surface of an object are determined
by measuring the distance to all points captured by a
reflectorless pulse laser range finder:

beam direction (vertical and horizontal angles) is
registered,;

a distance from the scanner to the points is measured;

for building facades, measurements from four angles
are taken;

2) scan recording: high accuracy of the tool makes it
possible to take numerous measurements and replicate
the surface of the object scanned in the form of a point
cloud, creating a 3D raster image (scan) of the object.
Each pixel can be an element of a three-component
vector (distance; reflected signal strength; real color of
each point, expressed as RGB) or a five-component array
of points of laser reflections from the object in the sight of
the scanner (X, y, z spatial coordinates; reflected signal
strength; real color);

3) processing of results: the generated point cloud is
transferred to the BIM environment to develop a parametric
information model of the object.

The object was studied according to the following
algorithm: 1) collection of data on the object (construction
and topographical survey), database formation; 2) building
siting directly on site using the BIM technology’.

Results of the study based on the analysis and
interpretation of the point cloud generated during in-situ
laser scanning of the building facades from four points are
presented in Figure 4.

Figure 4. Results of the cultural heritage site’s field survey.Source: the results were processed and
submitted by M.V. Efremov, TSNRU JSC (Tatar Special Scientific Restoration Department).

"Lakin P. (2017). BIM technologies in preservation of heritage sites. Available at: https://www.kgasu.ru/customer/bim/news/universitet-
skaya-zhizn/v-kgasu-startovali-master-klassy-po-bim-tekhnologiyam-v-ramkakh-grantovoy-programmy-rt-algarysh-/ (accessed on 15.03.19)
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The following advantages of obtaining spatial
information using surface laser scanning of a
cultural heritage site were revealed: high accuracy of
measurements and speed of field survey; non-destructive
information gathering; safety of works in hard-to-reach
areas generated due to dilapidation or partial loss of
structures (e.g. using radio-controlled devices).

After completion of surface laser scanning and
recording of several scans, studies continue as the
development of an information model of the object in the
BIM environment, which makes it possible to combine
two technologies to create a precise digital model and
improve the information accuracy for the corresponding
investment project.

Specifics of developing a BIM model for a cultural
heritage site

Development of a comprehensive information model
for a cultural heritage site located in the historical part of
a city shall be performed after its scientific restoration,
field studies using surface laser scanning, subsequent
design and development of a BIM model for the efficient
implementation of the corresponding investment project
and further building adaptation to modern functions (a
wire-frame model, a surface or solid model in black and
white or color with account for the need to preserve,
replace or re-create BIM-model elements at the next
stages of the architectural monument’s life cycle).

The next step is model checking. It is especially
important in case of joining the preserved building
elements and attaching the old elements to new structures
and joints. Tolerances and clearances are also essential.
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At this stage, it is possible to avoid or reduce expenses
associated with actual restoration. Location-based
scheduling allows us to perform production control on-
site and make teams proactive when managing a project
schedule. The combined pro-activeness of scanning
information and production control is a key component
to mitigating schedule delays on renovation projects.
Laser scanning results in a BIM model based on the
exact number of elements and allows for more accurate
investment project evaluation with account for new and
existing elements of the architectural monument (Gleason,
2013).

Building a BIM model of a cultural heritage site, it is
possible to obtain measurement drawings of facades,
floor plans, drawings in longitudinal section, roof and wall
plans, decoration drawings with the indication of actual
measurements, elevations of various building elements
with the indication of deviations from design values;
identify defects and other information depending on the
object and objectives.

Information modeling technology allows owners,
specialists, facility managers to make right and effective
decisions related to facility management due to the
precision of information models, possibilities of detecting,
monitoring and correcting collisions in a project, scenario
forecasting with respect to various restoration options,
investment control within a project for reconstruction or
restoration of a cultural heritage site.

It has been revealed that a BIM model of a cultural
heritage site (Figure 5) is characterized by high labor
intensity associated with the creation of unique BIM
elements by restoration architects.
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Figure 5. BIM model of a

When restoration architects create a unique element of
a building of architectural heritage in the BIM environment,
the following is considered:

firstly, the geometry of standard elements used
during initial construction distorts over time; secondly,
similar elements (e.g. windows) could initially have
different dimensions; thirdly, plants could also change
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cultural heritage site.

the geometry of the object (as exemplified by the fire
wall of the house) over time; fourthly, modern catalogs
of software for BIM modeling and catalogs of building
materials lack unique ancient architectural elements to
be used to re-create a cultural heritage site, whereas the
creation of a unique element is a labor-intensive process
(Figure 6).
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Figure 6. Examples of unique elements of a building as a part of an actual cultural heritage site and BIM model.
Source: photo by the authors, BIM model.

It is possible to resolve issues related to the efficient
development of a cultural heritage site’s BIM model by
restoration architects, using the following methodology:

1) based on ancient guides, create a library of BIM
elements of regional cultural heritage sites and utilize it as
a public good within the regional policy of urban planning
and preservation of cultural heritage sites;

2) provide the library of BIM elements of regional
cultural heritage sites (as elements of repeated use) for
the public use.

It will allow all concerned parties to projects aimed
at the restoration and reconstruction of cultural heritage
sites to use the library in architectural design, perform
scenario forecasting, and assess restoration options and
site’s possibilities for adaptation. Changes in a BIM model
make it possible to obtain documentation needed at the
subsequent stages of the object life cycle and respect the
interests of the society and investors when preserving the
architectural heritage of the region.

The following advantages of information modeling
with respect to cultural heritage sites (possibilities of
implementing the concept of the full life cycle of a cultural
heritage site) were revealed: cost-efficient design works
due to the development of a unified BIM model; possible
repeated use of a library of unique BIM elements related
to regional cultural heritage sites in an information model
for the purposes of architectural and engineering design,
construction management, operation, and repair.

Considering the high cultural value of unique BIM
elements created by restoration architects for ancient
mansions, natural, cultural and historical monuments,
the authors suggest implementing a regional investment
project to create a library of unique BIM elements of
cultural heritage sites located in the Republic of Tatarstan
and developing measures of state support for the creation
of such library (digital architectural and urban-planning
encyclopedia) as a public good with free access to it
(as a cultural layer of historical elements) for the next
generations of restoration architects, historians, and
art experts, based on repeated use of BIM elements
for artwork, restoration and reconstruction of cultural

heritage sites, including typical housing development in
the historical part of cities and villages of the region.

Conclusions

The combined use of traditional scientific restoration
methods, advanced technologies of surface laser
scanning, and information modeling for investment
projects aimed at the preservation, reconstruction, and
restoration of cultural heritage sites made it possible to
assess possibilities of implementing the cultural heritage
site’s life cycle concept (with regard to sites being restored)
upon object creation in the BIM environment by specialists
of related fields.

Investments in preservation and development of cultural
heritage sites based on the combined use of traditional
restoration methods, advanced methods of surface laser
scanning, and information modeling make it possible (due
to high accuracy of design methods) to reduce investment
project costs and expenses for operation of buildings,
including historical and cultural monuments of the region.

Social and institutional significance of the suggested
investment project to create a library of unique BIM
elements of cultural heritage sites located in the Republic
of Tatarstan lies in the following:

1. Preservation of cultural heritage sites and sites
portraying the history of the peoples in the region.

2. Preservation and development of the national color
of cities using the example of the Old Tatar Quarter in
Kazan.

3. Use of non-destructive technologies of scientific
restoration as well as the effective, cost-efficient and
high-precision re-creation of historic buildings based on
surface laser scanning and BIM.

4. Development of the social infrastructure in a city due
to the adaption of sites to socially beneficial functions.

5. Development of tourism potential in the region.

The combined use of traditional restoration and
reconstruction methods as well as advanced information
technologies will make it possible to implement investment
projects aimed at comprehensive restoration, provide
conservation of buildings to prevent their subsequent
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destruction, and develop projects to renovate historic
buildings and adapt them to the improving social
infrastructure in the historical part of the city, preserve
the national color of the Old Tatar Quarter in Kazan,
and improve tourism potential with regard to the regional
economy.
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MHBECTUMUUUN B COXPAHEHUE U PASBUTUE KYJIBTYPHOIO
HACNEAOUA PETMOHA: BUBJIMOTEKA BIM-3JIEMEHTOB NAMATHUKOB
HALUMOHAJIbHON APXUTEKTYPbI U TPAOOCTPOUTENBLCTBA

Onbra baxapesa', JaBua KopaoHunk?

2KasaHcKkuii rocyfapCTBEHHbIA apXUTEKTYPHO-CTPOUTENbHbIA YHUBEPCUTET
420043, yn. 3eneHas, 1, r. KaszaHb, Poccus

'ABTOp OTBETCTBEHHbIN 3a nepenucky: OVBakhareva@mail.ru

AHHOTauuA

BBeaeHue: B ctaTbe npegcTaBneHa MeToA0MNOrMsa CHUXEHNS N34epXKeK UHBECTULMOHHBLIX MPOEKTOB COXPaHeHUs 1
pa3BUTMS OOBEKTOB KyNbTYPHOro Hacneams Ha OCHOBE KOMMMEKCHOro NMpYMEHeHNst METOA0B Hay4YHOW pecTaBpaLmu,
Nas3epHOro CKaHMPOBaHUS, TEXHOMNOMMN MHAOPMALMOHHOIO MogennpoBaHusa obbvekTa u co3ganus BIM-6ubnmotekum
YHUKanbHbIX 31EMEHTOB CTapUHHbIX FOPOACKUX 34aHUI, BbISIBNIEHHbIX HA OXpaHseMbIX 06bekTax ropoackon cpenbl,
Ha npuMepe npoekTa pecTtaspauum goma B Ctapo-tatapckon cnoboge ropoga KasaHu. Metoasbl: B nccnegosaHum
NpoBeAéH KOMMMEKC TPaAULMOHHbLIX MEPONPUSATUI HAay4YHOW pecTaBpauuMy oBbeKTOB, MHHOBALMOHHBLIX HATypHbIX
nccnefoBaHNn C MNPUMEHEHWEM Na3epHOro CKaHMpOBaHUSA C MNOcCredylLlmnM co3faHnem napamMeTpuyeckon
NMHopmaunoHHo Mogenu obbekTa Ans pa3paboTku NnaHa pecTaBpauumn C y4eToM COBPEMEHHOIO NpucnocobneHuns
obbekTa KynbTypHOro Hacnegusi. PesynbTatbl M obcyxpaeHue: OO6paboTka obnaka Touyek [ns co3faHus
NMHopMaUnoHHOW Mogenu n Bubnuotekn yHukaneHbix BIM-anemeHTOB mMogenu, koTopble MOryT 6biTb MOBTOPHO
NCNONb30BaHbl ANA pecTaBpaunn U PEKOHCTPYKUUN OOBEKTOB, YTO CHM3UT CTOMMOCTb co3gaHus BIM-mogenu B
nocrneayrLWmx MHBECTULIMOHHBIX MpoekTax. [1pakTnyeckas s3HauMmMocTb paboThl 3aknoyaeTcs B MOCTAHOBKE 3a4a4u
co3faHuns obLecTBeHHOro 6rara - 6ubnMoTeKkn (SHUMKMONEANN) CTapUHHBIX apXUTEKTYPHbIX d3NeMeHToB B hopmMe
6ubnuotekn BIM-anemeHTOB Ang BIM-mogenu namaTHWKOB apXUTEKTYpbl U rpagocTpOUTENbCTBa B PErnoHe, a
Tak xxe paspaboTke pekoMeHAauu YacTHbIMU NuLamu, MyHUUUNanbHbLIMU OpraHamun, permoHasnbHbIMU OpraHamu
BNacTW NO rocyaAapCTBEHHOMY perynmpoBaHuio 3MeKTUBHOM U Ka4eCTBEHHOMW NOSTMTUKN FOPOACKOro NaHNpoBaHMs
N pecTaBpaLNOHHOW [eATEeNbHOCTU Ha aHanorMyHblXx OBbeKkTax WCTOPUKO-KYNbTYPHOrO, apXMTEKTYPHOro WU
rpagoCTPOUTENbBbHOMO Hacneams.

KntouyeBble cnoBa

MHBecTMLMMK, COXpaHEeHMe KynbTYPHOro Hacrneans, HauMoHarnbHbIV KONOPUT, HA3eMHOe fla3epHoe CKaHMpOoBaHe,
TEXHOMOrms MHPOPMaLMOHHOrO ModenupoBaHus, bubnuoteka BIM-anemeHTOB 06BLEKTOB KyNbTYPHOro Hacneaus,
coumanbHas UHPPaCTPyKTypa, TYPUCTUYECKUI NOTEHUMAN, FOPOACKOE NaHMpoBaHne, permoHanbHas 3KOHOMKKa
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Abstract

Introduction: The subject of the study is transport infrastructure. The paper describes engineering solutions
suggested by Hexagon Geosystems Rus and other large companies that conduct construction monitoring using BIM
technologies and develop software solutions, services and equipment. It also addresses implementation of such
engineering solutions. Purpose of the study: to achieve high level of road maintenance, preserve the existing road
network, ensure traffic safety, switch to new methods of infrastructure facilities management by implementing BIM-based
projects. Methods: Domestic products keep up with capabilities of modern information technologies and demonstrate
BIM capabilities during its use in road infrastructure projects. Russian experts suggest software solutions to create a
new environment for economic development, including in the road industry. Results: Documentation based on 3D laser
scanning makes it possible to schedule maintenance and repair of transport infrastructure facilities. Data obtained are
relevant and objective as the human factor is removed from final drawings and 3D models, thus improving the efficiency
of the transport infrastructure facilities management system.

Keywords: BIM-modeling, transport infrastructure, road information model, geographic information system, digital

transformation of roads

Introduction

Linear facilities are managed using transport
infrastructure geographic information systems (GIS).
Though GIS have been used for road and road facilities
management since the 1990s (e.g. ArcGIS (ESRI),
Mapinfo (Mapinfo Corp.), free QGIS, IndorRoad
(IndorSoft), DorGIS (Intelnova), etc.) (Boykov, Kuzovlev,
Barannik, 2017), the regulatory framework, which is much
needed for successful Building Information Modeling
(BIM) implementation in Russia, is still being developed
(Shamraeva, Kuzovlev, Barannik, 2018a). It is required
to transform the entire construction industry and, in
particular, ensure interaction with all existing information
systems created within the framework of the Digital
Economy of the Russian Federation program (Decree No.
1632-R of the Government of the Russian Federation dd.
28.07.2017 “On Approval of the Digital Economy of the
Russian Federation Program”).

Currently, computer-aided design (CAD) and 3D
modeling are quickly developing. As a result, a demand
arises to exchange 2D and 3D data between various
CAD systems. Therefore, a standard is needed that could
register changes in an infrastructure facility at all stages of
its life cycle, i.e. a data bank containing such information
as infrastructure facility requirements, a facility project and

alterations thereof, as well as physical assets comprising
such infrastructure facility and alterations regarding
those assets. Researchers dealing with the issue in
other countries also acknowledged the lack of national
standards for BIM and software interoperability (Sandeep,
Criminale, 2017). Expectations from different stakeholders
involved in construction projects where BIM is utilized are
different and can lead to misunderstandings (Abbasnejad,
Moud, 2013). Upon introduction of ISO 15926 standard,
a traditional software concept based on task issue and
execution control is replaced with a flexible and adaptive
collaboration concept.

For Russia, introduction of BIM technologies is just
a matter of time as new engineering models supported
by open data protocols are already being implemented.
It is possible to provide a formal description of the BIM
process at each stage of the life cycle of a construction
and operation facility based on particular assumptions
and suggestions. At the first stage, a BIM Execution Plan
(BEP) is developed. It sets a procedure for collaboration
between differentteams within a BIM project. Atthe second
stage, a Project Implementation Plan is developed, which,
in particular, includes a Supply Chain Capability Summary
(SCCS). Finally, at the third stage, levels of information
model development (LOD) in terms of geometry and
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attributes are determined. Design companies, software
and hardware developers, etc. introduce information
modeling into their business processes using a BIM
planning process map (Barannik, 2017).

The conditions listed above offer a BIM team an
opportunity to prepare smooth transition to the next stage
of the life cycle, ensuring BIM process continuity. The
present paper demonstrates implementation of BIM-based
projects using the example of practical activities carried out
by Hexagon Geosystems Rus and other companies that
conduct construction monitoring using BIM technologies
and develop software solutions, services and equipment.
Use of BIM in the road industry in general makes it possible
to form a unified approach to the structure and special
library of elements of a digital road model. Therefore,
we can draw the following conclusion: GIS of roads
reaches the highest maturity (according to the British
classification) — iBIM (Shamraeva, Kuzovlev, Barannik,
2018b) and demonstrates BIM capabilities during its use
in road infrastructure projects. Russian experts not only
suggest optimal unique software solutions. They create a
new environment for economic development, including in
the road industry.

Subject, tasks and methods

The subject of the study is transport infrastructure,
which is considered as an object intended for safe and
comfortable movement of its users. Digitalization of
transport infrastructure is one of the most important
conditions for its development. Within the framework of
digital transformation of roads, the following constituent
elements can be distinguished:

- mobility (increase in speed, volume and efficiency
of transportation; development of user services and
integration into national and transnational transport
corridors);

- safety (traffic safety; transportation safety, public
safety; anti-terrorism security);

- efficiency (digitalization of public services; increase
in public mobility; elimination of digital inequality; traffic
situation awareness enhancement due to navigation
services).

In the current circumstances, it is required to provide
conditions to develop the services indicated above. Issues
related to optimization of transport communications and
upgrade of integrated transportation safety based on
intelligent transport systems become more and more
important and relevant. Main tasks of the road industry
for the next few years are the following: to switch to new
methods of infrastructure facilities management, achieve
high level of road maintenance, preserve the existing road
network, and ensure traffic safety. The road industry has
experience in using digital technologies and implementing
intelligent transport systems on Russian roads (national
projects: ERA-GLONASS, Digital Transport and Logistics,
Caravan, Platon system, Russian Railways infrastructure,
etc.). The process for informatization of domestic
transport enterprises is no less important. At the facilities
of the Avtodor State Company, during construction of
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the Moscow—Saint Petersburg M-11 road sections and
the Central Ring Road in the Moscow Region, Hexagon
and Leica Geosystems 3D machine control systems are
used. It should be noted that surveyors, designers and
contractors work at the facilities using a unified coordinate
system (Eastman, Teicholz, Sacks, Liston, 2011). In this
regard, let us consider a number of Hexagon Geosystems
Rus products. The company was established in 1997
in accordance with a development strategy for new
businesses. Hexagon Geosystems Rus is engaged in
introduction of advanced global technologies to reduce
time and money expenditures of manufacturers during
various topographic and geodetic works with the use
of GPS equipment, traditional equipment and 3D laser
scanning technologies. Using Leica Geosystem geodetic
tools (GPS receivers and total stations), the company
develops and adapts technologies to specific tasks of
customers (Znobishchev, Shamraeva, 2019).

=
1 *. .

b)

Figure 1. Leica Geosystem geodetic tools: a) FlexLine
TSO02plus total station; b) Leica GS07 NetRover with
a Leica CS20 3.75G Captivate controller

Leica GR geodetic receivers are able to receive
signals from GPS and GLONASS satellite systems as
well as from Compass and Galileo being designed. To
control and operate a network of reference stations with
Leica GNSS Spider software, modularity is applied, which
ensures automation of the process of transmitting satellite
data to users for post-processing or in real time with the
LEICA GEOSYSTEMS technology. For the purposes
of data management, visualization, import and export,
Leica Geo Office multi-functional software suite, which is
able to process geodetic measurements, is used. Leica
Geosystems experts are constantly working to improve
their tools and software. GPS/GLONASS receiver signal
quality, sensor and control unit frequency, and total station
accuracy are improving, and it is becoming easier to use
the tools.

It shall be noted that for more efficient road facilities
management, a single platform is required. Such platform
is intended to provide timely and reliable information,
namely:

» consolidated data on the current traffic situation;

+ data (stored in data bases) on the condition of

roads and movable facilities to prepare analysis
reports and make forecasts;
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* up-to-date information on the condition of roads
for a wide variety of customers;

» feedback from traffic participants with regard to
incidents, road pavement condition and other
important information.

Based on the domestic software, a single point
of contact between the state and business during
transportation will be developed. The platform will set
uniform standards, rules and regulations for exchange
of data, including legally relevant data on transport
infrastructure and vehicles. That is another benefit of BIM
modeling when designing transport infrastructure facilities
(Bryde, Broquetas, Volm, 2013). The platform will serve as
an aggregator of data on transport (without privatization of
such data), providing non-discriminatory access to such
data for all concerned members of the transport industry.
Finally, it will allow us to preserve our national sovereignty
over information flows within the transport system of the
country. Use of the global positioning technology based
on GLONASS/GPS systems takes us to a whole new level
in terms of construction machinery operations’ automation
when road works are performed (without labor-intensive
location survey), ensuring design accuracy and high
quality of works at any stage of a project.

Such system is based on the use of a 3D digital terrain
model (DTM), which is uploaded to the on-board computer
in a cabin. In the course of machine operation, location
of the attachment is determined in real time on the basis
of data obtained from GLONASS/GPS receivers and
sensors installed on the machine. The location obtained
is compared with the DTM, and the corresponding
calculated required movement is displayed on the screen.
In automatic mode, the attachment is always kept in a
permanent position. Practical use of the comprehensive
technology (from design to its implementation) at the
facilities of the Avtodor State Company (on road sections
of the M4 Don Highway: facilities of Avtoban Road
Construction ~ Company,  Transstroymekhanizatsiya,
Donaerodorstroy, Krasnoarmeyskoye Road Maintenance
and Construction Department; on road sections of the
M-11 Moscow-Saint Petersburg Highway: facilities of
Transstroymekhanizatsiya, Avtoban Road Construction
Company) showed the following advantages:

- human factor reduction;

- no material overconsumption for road grading;

- schedule reduction: each machine operates 2-2.5
times as fast; logistics of moving trucks loaded with
materials, and other machines is optimized,;

- reduction of machinery out-of-service time during
preparatory works (e.g. geodetic survey, stationing and
elevation setting-out are not required). The automated
control system for road construction machinery copies the
design to the actual surface;

- reduction of time and money expenditures for geodetic
works (up to 90%). No geodetic survey is required.

Such developments represent information society
trends and support national sovereignty over information
flows within the transport system of the Russian
Federation.

Method development

At the current stage of road digitalization in Russia,
practical use of BIM modeling for road infrastructure
facilities plays a significant part. Tools and software
developed and used for road diagnostics serve as the
information basis that could be integrate into intelligent
transport systems. Machinery efficiency increase,
provision of required accuracy and quality, and schedule
reduction are the main reasons to equip contractors with
3D automated control systems for road construction
machinery. In those companies, only 20% of operated
machinery are equipped with 3D technologies. In Northern
Europe, average equipment with such systems is 60%;
in Central Europe and in the USA — 30%. Moreover, it
is currently legally required to use 3D automated control
systems for road construction machinery at all stages of
cement concrete road construction.

In 2018, during construction of road infrastructure
facilities, monitoring was implemented on the Central
Ring Road, where data of the GNSS geodetic service
and data of 3D automated control systems for road
construction machinery were used in a single cloud.
Prompt control over earthwork levels allowed foremen
to arrange for delivery of materials in the right quantities
and optimize transportation logistics. On a case-by-case
basis, contractors implemented BIM systems at the site.
Those systems provided real-time processing of data on
construction stages and allowed employees to maintain
as-built documentation. BIM systems ensured the
following:

— remote project management from the office;

—remote work control, including control of actual marks
with respect to the design surface, and monitoring of the
current location;

— storage of location history with time marks to
determine where and when machines and surveyors were
located;

— remote uploading of design data to the machine; that
way a machine operator can get design data and start
operations earlier;

— performance evaluation, collection and processing
of data on machine passes, and display of those data
made it possible to evaluate quality of works and track the
progress with respect to design data.

Due to data analysis within the BIM system using
various data collection systems (from UAV and mobile
laser scanning systems), it became possible to promptly
track changes in design data, control material supply
needs, and achieve the following:

— improvement of accuracy and speed of works;

— constant real-time monitoring of design elevations;

— reduced number of passes: economy of fuel,
lubricating oils and liquids; reduced machinery
depreciation;

— reduction of time and money expenditures for
geodetic works, geodetic survey, monitoring; reduction of
machinery out-of-service time;

— possibility of night works;

— safety of works.
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BIM systems are intended to perform tasks related
not only to road infrastructure but to various economic
branches as well.

Road diagnostics is based on principles of radiation
technologies as well as competencies accumulated in the
industry. In an integration laboratory, 3D models of roads
in section view can be developed. Using a scanner, it is
possible to collect data from a road section with a width
of 7 m (at a speed up to 100 km/h), including from a depth
of 7 m under the road pavement. The data obtained are
processed automatically by special software and uploaded
to the global information system. Using that system,
concerned individuals and entities can get necessary
information for design, construction, maintenance and
repair of the Russian transportation network. Not only
engineers and qualified operators but car enthusiasts as
well can join the process of data registration. They will be
able to make photos of any road pits and unevenness,
violations in traffic sign installation and, using a special
app, send those to the shared data base. It is expected
that large arrays of information (hundreds of TB) will be
accumulated.

In 2017, the State Company began creating systems
for monitoring of transport and operating conditions of
roads, and constructing a network of observation stations
registering all parameters of road pavement elements
24/7 at all sites of new construction. Therefore, it is
possible to obtain and accumulate data on actual road
deformations caused by traffic load, increase efficiency
in forecasting performance indicators, and model energy
of roads to propose design alternatives (Stumpf, Kim,
Jenicek, 2011).

As a result of a meeting of the Government
Commission regarding use of information technologies to
improve quality of life and business environment dd.
December 18, 2017, a plan of actions in the field of

52

Volume 4 Issue 3

formation of research competencies and technological
foundations within the Digital Economy of the Russian
Federation program was approved (in particular, activity
03.00.000.001.18.11 “Development of a software suite
for instrumental monitoring of the diagnostic condition
of roads, intended for collection, accumulation, storage,
consolidation, analysis andinteractive visual display of data
on the condition of roads, obtained from instrumentation,
control units and population” (see https://www.sbras.ru/
files/news/docs/tex_zadely d_e_ plan.pdf)).

Conclusion

Engineering solutions suggested by Hexagon
Geosystems Rus and their implementation can contribute
to intense development of digitalization and expansion of
Russian companies into foreign markets with the following
proposals:

« creation of regional GIS systems, target monitoring
systems in various economic branches for public
and commercial companies;

» creation of a system for monitoring of transport
and movable facilities for companies maintaining
and operating mobile vehicles;

« use of a system for monitoring of the condition of
roads in the road industry.

Data obtained using unique products of Hexagon
Geosystems Rus can be used for the purposes of strategic
and operational management of the national transport
system, formation of architecture and infrastructure
foundations for a digital environment of the transport
system, strategic management in related industries
(Hardin, McCool, 2015). Those technologies will ensure
design, construction and operation of infrastructure
facilities, as well as processes of design monitoring and
management at a new level.
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NMPAKTUYECKOE NPUMEHEHUWE BIM MOOEJINPOBAHUA ONNA OB BEKTOB
OOPOXHOWU UHOPACTPYKTYPbI

Cepren Buktoposuy 3Hobuwes', Buktopusi BuktoposHa LLlampaesa?

000 «lekcaroH leocuctemc Pyc»
yn. OTpagHas, 2b cTtp. 9, r. Mocksa, Poccus

2®drHaHCOBbIN YHUBEPCUTET Npu nNpaButenbcTee Poccuiickon Pegepaunm
JleHuHrpaacknin npocnekT, 49, r. Mocksa, Poccus

2ABTOp OTBETCTBEHHbIN 3a nepenucky: VVShamraeva@fa.ru

AHHOTauuA

BeepgeHue. [NpeameTom nccnenoBaHns B JaHHOM CTaTbe SBMSETCA TpaHCNOPTHAS UHAdpacTpykTypa. B ctaTtbe
npedctaBneHbl TexHonorundeckne peuwerHns OOO «lekcaroH [leocuctemc Pyc», Apyrux KpymnHbIX KOMMaHWN,
3aHMMaLWNXCH CTPOUTENbHBIM KOHTPOMEM C MOMOLLbIO TEXHOMOrMA WHGPOPMALNOHHOTO MOAENUPOBaHUA W
pa3paboTkoM MNPOrpaMMHbIX peLUeHnn, cepBUcOoB U 06OpyooOBaHUS M UX MpakTuyeckne peanusaumn. Lenb
nccnenoBaHUA: JOCTWKEHME BbICOKOTrO YPOBHSI COAEPXKaHNS aBTOMOBUITbHbBIX 4OPOr, COXPaHHOCTU CYLLECTBYIOLLEN
OOPOXHOW ceTn n obecneyeHnss 6e30nacHOCTU OOPOXHOIO ABMXKEHUS, Mepexod Ha HoBble PopMbl ynpaBreHus
MHAPACTPYKTYPHbIMU 0ObekTaMmun NyTEM peanusauum npoekToB Ha ocHoBe BIM-texHonorun. MeToabl: NpoayKTbl
OTeYeCTBEHHbIX KOMMaHWMA COOTBETCTBYIOT BO3MOXHOCTSIM COBPEMEHHbIX WH(OPMALMOHHBIX TEXHOMOrMm W
OEMOHCTPUPYIOT BO3MOXXHOCTU BIM-MogennpoBaHms npu npakTU4eCKoM NpUMEHeHUM B JOPOXKHON NHPpacTpyKType.
MpeanoxeHbl NPorpamMMHble pelleHus, KOTopble MO3BOMSIT Co34aTb HOBYH cpefy Ons pasBUTUS 3KOHOMUKM,
B TOM 4YMCre M B [OPOXHON AesaTenbHOCTU. Pe3ynbTaTbl: JOKYMeHTaLMs, CO3[aHHasd Ha OcHOBe paboT no
3D nasepHOMy CKaHWpPOBaHWIO, MO3BOMSET OCYLIECTBNATb NMaHUMpoBaHue paboT Mo CoOepXaHWt N PEMOHTY
OOBEKTOB TPAHCMOPTHOM WMHAPACTPYKTYPbl. AKTYanbHOCTb M OOBLEKTUBHOCTb MOMYYEHHbIX AaHHbIX O4YeBUOHA
B BMOY WUCKIMIOYEHUS YenoBe4vyecKoro paktopa B KOHeYHbIX YepTexax u 3D moaensix u npMBOAMT K MOBLILLEHUIO
3P (PEKTMBHOCTM CUCTEMON ynpaBreHus o6bekTaMy TPaHCNOPTHON MHAPACTPYKTYPHI.

Knro4yeBble cnoBa

BIM-mogenupoBaHue, TpaHCNOpTHasA MHPACTPYKTYpa, AOPOXHas MHPOPMaLNOHHAA Modenb, reorpadunyeckas
NMHopmaunoHHas cuctema, undposas TpaHcopmaunsa gopor
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Abstract

Introduction. Development of a graphical-and-analytical basis to perform optimization calculations for quantomobile
motion control will contribute to studies on vehicle creation. Purpose of the study. Itis required to develop a methodology
for graphical representation of thrust vector realization as a graphical-and-analytical basis for optimization calculations
of quantomobile trajectories. Methods. The thrust vector is decomposed into orthogonal components. A generalized
quantomobile force balance equation is used. A mode of partial hovering of a vehicle is distinguished as the basic mode
of near-ground motion. 2D modeling of force balance for a particular velocity slice is performed. 3D modeling of force
balance with velocity sweeping is carried out. 2D and 3D models of force balance are developed using Maple software.
Images of surfaces with regard to road and wind resistance with limits to the maximum thrust are built. Examples
of calculation as well as graphical-and-analytical studies are provided. Results. A graphical-and-analytical basis
for optimization calculations of quantomobile trajectories, changes in QE thrust and corresponding control actions is
developed. Results of calculations with visualization are presented using specific examples. Discussion. Development
of a program in the graphical environment required combining knowledge of the software tools and programmed field.
Development of the quantomobile simulation model as well as its graphical-and-analytical basis in the direction of
increasing complexity is the only way. Corresponding development stages are described. Two hypothetical areas for
the minimization of sufficient thrust are distinguished: in the middle of vehicle hovering and after its full hovering. It shall
be taken into account both in quantomobile takeoff and its near-ground motion with partial hovering.

Keywords
Quantum engine, quantum thrust, quantomobile, near-ground motion, force balance, graphical-and-analytical basis

Introduction Purpose and tasks of the study

Extraction of energy from the physical vacuum
(Leonov, 2002, 2010, 2018) will change the motion
mechanics of vehicles equipped with quantum engines
(QEs). In contrast to ICEs, QEs generate thrust, which can
be applied directly to the vehicle body to create motion
(Leonov, 2010, Brandenburg, 2017, Tajmar, 2007).

Changing the thrust vector position from horizontal to
inclined will make it possible to create a vertical component
of thrust, which can be used to overcome gravitation and
get the quantomobile above the bearing surface (Kotikov,
2018a).

In earlier papers (Kotikov, 2018a, 2018b, 2018c, 20193,
2019b, 2019c), the author described individual aspects of
vehicle force balance. Development of a graphical-and-
analytical basis to design control over QE thrust and
vehicle motion will contribute to further studies on this
topic.

1. To develop a methodology for 2D and 3D graphical
representation of thrust vector realization in the pitch plane
as a graphical-and-analytical basis for future optimization
calculations of quantomobile trajectories, changes in QE
thrust, and corresponding control actions. 2. To consider
specifics of using the generalized quantomobile force
balance equation (derived by the author) when modeling
the vehicle near-ground motion. 3. To provide numerical
and graphical examples. 4. To discuss results and
prospects for further development.

Methods

Thrust vector decomposition

The thrust vector in the pitch plane can be decomposed
into unit vectors (Leonov, 2018, Kotikov, 2019c):

FT = FTx + FTz. (1)
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The scalar form of this equation is as follows:

Fr=~Fr’ +Fr’ @)

The first quadrant of the circle formed by the thrust
vector tip corresponds to the translational motion of the
quantomobile (Figure 1).

1l v

Figure 1. Decomposition of F_ thrust into horizontal (F, ) and
vertical (F,,) components: B — F, thrust inclination angle

Quantomobile and automobile force balance analyses
differ. This is due to the fact that the quantomobile force
balance equation involves entities, which are unique for
land vehicles and manifest when vertical forces (gravity,
hovering, wind resistance to vertical motion, vertical
accelerations) are taken into account.

These aspects are considered in aircraft and helicopter
engineering with regard to vertical takeoff and landing
(VTOL) as well as short takeoff and landing (STOL)
(Schmitz, 1971, Cerbe and Reichert, 1989, Century of
Flight, 2007). Let us develop a unique model based on
that experience.

Generalized quantomobile force balance equation
and its reductions

As a result of equation (2) detalization, we obtain the
following (Kotikov, 2019c):

F‘T2 :FTx2+FT:2 :(P/+Pw,x+})j,x)2+(Pw.z+})j.z+Pg)z:

2
[ Soro(L+ fonv V2 (Gy-Fr: )|re < Gy + Fow - Spront-V* + gax -1+ 5wh)j +
g

2
+((kw_z.spm.yﬁ+ g" a) Fr;>Gq+min(FTz,Gq)) , A3)
where:
P, — a force of resistance to the rolling of wheels, N;
P,. — wind resistance to the horizontal motion, N;
IDj_x_ a force of resistance to horizontal acceleration, N;
P ~ — wind resistance to the vertical motion, N;

w.z

P — a force of resistance to vertical acceleration, N;

P; =min (F,,, G ) —a part of the vertical component of
thrust used to neutralize g portion of hovering vehicle’s
gravity (y = F,/G,), N;
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f ..o — a coefficient of resistance to the rolling of driven
wheels at a speed close to zero, and F = 0;

f..,— a velocity coefficient of resistance to the rolling
of driven wheels;

V_— velocity of longitudinal (course) motion of the
vehicle, m/s;

Gq — quantomobile weight, N;

k, . — a horizontal (longitudinal) wind shape coefficient,
Nxs2/m#;

S,,.— frontal area of the vehicle, m?

V- longitudinal velocity of the vehicle relative to the
wind (in the present study, V, = V), m/s;

g — gravitational acceleration, m/s?;

a - longitudinal acceleration of the vehicle, m/s?;

6,,— a rotational inertia coefficient of driven carrying
wheels;

k,,— a vertical wind shape coefficient, Nxs?/m*;

S, ..~ Vehicle area in plan view, m?,

V, — vertical motion velocity of the vehicle, m/s;

a,— vertical acceleration of the vehicle, m/s?;

| F,, = G,—arange of F, values in the mode of partial
hovering of the vehicle;

| F,, > G, — arange of F_ values in the mode of full
hovering of the vehicle (with possible breakoff from the
bearing surface).

When considering force balance in uniform steady
motion, upon contact with the bearing surface but without
breakoff (at F,, < Gq), it is possible to use the following
reduced equation:

Fr* = Bl 4 Fr? =(Pr+ Puc) 4 (Puc+ Po)? = @)
—( foro (1 forr )+ (G- Fr )i Sponti )+ (oo S+ i) -
Moreover, if we take the vertical motion velocity V, as

negligible (as compared with V), the equation can be
reduced to the following form:

FTZ :th +FT:2 :( f\‘m}:.()(l‘\'fwh.v‘Vi)' (Gq'FT:)+]\'w.x'Sﬁonf-Vw2}2 +(FT:)2. (5)

Equation (5) is implicit with regardto x = F_, z=F

154 Tz
y =V arguments. In case of calculation studies, explicit

equations may be required.
Equation (5) can be reduced to the explicit form with
regard to F_:

Fro= (ﬁh.o (1 + fvh.v . V)ZC) . (Gq - FTZ) + ko - Sfront . Vi) (6)
with regard to F_

kw.x . Sfront . V)zc - FTx
ﬁth(l + fwh.v . V)zc) .

FTz:Gq+ 7)

with regard to V.
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V- Fre— funo(Gq— Fr2)
’ fwh.O . fwhy(Gq - FTz) + kw4x . Sf'mnt . (8)

With account fory = £/ G, after (G -F,) = G (1-y)
substitution, equation (8) will take the following form:

V. = FTx—ﬁthO-Gq-(l_j/)
' ﬁvh.O‘fwh.v‘ Gq '(1—}/)+kw.x'Sﬁ’ont' )

When analyzing the moment of quantomobile breakoff
from the bearing surface (F,, = Gq), accepting that
6,,=0, V=0, a =0, equation (3) can be reduced to the
following form:

2
FT2 = F'T.wc2 + FT22 = ( kwx N Sfront-sz + @ ax] + (Gq)z
g

(10)
Taking into account that F_=G_, the balance of
horizontal forces can be simplified as follows:

Fro=kwx- ‘S'from‘-lfx2 + @ax.
& (1)
If the balance conditions in equation (11) are
maintained, the following can be written for the longitudinal
acceleration of a vehicle in the mode of full hovering
(atF = Gq):

ax = é (FTx - kw.x . Sfront-sz).
Ga (12)
The maximum possible velocity of a hovering vehicle
can be determined by setting a =0:

Vimax = \/ Fy . .
kw.x Sfront (13)

The acceleration at the initial moment of longitudinal
motion of a hovering vehicle can be determined by setting
V., =0:

FTx'g

ax=———"

Go (14)

We can complement the analysis based on equations
(1)—(14) with corresponding graphical models.

Thrust representation for a particular velocity
slice. 2D modeling

Figure 1 shows a calculation example and graphical
representation for a particular quantomobile force balance.

Let us analyze a hypothetical quantomobile having
specifications of a similar automobile (KamAZ-4326) with
a QE, under extremely severe conditions of motion: G_ =
88kN; f  =03;f , , =4x10-4 s°/m?; k =0.5Nxs?’/m*
S, =7 m?% 06 =0.04; k, = 0.8 Nxs?’/m* Sp,an =175 m?
(Kotikov, 2019a, 2019b).

We consider a situation where a practical coincidence
of the thrust values is observed: for steady motion at
a speed of 67.2 m/s in the automobile mode (F, = 0,
F, = F, = 89.9 kN) and for full hovering of the vehicle
(F, = (F?+F, 2" = (88 + 15.8?)"2 = 89.4 kN) (Figure 2).
In an earlier paper (Kotikov, 2019c), the following was
quantitatively substantiated: atf , ,=0.3, the course speed
of 67.2 m/s can be achieved through the actualization of
the same thrust value ~90 kN, but by different methods: a)
horizontal thrust (point 1 in Figure 2); b) thrust is inclined
at angle B = 79.8° to the horizon, providing full hovering of
the vehicle (point 8 in Figure 2).
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g [ Fr=89.4KkN Fr.=88KkN Fr=15,8kN V67,2 mis |
90 — —
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\ N\

1

1

1

i

1

[y 11 R
0 60 70 80 “90 100 Fr, kN

Figure 2. Diagram of force balance and possible use
of thrust upon quantomobile motion along the bearing
surfaces with f, /= 0.3...0.01 at a speed of 67.2 m/s

The following question arises: what value and direction
shall thrust take to maintain the speed of 67.2 m/s upon
partial hovering? The answer can be obtained from Table
1 and Figures 2 and 3. Let us state that upon partial
hovering (y = 0.4...0.7, B = 30...60°) the thrust required
to maintain the set speed shall be 15-25% less than in
extreme cases: y=0and B=0° ory=1and 3 =90° (see
a red curve in Figure 3). If constant thrust is maintained
(e.g. 90 kN), then the maximum speed of steady motion
can also be achieved upon intermediate hovering
((9=0.7-0.9 — see a blue curve for V___ in Figure 3).

a.
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Table 1
Thrust characteristics in case of quantomobile motion along the surface with f , /= 0.3
Thrust
Point No. inclination
in Hovering rate y | Maximum Thrust components, kN relaart‘ing:to
Figure 2 speed, m/s the horizon,
degrees
Xxmax FTZ FTx.ac FTX.ST RFTX FT.st RFT Bac Bst
1 0 67.2 0 90 89.89 0.11 89.9 0.11 0 0
4 1/2 86.4 44 78.52 52.85 25.7 68.7 21.23 29.26 39.8
8 1 67.2 88 18.87 15.80 3.07 89.4 0.59 77.90 79.8
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Figure 3. Dependence of motion characteristics on the vehicle hovering rate

The following designations are taken in Table 1 and in
Figures 2 and 3:

F.. .. — a horizontal component of the maximum thrust
that ensures the set rate of vehicle hovering, speed
(67.2 m/s) maintenance, and the possibility of further
acceleration;

F. .. — a horizontal component of the sufficient thrust,
necessary and sufficient to maintain the steady speed of

the vehicle of 67.2 m/s;

58

R., — the difference between the values (F,, .- F, )
that ensures further horizontal acceleration ax when the
speed of the vehicle of 67.2 m/s is achieved;

F, .~ sufficient thrust to maintain the steady speed of
67.2 m/s;

R., — the difference between the vector values (F, —
F,.) that can ensure acceleration of the vehicle (ax and/
or az) when the horizontal speed of the vehicle of 67.2 m/s
is achieved;
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B,.— maximum FT thrust angle relative to the horizon;

B, — sufficient FT.st thrust angle relative to the horizon.

An algorithm to calculate the mentioned values is
provided in one of the author’s articles (Kotikov, 2019c).

To analyze changes in this picture, caused by the
changing vehicle speed, it is necessary to turn to speed
characteristics. Let us consider a form accepted for
automobile force balance (Figure 4).

FTxv
“FTZ!
a,, m/s? Fy, kN FT=(FTz2+ FTX2)1/2 K
~ >
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80 oV |
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Figure 4. Speed characteristic curve with regard to the force balance of the quantomobile moving along the bearing surfaces with f,, /=0.01-0.3

For f, , = 0.3, three zones are highlighted in color in
Figure 4: wind resistance (blue), resistance of the bearing
surface (beige), remaining vehicle acceleration margin
(green). The Figure also shows the acceleration curve AB
upon complete depletion of the thrust margin highlighted
in green.

3D modeling of the quantomobile force balance

Itis possible to combine the capabilities of the diagrams
in Figures 2 and 4 with the help of a 3D model. Let us build
a 3D model using Maple software. Let us decompose the
F thrust vector into two orthogonal components F. and
F.,, and direct the vehicle speed axis normally to the plane
F.—F,,. Letthe de-identified variables be F_ =x, F, =z, and
V=y.

We programmed equations (5-9) to be used in the
Maple environment in the form of F ?=f(x, y, z) implicit
function (see (5)) as well as coordinate functions x=f (y,z),
z=f(x, y), y=f(x, z) (see (6-8)). Final graphic images were
similar; however, differences in build time, specifics of
coloration and surface grids were observed. The following
explicit model was chosen by the mentioned factors as a
basic one:

z=f(xy), ie. F =f(F_ V). (15)

1Y
The simple graphic images are given in Figure 5.

Fr. max2 = Fr. max2+ Frz max” cylindrical surface
representing QE limit capabilities is highlighted here (and
below) in blue. The sum of wind resistance and bearing
surface resistance to vehicle motion (corresponding
surface) is highlighted in red.

The isolines correspond to tens of kN of the vertical
component of thrust. Surfaces related to lower resistances
totherolling of wheels 7 ,.0 occupy the half-space to the left
of the red surface of the thrust required for steady motion.
QE power for vehicle acceleration and maneuvering
occupies the half-space to the right of the red surface of
thrust (up to the cylindrical surface of maximum thrust). All
future studies on searches for optimal trajectories shall be
performed in this spatial domain.

It can be seen that the line segment between points
10 and 8 in Figure 2 corresponds to the force of wind
resistance P = 15.8 kN. This value is constant for a
particular slice of velocity. With changes in the resistance
of the bearing surface (f , , = var), 8-1 line inclination will
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change as well. Moreover, due to the stable position of the position of the surface of the required thrust and £, |
point 8, line 8-1 will rotate about it. Dependence between  coefficient can be seen in Figure 6.

FTzkN ]
4

Figure 5. Surfaces: maximum QE thrust (blue, cylindrical) and thrust required for steady
motion along the bearing surface with the coefficient of resistance 7, ;= 0.3 (red)

FTz kN

Figure 6. Surfaces of the thrust required for steady motion of a quantomobile on roads with various f, ., coefficients

The addition of resistance to the rolling of wheels and surface) and resistance to the rolling of wheels (area
wind resistance, resulting in total resistance to uniform  between the blue and red surfaces) are added to form total
longitudinal motion of a vehicle, is represented in a model resistance to uniform vehicle motion (red surface). The
based on equation (6). It is graphically shown in Figure area limited by the red and blue surfaces is a subspace for
7. Forces of wind resistance (area to the left of the blue the use of thrust for vehicle acceleration and maneuvering.
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Figure 7. Addition of forces of wind resistance (to the left of the blue surface) and resistance to the rolling of
wheels (between the blue and red surfaces), forming total resistance to vehicle motion (red surface).

FIxkN

Figure 8. Set of surfaces and lines in the developed model: one of the options

Results

The mainresultofthe studyis agraphical-and-analytical
basis for optimization calculations of quantomobile motion,
changes in QE thrustand corresponding control actions. Its
analytical component is a generalized quantomobile force
balance equation taking into account the decomposition
of the thrust vector into orthogonal component, which is
a key element when determining optimal combinations of
energy consumption for vehicle hovering and gains from a
decrease in driven wheels resistance upon such hovering.
While in case of aircrafts and helicopters, vertical takeoff
(VTOL) and short takeoff (STOL) modes represent a

small share of their relatively long-lasting operation, for
quantomobile, near-ground motion can be the main
long-term mode. Therefore, it is important to search for
optimal combinations of the vertical and horizontal thrust
components.

Maple software tools provide a rotating view of graphical
3D images, allow for interactive model modification,
creation of animations. Besides the mentioned graphical
functions, numerous additional options embedded in the
model can be noted: surface intersection lines, surface
limits along those lines, and surface extension outside the
set limits (Figure 8).
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With this figure as an example, the following
conclusion can be drawn: if a quantomobile with the
indicated characteristics and QE with a maximum thrust of
100 kN moves along the bearing surface with f  =0.3 in
the automobile mode (without hovering), it is possible to
achieve speed V =72 m/s, while the maximum achievable
speed upon partial hovering V =117 m/s (Figure 8b).
In the first case, point A represents an “exit” of line AB
(intersection of the red surface of the required thrust and
blue surface of the QE maximum thrust) onto the plane
F.=0. In the second case, point B represents a point of
intersection between line AB and line CD (intersection
of the blue (+ brown in the upper part) surface of wind
resistance with the dark blue surface of maximum thrust).

Therefore, at the same thrust, the maximum speed of a
vehicle upon partial hovering is 50% more than the speed
of a vehicle in the automobile mode, and that is due to the
thrust vector direction only.

Discussion

Maple software is a powerful and flexible system with a
wide mathematical apparatus, multi-parameter analytics
of problem solving, and nice business graphics. It may
seem that due to the lack of a real object being modeled
(quantomobile), we are actually using a sledgehammer to
crack a nut. However, its deep understanding is possible
only with the use of such powerful tools.

Development of the quantomobile simulation model as
well as its graphical-and-analytical basis in the direction
of increasing complexity is the only way. At the next stage,
it is required to program the generalized equation of
gauntomobile motion, turn to differential models of vehicle
motion, introduce a model of QE control, then turn to
optimization models of trajectory control, develop special
quantomobile aerodynamics, combine course and lateral
motion, and, finally, switch to the concept of a “flying
saucer”. At all those stages, it will be necessary to form
a graphical-and-analytical basis using Maple software
tools.

Exit from the mode of near-ground motion is ensured
by inequation F_>G_ Several tests with the use of the
model showed the following: in case of road resistance
disappearance (at FTZ>Gq), the formation of the second
zone of thrust minimization is possible. A vehicle passes
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some crest in the force balance, which is related to
hovering in the area y=0.8...1.0. The latter circumstance
is likely to matter when choosing a type of quantomobile
takeoff: vertical (VTOL), short (STOL), or combined.

The numerical examples are based on the use of
geometry, weight and aerodynamics parameters of similar
KamAZ-4326. On the one part, this racing truck with more
than a thousand HP happened to be the most similar to
the hypothetical laboratory quantomobile (Kotikov, 2018b)
in terms of force balance (Kotikov, 2018c, 2019a). On
the other part, the mentioned parameters (in particular,
aerodynamics parameters) will be unsatisfactory for the
quantomobile. In that respect, all numerical examples and
graphical images presented in this paper characterize
the worst options of force balance and required thrust.
Nevertheless, high design speeds of quantomobile
near-ground motion (117 m/s and more) are due to the
quantomobile thrust, which exceeds the automobile thrust
significantly (Kotikov, 2018c, 2019a).

Conclusions

Based on the generalized quantomobile force balance
equation (derived by the author), the graphical-and-
analytical basis was developed to study quantomobile
near-ground motion. The calculations, analysis, and
visualization were based on the equation implementation
in the Maple environment.

According to the calculation studies, in the middle of
the full range of thrust vector inclination angles (0—90°),
a zone of the most beneficial use of thrust upon partial
hovering of a vehicle is located. This creates opportunities
for developing methodologies to substantiate thrust
control when a vehicle interacts with the bearing surface.

The Maple graphical tools allowed us to perform
a visual analysis of the space topology with regard to
thrust resources in a vehicle with a QE, and confirm the
possibility of using the software analytical tools in further
studies.

At the current stage (with the simplest linear algebraic
model for vehicle interaction with the road and simplified
aerodynamics of the “flying box”), the first step of
quantomobile near-ground modeling using Maple can be
considered sufficient and adequate.
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AHHOTauuA

BBeaeHue. lNMpoaBmxeHnto nccnegoBsaTtenbckux paboT no co3gaHuio kBaHTomobuns ByaeT cnocobeTBoBaTb
cosfaHue rpadoaHanuTuyeckoro Gasuca And ONTUMMU3ALMWOHHBIX PacYeToB YNpaBreHUs OBWXKEHUEM 3TOro
TpaHcnopTHoro cpeacTea. Lenb. CchopmupoBaTb MeToAMKY rpadmnyeckoro otobpaxeHus obrnactu peanusaumu
BekTopa TpacTa (thrust) — kak rpadphoaHanuTnyeckoro 6asnca ans GyayLmx oNTMMmM3aLMOHHbBIX PacYeTOB TPAEKTOPUI
OBWXeHus kBaHToMobuns. Metoabl. PaznoxeHve BekTopa Tpacta Ha OpTOroHanbHble KOMMOHEHThI. Icnonb3oBaHne
06006LeHHOro ypaBHeHuUst cunoBoro 6anaHca kBaHTOMOGMNS M ero ynpouweHus. OnpegeneHne 6 xapakTepHbIX
PEXUMOB ABUXEHUS KBAHTOMOOWMS, BblAENEHME M3 HUX pexuMa 4aCTUYHOro BbIBELUMBAHWS Kak OCHOBHOMO B
npu3eMHom ABWXeHun. 2D-mogenvpoBaHne cunoBoro 6amnaHca Ans CKOpocTHoro cpesa. 3D-mogenvpoBaHue
cunosoro 6anaHca ¢ pa3BepTkon No ckopocTtu. MNporpammupoBanme 2D 1 3D mogenen cunosoro 6anaHca B MMM
Maple. MNocTpoeHne 0b6pa3oB NOBEPXHOCTEN CONPOTUBNEHUI AOPOrM U a3pOSaMHAMUYECKMX CUIT, MAKCMMaribHOro n
JoctaTtoyHoroTpacTa. PacueTHble urpagoaHanutudeckme uccnegoBaHnaHanpmumepax. Pesynbrartbl. ChopmmpoBaH
rpadoaHanuTu4eckmii 6asmc ona oNTMMmM3auMOHHbBIX PACHYETOB TPAEKTOPUN ABMKEHUS KBAHTOMOOUNS, N3MEHEHNS
Tpacta ero Ke[ u COOTBETCTBYKOLIUX YNpaBnsawwWmnx Bo3gencTBuin. lMpeacrtaBneHbl pesynbTaTbl BblYUCNEHUN
C Bu3yanusaumen Ha KOHKpeTHblX npumepax. O6cyxaeHue. Co3fgaHue nporpamMmbl B cpefe rpaduveckoro
MMM notpeboBano KOMNIEKCMPOBAHUSA 3HAHWA Kak CPeAcTB nakeTa, Tak U nporpammumpyemMon obnactu 3HaHun.
EcTecTBeHHbIM OygeT nyTb pa3BUTUSA pacyeTHOW MOAENV KBaHToMOOuns m ero rpadoaHanutnyeckoro 6asuca
no MyTW BO3pacTarLlen CNOXHOCTU, NPUBOAATCA 3dTanbl pa3Butnd. OTMedveHbl ABe NpeanonoXuTenbHble 30HbI
MUHUMM3aLMM OCTATOYHOrO TpacTa: B CPEAMHHOW YacTu CTEMEHM BbiBELUMBAHUSA dKUNaxka 1 nocre ero nosiHoro
BblBELLUMBAHNA. DTO HEOBXOOMMO y4YnUTbIBaTbL MpU peanu3aumm Kak B3neTta KBaHTOMOOWMS, Tak U Npu Npu3emMHOM
OBWXKEHUM C YaCTUYHbBIM BbiBELUMBaHNEM.

Knro4yeBble cnoBa

KBaHTOBbLIN fgBUraTenb, KBaHTOBasl Tsra, KBaHTOMOOWMb, MNPU3EMHOe [ABWXEHWe, CcurnoBon HanaHc,
rpacdoaHanuTuyeckui 6asmnc

64



	Обложка№3 (2019)
	номер без обложки.pdf

