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Abstract: Recent years have witnessed active construction of multi-storey residential buildings. The
scale of construction, its timing and limitations in financing contribute to the emergence of risk factors
affecting the key parameters of cost and duration of projects. The purpose of this research is to
develop the most effective mathematical model to reveal, study and estimate in a timely manner
the influence of risk factors on stable implementation of a construction project during its life cycle.
The mathematical model of the study is based on the theory of fuzzy sets, including 25 rules used
to estimate the influence of a risk factor. An expert survey of leading specialists in the construction
industry was performed and risk factors distributed over the stages of the life cycle were listed.
Risk factors affecting the sustainability of the life cycle of a multi-storey residential building were
identified and ranked. The result of the study shows that the application of the mathematical model
will significantly increase the success of construction projects by identifying the critical risk factors
in the phases of their life cycle. Since the proposed model is relatively new in Russia, it should be
considered as a starting point for a new assessment of the impact of risk factors on projects. The
methodology can be improved, and many aspects are still to be analyzed.

Keywords: life cycle; risk factor; risk; project; fuzzy logic

1. Introduction

One of the priorities of each state is to provide affordable, comfortable and safe
housing for its citizens. Currently, the purchase of residential real estate requires large
financial investments and, in most cases, is associated with multi-year credits (mortgages)
and interest-bearing loans. When buying houses for years, possibly for life, people pay
special attention to the aesthetics of the building, the comfortable layout and the view
from the window, the availability of parking spaces, infrastructure, and the environmental
friendliness and safety of the residential area.

In recent years the volume of construction of multi-storey residence buildings with
individual architectural and constructive solutions has been growing rapidly. For example,
in Russia about 90 million square meters of residential space have been commissioned
annually in the last 5 years. [1] The uniqueness of the adopted volume-planning and
constructive solutions, the use of new technologies, the scale of construction, the large
number of parties involved, tight deadlines and limited funding contribute to the risks
affecting the implementation of such projects [2].

The study of project risk factors in recent years has had a vital role in the construction
industry, and hundreds of factors have been identified [3,4], affecting the parameters of the
cost and duration of a project. Works by Fahimeh Allahi, Lucia Cassettari and Muhammad
Saiful Islam note that the cost of a project due to the influence of a factor can increase by up
to 20%, and the duration of large construction projects can grow by up to 30% [5,6] Many
authors have determined the project risk concept in different ways. Risks may have both
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positive and negative impacts, affecting the life cycle of a project [7-10]. Risk is closely
related to the state of uncertainty, but it is fair to say that in most cases it has a negative
impact on the project parameters [11]. There are many risk factors at all stages of the life
cycle of a project: organizational, technological, technical, and economic [12,13]. In addition
to organizational and technical complexities, managers take into account a growing number
of additional parameters, including environmental and social ones. In such circumstances,
it is important to understand the real practice of risk analysis and, above all, to assess the
risk-driving factors at each stage of the life cycle of the construction project. Nowadays the
theme of risks in the construction industry is a relevant and priority issue, and the vector
of research in this area should be aimed at developing methods to reduce factors affecting
the occurrence of risks in the life cycle of a project and achieve the required technical and
economic performance.

However, the Russian Federation still lacks any model of the life cycle of a construction
project with the technical risk factors included at each stage of construction, whereas com-
plete and up-to-date documentation may contribute to mitigation of technical, industrial
and natural risks.

Taking this into account, this research was focused on selected stages of the life cycle of
a construction project exposed to risk factors in the construction of multi-storey residential
buildings. As a result of an extensive study of scientific and technical literature, the authors
identified, grouped and systematized life cycle risk factors by stages. The description of
studies of the stages of the life cycle of a construction project in which the risks occurred,
and the systematization of risk factors by project cycle, are presented in more detail in
the articles [12,14-17]. Each stage was assigned a risk factor, which in turn enabled the
assignment of an identification number to the risk factor and subsequent assessment and
control. In addition, the authors chose the expert assessment method to determine the
weights of the assessed parameters of risk factors in the absence of statistical data on the
above topic of the study. Experts were required to assess risk factors on a five-point scale of
probability of risk occurrence, as well as the impact of risks on the cost and duration of the
construction project.

The authors applied fuzzy set theory, fuzzy logic and the Dempster-Shafer theory (DS),
which allowed establishing the relationship between the results and obtaining a model of
risk factors at the considered stages. To assess the impact of risk factors on the construction
project it was necessary not only to allocate risk to the right stage and conduct an expert
evaluation of the risk factor, but also to process mathematically the results in order to
determine the degree of influence and the probability of the impact of factors on such
parameters as cost and duration.

As a result, a model showing the factors of risk occurrence at the life cycle stages of a
multi-storey residential building construction project was developed, which allows timely
assessment of the level of possible risks and their impact on the cost and duration. The
results of the study make it possible to model and assess risks in an attempt to investigate
real, favorable ways of development at each stage of the life cycle of the construction project,
including by mitigating or timely eliminating the risk factors.

The contribution of this article to the construction industry can be described at several
levels. The first level is a literature review in which the main direction is residential
buildings, risk factors, the life cycle of buildings and structures, mathematical models for
analyzing research data are studied. At the second level, an improved life cycle model
for a multi-storey residential building in a cramped building is presented and factors are
considered and analyzed through mathematical models. At the third level, based on the
analysis of the selected mathematical models, critical risks are determined in real time, and
the dependences of time and cost are shown.

This approach allows the reader to form a comprehensive structure of the object and
quickly predict the integrity of the object’s life cycle in the time interval.
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2. Literature Review

Understanding the risk scenarios of complex projects is an important step towards
achieving the expected level of accuracy in contingencies. This section briefly discusses
some relevant research related to understanding the risk scenarios of complex projects in
different parts of the world.

The cost of building a residential building is very dynamic and changeable [18]. Price
fluctuations may be related to the prices of building materials, human resources and other
costs used in construction. This economic uncertainty can have a serious impact on business,
especially on long-term projects [18]. To minimize the risk of uncertainty of investment
costs for the construction of a residential building, it is necessary to predict the cost of
building a residential building.

Compared to classical risk assessment methods, the modified Fuzzy Bayesizan Be-
lief Network (FBBN) system has certain advantages for risk assessment in an uncertain
and complex project environment because it shows risk cause-and-effect networks more
efficiently. This helps understanding of the root causes of cost overrun risks and requires
significantly less probabilistic data to obtain information from experts, which not only
saves time and effort for data collection, but also reduces the computational load on the
model compared to the widely used FBBN models [19].

Project management plays a big role, project management is now appearing in many
organizations, and this trend is constantly growing. However, in today’s dynamic envi-
ronment, the success of such projects is influenced not only by the level of the project
management method and the quality of the management team, but the success of the
project can also be supported by effective risk management [20,21]. Risk and uncertainty
are an integral part of project management [22]. If risk management can be integrated
into an organization and used effectively, certain benefits and resource savings can be
obtained [23-25]. Risk management also plays a key role in terms of the sustainability of a
construction company [26].

It is also worth noting that the choice of the appropriate method of project implemen-
tation is one of the most important management decisions, since it has a direct impact
on the success of the project and affects key performance indicators such as cost, quality,
schedule and safety.

3. Methods
3.1. Data Sourcing

The first stage of the research method involved an extensive review of the scientific
literature, focusing on risks in the design and construction of residence buildings, as well
as an analysis of already built facilities with identified factors that impact the parameters of
duration and cost.

The first stage was not limited only to collecting data on risk factors, since the purpose
of the study is related to the residential building life cycle. More importantly, the aim
here is to identify risk factors and assign them to each stage of the multi-storey residence
building life cycle.

The selected risk factors were analyzed and divided into risk groups, as well as
assigned to the stages of the project’s life cycle. Figure 1 presents the construction project’s
life cycle, taking into account risk factors [12]. This model contains all the stages of the life
cycle of an object. The essence of this model is that it contains all the risk factors considered
in this work. The risks are divided into groups and correlated to the stages. The selection of
these factors was carried out by analyzing the scientific literature and studying the objects
of analogues, in the documentation of which the quality department recorded the risks that
arose at the stage of work.
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Figure 1. Object life cycle model with risk factors included.

Moreover, this model was complemented by the method of expert assessment, given
that it allows determining which risk factor parameters have the most significant impact
on the multi-storey residential building life cycle.

The method utilized here consisted of an expert assessment of the proposed risk factors
for a 20-storey residence building in Moscow. The experts were required to assess the risk
factors on a five-point scale Likert scale of risk occurrence probability, impact on cost, and
impact on duration.

The most dangerous stages in the life cycle of a building object are:

1.  Planning
2. Pre-project stage
3.  Project stage

Expert examination was conducted among the specialists of the construction industry;
60 experts took part in the selection in accordance with the requirements of competencies
for an expert, and the number of experts was determined by the proposed method of
Ruposov V.L. [27,28].

Basic requirements:

e  Academic degree or academic qualification.
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Participation in international scientific and technical cooperation.

At least 10 years of professional experience.

Member of NOPRIZ (National Association of Designers and Surveyors) and (or)
NOSTROY (National Association of Builders).

The expert’s questionnaire is shown in Supplementary Materials Expert questionnaire.
As a result of the analysis of the expert assessment, weight indicators of the estimated risk
factor parameters were determined.

3.2. Mathematical Model of Data Analysis

To assess the impact of risk factors on the construction project’s life cycle, it is required
not only to allocate the risk to the desired stage and conduct an expert assessment of
the risk factor, but the data of the expert survey should be calculated mathematically to
determine not only the degree of impact, but also the likelihood of the factor impacting
such parameters as cost and duration.

The mathematical model for the analysis of expert evaluation is based on two theories:

e  Fuzzy set theory, fuzzy logic.
e  Dempster-Schafer theory (DS).

The fuzzy set theory is a method of experiment planning that is widely used in
quantitative analysis of a machine process, especially for quality and risk assessment in
engineering [29]. The main limitation of the method is related to the use of statistical
mathematics and probability theory in the analysis. A probabilistic attempt is insufficient
when the data are scant, as knowledge of their values becomes inaccurate or incomplete [30].

One of the possible solutions for cases where the data is scant is a non-parametric
maximum likelihood estimate [31,32]. At the end of the twentieth century, a method
based on the idea of fuzzy logic associated with L.A. Zadeh [33] was developed taking
into account the possibility of describing the so-called linguistic variable. An example
of applying the idea to the perceived risk assessment in the project is presented in the
articles [34,35].

Fuzzy logic was first introduced by Professor L.A. Zadeh in 1965 and began to be
applied in the 1970s [33,34]. Fuzzy logic is a successful application in the context of fuzzy
sets in which the variables are linguistic rather than numeric. Since its development in 1965,
it has become the optimal choice for handling data-related inaccuracies and uncertainties
in risk assessment tasks [36].

Fuzzy logic is different from binary or Aristotelian logic, which sees everything as
binary: yes or no, black or white, zero or one. The values in this logic vary from zero to
one [37]. Figure 2 shows the architecture of the fuzzy inference system.

Knowledge base

Inference process

Figure 2. Fuzzy inference system [17].

A fuzzy inference system [17] usually consists of the following components:

Fuzzificator

Risk matrix

Fuzzy inference mechanism
Defuzzificator
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The components of the fuzzy inference system for risk assessment are described
below [17,37]. The process of converting explicit variables into linguistic variables is

called fuzzification.

Fuzzification is the establishment of a correspondence between the numerical value of
the input variable of the fuzzy inference system and the value of the membership function
of the corresponding term of the linguistic variable [38].

The input and output data of the fuzzy inference system must first be fuzzy in a fuzzy
inference system. The probability of occurrence and the severity of the impact of the risk
are considered as two inputs, and the level of risk is considered as the output of the system

of fuzzy inferences.

The linguistic expressions and fuzzy sets used for defining the input and output data
of a fuzzy inference system are presented in Table 1 [17,38,39].

Table 1. Linguistic terms.

Input and Output Values Linguistic Term Definition Rank
IM: Improbable Extremely rare, almost no chance of occurrence. 1
R: Remote Chance of manifestation is small. 2
Probz}bility 11evels O: Occasional Probability to occur is 30-50%. 3
nput
P P: Probable Probability to occur is very high. 4
F: Frequent Probability to occur is almost certain and and inevitable. 5
N: Negligible There isno real negative consequences or a significant threat to the 1
organization or project.
M: Minor T.hEI:e' is htt.le potential for negative consequences, and there is no 5
significant impact on overall success.
. s Can lead to negative consequences, creating a moderate threat to
LeveIls of ;r;pact MA: Major the project or organization. 3
npu
With significant negative consequences that will seriously impact
C: Critical the success of the organization or project (the need to close the 4
project or a large number of negative events).
With extremely negative consequences that can lead to the closure
CA: . . .
. or long-term failure of the entire company. Requires the most 5
Catastrophic !
attention and resources.
IN: The risk is tolerable without any mitigation. Impact is minor and
L . . 14
Insignificant unlikely to occur. These types of threats are generally ignored.
Partial mitigation may be required. The probability of occurrence
does not allow them to be ignored, and the consequences may be
T: tangible. If possible, measures should be taken to prevent the 5.8
Tolerable occurrence of medium risks, but it should be remembered that they
are not a priority and cannot critically impact the success of an
organization or project.
SU: Mitigation may be required. Such risks may have serious
. consequences and are likely to occur. They should be responded to 9-12
. Substantial .
Risk level in the near future.
Output - . I, .
Mitigation measures must be taken to reduce the risk. Critical risks
S: that have serious consequences and have a high probability of 13-16
Significant occurring. They have a high priority. Measures should be taken
immediately to eliminate or reduce the possible consequences.
Risk mitigation measures must be implemented. These are
catastrophic risks that have serious consequences and have a high
INT: probability of occurrence. They have the highest priority. Can 17-25
Intolerable threaten the existence of the organization or the success of most of

the tasks. Measures should be taken immediately to eliminate or
reduce the possible consequences.

For the functioning of the fuzzy logic system, referring to the standard risk matrix

is required.
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The risk matrix is a tool of the threat management process designed to increase the
objectivity of its interpretation [17]. To place an item in the matrix, you must assign it a
probability and damage rating.

The degree of risk is determined on the basis of the risk matrix [13] and, accordingly,
this component of the developed fuzzy inference system for risk assessment is a knowledge
base and fuzzy rules, including 25 fuzzy “if” rules, which are presented in Table 2.

Table 2. Mathematical model rule table.

No. Description
Rule 1 If the likelihood is unlikely and the consequences are
negligible, then the risk is negligible.
Rule 2 If the probability is unlikely and the consequences are
catastrophic, then the risk is high.
Rule 25 If the probability is frequent and the consequences are critical,

then the risk is unacceptable.

Tables 3 and 4 shows the indicators of the standard risk matrix.

Table 3. Risk Matrix.

Risk=P x I Probability
M R o P
N IN IN IN IN
M IN IN T T U
Impact MA IN T U U 5
¢ N T sU S INT
cA T sU S INT INT
Table 4. Risk matrix with ranks.
Risk=P x I Probability
M R o P F
N 1 o 3
Y 2 4 6 8 10
Impact MA 3 6 9 o -
¢ 4 8 12 16 20
CA 5 10 15 20 =

The next component of the developed fuzzy inference system for risk assessment is
the fuzzy inference mechanism. The inference engine evaluates and makes logical inference
to the rules using inference algorithms, and after the inference rules are aggregated by the
defuzzifier block they are converted to an explicit or numeric value. The fuzzy inference
mechanism is the Mamdani algorithm [17]. The optimum method is used to aggregate the
output data, and the center of gravity method is used for defuzzification.

The fuzzy risk assessment index is considered as an output parameter, and varies from
0 to 5. In this article, the risk is divided into five equal parts, as shown in Figures 3-5. Risks
are represented by fuzzy sets, the ranges of which coincide with the linguistic terms given in
Table 1. Using the appropriate transformation scale, the linguistic terms are converted into
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fuzzy ratings. One of the key points in fuzzy modeling is the definition of fuzzy numbers,
which are vague concepts and expressed in inaccurate terms in natural language [36].

.
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Figure 3. Membership function for the probability level.
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Figure 4. Membership function for the influence level.
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Figure 5. Membership function for the risk level.

In this work, fuzzification distributes system variables, including probability (P),
impact level (I) and risk levels (R) with clear numbers. The structure of the fuzzy model is
shown in Figure 6.
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Figure 6. Fuzzy model inference structure.

Twenty-five rules were introduced to the mathematical model in Table 2, performing
the defuzzification process [38,39]. Defuzzification in fuzzy inference systems is the process
of transition from the membership function of an output linguistic variable to its clear
(numerical) value. The purpose of defuzzification is to use the results of the accumulation
of all output linguistic variables to obtain quantitative values for each output variable used
by devices external to the fuzzy inference system [17,39].

The last step in the approximation is defuzzification. This step contains the process of
replacing a fuzzy value with a clear inference, consisting of a procedure for weighing and
averaging the outputs of all individual fuzzy rules. In total, there are six defuzzification
methods [40]:

Centroid Average (CA)

Center of Gravity (COG)
Maximum Center Average (MCA)
Medium of the Maximum (MOM)
Smallest of the Maximum (SOM)
Largest of the Maximum (LOM)

Center of gravity (COG) is one of the most popular defuzzification methods, chosen
because of its simple calculations and intuitive plausibility [41].
COG is defined by the following equation:

7 J i (x)xdx

= T(odx M

where:

Z—defuzzified result.
x—output variable.
i (x)—aggregated membership function.

The defuzzification process creates a clear value from fuzzy sets that reflect the risk of
the project, as in Figure 7.

The data of mathematical calculation of expert assessments are presented in Table 5.

The DS method is a more general form of the Bayesian approach that retains all its
advantages. For example, in the DS method, as in the Bayesian method, available a priori
information can be included in the inaccurate output of uncertain indicators and inferred
results. Nevertheless, the use of a priori information in the DS method is not mandatory.
This is one of the advantages of the DS theory [42,43].
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n — minF

DS =m(A) = ©)

maxF — minF
where:

m(A)—degree of reliability.

maxF = max{fj ljell,n]};

minF = min{f]- ljell,n]};

n—number of factors

Compared with other probabilistic methods, such as the Bayesian method, the DS
method does not require the calculation of a priori probability; it has a flexible and under-
standable mass function, and the formation of a mass function is convenient and simple.
The computational complexity of this method is much less than that of the Bayesian
method [41,44].

For the processing of expert data, a risk matrix, the Dempster-Shaffer theory and
a mathematical model of fuzzy logic were used. The processed results of the study are
presented in Section 3.

Dempster-Shafer cell data were obtained by mathematical calculation according to
formula 2. Fuzzy logic output data, defuzzification results, were obtained by mathematical
modeling through the Polyspace software package. The inference algorithm was used. After
aggregating the output rules by the defuzzifier block, we obtained an explicit numerical
value as the result of fuzzy inference.

The data of mathematical calculations are presented in Section 3. The values of FLRC
and FLRT are ranked in ascending order, according to the fuzzy inference group.

4. Result and Discussion

The following values of probability and impact on project parameters were obtained
during the expert survey of Section 3.1. The results of the expert survey are presented in
Table 5.
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Table 5. Analysis of the expert survey results.

- - . Probability Impact on the Impact on Duration
No Criteria SUB—Criteria Risk Factor P Cost of IC IT
F1 Increased seismicity at the construction site 2.8 3.1 2.8
F2 Precipitation 2.3 23 1.9
F3 Environment Flooding 3 2.7 2
F4 Landscape (plain, hills, etc.) 2.2 2.8 2.2
F5 Climatic and natural conditions 2.7 3.4 34
F6 Substructu.re of.the Area of archeological studies 2.4 3.5 43
construction site
F7 Lack of construction site space 2.8 3.4 3
Constructi ity
F8 onstruction stte High transport load 2.6 2.3 2.5
F9 Delays in obtaining permits 3.7 3.4 3.9
F10 Construction project Evaluation of technical conditions results 2.5 2.6 2.8
F11 Infrastructure assessment results 2.5 2.3 2.6
F12 Security re'q'u'irements and restrictions of 26 07 3
nearby facilities
F13 There are structures for demolition at the 26 34 3
Other construction site
F14 A short construction period 3.9 4.4 3.1
F15 Labor qualification level of key employees 33 3.9 2.9
F16 Staff, qty (low number of employees) 33 3.1 3.1
F17 PrO]ec’fs with a p051_t1ve expert opinion 2.8 29 23
(experience of passing)
F18 The main party of General Designer Availability and number of subcontractors 3.7 32 32
F19 the project Current projects (company workload) 3.8 3 3.1
F20 Apph.catlon o'f new technolf)gles (lack of 35 41 31
experience using technologies)
1 Coordination of work w1th a subcontractor 43 33 33
(no work model, no experience)
F22 Registration level of GOST documentation 2.1 15 1.6
23 Initial permitting Qua'lity (?f the condl_.lcted 33 21 2
documentation engineering-geological tests
F24 Completeness of required data for design 3.8 2.4 2.5
Regulatory and The level of work with regulatory
F25 technical supportlevel ~ documentation at the international and 3.1 2.4 2.1
for project preparation  federal level
Resls of enginering RS o sscsmentf oy
F26 and geological 8 Y ¢ 8Y, 1y 8y 2.7 2.1 2.1
geotechnical expertise of the IGI
surveys
work program
Results of geotechnical research,
F27 F . £ oron assessment of the state of soil bases of 2.7 2.3 2
ormation of project buildings and structures
documentation
Results of local monitoring of
environmental components, exploration of
F28 Results of special soil building materials, local surveys of 24 19 18
types of contaminated soils and groundwater
engineering surveys - —
Results of the geotechnical examination of
the project of subgardes and foundations,,
F29 scientific technical conclusion on the 2.6 1.9 2.2
assessment of the karst-suffusion hazard of
the construction site
Assesment of
F30 engineering survey Results of engineering survey assessment 31 24 22

results
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Table 5. Cont.

No. Criteria SUB—Ceriteria Risk Factor Pmb?,blhty Imcl;;ascttoofnltche Impact o;lTDuratlon
F31 Labor qualification level 3 2.3 2.6

F32 Work experience 3.1 2.7 2.9

F33 Experience of passing the assessment 2.8 2 2.5

F34 Experience with residential facilities 2.8 2.3 2.2
Uriauenes o beprofe Ccomplexi ol g

F36 Height of the project 3.6 3.5 3.4

F37 Registration level of GOST documentation 12 11 1

. . Algorithm for transferring information
F38 Project documentation  petween related sections of design and 19 1.3 1.6
estimate documentation

Results of taking into account natural and
climatic conditions (seismicity of the region,
zones with increased aggressive

F39 . O L 33 2.6 2.6
environment, precipitation, construction in
the zone of negative and
positive temperatures)
Results of accounting for human-induced
F40 processes (industrial explosions, traffic, 28 04 24
subway construction, operation of ’ : ’
industrial equipment)
F41 Results of determining the scope of work 2.2 19 1.6
F42 Labor qualification level 3.1 2.3 2.4
F43 Work experience 3.2 2.1 2.5
E— BIM Department
F44 Staff, qty (low number of employees) 32 2.2 2.8
F45 . . Level of BIM model evaluation 3 2.4 2.7
— Formation of project
F46 documentation Development of Labor qualification level 2.8 18 18
measures to ensure .
F47 access for persons Work experience 24 1.6 1.7
F48 with disabilities Proficiency in BIM technologies 17 1.3 1.4
F49 Employee qualification 2.9 2.6 2
F50 Work experience 2.9 2.5 2.1
F51 Fire safety measures Projects 25 2.3 2
F52 Proficiency in BIM technologies 1.9 2 1.7
F53 Results of Special Technical Regulations 3.1 2.6 2.3
F54 Assessment. of Results of th_e project 07 24 29
documentation documentation assessment
F55 Labor qualification level 3 2.8 2.9
F56 Work experience 3 2.6 2.6
F57 Experience of passing the assessment 2.7 2.3 3
— Working - - - - .
F58 documentation Experience with residential facilities 2.5 22 2.1
F59 Registration level of GOST documentation 2.1 15 14

Algorithm for transferring information
F60 between related sections of design and 2.1 1.5 1.7
estimate documentation

Impact of related processes on the result of
work (e.g., engineers made a mistake in the

Fé1 calculation of loads, shaft openings, entails 35 31 27
Other adjustment of openings AR and CR)

Availability of a common information

F62 platform for coordinating work 2.8 2.4 2.1
between stakeholders

F63 Building an Model building experience 2.8 2.5 2.3

e information model of
F64 a building Staff, qty (low number of employees) 24 2.1 2.7

To understand the operation of the mathematical model in the life cycle of a multistorey
residential building, each factor at different stages of the project was considered and the
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rank of the factor was determined by fuzzy logic, as this was the main tool in our study,
with 25 preprogrammed rules.

The data of the expert survey are the input data for the mathematical model presented
in Section 3.2. The results of the mathematical model are presented in Table 6.

Table 6. Comparative analysis of the obtained data.

Risk Matrix Dempster—-Shafer Fuzzy Logic Output
RC Rank RT Rank DSRC Rank DSRT Rank FLRC Rank FLRT Rank
F9 3.7 34 39 1258 2 144 1 3.2 5 3.73 2 34 5 3.6 1

No. P IoC IoT

F5 2.7 3.4 3.4 9.18 4 9.18 4 32 3 32 3 3.4 3 3.4 2
F6 24 3.5 43 8.4 7 10.3 3 3.31 2 4.18 1 3.5 2 3.2 3
F14 3.9 44 3.1 17.16 1 12 2 429 1 29 4 44 1 3.15 4
F1 2.8 3.1 2.8 8.68 6 7.84 6 29 7 2.6 8 1.9 14 2.8 5
F8 2.6 2.3 25 5.98 12 6.5 10 2.13 13 2.32 11 23 9 24 6
F11 2.5 2.3 2.6 5.75 13 6.5 11 2.13 14 241 10 2.3 10 24 7
F4 22 2.8 22 6.16 11 4.84 13 2.6 8 2.04 12 22 12 22 8
F10 25 2.6 2.8 6.5 10 7 9 241 11 2.6 9 24 7 22 9
E3 3 2.7 2 8.1 8 6 12 2.51 9 1.86 13 2 13 2 10
F7 2.8 3.4 3 9.52 3 8.4 5 32 4 2.8 5 3.4 4 2 11
F12 2.6 27 3 7.02 9 7.8 7 2.51 10 2.8 6 23 11 2 12
F13 2.6 3.4 3 8.84 5 7.8 8 32 6 2.8 7 3.4 6 2 13
F2 23 23 1.9 5.29 14 4.37 14 2.13 12 1.77 14 23 8 1.9 14
F15 3.3 3.9 29 12.87 3 9.57 6 3.73 2 27 6 3.35 2 3.35 1
F18 3.7 32 3.2 11.84 4 11.8 2 3 4 3 2 32 4 3.2 2
F21 43 3.3 3.3 14.19 2 14.1 1 3.1 3 3.1 1 32 5 32 3
F16 3.3 3.1 3.1 10.23 6 10.2 5 29 5 29 3 3.15 6 3.15 4
F19 3.8 3 3.1 114 5 11.7 3 2.8 6 29 4 3.25 3 3.15 5
F20 3.5 41 3.1 14.35 1 10.8 4 3.95 1 29 5 3.45 1 3.15 6
F17 2.8 22 23 6.16 7 6.44 7 2.04 7 2.13 7 2.2 7 22 7
F24 3.8 24 2.5 9.12 4 9.5 3 222 12 2.32 13 3.65 1 3.65 1
F36 3.6 3.5 34 12.6 1 12.2 2 3.31 1 32 1 3.5 2 3.4 2
F39 3.3 2.6 2.6 8.58 5 8.58 8 241 6 241 11 3.35 4 3.35 3
F35 3.7 32 3.3 11.84 2 12.2 1 3 2 3.1 2 32 7 3.3 4
F23 3.3 21 2 6.93 18 6.6 19 1.95 27 1.86 29 3.35 3 3.25 5
F43 3.2 21 25 6.72 21 8 11 1.95 29 2.32 15 3.25 5 3.25 6
F44 32 22 2.8 7.04 16 8.96 6 2.04 25 2.6 6 3.25 6 3.25 7
Fol 3.5 3.1 2.7 10.85 3 9.45 4 29 3 2.51 8 3.15 8 3.25 8
F64 24 2.1 27 5.04 32 6.48 21 1.95 30 2.51 9 2.1 21 23 9
F29 2.6 1.9 2.2 494 33 5.72 28 1.77 34 2.04 20 1.9 29 22 10
F33 2.8 2 25 5.6 29 7 16 1.86 31 232 14 2 23 22 11
F34 2.8 23 22 6.44 24 6.16 23 2.13 21 2.04 22 2.2 13 22 12
F40 2.8 24 24 6.72 20 6.72 18 222 15 222 16 2.2 14 2.2 13
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Table 6. Cont.
Risk Matrix Dempster—-Shafer Fuzzy Logic Output
No. P ToC loT RC Rank RT Rank DSRC Rank DSRT Rank FLRC Rank FLRT Rank
F54 2.7 2.4 2.2 6.48 23 5.94 25 222 17 2.04 23 2.3 11 2.2 14
F63 2.8 2.5 2.3 7 17 6.44 22 232 11 213 19 22 17 22 15
F26 2.7 2.1 2.1 5.67 28 5.67 29 1.95 28 1.95 25 21 18 2.1 16
F50 29 2.5 2.1 7.25 13 6.09 24 2.32 10 1.95 26 2.1 20 2.1 17
F58 2.5 22 21 55 30 5.25 31 2.04 26 1.95 27 22 15 21 18
F62 2.8 24 2.1 6.72 22 5.88 26 222 18 1.95 28 22 16 2.1 19
F27 2.7 2.3 2 6.21 25 5.4 30 2.13 19 1.86 30 2.3 9 2 20
F31 3 2.3 2.6 6.9 19 7.8 12 2.13 20 241 10 2 22 2 21
F45 3 24 2.7 72 14 8.1 9 222 16 2.51 7 2 24 2 22
F49 29 2.6 2 7.54 10 5.8 27 2.41 7 1.86 31 2.1 19 2 23
F51 2.5 2.3 2 5.75 27 5 33 213 23 1.86 32 2.3 10 2 24
F55 3 2.8 29 8.4 6 8.7 7 2.6 4 2.7 5 2 25 2 25
F56 3 2.6 2.6 7.8 9 7.8 13 2.41 9 241 12 2 26 2 26
F57 2.7 2.3 3 6.21 26 8.1 10 213 24 2.8 3 2.3 12 2 27
F25 3.1 24 2.1 7.44 11 6.51 20 222 13 1.95 24 1.9 27 1.9 28
F30 3.1 24 2.2 7.44 12 6.82 17 222 14 2.04 21 1.9 30 1.9 29
F32 3.1 2.7 29 8.37 7 8.99 5 2.51 5 2.7 4 1.9 31 1.9 30
F42 3.1 2.3 24 7.13 15 7.44 14 2.13 22 222 17 1.9 33 1.9 31
F53 3.1 2.6 2.3 8.06 8 7.13 15 2.41 8 2.13 18 1.9 35 1.9 32
F22 2.1 15 1.6 3.15 38 3.36 38 1.42 38 1.5 38 1 37 1 33
F28 24 1.9 1.8 4.56 34 4.32 34 1.77 33 1.68 33 1.9 28 1 34
F37 1.2 1.1 1 1.32 43 1.2 43 1.08 43 1 43 1.1 36 1 35
F41 22 1.9 1.6 4.18 35 3.52 37 1.77 35 1.5 40 1.9 32 1 36
F59 2.1 1.5 1.4 3.15 39 2.94 41 1.42 39 1.33 42 0.9 39 0.9 37
F47 24 1.6 1.7 3.84 36 4.08 35 1.5 37 1.59 35 0.9 38 0.8 38
F48 1.7 1.3 14 221 42 2.38 42 1.25 42 1.33 41 0.8 41 0.8 39
F60 2.1 1.5 1.7 3.15 40 3.57 36 1.42 40 1.59 37 0.9 40 0.8 40
F38 1.9 1.3 1.6 2.47 41 3.04 40 1.25 41 1.5 39 0.7 42 0.7 41
F46 2.8 1.8 1.8 5.04 31 5.04 32 1.68 36 1.68 34 0.7 43 0.7 42
F52 1.9 2 1.7 3.8 37 3.23 39 1.86 32 1.59 36 1.9 34 0.7 43

P—probability; loC—impact on cost; loT—impact on timeline; RC—risk cost; RT—risk of timeline; DCRS—
Dempster Schafferis risk cost; DCRT—Dempster Schafferis risk of timeline; FLRC—fuzzy logic risk cost; FLRT—
fuzzy logic risk of timeline.

After analyzing the results of mathematical calculations, a diagram with factors and
their ranks can be constructed as shown in Figures 8 and 9. The data are presented without
ranking by the magnitude of the influence.
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Figure 8. Distribution diagram of the impact of risk factor on the cost by ranks.
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Figure 9. Diagram of the distribution of the impact of risk factor on the duration by ranks.

The diagram shows 64 factors, with each ranked in relation to another; due to this we
see a clearer picture of the distribution of risk factors by measurement value, both in cost
and in time.

The study identified the most dangerous risk factors that affect the key parameters of
the life cycle of a multi-storey residential building.

Mathematical calculations showed that the most effective mathematical apparatus
is fuzzy logic based on 25 given rules. Dempster Schaffer’s theory has small deviations
from fuzzy logic, but this spread is within the acceptable limit. The standard risk matrix
has large deviations in data reliability, as it excludes the presence of the said risk factor
definition rules.

The final step was to determine the magnitude of the impact of the main factors
identified in Table 6, on the parameters of cost and duration of the construction project.
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Table 7 shows the results of the analysis of the obtained data. The cost and duration
values were determined by the experts in Supplementary, Section 3.1.

Table 7. Critical risk factor analysis.

No.

Stage

FLRC

FLRT

Increase in Cost, $

mlin.
F5 34 34
F6 35 3.2
i Planning 34 2 ~0.45
F9 3.4 3.6
F13 34 2
F14 44 3.15
F15 3.35 3.35
F16 3.15 3.15
F18 Pre-project stage 32 32 ~0.45
F19 3.25 3.15
F20 3.45 3.15
F21 32 3.2
F23 3.35 3.25
F24 3.65 3.65
F35 32 3.3
F36 Project stage 5 o4 ~0.6
F39 3.35 3.35
F43 3.25 3.25
F44 3.25 3.25
F61 3.15 325
Total: ~1.5

Increase in Duration,

The factors in Table 7 are in the Significant category of Table 1. Mitigation measures
must be taken to reduce the risks. These are critical risks that have serious consequences
and a high probability of occurrence. High priority means immediate action is required to
eliminate or mitigate possible consequences.

Factors not included in the table are not excluded; they are part of the whole project
system and are subject to the rules of Table 1.

The following data were obtained as a result of the analysis of key risk factors:

1.  Twenty most hazardous risk factors categorized as “Significant” were identified.

A high level of increase in duration and costs was observed at the design stage.

3. The indicators of increase in the value at each stage of the project life cycle were
determined; the amount of damage caused by the factors is ~$1.5 mIn.

4. The indicators of increase in duration at each stage of the project life cycle were
determined; increase in duration is ~7 months.

N

The difference in the rank values of the risk factors presented in Figures 8 and 9 shows
that the choice of mathematical tool plays an important role in determining the rank of
risk factors.

The results obtained during the study will help to predict project risks and allow
taking the right steps in due time to manage them and to adjust the budget and resources.
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5. Discussion

A key component of the experiment was focused on the analysis of the influence of
various risk factors that affect the stages of important parameters of the building life cycle.
The experiment showed the performance of the mathematical model and identified critical
factors. This technique allows work on one structure, that is, the life cycle of an object with
all its parameters and the mathematical apparatus for taking into account the influence
of factors, which allows a response to their impact in a timely manner. In general, the
study of the influence of factors on the life cycle of an object will allow creating a common
interconnection environment focused on successful implementation and improvement of
informed decisions that can bring maximum benefit to stakeholders.

The use of two mathematical models for assessing the risk factor is not comprehensive
today, but it copes well with the tasks set; namely, it takes into account the requirements
and rules laid down by the operator for each object. However, for future buildings,
actual data on behavior is not available, there are no public registries, no record of the
maximum influencing factors is kept, which is a hot topic these days, and often the data
are confidential. Hence, co-modeling by integrating BIM with a robust risk analysis model
is one of the most appropriate methods to solve this problem. It is convenient when each
factor has its own individual number, tracked in real time at each stage of work in the
BIM system.

This study has the following unsolved problems. The scope of the simulation experi-
ment was limited both in terms of the simulation time period and the space coverage of the
object data. Over time, more participation from experts from the construction industry is
required. More designs, materials and design approaches need to be evaluated as the pace
of construction continues to be high and every year we see new technologies emerging in
the construction industry. Simulation results will be more coherent and informative if it is
possible to expand the range of data collection on the objects under study; the functions of
joint modeling can be improved as research progresses.

Since the proposed model is relatively new, it should be considered a starting point for
anew assessment of the impact of risk factors on the project. The methodology is subject to
improvement, and many aspects remain to be studied. Of course, this model will allow
managers of organizations to significantly reduce costs, correctly form the tasks set, identify
and eliminate risk factors in a timely manner, and identify weaknesses in the company that
will lead to financial losses.

Future research in this area should focus on identifying risk factors and managing
them during the project cycle. It is worth introducing an electronic database of risk factors,
so the percentage of risks can be reduced and projects implemented more efficiently.

6. Conclusions

This article proposes a scientifically justified mathematical model of the life cycle of a
multi-storey residential building. The model allows competent determination and ranking
of the influence of risk factors at each stage of the project. The presented methodology was
developed to assess the impact of risk factors on the main parameters of the project. The
stages of the life cycle for a residential building were analyzed, the risk factors arising at
each stage identified, and their impact assessed by an expert survey. The expert survey
involved 60 experts who are professionals in the construction industry, with more than 10
years of experience. The experts were requested to assess the impact of factors on both the
cost and the duration. As a result, the following conclusions can be made.

e  The mathematical model based on the fuzzy set theory with 25 programmable rules
identified critical project factors and shows a small deviation from the Dempster-
Schafer theory.

e  The most hazardous risk factors with the influence on the life cycle of the project,
affecting the parameters of the duration and cost of the project, were identified and
ranked. There are 31.25% of them in the life cycle. All factors should have an identi-
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fication number to track them. This data will help to predict the consequences in a
timely manner and take measures to eliminate them.

e  Particular attention should be paid to the design phase, as the highest concentration
of risk factors is observed in this category, i.e., 65.63%.

e  Analysis of the data showed that under the influence of critical risk factors on the
project, the cost of the project grows by 1.5 million dollars, and the duration increases
by 7 months.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/buildings12040484 /51, Table S1: Expert Questionnaire.
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