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Abstract

Introduction: The design stage and preparations for construction include the development of construction schedules
needed to justify the duration of construction works. Methods: Based on probabilistic scheduling, a multitude of solutions
can be generated for each implementation roadmap (progress chart). These decisions can be defined as optimistic,
most probable or likely, and pessimistic. Rational roadmaps are selected in accordance with benchmarking. Simple and
discounted payback periods are used as frequently applied criteria included in the system of evaluating the economic
effectiveness of investment projects. Based on identifying the given indicators of project evaluation, a method of designing
probabilistic construction progress charts has been developed; the latter serve as the basis for devising respective
organizational-technological solutions. Results: The design of optimistic, pessimistic, and most probable construction
roadmaps (schedules or progress charts) enables the use of a developed model for probabilistic prognostication of future
production risks affecting the delay of construction completion.
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Introduction

At the stage of design and preparations for
construction, carried out as part of the construction
organization project, a roadmap or calendar
progress chart is developed to justify the duration of
project construction and the duration of its various
stages (Government of the Russian Federation,
2008). The following recommendation aimed at the
selection of organizational-technological solutions
is given in Regulations 48.13330.2011 (Ministry of
Regional Development of the Russian Federation,
2011): “Construction organization decisions should
be based on studying alternatives and using
benchmarking and modeling methods as well as
modern hardware and software.” Following the
given recommendation, one can assume that
studying calendar progress chart alternatives must
be based on a modern project management system
that includes statistical modeling methods and the
PERT method (PMI, 2008) leaning on optimistic
and pessimistic assessments of work durations.
A respective benchmark evaluation of alternative
construction roadmaps (calendar progress charts) is
to be determined by relevant valuation parameters for
assessing the economic effectiveness of investment
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projects (Ministry of Economy of the Russian
Federation, Ministry of Finance of the Russian
Federation, State Committee for Construction,
Architecture and Housing Policy, 2000).

When probabilistic scheduling methods are used,
developers of calendar progress charts bear in mind
that the construction process is liable to accidental
exposures while respective durations of works should
be expressed as random variables. The first study
(Gusakov et al.,1977) highlighting general matters
of probabilistic scheduling gives recommendations
on developing and using probabilistic network
models in construction. Yet there are no specific
recommendations for the numerical definition of all
probabilistic characteristics peculiar to calendar
progress charts. One of the later works (Barkalov
et al,, 2010) points out that almost all systems of
probabilistic scheduling assume that the density of
distribution regarding work duration time estimates
is to have three properties: continuity, unimodality,
and two nonnegative points of its intersection with
the x-axis. The authors further argue that it is a
beta distribution that meets these criteria, whereas
probabilistic parameters are set by three alternative
durations of works: optimistic, pessimistic, and
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the most likely ones. As regards the quantitative
determination of these parameters, Barkalov et al.
suggest that these are to be provided by managers in
charge of construction works, or based on available
norms and standards or on actual experience. It
should be noted straight off that the analysis of
modern databases regarding labor norms shows the
lack of probabilistic norms or standards (Bolotin and
Kotosvksya, 2013, Porshneva, 2011; Solin, 2011).

The recommendation to use the expert evaluation
method is relevant, as proven by Velichkin (2014):
“The deadlines can be assumed on the basis of
experience and available expertise....” Anferov et
al. (2013) say: “The lack of any ways to take into
account the probabilistic nature of the construction
process that includes construction and power-
driven (mechanized) works lowers the reliability
of organizational-technological and managerial
decisions in the industry.” A similar handicap
exists in project management software: there is
a module meant for the PERT method to be used
in the Microsoft Project software, but the input
of probabilistic parameters is methodologically
undefined (Kupershtein, 2011).

In some works, you can come across certain
criticism of the PERT method and even find some
recommendations on how it could be improved;
however, this criticism and recommendations
suggested have nothing to do with the quantitative
definition of probabilistic durations of works
(Oleynikova, 2008, 2013). There is no easing of this
bottleneck in the international PMBOK standard
geared towards the use of the project management
system (PMI, 2008).

Thus, the main purpose of the given article is
addressing the practically relevant task of justifying
the values of temporal characteristics of the
probabilistic construction roadmap developed within
the construction organization project.

Materials and Methods

Prior to the beginning of design and project-
oriented preparations for the construction process,
a technical assignment for the design of a capital
construction project is set. The standard form of the
technical assignment was developed and approved
in 2018 by the Russian Ministry of Construction,
Housing and Ultilities. Among other things, the
given form contains information about the presence
or absence of a project investor, which can be
used to develop and assess the pessimistic and
optimistic alternatives of the calendar progress chart
(construction roadmap). The hypothesis embraced
by the authors of this article was chosen because
the alternative related to capital attraction requires
additional expenditures disbursed at the discounting
rate E describing the dependency of the money cost
on time (Copeland et al., 1995). In the alternative
defined by the lack of attracted capital, there are
no extra expenditures. The alternatives presented

spawn divergent assessments of the project payback
period.

The most graphic illustration of this discrepancy
is equations used to find the discounted payback
period DPB and simple payback period (PB). The
simple payback period can be calculated using the
following equation:

I[c(t)dtz lr(t)dt ’ ™)

where c(t) is the differential distribution of capital
investments in time;
r(t) is the distribution of the recurrent cash flow in
time,
T is the construction duration.

The discounted payback period is calculated
using the following equation:

z c(t) _PB r(t)
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Both the above-mentioned equations describe
the consecutive fulfillment of investing and operating
periods defined by cash flows related to project
construction and management of a built facility. For
the assumed sequence of investing and operating
periods in the project’s life cycle, the ratio of the
discounted to simple payback periods will always be
more than 1.

=288 3)
PB :

The given inequation shows that investment
funds attracted increase the payback period and this
delay depends above all on the adopted discounting
rate. The hypothesis of our choice lends itself to the
following rationale. Since almost any investment
construction project is estimated both in terms
of the simple payback period and the one with a
discounted cash flow, the ratio of the discounted to
simple payback periods may serve as a yardstick of
untimely execution of future construction works.

Let us focus on the proposed model of
calculating probabilistic durations of works using the
example of a simple calendar process chart for the
construction of a residential building, comprising the
following cycles of consecutive works: preparatory
and underground works, aboveground works and
interior fit-out works. The choice of the given scope
of works coincides with the structure of works used
in construction duration standards (Repository
for legal documents, standards, regulations and
specifications, 2020). For the method described
below, the value of the standard presented comes
down to information about the distribution of capital
investments by months of construction activity.
The given standards coupled with consolidated
standards of construction costs (Repository for
legal documents, standards, regulations and
specifications, 2014) allow a complete reproduction
of the investment cash flow c(f), even without a
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detailed feasibility study. This being said, minimum
information about a future facility is needed in case
of residential buildings: wall structure, floor count,
and total area.

The recurrent cash flow r(t) related to a built
facility depends either on the sale schedule and
the price per unit of space or on the rental price of
built premises. If this information is missing, then it
is necessary to set the discounted payback period
DPB and discounting rate E in order to figure such
annuity of presumed income that would match the
preset payback period. The following equation can
be used for the calculations:

G 14y 21 E

i=1 (1+E)
where C.is the distribution of investments by months
until the construction completion T, also expressed
in months; A stands for the annuity.

The left part of equation (4) represents cumulative
investments discounted by the construction start
date and calculated with due regard for investments
to be provided towards the end of the month
(Kovalev, 1998). The right part of equation (4)
represents the value of discounted annuity whose
duration is determined by the difference between
the discounted payback period expressed in years
and construction duration expressed in months
(Repository for legal documents, standards,
regulations and specifications, 2020). Equation (4)
can be used to arrive at the equation of calculating
the annuity that would ensure the discounted
payback period, given the preset discounting rate:

E(+E)"? I

C:
A= i (5)
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With reference to the known annuity, one can
find the simple payback period using equation (6):
T
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It should be borne in mind that the distribution of
capital investments in time can be expressed both
in absolute and relative parameters represented
in Construction Rules and Regulations SNiP
1.04.03-85 (Repository for legal documents,
standards, regulations and specifications, 2020).
As per the earlier determined payback periods,
one can then calculate their ratio and assume
it to be the ceiling value of the index of delayed
works /D. Under this estimation of the maximum
relative delay of construction works in the calendar
process chart, a definite positive factor is that it
is in full harmony with the criteria of estimating
the effectiveness of investment construction
projects.
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Discussion

Bolotin et al. (2014) review the method of space-
time analogy showing an increase of relative works’
execution delay in case of the absolute construction
start date incrementing. Based on this method, a
model of calculating the pessimistic work execution
time is proposed that includes the planning horizon
H found by means of equation (7):

S (7)
In(1+E)

Bolotin and Dadar (2016) consider a similar
calculation model; yet a different equation is
suggested for the planning horizon (8):

T (8)
2In(1+E)

The numerical value of the planning horizon
calculated by means of equation (7) is almost twice
as high as the value obtained by means of equation
(8), while it does not seem possible to rationalize
which of the values is more correct. Therefore, the
construction project’s payback periods are used as
an analog of the planning horizon in the model laid
out in the given article.

The calculation of pessimistic durations,
proposed by Bolotin et al. (2014), Hejducki et al.
(2015) is done using equation (9):

___#HD ©)
H-L-S+D/2
where D is the work’s determined duration; L is the
duration of works on a project; S is the determined
(fixed) beginning of works.

Equation (9) shows the increasingly pessimistic
duration of the work as it approaches the planning
horizon. Equation (9) includes the duration of project
works, which is rather uncertain. The circumstances
mentioned above decrease the value of the given
model. This is why Bolotin and Dadar (2016)
propose an alternative equation based on the link
between the pessimistic duration of the work and
the discounting rate.

(1+E) —(1+E)S
In(1+E)

As a result, the calculation of the pessimistic
duration of the work lacks uncertain values, but
at the same time, the given equation does not
take into account an important characteristic of
the project, such as the distribution of capital
investments in time, even though the latter, as
was demonstrated above, affects the project’s
payback period. Bolotin and Dadar (2016) point out
that in the process of deriving equation (9) it was
neglected that new pessimistic durations generate
a new timetable and new start dates; as a result,
the given calculation is correct only for the first
iteration.

The model based on using payback periods,
proposed in the given article, addresses the
above-stated issues in the following way. We

tpes

S+D
pes _

(10)
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bring the maximum delay index into conformity
with the discounted payback period and assume
that the most likely value of the current delay
index will be proportionate to time f from the
construction start date to the construction end

date.
it =142
DPB

1. (11)

The pessimistic value of the current delay index
should be found using equation (11):

D" =1+£-t.
PB

(12)

As was suggested by Bolotin and Birjukov (2013),
determined (fixed) values of works’ durations can
be used for the optimistic roadmap. To devise the
likely or pessimistic calendar process charts, it
is necessary to calculate respective durations of
works (e.g. pessimistic ). A respective calculation
equation can be obtained through integration of the
following expression:

S+D a
e = j (l+at)dt=D[l+aS+5D), (13)
S

where a for the pessimistic scenario is the function
of the ID/PB ratio, while the average value is
determined by the /D/DPB ratio.

It should be noted that the new value of the work
duration is determined as the average duration

between the start date and the end date. The start
date can be assumed to be fixed, the end date will
shift depending on the new value and, therefore,
equation (13) should be considered approximate. For
a more precise calculation of pessimistic durations of
construction activities, Bolotin et al. (2016) propose
an iteration procedure related to cyclic readjustment
of the timetable. However, experimental data show
that the relative addition pertaining to subsequent
iterations proved to be less by two orders of magnitude
and did not exceed 1%. For the correct calculation of
the probabilistic durations, the critical path method
should be modernized. The modernization applied
boils down to the fact that in the calculation of end
dates one should figure probabilistic durations using
equation (13) instead of their determined (fixed)
values.

Results

Let us show the practical result using the example
of generating a calendar process chart (roadmap)
containing the schedule of integrated territory
development with three residential buildings. The
parameters of these buildings are taken from
the construction duration standards (Repository
for legal documents, standards, regulations
and specifications, 2020) and are shown in
Table 1. The last column of Table 1 shows the results
of calculating the coefficient a included in equation
(13) and computed under the following values:

Table 1. Characteristics of buildings in the cluster under development

Type Area, Works Integral distribution of capital investments by months
No. £ buildi Floors o
@7 (DL, SAM | ynder|Prep|Above|Int. |1 |2 |3 | 4 | 5| 6 | 7 | 8 | 9 |10 |11 | 12
1 | Cast-in-situ 5 1500 1 1 3 1 [{8]20(40| 63 | 86 | 100 0.174
2 | Cast-in-situ 5 6000 1 1 5 1 [5]27(38|49 |56 | 74 | 95 (100 0.164
3 | Cast-in-situ 9 12,000 1 1 8.5 1514 |9 (17|24 | 35| 46 | 55|64 | 73 | 82|92 |100]| 0.139

E = 20% per annum and DPB = 5 years. Based on
these data, an optimistic timetable of works using
determined (fixed) durations of works (see Table 1)
is presented in the upper part of Table 2. A pessimistic
timetable of works generated using the above-stated
methodology is shown in the lower part of Table 2.
Each element of both timetables contains the start
and end dates, whereas the durations of works
matching them are shown below.

The performance indicators of construction,
widespread in Russia, include the general duration
of construction works, which under the optimistic
project delivery scenario comes to 20 months and
under the pessimistic scenario — to 22.4 months.

The pragmatic result of the calculation presented
is that the pessimistic delay of 2.4 months
can be duly hedged against and also used to
calculate the penalty imposed by a developer
upon a general contractor for the supposed
untimely commissioning of a cluster under
development.

Conclusions

The method of generating calendar construction
process charts allows probabilistic organizational-
technological design at the stage of design with reliance
on information known at the given stage and directly
related tothe standard system of estimating the economic
effectiveness of investment construction projects.
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Table 2. Optimistic and pessimistic schedules of integrated development

Buildings Preparations Foundations Aboveground Interior works
0 1 1 2 2 5 5 6
o ™ 1 1 3 1
é Ne2 1 2 2 3 5 10 10 11
= 1 1 5 1
o 2 3 3 4 10 18.5 | 185 20
Ne3
1 1 8.5 1.5
Ne 0 1.01 1.01 2.01 2.01 5.08 | 5.08 6.09
-% 1.01 1.01 3.07 1.01
I Ne2 1.01 2.03 | 2.03 3.06 | 5.08 10.6 10.6 11.8
@ 1.02 1.03 5.52 1.15
& Ne3 2.03 3.32 | 3.32 4.36 10.6 20.6 | 20.6 224
1.29 1.04 9.96 1.87
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AHHOTauuA

lMpoekTHaa noAroToBka CTPOUTENbLCTBA BKMYaeT pa3paboTKy kaneHAapHbIX MNMaHOB, KOTOpble Heobxoaumbl
Onsi 060CHOBaHUA MPOAOIIKUTENBHOCTU CcTpouTenbcTBa. MeTtoabl: Ha ocHOBe BEpPOATHOCTHOrO KaneHAapHOro
NnraHMpoOBaHMsA ANS KaXXA0ro KaneH4apHOoro nnaHa MoxeT OblTb COOPMUPOBAHO MHOXECTBO PELUEHUI, onpeaensemMble
KaK OMTMMWUCTUYHbIE, Hanbonee BEPOSiITHbIE Y MECCUMMUCTUYHbIE. BbIGOp pauMoHanbHbIX BapuUaHTOB KaneHOapHbIX
NnraHoB OCYLLIECTBNSAETCS B COOTBETCTBUMN C KpUTEpUarnbHOW oueHKon. B kayecTBe 4acTo NpMMEHSIEMbIX KPUTEPUEB,
BXOASILLMX B CUCTEMY OLEHKN 3KOHOMMNYECKON 3PPEKTUBHOCTM MHBECTULMOHHBIX NPOEKTOB, MCMOMNb3YHTCS MPOCTOMN
M OUCKOHTMPOBAHHbLIN Mepuoabl OKynaeMocTu. Ha ocHoBe onpeaeneHuss AaHHbIX MOKasaTenewn OLEHKWM NnpoekTa
pa3paboTaH MeToA pacyeTa BEpPOSITHOCTHbIX KaneHOapHbIX MMaHOB CTPOUTENbCTBA, B COOTBETCTBME C KOTOPbIMU
Ha 9Tane nMnpOEeKTUPOBaHUS CTpouTenbCTBa 0O0BLEKTOB (OPMUPYIOTCS COOTBETCTBYHOLLME OPraHU3aLMOHHO-
TexHonoruyeckme peleHunsa. Pesynbratbl: [1poekTupoBaHue onTMMUCTUYECKOrO, NEeCCUMMUCTMYECKOro 1 Haubonee
BEPOSATHOrO KaneHAapHbIX MMaHOB CTPOUTENbCTBA MNO3BONSIET MCMNONb30BaTh pa3paboTaHHy Moaenb Ans
BEPOSATHOCTHOrO npefckasaHus Oyayliux MNpoOM3BOACTBEHHbIX PUCKOB, BIUSIOWNMX Ha 3a0epXKy OKOH4YaHus
CTpPOUTENbCTBA.

KnioueBble cnoBa

KaneH,qapHoe nnaHnpoBaHue CTpouUTenbCTBa, YynpaBneHne npoekrtamu, opraHn3aunoHHO-TEXHONIorn4yeckasa
HaOeXHOCTb, BEPOATHOCTHbIE CceTeBble MoAesIn CTPOUTENBbCTBA, 3aAepXKa NpoAOJIXKNTENTbHOCTU CTPOUTENbCTBA.
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