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The article proposes to balance processes with non-rhythmic flow-lines according to the period
of works execution with the use of complex mechanized machines (CMM).

An increase in the period of deployment in the flow-line and downtime of non-critical works
calculated by the Critical Path Method requires the development of optimization methods to reduce
the construction period. We proposed a hypothesis to equalize work rhythms due to the redistribution
of work volumes on interdependent divisions (ID) between CMM:s.

A typical matrix model is used to compare the period of works execution. The calculation
formulas are given for determining the execution time on the ID, the deployment period of the flow-
line, the brigade and the building.

There is a new method of optimizing the flow-line deployment period with the parallel use of
complex mechanized machines proposed in the article. This method shortens the construction period.

Keywords: non-rhythmic flow-lines, Critical Path Method, complex mechanized machines,
interdependent divisions, matrix method of flow-lines calculation, optimization of flow-lines deplo-
yment periods.

Introduction

For energy-saving building construction technologies, harmoniously balanced systems should be
introduced by adopting rational constructive, organizational and technological decisions (COTD) based
on variant design. This task can be solved both for the system as a whole and by connecting individual
elements (Ivaneiko, Oleksiv, 2015; Ivaneiko, Mudryi, Oleksiv, 2015; Ivaneiko, Ivaneiko, 2020; Shatrova,
2006; Radkevich, 2006). This article deals with the issue of providing an option to reduce the deployment
period of the flow-lines with the linking of organizational and technological solutions (OTS) (Shumakov
1., 2015) using complex mechanized machines and the effectiveness of its application (Determination of
the duration of construction, DSTU, 2014).

Analysis of research and publications

Today, with the limitation of energy resources, effective OTS should be introduced to construct
preschool education institutions in a short period to increase the working population. Solving the problem
in non-rhythmic flow-lines is achieved by choosing the optimal methods of performing work with a
change in the sequence of development of work fronts, choosing the intensity of work, number resources
in the process (Kanyuka, Rezunyk, Novatskyi, 1977; Afanasiev, 1990; Shumakov, 2018). The main
problem of optimization methods is the lack of a mathematical solution to this problem, which is partially
solved in the works of S. M. Johnson (Jason Chao-Hsien Pan, Jen-Shiang Chen, Chii-Ming Chao, 2002;
Schaller J. 2005). The balancing of processes according to the rhythm of work performance is studied in
the works (Ivaneiko, Oleksiv, 2015; Ivaneiko, Ivaneiko, 2020). Therefore, in order to reduce costs for the
construction of the object, effective means of mechanization should be used according to the volume and
performance characteristics, weight and load moment (Ivaneiko, Mudryi, Oleksiv, 2015; Zavadskas,
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1991; Shumakov, 2015). Due to the unevenness of the work rhythms within the processes on non-
rhythmic flow-lines, there are significant gaps in terms of execution due to the increase in the period of
flow-lines deployment (Ivaneiko, Oleksiv, 2016; Ushatsky, Sheiko, Triger, 2007).

The primary method of reducing the construction period is executing works according to a grid
schedule using the Critical Path Method developed in the USA in 1959 by J.E. Kelly and M.R. Walker
(Kelly, Walker, 1959). The disadvantage of this method is the downtime of resources during work
execution (non-critical work). The flow-line method of construction developed at the Kyiv Engineering
and Construction Institute by professor M.S. Budnikov allows reducing the resource downtime. At the
same time, this method can increase the construction period compared to the Critical Path Method due to
the increase in the deployment period in non-rhythmic flow lines (Ivaneiko, Oleksiv, 2016). One of the
ways to reduce the period of flow lines deployment is to reduce labour productivity to obtain the effective
intensity of work (Afanasiev, 1990). At the same time, the author concluded that this proposal is
economically inefficient.

Method of reducing flow-line deployment periods has been developed to shorten the construction
period (Ivaneiko, Oleksiv, 2016). From the calculations of the deployment periods, flow lines with an
increased period are determined, which require an increase in the construction period by using this
resource for the performance of the previous work. The studies showed that using the resource in the
previous work reduces the flow-line deployment period and the construction period without involving
additional resources. At the same time, the means of mechanization, the methods of organizing parallel
execution of works on the previous division, the means of mechanization, and the interdependent
divisions are not fully defined in the calculations (Ivaneiko, Ivaneiko, 2020). In this method machines are
used in parallel as necessary on the division to balance the differences in the terms of work. In addition,
such machines are necessary for implementing the resource of non-critical work Critical Path Method on
other processes. The performers must have professional training, and the machines must be adapted
according to their technical characteristics to perform these works.

Previous studies have shown that mechanisms with these technical characteristics are special
(necessary for two processes) (Ivaneiko, Mudryi, Oleksiv, 2015) and universal machines (Ivaneiko,
Ivaneiko, Vyshnevskyi, 2020) and manipulators (Ivaneiko, Oleksiv, 2016) — complex mechanized
machines (CMM). In addition, this process can use a machine (CMM) in three shifts with the
involvement of labor resources from interdependent divisions (Tadeusz, 2007) — processes with an
increased deployment period.

To solve the problem, we offered the hypothesis of equalizing the rhythms of work and the use of
the resource of non-critical work by redistributing the volume of work on interdependent division using
CMM.

Reduction of the construction term of a building (construction) by reducing the period of
deployment of flow-lines and using the resource of non-critical works with the parallel use of complex
mechanized machines.

Materials and Methods

In order to solve the problem of balancing the object according to construction terms, the main
types of work (partial flow-lines) in which the periods of deployment of processes increase were
determined. To perform the works, complex mechanized machines are used, which are linked in space
and time.

Balancing the system with complex mechanized machines (CMM) involves achieving the
necessary rhythms of work on interdependent divisions. On the matrix model, for a given task, variants of
interdependent divisions are defined to reduce the periods of deployment of flow-lines. When involving
CCM from another process, their technical characteristics must be greater or equal for the construction of
elements of this process, or the use of machines of this process in the second shift.

Reducing the flow-line deployment periods involves determining the number of processes with the
use of complex mechanized machines. Such technological processes can be two adjacent processes with
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the terms of the flow-line deployment period longer than the duration of the flow-line execution on the
first division.

For the object, we create a matrix model (the number of flow-lines (specialized flow-lines) and
divisions (work fronts). The model calculates the matrix with continuous use of the resource in the OTW
system (organization of types of work). In it, the periods of deployment of flow-lines are determined:

k k-1
o z%(thq(H) ->1,)<0; 1<k<n, (1)
i i1
where TP — deployment period of the i-th flow-line; ¢, — duration of execution of the i-th flow-line on the

j-th front; 1,2,..., j,...,k,...,n —partial fronts of works; 1,2,...,7,...,m — partial flow-lines.
We determine the earliest early start of work on the first division for flow-lines, taking into account
parallel work:

max
tl(i—l) :T(t2([—r)) > (2)
where » — the number of jobs that affect the flow-lines execution (=13t~ flow-line execution time

(i—1) on the first division; 7, = flow-line execution time (j—r) linked with the flow-line (i—1) on the

(ifr
second division.
Unbalanced flow-lines are defined for the model — the duration of work, which must be increased:

T" >t 3)
Each model determines the number of interdependent divisions, which is determined in the ROTW

system (rank organization of types of work) (Table 1). To redistribute the term (scope) of work for
several processes, the number of interdependent divisions can be determined (n).

Table 1
Interdependent divisions for
two processes on the 4x4 matrix

Ranks and duration of processes

ROTW
1 2 3 4 5 6 7
A* 1 t2 13 14 - - -
%’ B* - 15y t22 123 t2 - -

3

E C - - 131 132 133 134 -
D - - - ty t4 143 t4qg
N 1 2 2 2 1 - -

Processes A* and B* are interdependent processes.

For the execution of parallel works, delivery of execution of brigades (CMM) can be carried out
within the limits of the division or (and) in time.

When linking elements in space, the number of brigades (CMM) on the division is determined from
the condition:

A
N= )
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where S — unit measurement of the area (volume) for placement of the CMM on the area taking into
account safety techniques (determined by regulatory documents or a safety engineer), (m* m’); 4 — total
area (volume) of division, (m* m’).

When linking elements in time, the number of brigades (CMM) on the division is determined by a
condition:

P
N=To (5)

where P=24 hours — day duration; y — shift duration.

Each of the methods has advantages and disadvantages that should be further investigated.

The total duration of interdependent division is determined:

Ly=27T,> (6)
1
and the average value for the execution of the flow-lines:
T,
17 =8 (7)
n

The average value must be an integer and the sum equal to the total duration of interdependent
divisions. With a non-integer average value, later flow-lines are rounded up, and initial flow-lines are
rounded down. In the work (Ivaneiko, Oleksiv, 2016), other distributions of the duration of work on
interdependent divisions are given.

Results and discussion

To compare the terms of work performance, the matrix model proposed (Ivaneiko, Ivaneiko, 2020)
was taken (Table 2).
Table 2
Output data

Divisions, duration of the

process
OTW

I II III v

A 4 8 10 6

Processes

The calculation is carried out in the OTW matrix using the Critical Path Method (Table 4) and flow-
line with continuous use of the resource (Table 3). According to the deviation of the work execution
terms of the flow-line method from the Critical Path Method, it is necessary to optimize the flow-line as a
whole.

Optimization is performed by the method of reducing deployment periods for processes:

T/ =19>t, =4 — unbalanced,
TP =2=t, =2 —balanced,
T} =11>t,, =7 — unbalanced.

For an unbalanced process A, there are interdependent divisions at work A+B, and for D — C+D (+-
designation of works on interdependent divisions). Optimization can be performed for processes by
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variants: A+B; C+D; A+B i C+D. One option may not be implemented — due to the lack of highly
qualified workers for other work, the impossibility of CMM application in the second shift or other
circumstances. In our version, we reduce the deployment period only for processes A+B in the OTW
matrix (Table 4).

Table 3

Matrix of current calculation with continuous use of the resource

. . Option 1 Option 2
Divisions and duration of
work
OTW Output data A+B
TS TS
o |m | v | 5| Ty | = || T |
T, T;
4 8 10 6 0 0
A 4 5 4 28 28 20 27
2 5 2 3 19 19 4 4
2 B 5 8 4 3 120 5 2000 0y
(]
Q
g 21 10
A C 7 4 9 1 2 21 47 6 21 31
32 21
D 4 5 7 6 11 22 54 11 22 43
> 32 83 21 83
Table 4
Critical Path Method calculation matrix
Divisions and duration of work
OTW
1 11 11 v
0 4 | 4 12 1 12 22122 28
A 4 8 10 6
0 4 | 4 12 1 12 22130 36
4 6 |12 17 | 22 24 | 28 31
B 2 5 2 3
2 1 1315 [20]22] |24|36| |39
(]
§ 6 1317 21|24 33 |33 34
C 7 4 9 1
13 20 | 20 24 | 24 33|39 40
13 17 | 21 26 | 33 40 | 40 46
D 4 5 7 6
24 28 | 28 33133 40 | 40 46
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For processes A+B we establish interdependent divisions (placed on the same rank) and their
number (n) (Table 5). According to the formulas (6) and (7) we determine the total durations of
interdependent divisions and new deadlines for work (Table 3, words A, B denominator)

Table 5
Matrix for defining interdependent divisions

Ranks and duration of processes
ROTW

A* 4 8 10 6

g | B* 2 | 5] 2|3

8

e 704 ]9 |1
D 4 | 5 | 71| 6

n (for A+B)| 1 2 2 2 1 — —

A* and B* interdependent processes.

According to the methods of calculations without changing the labor intensity, the deadlines for the
work are established: flow-line — 54 units; Critical Path Method — 46 units; optimization of the flow-line
deployment period — 43 units. To implement the method, it is necessary to have specialists on
interdependent works at the construction site.

Conclusions

1. A new method of optimizing the flow-line deployment period with the parallel use of complex
mechanized machines is proposed.

2. The method of optimizing the flow-line deployment period allows to:

— shorten the construction period of the building using the flow-line method of construction
without involving additional resources;

— apply resources from non-critical works to critical works with a reduction in the construction
period calculated by the Critical Path Method.

3. When using complex mechanized machines with additional manipulators, it is necessary to
conduct further studies on the costs of construction work.
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© lsaneiixo 1. J[., Onexcie FO. M., 2022

Y crarri 3ampornoHoBaHO 30allaHCYBaTH NPOLECH 3 HEPUTMIYHUMH IIOTOKAMU 3a TepMiHaMHU
BUKOHAHHS pOOIT 3 BUKOPUCTAHHSIM KOMIUIEKCHO-MEXaHi30BaHOT MaIINHH.

301bIIEHHS TIEPioy PO3TOPTAHHS Y MOTOLI Ta MPOCTOI HEKPUTUYHUX po0iT, po3paxoBanux Critical
Path Method, noTpeOyroTh pO3pOOKH ONMTUMI3AIIHHIX METOMIB I CKOPOUYCHHS TepMiHy OymiBHHITBA. JIJ1s
CKOPOYEHHSI TEPMiHY BUKOHAHHS IOTOKOBUX POOIT HEOOXiHO rPaHMYHO HAOJU3UTH OJHMH A0 OAHOTO PUTMH
PI3HUX IIPOIIECIB HA 3aXBaTKaX 1 3MEHIIUTHU TEPioJl pO3TOPTaHHSI.

PutMu poOiT Ha 3axBaTKax BUPIBHIOIOTHCS 3MIHOIO MPOAYKTHBHOCTI IMpalli, 301IbIIEHHSIM KiJIbKOCTI
MamuH. MU 3aIiporoHyBaH TilnoTe3y: BUPiBHIOBATH PUTMH POOIT 338 PaxyHOK MepepOo3NOAiTy 00CsTiB podiT
Ha JIBOX B3aeMO3alieHUX 3axBaTkax (B3) mix nBoma mexaHizmamu. [[jisi BUKOHaHHsI poOIT 3aCTOCOBYIOTh
cretianbHi (HEOOXiTHI U JBOX IPOIECIB), YHIBEpCalbHI MAIIMHU Ta MAHIMYJIATOPU NPU HapaselbHOMY
BUKOHAHHS pOOIT Ha IUIOLIHHI, a TAKO)K OCHOBHY MAIlIUHY B APYTY 3MiHY.

JIys TIOTOKOBOTO METOAY Ha MAaTpWU4HIN Mofeni BCTAHOBJIEHO B3a€EMO3AJISKHI 3aXBaTku. B imeari
pI3HUIS TEepMiHIB BUKOHAHHS Ul MOTOKIB Ha B3a€MO3AISKHHX 3aXBAaTKaX HE Ma€ aBaTH 30UIbIICHHS
Iepioy pO3ropTaHHS.

Jlis MOpiBHSHHSL TEPMiHIB BHKOHAHHS POOIT B3ATO THIIOBY MaTpU4Hy Mojeib. s miei marpwuii
BKa3aHO MPOIIECH, 5IKi 30LIBINYIOTh TEPMiH BUKOHAHHS POOIT. JIJ1s1 TOTOKOBOI'O METOY HAa MATPUYHINA MOAEi
BCTaHOBJICHO B3a€MO3AJIEXKHI 3aXBaTKU. PO3poOJIeHO ONTHMI3alliifHUI METO CKOPOYEHHS Iepiogy po3rop-
TaHHS Ta HABEJCHO (POPMYJIH PO3PaxXyHKY Ul BU3HAUEHHS TepMiHy BUKOHaHHs Ha B3, mepiony posropTanHs
MOTOKY, Opuramu Ta 3BefeHHA OymiBimi. Hamano Qopmynu po3MilleHHS KOMIUIEKCHO-MEXaHi30BaHHUX
MPOLIECiB Ha IUIOIMHI 1 B Yaci.

B craTTi 3ampornoHoBaHO HOBUH METOJl ONTUMI3allii mNepiogy po3ropTaHHs MOTOKY 3 MapajelbHUM
BUKOPHCTaHHSIM KOMILUIEKCHO-MEXaHI30BaHUX MAIWH, SKUA CKOPOYYE TEpMiH BHKOHAHHS HEPUTMIYHHX
MIOTOKIB Ta CITKOBOT'O IJIAHYBaHHSI.

KurouoBi ciaoBa: HeputmiuHi motokm, Critical Path Method, kommiekcHo-MexaHizoBaHi
MALIMHH, B32€MO3AJIeHKHI 3aXBaTKH, MATPUYHHUI cnoci0 po3paxyHKy NOTOKiB, onTUMi3alisi mepionis
PO3ropTaHHs NMOTOKIB.



