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OPTIMIZATION OF THE TECHNOLOGY FOR FORMING MONOLITHIC
VERTICAL ELEMENTS USING MOVING BELT FORMWORK SYSTEMS

This article develops a comprehensive methodological framework for the structural
and operational optimization of technologies used to form monolithic vertical building
elements through the application of vertically movable belt-type formwork systems. The
proposed approach is based on a detailed decomposition of the construction process into
nine standardized microelement matrices that represent the full operational cycle:
installation of guide frames, placement of reinforcement, suspension of modular units,
multilayer concrete placing, regulated curing, vertical lifting of modules, adjustment
operations, and subsequent dismantling procedures. Such decomposition makes it
possible to quantify labor intensity, assess the technological sequence, and determine the
dominant factors influencing productivity.

A key feature of the investigated system is the flexible forming strip, tensioned on drive
and bypass rollers, which ensures tangential detachment from the concrete surface during
lifting. This mechanism substantially decreases adhesion forces, reduces mechanical
resistance, and minimizes risk to the integrity of the freshly formed concrete layer.
Compared with conventional panel formwork, belt-type systems demonstrate significantly
lower energy demands, reduced labor consumption, and improved turnover rates. The
study presents analytical dependencies for evaluating cycle duration, conformity
coefficients, turnover ratios, and required operational resources.

The research substantiates the advantages of using mechanized group configurations
of belt modules, which enable synchronized lifting, stable geometric accuracy, and
continuity of concreting cycles within accelerated construction schedules. Moreover, the
methodological framework provides a foundation for digital integration, supporting the
application of BIM-based planning tools, SCADA monitoring solutions, and predictive
analytics for process optimization.

The results confirm that vertically movable belt formwork systems represent a
technologically and economically efficient alternative to traditional formwork
approaches. Their implementation leads to measurable improvements in labor
productivity, material utilization, cycle stability, and the quality of concrete surfaces. The
proposed methodology also creates opportunities for future development of digital twins,
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automated control algorithms, and advanced rationalization models for modern
monolithic construction..

Keywords: belt formwork, vertically movable module, panel formwork, concrete
adhesion, labor intensity, technological cycle, monolithic structures.

Introduction. Monolithic construction technology is one of the most intensively
developed areas of modern construction technology. In urban conditions, where the
demand for fast and efficient construction of multi-storey buildings is increasing, the issue
of optimizing the technology for forming vertical structures is particularly acute.

Traditional panel formwork systems, which are widely used for concreting walls and
pylons, have a number of known drawbacks: significant weight and complexity of
installation, the need for crane operations, high tear-off forces during dismantling and the
dependence of the quality of the concrete surface on manual technological techniques.

In response to these limitations, mechanized and automated formwork systems of a
new generation are being developed. One of such solutions is a vertically movable strip
formwork module, in which the forming surface is made in the form of a flexible strip
stretched on rollers. When the module is moved, the strip is separated from the concrete
surface along the tangent in the lower zone of the formwork, which ensures minimization
of tear-off forces and increases the turnover of the form.

Experimental studies show that the tangential separation of the strip forms a low local
contact interaction zone, which fundamentally changes the distribution of tangential
stresses compared to the panel formwork. Due to this, the technological cycle is
significantly accelerated, and the quality of the concrete surface is improved.

Analysis of recent studies and publications. The study of the development of the issue
of the use of movable strip-type formwork systems is devoted to works [1-10].

In particular, the effectiveness of the use of such systems as part of the technological
process of erecting monolithic structures is determined. In work [11], a constructive
solution of the formwork strip module is presented, which, in addition to the low-energy
process of separating the formwork module from the building structure, allows to improve
the technological rate of concreting structures.

Problem statement. To improve the technology of forming monolithic vertical
elements, it is necessary to evaluate the effectiveness of the use of modern technical
solutions.

The purpose of this publication is to develop and substantiate a methodology for
assessing the technological efficiency of a vertically movable strip formwork system
based on structured analysis of operations, microelement rationing, determination of labor
intensity, and modeling of technological cycle parameters.

Presentation of the main material.

To determine the ways of optimization, we will compile a methodology for structural
and operational analysis of the technological process of erecting vertical monolithic
structures using vertically movable strip formwork modules.

The methodology includes the following elements:

1. Decomposition of the technological process

The technological process is divided into blocks, each of which describes a structural
operation - installation of the guide frame, installation of reinforcement, hanging of
modules, laying of concrete, care for concrete, lifting of modules, lifting of guides,
dismantling of modules and dismantling of the frame.

2. Construction of matrices of microelement standardization
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For each operation, the following are determined: the number of actions Ni; standard
time for each action; labor costs in man-minutes; compliance coefficients; labor intensity
in man-hours.

3. Technological model of the operation of the strip formwork module

The module includes: a guide frame that moves in discrete steps (1.5 m); a forming
strip stretched on rollers; lifting mechanism; working zone of local tangential separation

(Fig. 1).

a b
Figure 1. Belt formwork module: a — general view; b — 3D model of the module:
1 — half-frame; 2 — frame; 3 — limiting crossbars; 4 — diagonal ties; 5 — drive rollers;
6 — bypass rollers; 7 — tension rollers; 8 — belt; 9 — forming shield; 10 — guides

The separation of the tape from the concrete occurs tangentially at the lower point of
the roller, which:

* minimizes the separation force;

* reduces the risk of damage to the fresh concrete surface;

« allows to increase the lifting frequency;

* provides high turnover of forms.

The developed technological system belongs to continuous mechanized technologies
of concreting vertical elements, in which the process of forming and hardening occurs
synchronously with the vertical movement of the formwork.

It implements the principle of technological sequence with modular coordination, i.e.
each module performs the functions of an independent technological unit, which can be
integrated into the general construction system according to the modular principle.

The organizational scheme provides for three levels of process control:

1. Local - regulation of the operation of a separate module (lifting speed, tape tension,
clamping forces).

2. Group - synchronization of the operation of several modules that form a common
section (pylon, wall or core).

3. Process - control of the cycle of concrete mix supply, reinforcement, aging and
movement to the next tier.
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As shown in the works [8], technological efficiency in continuous processes is
determined by the coordination of the concrete hardening rate with the kinematics of the
formwork movement.

Therefore, for each type of concrete (C25/30 - C40/50), an optimal lifting speed of
10-25 mm/min is set, which ensures a balance between hydrostatic pressure and the
strength of the contact layer.

To quantitatively assess the efficiency of the work process of the developed system,
the method of microelement normalization [8] was used, supplemented by analytical
coefficients.

The methodology is based on dividing the process of concreting pylons into nine
operational stages (Table 1), which cover the entire cycle: from the installation of the
guide frame to the dismantling of the formwork after the completion of concreting
(Fig. 2).

Table 1
Decomposition of the technological process
Code Process name Characteristic Average labor intensity,
person-hours
o1 installation of the Installing guide elements, 203
guide frame checking verticality i
installation of the Fastening on anchor supports,
02 : . . . 1,95
reinforcing frame connecting the hydraulic system
hanging of form Fitting the reinforcement,
03 L - 3,10
modules checking its position
04 concreting Mixture feedmg, vibration, 058 at 1 w*
compaction control
05 Exposure and Preparing for the climb 0,40
curing control
06 Module lift Hydraulic dpve operation, 0.88
synchronism control
o7 Self-cleaning tape Cleaning _from sn.ckmg, 0,25
checking tension
Adjusting Adjusting the pylon width and
08 . 0,30
parameters tilt angle
Dismantling the Disconnecting modules, moving
09 . 1,85
system to a new section

The expanded decomposition of the technological process of erecting vertical
monolithic structures will look like this.

Process structure O1 — installation of the guide frame:

O1.1 — moving pallets by trolleys to the next grab;

O1.2 — installation and fastening of the support frame 1;

O1.3 — installation and fastening of vertical guides 2;

O1.4 — installation of scaffolding;

O1.5 — installation and fastening of the upper beam 3;

O1.6 — verification of guides;

O1.7 — control of geometric dimensions and verticality of guides.
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Figure 2. Scheme of concreting a vertical building structure with a module: 1 — support
frame; 2 — vertical guides; 3 — upper beam; 4 — reinforcement frame; 5 — formwork
module; 6 — building structure

Process structure O2 — installation of the reinforcing frame:
0O2.1 — feeding the frame with a crane;

022 — lowering the frame;

023 — joining the frame rods with the reinforcement outlets;
024 — unslinging;

025 — fastening of the protective layer clamps;

O2.6 — control of the geometric parameters of the frame.
Process structure O3 — hanging of form modules:

O1.1 — moving pallets with trolleys to the next grab;

032 — hanging of form modules;

033 — fixing of form modules;

0O3.4 — checking the operability of the formwork;

O35 — lubrication of the working surface of the formwork;
03.6 — quality control.

Process structure O4 — placing of concrete:

04,1 — feeding concrete into the bucket by crane;

042 — leveling and compacting concrete in layers 0.5 m high;
043 — lowering of the empty bucket;

O4.4 — quality control.

Process structure OS5 — curing and care of concrete:

0Os.1 — moistening of exposed concrete surfaces;

Os.2 — covering exposed concrete surfaces with a film.
Process structure O6 — lifting the module-form:

Og.1 — preparing the modules for lifting;

Og.2 — lifting the module-form to the next tier (1.5 m);

O1.4 — installing scaffolding;

03.4 — checking the operability of the formwork;

Og.3 — cleaning the working surface of the formwork from contamination;
O35 — lubricating the working surface of the formwork;
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03,6 — quality control.

O — Placing the second tier of concrete (see structure above).

Os — curing and care for the concrete (see structure above).

Process structure O7 — lifting and securing the guides:

O7.1 — detaching the lower frame of the guides from the support;

072 — fixing the module-forms from movement;

073 — lifting the guide frame by one step (1.5 m);

074 — fixing the guide frame to the concrete with dowels;

075 — checking the geometric parameters and reliability of fixing.

Process structure O8 — dismantling the formwork modules:

Os.1 — lowering the formwork modules onto the floor;

Os.2 — unhooking the formwork modules from the guides;

Oe3 — cleaning the working surface of the formwork from contamination;

Os.3 — storing the formwork modules on pallets;

O1.1 — moving the pallets with trolleys to the next grab.

Process structure O9 — dismantling the guide frame:

9.1 — unfastening and removing the upper beam 3;

092 — unfastening and removing the vertical guides 2;

Qg3 — cleaning the working surface of the formwork from contamination;

O3 — unfastening and removing the support frame 1;

O1.1 — moving pallets by trolleys to the next grab.

Thus, for process normalization and model synthesis, nine matrices (O1-09) should
be constructed using the microelement normalization method.

The labor cost rate for each process is determined by the formula [7]:

Hiny = 0,0167(S7 Qui) 1

where K, — coefficient that takes into account the needs for free time and the own
needs of the process performers, time spent on preparatory and final actions, and possible
technological breaks; V, — volume of production.

Based on microelement rationing, the total labor intensity of the cycle was determined
[7]:

Ty = Y7_, T;, person-hour/module,

(for one module per lifting cycle).

To assess the efficiency, the coefficient of conformity of the mechanization process
is used [7]:
tr
t

ne tp — real-time execution of operations, t; — standard time for manual method.

An example of modeling the normalization matrix for the concreting process is given
in the table 2.

The data is calculated for one formwork station or for 1,6:0,36-1,5=0,864 m3.

For the developed module (K = 1,74 ... 2,5), which indicates a twofold reduction in
labor intensity.

The turnover ratio determines the number of cycles of use of one set:

= Ne
. KO _.NCH’ . .
where N¢ — number of operating cycles during the service life, Noy — average number

of changes per object.

R =

k)
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Table 2
Example of forming a matrix for normalizing the O4 concreting process
Number of actions N; according to the norm of time, Hy Qui
Operation | .- Mot || Nt o
in : person-
s min | person .
0.5 1 2 3 4 5 6 7 min
(O 1 3 1 3
0,, 3 6 3 18
043 1 3 1
(O 1 2 1
Labor cost rate — Hy,, = 0,0167-26:1,15/1 = 0,5 person-hour./I or 0,58 person-hour /
M3 26
Coefficient of compliance K, = 2,16
Process structure O4 — placing of concrete:
0O, — feeding concrete into the bucket by crane; I
O, — leveling and compacting concrete in layers 0.5 m high; —
0,3 — lowering of the empty bucket; —
0, 4 — quality control. —_

For the developed module K, = 80 ... 100, which is 1,5-1,8 times higher than similar
systems [12].

The duration of one concreting cycle is determined by:

TC = TCt + TH + TLT + T‘D

where T, — layer concreting time (= 4 hour), Ty — holding time before starting the
lift (= 3 hour), T, — module lift time (= 2 hour), T; — technological breaks (= 1 hour).
Therefore, T =10 ... 12 hour.

This cycle provides a daily rhythm of concreting one tier (1.5 m high) and allows you
to organize work according to a continuous two-shift scheme.

The optimal number of sets is determined from the condition of continuity of the
technological flow:

n= 7:[6:_: Ko,

where T¢p — total construction duration of the section, T — duration of one cycle,
K, — turnover ratio.

For the given building scheme with a floor height of 3 m and a section concreting
duration of 20 days: n = 0,5.

Therefore, one set of formwork is capable of erecting two sections in parallel, which
reduces the need for equipment on site. 40-50 %.

The formation of sets is carried out taking into account: standard size of pylons (1,
1.5, 1.8 m); level of mechanization (single-level or two-level system); concreting mode
(continuous or periodic).

Each set includes: two forming modules, a set of guides, a pumping station, a control
panel, service platforms and a belt cleaning system.

Building structures of frame-monolithic multi-storey buildings erected using self-
elevating formwork with a movable module with a belt should be designed taking into
account the specific requirements of concreting technology and structural features of the
formwork [7, 8, 17].
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When designing buildings, it is recommended: the pylon grid should be taken as the
same on all floors of the building; for pylons located one above the other along the height
of the building, the same cross-sectional dimensions should be assigned; it is not allowed
to design elements protruding from the pylon structure — their implementation should be
provided after the pylon structure is installed. In this case, it is recommended to use
prefabricated reinforced concrete and metal structures; pylons should be designed from
concrete of class no lower than C20/25 [18]; the protective layer in pylons should be at
least 20 mm; for supporting floor slabs, it is necessary to provide for the installation of
embedded parts in the pylon structure. In this case, the weakening of the cross-section
should be no more than 0.4 of the pylon thickness; it is recommended to perform the
joining of vertical reinforcement rods of pylons at a mark where the action of bending
moments is minimal; the joints of reinforcing rods in pylons, as a rule, should be designed
with an overlap with wire binding without welding; the vertical reinforcement rods of the
pylons should not have hooks at the upper ends, and the length of these rods should not
exceed 3.5 m; the height of the floor should be set within 2.8-3.3 m.

Conclusions

° A structural and operational description of the full concreting cycle of vertical
monolithic structures based on microelement rationing matrices is proposed, which takes
into account the use of a vertically movable strip formwork system.

° A model of the mechanized lifting cycle of the formwork module is developed,
which takes into account the phased operation of the support frame, guides and working
belt with a local tangential separation zone.

o The analysis of labor costs for movable vertical formwork systems is performed
thanks to detailed operational decomposition algorithms, which allow for comparative
studies with panel systems.

° The concept of the formwork module is developed taking into account their
interaction with guides and the lifting frame.

° The proposed approach to the formation of rationing matrices allows for
accurate modeling of cycle duration and comparison of different options for technological
solutions.

° The vertically movable system significantly increases the turnover of the
formwork and reduces dependence on crane equipment, which is critically important for
the accelerated construction of multi-story buildings.

° The methodology lays the foundation for further development of digital models,
optimization algorithms, and integration with BIM/SCADA systems [19-21].
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Tennaoiii TOHKAYEEB, Bonooumup PAIIIKIBCBKHH, Onexcandp MAXHHA,
Ipuna /1YBOBHK

Onmumizayia mexnonozii yopmyeanna MOHONIMHUX 6EPMUKATLHUX KOHCIPYKUIT 3
GUKOPUCIMAHHAM PYXOMUX CHIPIYKOGUX ONATYOHUX CUCHIEM

Y cmammi pospobneno Komnnexchy memooonoziuny OCHOGYy ONid  CHPYKMYPHO-
onepayitinoi onmumizayii mexHonozi opmMyeaHHs MOHOMIMHUX BEPMUKATLHUX eleMeHmMI8
6yoigenv 13 3aCMOCYBAHHAM BEPIMUKAILHO NEPEMIUY8AHUX MOOVIIE CIPINKOGO20 MUNY.
3anpononosanuii nioxio pyumyemscs Ha demanbHiu dekomno3uyii 6yodisenbHo20 npoyecy Ha
0€8 simb YHIQIKOBAHUX MAMPULb MIKpPOETEMEHMHO20 HOPMYBAHHS, AKI OXONMIOI0MYb NOGHULL
BUPOOHUMULL YUK MOHMAJIC HANPAGTAIOWUX PAM, YCIMAHOBNEHHS apMAMYPHUX KApKACis,
niosiuLy8anHs Mo0Yie, NOWAPO8e VKIAOAHHA OEMOHHOI Cymiuli, pe2yibosanuti 002150 3d
bemoHoM, GepmuKanbHe nepemiujeHHs PopMyBaNbHUX MO0V, BUKOHAHHA KOPUYBATbHUX
onepayiti ma nooamvuwiull demonmaoic cucmemu. Taxka cmpykmypuzayis 0ae 3m02y MoyHO
BUHAYAMU  MPYOOMICIKICIb, OYIHIOBAMU MEXHONOSIUHY NOCTIOOBHICMb onepayii. ma
BUABIAMU YUHHUKU, WO HAUDLIbILE BNIUSAIOMY HA NPOOYKIMUGHICTb.

Knrouosoro ocobrugicmio 00cmioncyeanoi cucmemu € 2Hyuka (opMysaibHa CMpiuKa,
HAMSIZHYMAa Ha NPUBOOHE Ma 0OBIOHI POTUKU, WO 3a0e3Neyye MAH2eHYIATbHE BI0OKDEMICHHS
8i0 nogepxHi 6emony nio yac niotiomy mooyia. Taxutl npuHyun iCMOMHO 3IMEHUWLVE CUTU
aoeesii, 3HUMCYE MEXAHIYHUL ONip Ma MIHIMI3YE PUBUK NOUIKOONMCEHHS CIHCOi 6emoHHOT
nosepxui. Ilopienano 3 mpaouyitinumMu NAHETLHUMU CUCeMAaMY, CmpiuKosa onanyoxa
OeMOHCIPYE HUIICHI eHepeosUmpamul, MeHuy mpyooMicmkicme i nioguiyeHull KoegpiyicHm
obopomnocmi. 'Y pobomi c@opmynbo8aHO AHANIMUYHI 3ANEeHCHOCMI O  OYIHIOBAHHS
MPUBAIOCH MEXHONOSIYHO20 YUKTTY, KoeiyieHmis 6ionosioHocmi, 060pomHocmi ma nompeo
¥ pecypcax.

Ob1pyHmoBano nepesazu BUKOPUCAHHS MEXAHIZ08AHUX 2PYROBUX KOHDIypayill Mooynis,
SKI 300e3ne4yiomb CUHXPOHI308aHULL RIOUOM, cmabiibHicmb 2eomempii ma Oe3nepepeHicmy
OemonyBanHsL 8 YMOBAX NPUCKOpeH020 OyOisHuymea. Memoouxa maxkoxic cmeopioe niorpyHmsi
ona  yugposoi  inmezpayii mexuonoeiunoeo npoyecy 3 BIM-nnanyeannam, SCADA-
MOHIMOPUH2OM MA GUKOPUCMAHHAM NPOSHOZHUX ANICOPUMMIE OnmumMizayii.

Pesynomamu 0ocnioscents niomeepoicyiomy, ujo 6ePMUKATILHO NEPEMIULY8aHi CIPIYKOBT
onanyomi cucmemu CMaHoGAMb MEXHON02IYHO MA eKOHOMIYHO eqheKMUeHY albmepHamuey
MPAOUYItIHUM  PIUUEHHSIM. Ix 3acmocy8anis NiOBUWYE NPOOYKIMUBHICMb Npayi, NOKpawye
SKICMb GEeMOHHUX NOGepXoHb | 3abesneyye OibuLy CMAadibHICNb MEXHONO02IYHO20 YUKILY.
3anpononosana memooonoeis hopmye 0cHo8y 07151 HOOaIbULOT PO3POOKU YUPPOBUX MOOenell,
aneoOpuUmMMI6 aeMoMamu308aH020 KEePYBAHHS Md CYHACHUX [THCMPYMEHmMIE payioHanizayii
npoyecie MOHOTIMHO20 OyOisHUYMEA.

Knrouosi cnosa: cmpiukoea onanyoka, 6epmuKanbHUuil pyxomuii mooyib, WUIM0EA
onanyoka, 3uenyieHHsA OemoHy, MPYOOMICHIKICIb, MEXHONOIYHUN WUK, MOHONIMHI
KOHCIMPYKYil.
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