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B ctatbe paccmatpuBaeTcsa paspaboTka MHTeNNeKTyanbHOro unudpoBoro
ABOMHMKA NPOU3BOACTBA CYXUX CTPOUTESNbHLIX CMECen C WUCMONb30BaHMEM
TEXHOTEHHbIX OTXOO0B METannyprum U 3HEpPreTUkM Ha OCHOBE TEXHOSIOrnin
MCKYCCTBEHHOIO WHTEeNneKkTa. AKTyanbHOCTb uccregoBaHma obycrnosreHa
HeobX0ANUMOCTbIO MOBLILLEHNSI PECYPCHOM U 3KOSNOrm4eckon agpdeKTUBHOCTHU
NPON3BOACTBA CYXMX CMECEW, CHWKEHMEM [OMN KIUHKEPHbIX MaTepuanos 1
BHEOPEHMEM  LMMPOBbIX  METOAOB  YMNpaBfeHUsi  TEXHOMOrM4YeCKNMM
npoueccaMmn B yCnoBusix BapnabenbHOCTN CBOMCTB CbIPbS.

PaspabotaHHas mogenb peanu3oBaHa B Buae rmbpuaHoro umdpoBoro
ABOWHUKA, coyeTaroLlero ANCKPETHO-COBLITUNHOE MoZenupoBaHue
TEXHOJTOrMYECKOWN JIMHUN U UHTENNEKTYarbHY NogCUCTEMY NPOrHO3UPOBaHUS
KayecTBa npogykumn. YnpasreHne npoueccoMm  (popmManun3oBaHoO C
MCMNONb30BaHMEM KOHEYHOro aBToMaTa, OXBaTblBalOLEro BCE KIH4YeBble
cTagum Npou3BOACTBA: 403MPOBaHME KOMMOHEHTOB, CMELUMBaHWE, BbIrPY3KY,
dracoBky 1 apxmBmpoBaHue NapTun. ICKyCCTBEHHbIN NHTENNEKT NPUMEHSETCA
AN OUEHKN PU3MKO-MEXAHNYECKMX CBOMCTB CMeCK (MPOYHOCTb, MOTHOCTD,
yno0boyknaabiBaemMocTb) Ha OCHOBE COCTaBa peuenTypbl U A0S TEXHOMEHHbIX
KOMMOHEHTOB.

B xooe wWMUTAUMOHHONO MOAENUPOBaHUS MNOSTyYeHbl KOMMMYECTBEHHbIE
pesynbTaTthl, nogTeepxaarwme 3aPEeKTUBHOCTL MPEASIOKEHHOro noaxona.
YCTaHOBMEHO, YTO A0S TEXHOMEHHbIX OTXO40B B COCTaBE CyXMX CMECEN MOXET
pocturatb 40-50 % 6€e3 KPUTMYECKOrO0 CHMXKEHUSI MPOrHO3npyeMbIX
Ka4yeCTBEHHbIX Mokasatenen. CHMXeHne pacxoga LEeMeHTa cocTaBndeT [o
30 %, Npun 9TOM pacyETHas NPON3BOANTENBHOCTb NMNMHUK gocTuraeTt 15—-20 T/u.
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Mopgenb obecneumBaeT aBToMaTUYECKNA YYET NOTPEONEHUs Wnaka u 305bl B
paspe3e napTuu, CMeHbl N Mecdua, a Takke AUMHAMUYECKYH OLEHKY
yrnepogHoro crega npoaykumu.

HayyHas HoBM3Ha paboTbl 3akn4vaeTca B MHTerpauMm UMMTaUMOHHOrO
MOOENMPOBaHNSA MNPOM3BOACTBEHHOro uukna ¢ WMW-noocuctemon ouEeHKM
KayecTBa M 9KONOrM4yeckmx nokasaTtenen B paMmkax eauHon umgposon moaenu.
[MpakTnyeckaa 3HaA4YMMOCTb ONpeaensieTcss BO3MOXXHOCTbI UCMOSIb30BaHUA
paspaboTtaHHOM MoOenu B KadecTBe UMMPPOBOro ABOWHMKA pearibHOro
NPOM3BOACTBA CYXUX CTPOUTESNbHbIX CMeCcen, WHCTPyMeHTa onTumMusauum
peuentyp, NOALEPXKN YNpaBfiEHYECKMX pPELUEeHMA W  WHTerpaumm B
SCADA/MES-cucTeMbl MPOMBbILUNEHHbIX NPeaNPUATUNA.

Knroyeeble criosa: NCKYCCTBEHHbIN MHTESNNEKT, LMPOBON ABOWHUK, CyXne
CMecCU, TEXHONOINMYECKNIN NPoLECC, apxXUTEKTypa, MogennpoBaHmne

TEXHOINEHAUK KANAbLIKTAPTA HETU3OENTEH KYPTAK MUHOMET
APANAWLMANAPBIH ©HOYPYY MOAEJIMHUH AKbIIIAYY CAHAPUIN
AIrN3un

BunbocyHoB B. U.", Akuwes K.M.2, XXonouy6ekoB H.X.'
M. ApabaeB aTtbiHaarb! Kblprbia MamrnekeTTUK yHUBEPCUTETH
2K. KynaxaHoB aTbiHaarbl Kasak TexHonorus xaHa 6usHec yHUBepcuTeTu

CratbACblHOa KapamnaT uwTen 4bilyy WHTennekTyangblk CaHapunTuk
OBOVHMKA  OHAOYPYLWYHYH Kyprak Kypynyw apanawmanapbiH ~ MEHEH
navganaHyy, TEeXHOreHAMK KanablkTapblH METannyprusi xaHa 3HepreTuka
HermsnHae TeXHOMoruanapabl >xacanma WHTennekT. AkTyangyynyry aHa
N3NNOSe6HYH 3apbinabirbl MEHEH LUApTTanraH >Koropynartyy, pecypcTyK XaHa
9KOMOIMANbIK  OHAYPYLITYH HaTbIMKanyynyryH Kyprak apanawmanapbiH,
TOMEHAeLY YNYLWYH KNMHKEPHbIX MaTepuangapabl XaHa KUprnadyy caHapuntumk
Gawkapyy blkManapblH TEeXHOMOMMAMbIK  MpOLeccTepre LapTTapbiHaa
BapnabenbHOCTN KAaCUETTEPUH YNNKN.

NwTenun u4blkkaH MoAenb TEeXHONMOIMAMNbIK JMHUSAHBIH - OUCKPETTUK-OKYS
CUMYMSUMACBIH KaHa MpOAYKUUSIHBIH - canaTblH  OOMMKONAOOHYH  akbinayy
NOACMCTEMACHIH anKanblWTblpraH rmbpnaamk caHapunTuK arm3 TYPYHAS MLLIKe
awblpbinat. lNMpouecctn Bawkapyy eHAYpPYyWTYH 6apablk Hernsru atantapbiH
KamTbiraH MaMnekeTTUK MallMHaHbl KONAOHYY MEHeEH chopmangallTbipblfraH:
KOMMOHEHTTEpAN OenywTypyy, apanawTbipyy, TYLYPYY, TaHrakToo aHa
napTusinapadbl apxmeaee. YKacanma UHTennekT opMyriaHbiH KypaMblHa XaHa
TEXHOreHANK KOMMOHEHTTEPANH YNYLWYHe HernsgenreH apanaliMaHbiH
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dou3amKanblk-MexaHuKanblk KacuetTepuH (bekemaurn, ToIrbI3gbirbl, WULWITEe
Xengemayynyry) 6aanoo y4yH KongoHynar.

CumynaumanbIk Moaennee yqyypyHaa CyHyLwiTanraH bIKMaHbIH
HaTbIKanyynyryH TacTblKTaraH caHblKk HaTtblkanap anbiHaTt. AHbIKTanca
YIyWy TexXHOreHOMK KangblKTapblH KypamMblHAA Kyprak apanawmManapbiH
bikTbiMan 40-50 % >KOK KpuTuKanblk asanTyy OO0SmKONOOHIOH canaTTbIK
KepceTKydTepayH. A3auTyy 4bIrbiIMAOO UeMeHT Ty3eT 4ennH-30 %, MbliHaa
3CenTuK eHayYpyMayynyry nuHusacel xetet 15-20 1/4 Mogenb kamcbl3 KbinaT
aBTOMaTUYECKUN KEPEKTOeHY acenke anyy Lnaka xaHa kyngy 6otoH4Ya
NapTUSHbIH, anMaluTbipyy XaHa angblH, OLWOHAOW 3ne AuHamuyeckyro Haa
YrrnepoaHoro U3auH npoayKuusiHbIH.

NWTUH vnnMuin XaHbiNblKk OMp caHapunTuK MOAENAVH WMYMHAE canaTbiH
Gaanoo >xaHa awnnaHa-YempeHy Koproo 6olHYa 4YakaH cucTeMacbl MeHeEH
Xacanma eHAypyw awunamnacbiHblH Mogengee kuprusdyy 6onyn caHanart.
[MpakTvkanblk MaaHUCK  Kyprak Kypynyw apanawmanapbiH - peangyy
OHAYPYYHYH CaHapUNTUK 3rn3n KaTapbl UWTENUN YblKKaH MoAenau KOSIAOHYY
MYMKYHYYNYTY MEHEeH aHblKTanat, OpMYySIMPOBKaHbl ONTUMangalTbipyy
Kypanbl, 6alikapyy 4YeuYnMaepuH KOMZOO XXaHa eHep >Xah MLKaHanapblHbIH
yT/COT cuctTemacbliHa NHTEerpaumsnoo.

BawTankbl ce3gep: ’xacanma WHTeNNeKkT, CaHapunTuK 9rms, Kyprak
apanaiwumanap, Npouecc npoLeccu, apxmtektTypa, Moaennee

AN INTELLIGENT DIGITAL TWIN OF THE MODEL FOR THE
PRODUCTION OF DRY BUILDING MIXES BASED ON MAN-MADE WASTE

Biibosunov B.l.7, Akishev K.M.?2, N.Z. Zholochubekov'
'Kyrgyz State University named after |I. Arabaev
2Kazakh University of Technology and Business named after K. Kulazhanov

The article discusses the development of an intelligent digital twin for the
production of dry building mixes using man-made waste from metallurgy and
energy based on artificial intelligence technologies. The relevance of the study
lies in the need to increase the resource and environmental efficiency of dry mix
production, reduce the proportion of clinker materials, and introduce digital
methods of process control in conditions of variability in raw material properties.

The developed model is implemented as a hybrid digital twin that combines
discrete event modeling of a production line and an intelligent subsystem for
predicting product quality. Process control is formalized using a finite state
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machine that covers all key stages of production: component dosing, mixing,
unloading, packaging, and batch archiving. Artificial intelligence is used to
evaluate the physico-mechanical properties of a mixture (strength, density,
workability) based on the composition of the formulation and the proportion of
man-made components.

Quantitative results confirming the effectiveness of the proposed approach
were obtained during the simulation. It has been established that the proportion
of man-made waste in the composition of dry mixtures can reach 40-50%
without a critical decrease in the predicted quality indicators. The reduction in
cement consumption is up to 30%, while the estimated capacity of the line
reaches 15-20 t/h. The model provides automatic accounting of slag and ash
consumption by batch, shift, and month, as well as dynamic assessment of the
carbon footprint of products.

The scientific novelty of the work lies in the integration of simulation modeling
of the production cycle with the Al subsystem for assessing quality and
environmental performance within a single digital model. The practical
significance is determined by the possibility of using the developed model as a
digital twin of the real production of dry building mixes, a tool for optimizing
formulations, supporting management decisions and integrating into
SCADA/MES systems of industrial enterprises.

Keywords: artificial intelligence, digital twin, dry mixes, technological
process, architecture, modeling

Introduction

The production of dry building mixes is one of the key sub-sectors of the
construction industry, directly related to the high consumption of cement,
mineral fillers and energy resources. According to the International Energy
Agency and a number of researchers, the cement industry generates up to 7-
8% of global co, emissions, which makes the task of reducing the clinker
component and involving secondary mineral resources strategically important
for the sustainable development of the construction sector [1].

One of the most promising areas is the use of man—made waste from
metallurgy and energy — blast furnace and ferroalloy slag, fly ash from thermal
power plants - as active mineral additives. Foreign studies confirm that the
substitution of cement with ash and slag in the range of 20-50% can significantly
reduce the carbon footprint of products while maintaining the required strength
characteristics [2]. However, most of these works are of a materials science or
environmental nature and do not address issues of industrial implementation in
real production conditions.
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At the same time, machine learning and artificial intelligence methods are
actively developing to predict the physico-mechanical properties of concretes
and building mixes based on the composition and age of samples [2]. Despite
the high accuracy of predictions, these models, as a rule, operate outside the
production context and do not take into account the dynamics of technological
processes, equipment limitations, material flows and operating modes of the
line.

The modern concept of digital twins and discrete event modeling is
considered as the basis for the integration of data, algorithms and management
within Industry 4.0. At the same time, the literature highlights the shortage of
applied digital twins for discrete production of building materials, especially with
the inclusion of environmental and quality indicators in a single management
contour.

Thus, an urgent scientific and practical task is to develop a simulation
model for the production of dry building mixes with man-made waste, combining
discrete event modeling of a production line, intelligent product quality
assessment and calculation of environmental indicators. Solving this problem
makes it possible to fill the identified scientific gap between research in the field
of materials science, environmental assessment and digitalization of industrial
processes, as well as to create a tool focused on implementation in real
production.

The paper [1 ] describes the application of ML algorithms for predicting the
compressive strength (CS) of concrete with fly ash based on experimental data
and sets of composition/age characteristics, and the use of ML as a substitute
for part of laboratory tests. The weak part of the study includes: the model is not
tied to the technological cycle, there is no dosage/mixing/packaging, there are
no production events and downtime.

In [2], a comparison of several ML models for predicting fly ash and cement
is presented. The advantages of the study include the methodology for
comparing models, the disadvantages are the lack of production cycle time,
mass maintenance, and event logic of the line.

The article [3] presents a hybrid approach (firefly algorithm + random forest)
for predicting concrete strength, optimizing ML models. Weaknesses, there is
no forecast with an impact on dosing/mixer/packaging.

In [4], the ML predictor of the strength of "green" geopolymer systems
based on ash is described as an alternative binder + ML as an accelerator.
Weak research sides, there is no reflection of the technological side of
production (management, queues, cycle time, packaging, productivity, etc.).
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In [5], a comparison of the environmental impacts of ash and slag was
performed, taking into account the methods/distances of transportation,
showing the impact of logistics on the environmental aspects of production.
Weaknesses of the study: no batch dynamics/downtime/equipment limitations,
no digital line management.

The work [6] shows the techno-ecological stability of concrete with 100%
use of slag as a filler and ash as a substitute. The work focuses on the material
and sustainability, but there is no use of ML to analyze the entire process.

[7 ] presents, at the same time, LCA, production costs, mechanics and
durability for mortars/concretes with recycled aggregates and ash, ecology +
economics + properties, but does not show the digital twin of the equipment.

The article [8] shows LCA with sensitivity analysis to transport distances
(which is important for real regional supply chains) which provides a practical
approach. There is no integration of production logic and real-time monitoring
of product output.

The paper [9] provides an overview of definitions (Al, 10T, data integration).
The overview level does not provide an idea of the use and practical application
of artificial intelligence technologies.

The paper [10] shows the strict unification of the term “digital twin” and the
distinction between “simulation vs model vs DT". The work is not tied to the
actual technological process.

In [11], a review of DT is presented specifically for discrete manufacturing
lines: design, scheduling/control, failure prediction, data synchronization
problems, delays, accuracy, gives a “checklist of problems” for the Discussion
section (real-time interaction, fidelity, optimization). Weaknesses, an overview,
not an industry prototype, there is no application model for DCM.

The work [12] describes the steps of implementing and integrating digital
twins in discrete production, emphasizes the synergy with MES/ERP and the
importance of the “integration framework". The work does not examine dry
building mixes.

Thus, an analysis of the work on the research topic showed that there are
no scientifically sound solutions for the development of digital counterparts for
the production of dry building mixes with man-made waste, combining discrete
event modeling of the production line, intelligent product quality assessment and
calculation of environmental indicators. Solving this problem makes it possible
to fill the identified scientific gap between research in the field of materials
science, environmental assessment and digitalization of industrial processes,
as well as to create a tool focused on implementation in real production.
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Research methods and materials

The research methodology is based on a systematic approach and
combines methods of simulation modeling, automatic control theory, artificial
intelligence and industrial data analysis. The purpose of the methodology is to
form a digital model of a technological line for the production of dry building
mixes using man-made waste, which adequately reflects real production
processes and allows for quantitative and qualitative assessment of efficiency.

1. The general concept of the study

The research is based on the concept of a hybrid digital twin, which
includes:

-a deterministic simulation model of the production process;

-an intelligent subsystem for quality analysis and forecasting;

-a module for calculating environmental and production indicators.

This approach allows combining the advantages of discrete event modeling
(accurate description of technological stages and equipment logic) and artificial
intelligence (accounting for nonlinear and poorly formalized dependencies
between the composition of the mixture and its properties).

2. Simulation of the production line

The method of Discrete Event Simulation (DES) is used to describe the
production process. The production line is formalized as a Finite State Machine
(FSM), which includes the following states:

-waiting (IDLE);

-dosing of components;

-mixing;

-unloading;

-packing and palletizing (BAGGING).

Transitions between states are triggered by events such as the
achievement of a set batch weight, the end of the mixing time, or the completion
of packaging. This approach ensures correct modeling of the cyclical operation
of the line, accounting for downtime with a shortage of raw materials and
calculating productivity in real time.

3. Intelligent subsystem of quality assessment

An artificial intelligence subsystem is used to predict the physico-
mechanical properties of a dry building mix. The percentage of formulation
components (cement, sand, slag, ash) and their physico-chemical
characteristics are used as input data.

The Al module is used to evaluate:

-the predicted strength grade;

-density of the mixture;
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-workability;

-sensitivity of properties to changes in the proportion of man-made waste.

The intelligent analysis is integrated into the simulation cycle and is
performed when the formulation is changed or the next batch is completed,
which provides a link between quality indicators and production parameters.

4. Calculation of quantitative and environmental indicators

Calculations have been implemented within the framework of the
methodology:

-line capacity (t/h);

-operating time (uptime);

-the number of batches and bags;

-consumption of man-made waste (kg, t/shift, t/month);

-the proportion of secondary resources in the mixture;

-the relative carbon footprint of the products.

Environmental indicators are calculated based on the emission coefficients
of materials and the proportion of their use in the formulation.

5. Programming languages and software tools used

The following technologies were used to implement the model:

TypeScript / JavaScript — implementation of simulation logic, finite
automaton, calculations, and module interaction;
React — development of the user interface and visualization of the

production line;
HTML5 / CSS / Tailwind CSS — graphical representation of equipment and
states;

Al API / intelligent service — implementation of a quality forecasting
subsystem;

Real-time web technologies — updating model states in discrete time
steps.

The architecture of the software solution is modular, which ensures
scalability, reuse of components and the ability to integrate with external
systems.

6. Validation and practical applicability

The correctness of the model was verified by analyzing the logical
consistency of state transitions, material balances, and ranges of output
parameters. The results obtained are comparable with typical indicators of
industrial dry building mix lines, which confirms the adequacy of the model.

Results and discussion

Figure 1 shows a functional scheme for the production of building mixes
using man-made waste.
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The production process is as follows:

-the ground ingredients are filled into bins with a capacity of 25 tons;

- then they enter the conveyor with load cells, weighing takes place.;

-they are moved from the conveyor to the mixer, where mixing takes place
for a certain time;

-from the mixer, the finished construction mix passes along the screw
conveyor to the filling machine, where it is loaded into bags weighing 50 kg.;

-the finished bag is removed by the robot and placed on a pallet and sent
for storage to the finished product warehouse.

Figure 3 shows the architecture of an intelligent digital twin for the
production of dry building mixes based on man-made waste.

Cament

‘Warehouse

Figure 1-Functional scheme for the production of building mixes using man-
made waste

The developed intelligent digital twin for the production of dry building mixes
with man-made waste is implemented on the basis of a multilevel (layered)
architecture that provides a logical separation of modeling, analysis,
management and visualization functions. The architecture is focused on
continuous updating of the state of the virtual model and its synchronization with
the parameters of the real technological process.

The digital twin functions as a hybrid system combining a deterministic
simulation model of a production line and an intelligent subsystem for predicting
quality and environmental performance.
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FUNCTIONAL LEVELS OF
ARCHITECTURE

A 2

THE PHYSICAL
PROTOTYPE = DATA LEVEL AND L/ gy ATION
STATUS (DATA &
LEVEL STATE LAYER) LEVEL
(PHYSICAL LAYER) (SIMULATION
u LAYER)

THE LEVEL OF
VISUALIZATION AND

INTERACTION
(VISUALIZATION & UI LAYER)

THE LEVEL OF
CALCULATION OF
PERFORMANCE
INDICATORS
(KPI & ECO LAYER)

Figure 2- Architecture of an intelligent digital twin for the production of dry
building mixes with man-made waste

The Physical prototype Layer

This level corresponds to the actual production line and includes:

-silos of cement, sand, slag and ash (25t);

-metering equipment and conveyors;

-mixing unit-1m3;

-packing unit and palletizer.

In the digital twin, the physical layer is represented as parameterized virtual
objects reflecting the capacity, performance, current status, and limitations of
the equipment.

Data and State Layer (Data & State Layer)

At this level, a digital representation of the system status is formed.:

-current stocks of materials in silos;

-active formulation of the mixture;

-the stage of the technological cycle;

-equipment loading indicators;

-accumulated statistical data on parties.

The data is updated discretely, with a fixed time step, which ensures the
consistency of the simulation process.

Simulation Layer
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The key element of the architecture is a discrete event model implemented
as a finite state machine (FSM). Each state of the machine corresponds to the
technological stage of production:

-IDLE — waiting;

-DOSING — dosing of components;

-MIXING — mixing;

-DISCHARGING — unloading;

-BAGGING — packing and palletizing.

FSM provides a strict sequence of operations, control of transition
conditions, and simulation of downtime in case of material imbalance (for
example, a shortage of raw materials).

Intelligent Analytical Layer (Al & Analytics Layer)

The intellectual level is designed for analysis and forecasting:

-physical and mechanical properties of the dry mixture;

-the impact of the proportion of man-made waste on quality;

-sensitivity of the parameters to changes in the formulation;

-analysis -delays of 1.5s.

The Al module receives data from the status layer and returns qualitative
estimates that are used to support decision-making by the operator or
engineering staff.

The level of calculation of performance indicators (KPI & Eco Layer)

At this level, the following are calculated:

-line capacity (t/h);

-operating time (uptime);

-number of batches and bags;

-volumes of slag and ash utilization;

-share of secondary resources;

-the relative carbon footprint of products.

The indicators are updated in real time and are linked to the events of the
simulation model.

Visualization and Interaction Layer (Visualization & Ul Layer)

The top level of the architecture provides:

-visual display of the processing line;

-indication of equipment status;

-recipe management and operating modes;

-access to the batch archive and reports.

The interface is designed to be used as an engineering tool and a training
simulator.

The logic of level interaction

19



The digital twin works in a closed loop:

-Setting the recipe and production parameters;

-Process Cycle Simulation (FSM);

-Updating the equipment and inventory status;

-Intellectual analysis of quality and ecology;

-KPI calculation and visualization;

-Decision-making and parameter adjustments.

This cycle ensures continuous updating of the digital model and the
possibility of scenario analysis without interference in real production.

The proposed architecture of the digital twin allows for:

-integration with SCADA, MES and ERP systems;

-connection of real sensors (weight, humidity, energy);

-expansion of the model due to continuous subsystems (power
consumption, equipment wear);

-use in online and offline simulations.

Figure 3-5 shows the main menu of the intelligent digital twin for the
production of dry building mixes with man-made waste.

CONTROL (] PRODUCTION LINE #1 T © EFFICIENCY RATING

PANEL

# STRENGTH WORKABILITY
Mee Pk4 (16-21cm)
(C50/60)

D DENSITY oy MOISTURE
pELT ] 0.2e%
kg/m?

6.7t 25 6.0l 1 25

em: 4 Wbatches 0

CEMENT (OPC- SAND (QUARTZ) SLAG FLY ASH
500) (THERMAL}

RECIPE LIBRARY

Cement (OPC-500) 3 16.0t / 25t

THROUGHPUT © RECYCLING RATE
Rem: 53 batches

175.0 30%
Sand (Quartz)

¢ INDUSTRIAL WASTE CONSUMPTION
LOAD CELLS: DYNAMIC WEIGHING...

Slag

Fly Ash (Thermal) 210.0

ER 1000L BAGGING

Il PAUSE 3 RESET Fly Ash

21e.0

Figure 3- Operation of the digital twin in the dosing mode
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PRODUCTION LINE #1
CONTROL b MIXING

PANEL

& EFFICIENCY RATING

& STRENGTH ‘v WORKABILITY
Cc68/75 Pk3 (10-15cm
(6@-75 Slump)

MPa)

© DENSITY ©) MOISTURE
2350 09.25%
kg/m?

14.8t / 25t 15.3t / 25t

Cement (OPC-500) e Rem: 31 batches Sto. | OK L3
Rem: 48 batches Rem; 82 batches

CEMENT (OPC- SAND (QUARTZ) FLY ASH
500) (THERMAL)

RECIPE LIBRARY

% THROUGHPUT £ RECYCLING RATE
Sand (Quartz) 169.7 30%

LOAD CELLS: STANDBY (TARE )
! ’ 72 INDUSTRIAL WASTE CONSUMPTION

Slag
Fly Ash (Thermal)

MIXER 10001 BAGGING 203.7

Il PAUSE

© / 20 bags

ROBOT-KUKA
Pallets ready: 17

Figure 3- Operation of the digital twin in the mixing mode

CONTROL SIC T MRS DISCHARGING

PANEL

() EFFICIENCY RATING

2 STRENGTH - WORKABILITY
M6ee Pk4 (16-21cm)
(B45)

CEMENT (OPC- SAND (QUARTZ) SLAG FLY ASH
500) {THERMAL)

RECIPE LIBRARY

 DENSITY o5 MOISTURE
2280 1.2%
kg/m?

12.8t / 25t 14.6t ¢ 25t
Cement (OPC-500) EhiE 7 o Rem: 3/ batches Rem: 9 satches LT 7 A

v THROUGHPUT ) RECYCLING RATE
Rem: 43 batches Rem: 77 batches

175.2 £
Sand (Quartz)

#% INDUSTRIAL WASTE CONSUMPTION
LOAD CELLS: STANDBY (TARE @)

Slag

Fly Ash (Thermal
J o l 210.2

BAGGING

Il PAuUSE O RESET

8 / 28 bags

Figure 3- Operation of the digital twin in the mode of unloading and
loading into bags
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CONTROL & RO MEE R BAGGING © EFFICIENCY RATING

PANEL

& STRENGTH WORKABILITY
M500 Pk3 (10-15cm)
(cae/50)

CEMENT (OPC- SAND (QUARTZ) FLY ASH
(THERMAL)

RECIPE LIBRARY

@ DENSITY 5 MOISTURE
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Figure 3- Operation of the digital twin in the mode of loading bags into
pallets

The digital twin of the dry building mixes production line functions as a
continuously updated virtual model synchronized with the process parameters.
The work is based on a discrete event simulation model, formalized in the form
of a finite state machine describing the sequence of production stages: dosing,
mixing, unloading and packing. Equipment status, material flows, and time
characteristics are updated in real time based on model events.

The intelligent module is integrated into the simulation circuit and provides
a forecast of the physico-mechanical properties of the mixture and
environmental indicators based on the formulation and proportion of man-made
waste. The results of the Al analysis are used to calculate production KPIs and
create batch archives, which allows scenario analysis to be performed without
interfering with real production.

The scientific novelty of the digital twin is to combine discrete event
modeling of a production line with an intelligent assessment of quality and
environmental efficiency within a single architecture. The practical significance
is determined by the possibility of using the model as a management tool,
optimizing formulations and digitalizing the production of dry building mixes.

Conclusion
The paper develops and investigates a simulation model for the production
of dry building mixes using man-made waste, implemented in the form of a
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digital twin of the production line. The model is based on a discrete event
approach and is formalized in the form of a finite state machine, which made it
possible to adequately describe the sequence of technological stages, material
flows and operating modes of equipment. The integration of the intelligent
quality forecasting module made it possible to evaluate the physico-mechanical
properties of the mixture and environmental indicators depending on the
formulation and the proportion of secondary resources.

Based on the simulation results, it was found that the use of man-made
waste in dry mixes in a volume of up to 40-50% reduces cement consumption
by up to 30% without a critical deterioration in the predicted quality
characteristics. The production capacity of the line within the framework of the
model reaches 15-20 t/h with automatic control of slag and ash consumption in
batches and time intervals.

The scientific novelty of the research consists in combining simulation
modeling of the production cycle, intelligent quality assessment and calculation
of environmental indicators in a single architecture of a digital twin. The practical
significance of the work is determined by the possibility of using the developed
model as a tool for optimizing formulations, supporting management decisions,
and integrating real dry building mixes into SCADA/MES systems.
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