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SIMULATION OF PRODUCTION AND LOGISTICS FOR CONCRETE PLANTS

The focus of the current research is the multi-criteria task of decision-making support for the effective man-
agement of ready-mix concrete production and its delivery to construction sites, taking all possible risk factors
into account. The development of a simulation model for the network of production facilities and the distribu-
tion chain of ready-made concrete mixtures is a key element of the project to create a digital twin in the pro-
duction and logistics of a concrete plant. The relevance of this study is supported by the fact that post-war res-
toration of the destroyed housing stock, reconstruction of damaged infrastructure and industrial buildings, and
the resumption of work at all construction sites in the country will lead to a sharp increase in the demand for
concrete, which will obviously exceed the existing production capacity. Therefore, one of the top priorities for
Ukrainian concrete plants today should be the implementation of a strategy and relevant development projects
aimed at increasing productivity without losing quality. This research aims to create a simulation model of the
production and delivery of ready-mixed concrete in a network of manufacturing plants and construction sites,
as part of a project to create a digital double for making effective risk management decisions in real-time for
the early detection of suboptimal activity in the production of high-quality concrete mix and its effective logis-
tics. Thus, the objectives of the study are as follows: to analyze the problems and features of creating digital
duplicates in the production and logistics of concrete plants; to develop a simulation model of analyzing pro-
duction processes and logistics of ready-mixed concrete mixtures; to provide an illustrated example of model-
ing production and logistics processes in a network of concrete factories and construction sites; to conduct op-
timization experiments to determine the modes of system operation. After all necessary work had been doneg,
the following results have been obtained. A simulation model of the analyzing production processes and logis-
tics of ready-mixed concrete mixtures has been developed, with the help of which it is possible to solve several
tasks, including the evaluation of the rationality and efficiency in the organization of production and delivery
of ready-mixed concrete, the identification of bottlenecks in production and logistics processes, forecasting of
indicators activities of concrete plants, taking into account changes in production conditions, and forming data
for decision-making on reducing plant and customer downtime, among others. Conclusions. The academic
novelty of the study is related to the solution of the actual problem related to the preparation and planning of
logistical actions for the delivery of ready-mixed concrete in the network of plants and construction sites by-
creating a complex of optimization and simulation models, that contributes to the effectiveness of decision-
making on risk management for the early detection of suboptimal activities in the production of commercial
concrete mixtures and logistics. The effectiveness of the proposed approach is illustrated by an example of
concrete delivery in a network of concrete factories in the Kharkiv region.

Keywords: ready-mixed concrete; concrete delivery; supply chain; simulation modeling; agent modeling;
transportation.

mentation of a strategy and relevant development pro-
jects aimed at increasing productivity without loss of

1. Introduction

Suppliers of ready-mixed concrete mixtures belong
to the group of most important participants in construc-
tion projects, and logistics represent significant chal-
lenges in the ready-mixed concrete industry [1]. Resto-
ration of destroyed residential areas, reconstruction of
damaged infrastructure and industrial buildings, and
resumption of activities at all construction sites in the
country will lead to a sharp increase in demand for con-
crete, which will obviously exceed existing production
capacities. Therefore, one of the top priorities of
Ukrainian concrete plants today should be the imple-

quality. Currently, the biggest drivers of demand for
concrete are infrastructural construction, the construc-
tion of fortifications, and various military defense struc-
tures, as well as reconstruction works in war-torn re-
gions.

Critical risks in the production and logistics of
ready-mixed concrete [2, 3] may be associated with the
following factors: inefficient planning in the operation
of the concrete-mixing equipment and the delivery it-
self; queues or loading errors; long downtimes waiting
for pouring at construction sites; inconsistency of ac-
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tions with the client; delays in transport for loading or
unloading; suboptimal delivery routes; deviation from
the route during delivery, etc. All these issues, in the
long run, lead to difficulty in finding the optimal bal-
ance of supply and transport costs, violation of produc-
tion plans, and incomplete use of plant capacities. The
answer in the asphalt and concrete industry and in the
logistics of bulk materials to solve these problems and
manage their production operations with a greater re-
sponse to risks is the transition to the use of Industry 5.0
technologies—digital twins, industrial Internet of
Things, and digital modeling [4, 5].

Combining the virtual and physical worlds with
Digital Twins technology enables ready-mix concrete
producers to avoid problems before they occur, reduce
operational disruptions at customer sites, prevent down-
time and effectively plan activities and delivery sched-
ules through simulation [6].

The key elements of the digital double (twin) are
an industrial automation system based on the Internet of
Things for obtaining technological data in real-time, a
dynamic simulation model of a digital double in the
production and logistics chain, and advanced predictive
analytics for making predictive decisions regarding pro-
duction, logistics, and maintenance [7]. With the model
and data, we can build powerful digital twin software
for experimentation, analysis, and interaction. The digi-
tal double uses real-time monitoring data (with the help
of industrial Internet of Things technologies) to dynam-
ically update the model [8]. At the same time, for the
production cycle of ready-mixed concrete production
and delivery, appropriate means of remote monitoring
should also cover truck concrete mixers, which will
provide reliable data about the events occurring at each
stage of logistics in concrete delivery and calculate the
necessary logistics efficiency indicators [9].

In addition, having huge volumes of historical da-
ta, it is possible to apply machine learning methods to
analyze the orders of each client and determine patterns:
when and at what time the client confirmed or canceled
the order; what additional volume was ordered by the
client; what is the probability of cancellation; how late
was the transport or how long were the delays in loading
or unloading. The overall goal of such analysis is to
adjust production and transportation planning (pre-
planning) for future shifts and days: e.g., when more
trucks are needed; where it is necessary to reduce the
capacity of the car park; how to avoid idle trucks and
excessive delays due to insufficient resources.

1.1. Motivation

The development and application of digital dou-
bles is based on the description of behavior under vari-
ous conditions of exploiting real materials, products,

equipment, technological processes, and cyber-physical
systems.

The digital double is based on a complex set of in-
terrelated mathematical models with high adequacy to
real objects and processes. In addition, the enterprise is
represented not by a set of separate digital doubles but
by a comprehensive simulation covering the entire pro-
duction process.

Moreover, concrete plants must create a digital
double, not only for production but also for logistics.
Therefore, simulation models should consider integrat-
ing data from the production and transport systems sys-
tem in real-time [10].

The above makes the creation and implementation
of digital doubles at concrete plants relevant and im-
portant, which in turn its involves the development of a
simulation model that covers all processes in the pro-
duction and logistics of ready-mixed concrete.

1.2. State of the Art
and problem statement

The concrete delivery problem is an optimization
problem that investigates the optimal dispatch of trucks
while satisfying some constraints related to time, de-
mand, and resource availability [11].

Most published sources on the production of
ready-mixed concrete mixtures are devoted to mathe-
matical modeling and heuristic methods for reducing the
impact of technological equipment breakdowns, im-
proving operating costs, and optimizing product distri-
bution [12]. The article [13] presented a simulation
model for supplying and delivering ready-mixed con-
crete from three concrete plants to three construction
sites to determine logistics cost and time. Unfortunately,
the model developed in the AnyLogic modeling system
is not flexible because a rigid structure of blocks repre-
sents it based on a discrete-event approach only for a
certain number of concrete plants and construction sites.
The article [14] discusses the issue of designing a digital
double for a concrete mixed enterprise, which is used to
predict process bottlenecks, anomaly detection, and
failure prediction, along with additional capabilities for
monitoring the productivity of the production process.
An operational model of a digital twin for producing
only one type of concrete was developed in the
AnyLogic simulation system. This model reflects the
production part of the process without touching logis-
tics, which significantly limits the effectiveness of risk
analysis in the concrete mix industry.

The study [15] considers the creation of a simula-
tion model for the analysis of energy use and emissions
into the environment. Several scenarios were under con-
sideration, that is: a change in the productivity of con-
crete production; a change in the distance between the
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plant and the construction site; and variation in the
number and speed of movement of truck concrete mix-
ers. However, the developed model of concrete supply
is aimed at infrastructure with only one construction
site, so it has a conditional benefit when researching real
transportation tasks.

Some sources devoted to the production of ready-
made concrete mixes are aimed at improving the quality
of concrete and reducing costs. In [16], a model for pre-
dicting concrete quality was proposed based on the use
of a genetic algorithm for the adaptive selection of func-
tions based on predictive performance in the analysis of
influencing factors, and a random forest method was
used to correlate selected process characteristics with
specific indicators of concrete quality. The previous
study [17] presented a methodology for optimizing con-
crete mixtures by integrating machine learning and ge-
netic algorithms. Machine learning models are used to
predict the compressive strength of concrete, whereas
genetic algorithms optimize mix cost under quality con-
straints. The solution to the problem of delivering
ready-made concrete mixtures in the form of a multi-
agent system based on the teamwork mechanism and the
coordination of trucks was proposed in the article [18].
The authors deal with issues of decentralized dynamic
planning of concrete delivery schedules. The environ-
ment of the truck agents’ existence looks like a condi-
tional space of a certain size, which thus complicates the
mathematical apparatus for calculating routes and other
parameters of the model and accordingly imposes many
assumptions, which does not make it possible to consid-
er the developed multi-agent model as a useful tool
when solving real tasks of concrete delivery dispatch.

A mathematical regression model for predicting
the productivity of concrete laying on a construction site
after its delivery by truck-mounted concrete mixers
from a concrete plant is considered in this paper [19].
Several factors affecting the efficiency of the concrete
placing process are considered, for example, the produc-
tivity of the concrete plant, the number of truck concrete
mixers that can work in a cycle, the distance between
the construction site and the concrete plant, the amount
of concrete delivered by truck concrete mixers to the
construction site, and the number of workers involved,
involved in laying concrete. A simulation model using
the mathematical dependencies proposed by the authors
was created using AnyLogic modeling software. How-
ever, the implementation of the model, as it follows
from the work, is too conventional, with a rigid struc-
ture of the model that does not use all the advantages of
the discrete-event combination or agent approaches and
is designed for modeling only with one concrete plant
and one construction site in mind.

The construction of a simulation model specifical-
ly for a network of concrete plants was considered in

[20]. The operation of concrete plants is strongly influ-
enced by the complex stochastic nature of concrete pro-
duction and delivery processes; thus, the authors fo-
cused on the study of distribution laws to determine the
time of production operations and transportation. The
authors' approach is interesting, modeling concrete
plants as those that jointly use trucks and transfer orders
for concrete when unscheduled maintenance stops oc-
cur. It should be noted that most publications related to
vehicle travel time planning are based on deterministic
methods, including conditional travel times for any giv-
en distance, referring to urban transport norms. The au-
thors, trying to move away from such an approach, pro-
posed the use of a matrix that defines the laws of travel
time distribution according to different ranges of the
distance between the production and the object, as well
as the time of day. However, despite this, the approach
remains imperfect, especially since modern modeling
tools allow connecting geoinformation systems and
conducting simulations of real transport infrastructure.

The distribution of ready-mixed concrete has been
considered in some publications as a purely problem of
routing transportation means. In the study [21], a model
for fuel consumption optimization for concrete mixers
in a network of concrete plants was considered using an
improved genetic algorithm. The model takes into ac-
count the influence of vehicle type, load, speed, and
distance when building concrete delivery routes to min-
imize fuel consumption. A simulation model for solving
the task of scheduling the delivery of ready-made con-
crete mix to construction sites was considered in the
paper [22], where the authors applied an ant colony op-
timization algorithm. The task of modeling the logistics
of ready-mix concrete delivery was solved in [23].
However, unfortunately, this study does not define the
specifics of the model, the used supply policies, nor
does it provide simulation results, which makes it im-
possible to assess the effectiveness and usefulness of the
proposed model. A previous study [24] offers an opti-
mization method based on mixed integer linear pro-
gramming for planning delivery routes of ready-mixed
concrete. The objective function formulas used by the
authors of publications with linear programming prob-
lems represent the maximization of demand satisfaction,
the minimum total travel time or distance, minimum
operating costs, and the minimum idle time for both
trucks and construction sites. However, some formula-
tions do not match the complexity of a real problem or
ignore important aspects of the problem, such as the
time window and the time lag between deliveries. Thus,
such models are usually developed for academic pur-
poses; however, they are not relevant for real industrial
applications.
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1.3. Objectives and methodology

Therefore, despite the achievements in the research
on the problem under consideration, there is still a lack
of studies that comprehensively consider the technolog-
ical processes of ready-mixed concrete mixture produc-
tion and logistics.

Thus, the study aims to create a simulation model
of the production and delivery of ready-mixed concrete
in a network of manufacturing plants and construction
sites, as part of a project to create a digital double for
making effective risk management decisions in real time
for the early detection of suboptimal activity in the pro-
duction of commercial concrete mixture and logistics.
Following the stated aim of the research, it is necessary
to consider the following objectives:

1. To analyze the problems and features of creating
digital doubles in the production and logistics of con-
crete plants.

2. To develop a simulation model for analyzing the
production processes and logistics of ready-made con-
crete mixtures.

3. To provide an illustrated example of modeling
production and logistics processes in a network of con-
crete factories and construction sites.

4. To conduct optimization experiments in order to
determine the modes of operation of the system.

To analyze the production processes and logistics
of concrete plants, methods and models are used: sys-
tem analysis, and agent simulation modeling.

This paper has the following structure. Section 2
provides a detailed overview of the features for creating
digital doubles in the production and logistics of con-
crete plants. Section 3 describes a simulation model for
analyzing production processes and logistics of ready-
mixed concrete mixtures. Section 4 presents the evalua-
tion and results of modeling the production and logistics
processes of ready-mixed concrete and provides a de-
tailed overview of the user interface. Section 5 discusses
the findings, and contains details about the optimization
experiments on the simulation model. Section 6 summa-
rizes the key contributions and outlines potential direc-
tions for future research.

2. Analysis of the features for creating
a digital double in the production
and logistics of concrete plants

It should be noted that the main method of plan-
ning the production of ready-mix concrete is Just-in-
Time (JIT), which is used precisely because of the rapid
perishability of the final product. The lifetime of ready-
mixed concrete should not exceed 2-3 hours from the
moment of production at the factory to its use on the

construction site, and this is subject to continuous mix-
ing in the mixer barrel of special vehicles—truck con-
crete mixers [25]. The production process itself (Fig. 1)
consists of supplying raw materials, batching concrete,
mixing concrete, loading chemicals/admixtures, and
unloading concrete onto trucks for delivery to the con-
struction site.

This mode of planning potentially ensures that the
customer receives products on time, at the right quality,
and at the right quantity, thereby reducing on-site losses
and increasing process productivity. Any slight delay in
production can cause delivery delays; therefore, it is
important to apply a risk response method to prevent
such production disruptions.

A digital double (model) is built on historical data
that has been cleaned and processed. In real-time, the
digital model analyzes the incoming data and registers
the discrepancies between the actual and expected val-
ues (Fig. 2). A key element of digital twin technology in
logistics is the centralization of all planning and dis-
patch divisions. Instead of independent planning at the
local level, centralization unlocks the synergy of plan-
ning and management for the entire network of concrete
plants, factories, warehouses, and construction sites.

Thus, reducing the time when the mixture is not
mixed and loaded into delivery trucks, as well as pour-
ing at the client’s place, is always a bottleneck in the
overall process of concrete supply, and it is highly de-
pendent on various risks. Fig. 3 shows the main direc-
tions and risk factors that should be considered in the
business process of production and delivery of ready-
mixed concrete.

It can be inefficient planning of the operation of
concrete mixing equipment and the delivery itself,
queues or errors during loading, long idle times waiting
for pouring at construction sites, inconsistency of ac-
tions with the client, transport being late for loading or
unloading, suboptimal delivery routes, deviations from
the route during delivery, etc. In the end, all this leads to
the violation of production plans, which leads to the
incomplete use of the plant's capacity, and as a result,
productivity decreases. A strategy to increase productiv-
ity for a concrete manufacturer can certainly be the pur-
chase and deployment of new concrete mixing equip-
ment and transport to meet the increased volume of or-
ders; however, this is a significant investment and quite
risky, given the dynamics of the market. Therefore, it is
possible to increase overall productivity of ready-mixed
concrete enterprises quickly and with minimal cost due
to the introduction of modern information technologies
following the requirements of Industry 5.0 and an in-
crease in delivery productivity. Concrete plants have the
potential to increase their productivity by minimizing
downtime during working hours.
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The construction industry is already experiencing
value in managing risks and increasing efficiency in the
way it executes projects using Industry 5.0 technologies
such as digital twins, industrial Internet of Things, and
digital modeling [26, 27]. Thus, it is proposed to im-
plement development projects for ready-mixed concrete
enterprises based on digital doubles. The two key ele-
ments of a digital double are a dynamic simulation
model and data reflecting the current state of the real
system [28].

Thus, the implementation of a project to create a
digital double at a concrete plant solves the same prob-
lems: monitoring the productivity of the production pro-
cess and logistics of concrete delivery; predictive ana-
Iytics to identify bottlenecks in production and logistics
processes; reducing plant and customer downtime; pre-
dictive maintenance of equipment, optimizing mainte-
nance resources; and improving asset performance and
productivity. If a ready-mixed concrete enterprise be-
gins to automate the processes of production and organ-
ization of delivery, making them transparent, then there
is an immediate opportunity to influence most factors of
the delivery cycle and reduce the time of each stage,
which in turn leads to increased productivity.

3. A simulation model for analyzing
production processes and logistics
of ready-mixed concrete mixtures

To fully consider all interdependencies, limita-
tions, dynamics, and uncertainties, a simulation model
was created that covers all processes in the production
and logistics of ready-mixed concrete.

The simulation model was developed in an
AnyLogic environment [29, 30] and consists of compo-
nents, each of which reflects a separate element of the
dynamics of the enterprise's behavior and the concrete
distribution infrastructure. The AnyLogic system was
chosen due to its support and ability to hybridize differ-
ent types of simulation models, the availability of the
necessary pre-configured elements for modeling pro-
duction and transport systems, and support for a geo-
information system for automatic routing on real roads.

When developing the model, various aspects that
make up the problem of concrete delivery were consid-
ered, such as the following:

1) orders are extremely unpredictable and change-
able because many orders occur on the same day, which
requires modeling of the intensity of delivery, both ac-
cording to the client’s schedule and by chance;

2) the manufacturer must over-order by approxi-
mately 20% to compensate for the unpredictability of
the customers’ order flow;

3) most orders require synchronized deliveries by
several trucks, which affects the determination of the
available fleet capacity;

4) the travel time between the production enter-
prise and construction site in our model is determined
using a geo-information system with real transport in-
frastructure. The number and location of concrete plants
and construction sites are specified in the database,
which allows modeling any type of network without the
need to make changes to the model;

5) the duration of work on pouring concrete at the
construction site is modeled considering different re-
source settings;

6) the period during which concrete must be deliv-
ered to the client is monitored and statistics are recorded
on orders where the delivery deadline has been violated,;

7) the type of concrete ordered by the client is tak-
en into account, which in turn requires a table of prepa-
ration recipes. For flexibility, this information is loaded
from the database.

In the developed simulation model, using the class
of active objects (agents), the following aspects are im-
plemented: plant; order; construction site; specification
for concrete; truck concrete mixer. Each agent has its
own variables and a mathematical model describing its
behavior. For example, a client agent is characterized by
the following parameters: type; number of jobs; sales
volume; load size; distance to the plant; level of service;
the number of unloading workers. In addition, it is pos-
sible to determine the number of agents, for example,
the size of the fleet or the number of construction sites.

The agent of the concrete plant is represented by a
discrete-event model of the production process (dosing
of concrete components according to the recipe to order
the right type of product, mixing concrete, and adding
chemicals/admixtures) and has a fleet of trucks. It is
characterized by the output of concrete production, the
work schedule, the size of bunkers and containers for
storing materials, the level of the insurance stock for
materials available, and the number of truck concrete
mixers. Accordingly, the problem of planning schedules
for the supply of raw materials (cement, sand, crushed
stone, water, and admixtures) is solved at the same time.

A concrete plant order portfolio is formed by re-
ceiving and reviewing requests from construction sites.
The ordering agent provides information about the con-
crete delivery location (construction site), the type and
quantity of concrete to be delivered, and the desired
start time (first delivery). This allows the agent of the
concrete plant to accept or reject the request, consider-
ing the productivity of the production facilities. In addi-
tion, the order agent has parameters to accumulate sta-
tistics regarding the life cycle of order execution and its
status. The truck agent is characterized by its belonging
to a specific concrete plant, the volume of the barrel, the
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speed of movement on the roads, the agent of the order
it fulfils, as well as the parameters of the accumulation
of statistics, namely: waiting time for loading, loading
time, transportation time to the customer, waiting time
for unloading at the customer’s, unloading time, return
time to the plant, number of trips, etc. Once loaded, the
truck cannot serve multiple construction sites and must
return to the plant after delivery. The data accumulated
in the course of simulation always provides an oppor-
tunity to see the state in which the truck is moving, the
waiting time for loading, the time for concrete delivery
to customers, the waiting time for unloading, etc.

The agent of the construction site initiates the crea-
tion of a new order for delivering concrete of the speci-
fied type, volume, and delivery terms. Construction sites
are served by the nearest concrete plant. The agent im-
plements a discrete-event model that describes the oper-
ations related to the reception, unloading, and concrete
placement of trucks and the additional maintenance of
concrete mixer trucks (cleaning). Resources in the form
of concrete pumps and workers, their work schedule,
and the type of unloading are also being taken into ac-

count. According to the simulation results, statistics are
accumulated regarding the fulfilment of orders and the
actual delivery of concrete, the employment of re-
sources for unloading, the waiting time for unloading,
indicators of the truck queue for maintenance, etc.

Our model is essentially a combination of different
modeling methods. Discrete-event modeling is used to
describe production processes at the plant and the pro-
cess of unloading concrete mixer trucks and placing
concrete on the construction site, system dynamics for
the formation of material stocks at concrete plants, and
the agent approach, where plants, construction sites,
trucks, and orders are agents with autonomous behavior
and the ability to scale in the population of the required
amount.

Fig. 4 shows the model after launch. Agents live in
the geographic information system. The names of the
initial locations of the production facilities and distribu-
tors were extracted from the database. The search en-
gine of the geographic information system is used to
search for places on the map and for place agents there.

Ready Mixed Concrete Supply Chain Logistics
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Fig. 4. Animated simulation of concrete delivery in a network of concrete plants and construction sites

Estimated travel time is an important input param-
eter for preliminary transport risk assessment (concrete
mixing time, etc.). However, thanks to the use of the
built-in routing module in the AnyLogic geoinformation
system, the system always chooses the shortest route for
the entire network from the OpenStreetMap service.
Trucks move on real roads, and routes are created when
vehicles start moving along their routes. Near each of

the concrete plants, a histogram showing the volume of
concrete produced and a quantitative indicator of free
trucks can be observed. Near the construction site, we
can see the quantitative value of the concrete delivered
during the entire time, and the icons of the trucks on the
site waiting for unloading. Clicking on the objects in
production and construction displays the simulation
results. The model is animated; thus, you can observe
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the movement of trucks along realigning transport infra-
structure and not along hypothetical routes or conven-
tionally set distances, as presented in most studies on
this topic.

4. An example of modeling the production
and logistics processes
of ready-mixed concrete

In our example, the model simulates the concrete
delivery to the Kharkiv region. The supply chain in-
cludes three manufacturing facilities and 12 construc-
tion sites that order random quantities of a given type of
product every 1-2 days. Each concrete plant has a fleet
of concrete mixers, the number of which can be changed
at the beginning of the simulation and during the pro-
cess.

Each concrete plant uses a certain number of con-
crete mixer trucks of different volumes. When the plant
receives an order from a construction site, it checks the
balance from the current orders. If the required quantity
of a given type is available, the plant sends a loaded
truck to the customer.

Otherwise, the order is queued until the plant
completes the product. The rule for choosing a place for
concrete delivery is determined by different strategies,
for example, according to the priority of the place, and
then according to the minimum idle time of the con-
struction site and the minimum idle time of the concrete
mixer truck.

Ready Mixed Concrete Supply Chain
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The production process is determined by the tech-
nological operations inherent in concrete plants, consid-
ering the available material stocks and the productivity
of the equipment. A queue of truck-concrete mixers is
formed before loading concrete at each plant. After the
concrete mixer truck is loaded, it leaves the plant and
goes to the specified construction site. When a concrete
mixer truck arrives at a customer’s premises, it joins a
FIFO priority queue, which ensures that the first con-
crete mixer truck to arrive is also the first to be unload-
ed. After unloading the concrete mixer, the mixer leaves
the site and returns to its plant.

During simulation, the process can be displayed
using various representations, such as parameters, vari-
ables, diagrams, and graphs.

Fig. 5 presents a screen with the results generated
for a separate concrete plant. Observing the modeling
process, you can see the main indicators of orders and
production, current stocks of materials and the dynamics
of their consumption and deliveries, concrete production
in quantitative indicators and in the dynamics of produc-
tion/shipment, the employment of the concrete mixer
fleet, the queue of orders from customers, a list of cargo
shipments to customers with an indication of the status
(on time/late), a histogram of the product distribution,
waiting time, and transportation time. In addition, ele-
ments were added to vary the parameters of the plant’s
productivity and the size of the truck fleet.
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Fig. 5. Simulation results for a concrete plant
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Fig. 6 presents a visualization of the simulation re-
sults for a construction site. Observing the modeling
process, the main indicators and schedules for concrete
orders and deliveries, the employment of unloaders, a
histogram of the waiting time for unloading distribution,
and the number of truck concrete mixers waiting for

unloading. During the simulation, you can conduct ex-
periments by varying the intensity of the orders from the
construction site.

Fig. 7 shows a screen displaying the results for one
of the truck concrete mixers.

Ready Mixed Concrete Supply Chain [Sogistics Results
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Fig. 6. Simulation results for a construction site

Ready Mixed Concrete Supply Chain Logistics Results
The state of the concrete mixer
- N | ]
— atConcretePlant 05:00:00 PM 08:00:00 PM 01:00:00 AM 05:00:00 AM 09:00:00 AM 01:00:00 PM
b g @ The state of the concrete mixer
é idle M loading B delievery B unloading m retum
Waiting time Concrete delivery
for loading, h time, hours
iy
=]
o 2 4 g 01 [13-4 03
Waiting time Time of return
for unloading, h to the factory, hours
25% P
20%
15%
10%
pa

Number of trips 16 o

o o 0.5 1 1.5 2

Fig. 7. Simulation results for a concrete mixer truck
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Observing the modeling process, you can see a di-
agram of the truck condition, a Gantt chart with the start
and end dates of operations, and histograms of the wait-
ing times for loading, unloading, delivering concrete to
customers, and returning to the plant. In addition, in this
figure, you can directly see the condition diagram,
which determines the behavior of the concrete mixer
truck agent. The diagram includes the following condi-
tions: at the plant, on loading, on the way to the custom-
er, waiting for unloading at the construction site, and
returning to the plant.

Ready Mixed Concrete Supply Chain
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For each transition between states, corresponding
triggers are set that are associated with receiving mes-
sages from other agents and parts of the process model.
Due to the stochastic nature of the truck delivery and
maintenance process, the durations of specific parts of
the process, which are random variables, are represented
by their probability distributions.

Fig. 8 presents aggregated results for the entire
network of concrete plants, where the current indicators
of concrete production, production dynamics, fleet em-
ployment, and product waiting time.
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Fig. 8. Results for the network of concrete plants

Thus, during the simulation, the volumes of con-
crete produced at all factories and the volumes of con-
crete delivered to construction sites were summed.
When the amount received is equal to the demand at the
construction site or the capacity of a particular plant, the
construction site or plant temporarily stops production
or delivery until new orders appear.

5. Discussion

Experiments were conducted to test and verify the
proposed simulation model. The verification of the
model involves formally verifying the accuracy of its
operation with given data obtained from industry ex-
perts. The model results are more sensitive to changes in
some data and less sensitive to changes in other data.

Planning transport operations for the delivery of
ready-mixed concrete requires selecting an optimal or

near-optimal solution to maximize economic benefits.
The shortest way to improve the efficiency of concrete
plant logistics management is to adopt the most eco-
nomical and environmentally friendly choice due to the
consumption of the minimum amount of fuel and the
reduction of emissions for concrete mixer trucks.

Different scenarios were formed to establish opti-
mal requirements for the functioning parameters of the
system elements. This necessity is determined by the
planned volume for a certain day and the relevance of
order delivery. Sensitivity analysis was performed on
some variables, i.e., order flow, plant productivity,
shipped volumes, and available concrete mixers, to de-
termine the impact on concrete supply compliance.
These results made it possible to estimate the number of
automixers needed to fulfill orders and the capacity uti-
lization rate of production facilities under a certain level
of maintenance.
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Fig. 9 shows the optimization results by maximiz-
ing the coefficient of using automatic concrete mixers.
The following parameters varied and, as a result, were
limited: the productivity of the concrete plants, the
number of truck concrete mixers, and the product wait-
ing time.

Ready-Mixed Concrete Supply Chain:

from three concrete plants by minimizing the time (as
well as the cost) of the downtime for the truck concrete
mixers and the time (as well as the cost) of the down-
time of the concrete mixer pumps on the construction
site. For this purpose, various combinations of the con-
sidered modeling parameters were applied, and the ob-
tained experimental results were verified.

Ready-Mixed Concrete Supply Chain:
Optimization
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Fig. 9. Results of optimization by maximizing
the coefficient of using truck concrete mixers

The results demonstrate the achievement of the
employment rate of concrete mixers at the level of 85%
when using 9 concrete mixers. The productivity of the
plant is 48 m%h, and the average waiting time for the
concrete mixers for the product according to the given
order intensity is 0.3 hours.

Fig. 10 visualizes the results of optimization by
minimizing the waiting time for the concrete mixer
product. The following parameters varied and thus were
limited: the productivity of the concrete plants, the
number of truck concrete mixers, and the coefficient of
using truck concrete mixers.

The results demonstrate the achievement of the
value by minimizing the product waiting time for con-
crete mixers at the level of approximately 5 min with
the use of 12 concrete mixers, plant productivity of 73
m3/h and 64% utilization ratio of concrete mixers.

The simulation model developed in the example
attempts to optimize the process of simultaneous deliv-
ery of ready-mixed concrete to twelve construction sites
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Fig. 10. Results of optimization by minimizing
the waiting time of the concrete mixer products

The proposed simulation model can be useful at
the planning stage and allows more accurate prediction
of the duration and modes of work during production
operations at concrete plants, delivery of products to
consumers, and, thus, can influence decision-making,
forecasting progress of work, and better management of
production and logistics processes, to increase produc-
tivity, reducing downtime, and total costs. The generat-
ed optimization and simulation model can be a useful
tool that can help managers, dispatchers, and engineers
of both concrete plants and construction sites plan the
work performance.

The model was able to evaluate system options
from the perspective of necessary capital investments
(purchase and maintenance of the vehicle fleet) with
efficient use of resources and maintaining a high level
of service, which represents additional value for clients.
The service level varies depending on the number of
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available concrete mixer trucks and the specified ship-
ment volume. It is important to emphasize that as the
level of service and maintenance increases, each addi-
tional concrete mixer included in the system provides a
slight increase in the delivery compliance rate, but it
costs a lot, which is justified by the fairly constant de-
mand for products, which unfortunately still varies
throughout the Ukrainian territory.

6. Conclusions

A study of the multi-criteria decision-making sup-
port task for the effective management of ready-mix
concrete production and its delivery to construction
sites, considering risk factors, was conducted. Consider-
ing our research findings, we have drawn the following
conclusions.

1. The analysis of the problems and features of
creating digital doubles in the production and logistics
of concrete plants showed that it is important for con-
crete plants to create digital doubles not only for pro-
duction but also for logistics, where the appropriate
means of remote monitoring should also cover concrete
mixer trucks, which will ensure reliable data about what
happens at each stage of concrete delivery logistics and
calculate the necessary logistics performance indicators.

2. A simulation model of analyzing production
processes and logistics of ready-mixed concrete mix-
tures in the AnyLogic system was developed. The mod-
el is created as a combination of different modeling
methods, i.e., discrete-event modeling is used to de-
scribe production processes at the plant and the process
of unloading concrete mixers and placing concrete at
construction sites; system dynamics — for the formation
of material stocks at concrete plants; agent modeling
because plants, construction sites, trucks, and orders are
agents with autonomous behavior and the possibility of
scaling up the population of the required amount. Each
agent has variables and a mathematical model that de-
scribes its behavior. The model includes technological
processes in the production and logistics of ready-made
concrete mixtures: supply of raw materials; dosing of
concrete; concrete mixing; loading of chemi-
cals/fadmixtures; formation of a concrete mixer truck
queue at a concrete plant; loading in a truck concrete
mixer; route to the construction site; queues of truck
concrete mixers at the construction site; unloading of
truck concrete mixers at the construction site; and return
of truck concrete mixers to the concrete plant.

3. An illustrated example of modeling production
and logistics processes in a network of concrete plants
and construction sites is provided. According to the
simulation results, statistics are accumulated: the cost
structure separately (production, transportation, pouring,
idle cost) for each construction object, as well as in total

for all construction objects; the number of concrete
mixer trucks for each plant; the amount of manufactured
/poured concrete for each installation/site; the duration
of loading/unloading/idling; the average time in the
queue, etc. The time on the road for concrete mixer
trucks is determined by using a geographic information
system, including real transport infrastructure, which
distinguishes this study from most existing ones.

4. Optimization experiments were performed to
determine the modes of the system operation. This pa-
per presents two experiments to maximize the utiliza-
tion rate of concrete mixers and minimize the waiting
time of concrete mixers for the product. In general,
there are more developed scenarios for use by company
managers, dispatchers, and engineers at concrete plants
and construction sites when planning work.

Future research will be aimed at the implementa-
tion of scenarios for the combined use of truck-concrete
mixers in the network, which means that it is not neces-
sary to return the truck-concrete mixer to the concrete
plant from which it started its working shift. It is also
planned to simulate possible failures and breakdowns of
technological equipment and truck concrete mixers to
find the optimal balance of supply/transportation costs
under these conditions and to prevent disruption of pro-
duction plans or incomplete use of production capaci-
ties.
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IMITALIMHE MO/JIEJTIOBAHHSI BAPOBHUIITBA
TA JJOI'TICTUKU BETOHHUX 3ABO/IIB

M. C. Byzaescokuii, F0. A. Ilempenko

Hocaimkyerbest OaraTokputepiajibHe 3aBAaHHS MiATPUMKU TPUHHSTTS PIllIeHb ISl €PEKTUBHOTO YIPaBIIiHHS
BUPOOHHIITBOM TOTOBOI OETOHHOI CyMIllli Ta IJIAHYBAHHSM ii TOCTaBKU 10 OyAiBEIbHUX MaiIaHYMKIB 3 ypaxyBaH-
HsM (akTopiB pu3UKy. Po3pobieHHs iMiTamiiHOT Mojei Mepeki BUPOOHHYHMX MOTYKHOCTEH Ta JIaHIOra 30yTy
TOTOBUX OETOHHUX CyMilIeH € KIIOYOBHM EIIEMEHTOM IPOEKTY CTBOPEHHS I(PPOBOro MBIHHIKA Y BUPOOHHIITBI Ta
JIOTICTUII OETOHHOTO 3aBOAY. AKTYaJbHICTh JOCTIKCHHS ITOB’s3aHa 3 THM, IO BiJHOBJICHHS 3HHUIIECHOTO KHUTIIO-
Boro (oHmy, BimOyI0Ba MOMIKOMKEHOI 1HPPACTPYKTYPH Ta MPOMHUCIOBUX OYy/IiBENb, BIJHOBICHHS POOIT Ha BCIX
OynmiBeIbHUX MalJaH4YMKax KpalHW MPU3BEAE O PI3KOro 3pOCTaHHA MONHUTY Ha OETOH, IO BOYEBHIb Oy/e IMepeBH-
ITyBaTH iCHYIOYi BUPOOHMYI MOTYXHOCTI. TOMYy, OMHUM 3 KIIOUOBUX IMPIOPUTETIB YKPATHCHKUX OCTOHHHX 3aBOIIB
B)K€ CHOTOJIHI Ma€ CTaTH peai3alis CTpaTerii Ta BiAMOBITHUX MPOEKTIB PO3BUTKY, IO CIIPSIMOBAHI Ha ITiABHUIICHHS
MIPOAYKTUBHOCTI 0e3 BTpaTH SKOCTi. MeTOK0 JTOCITIIKeHHS € CTBOPEHHS IMITAIliitHOI MoeTli BUpOOHHIITBA Ta TOCTA-
BKH TOTOBOTO OETOHY y MEpexi 3aBOMIiB-BHPOOHHKIB Ta OYHiBENFHUX MaHIaHUMKIB, y CKIAJi TPOEKTY CTBOPEHHS
IU(ppPOBOro ABIHHUKA JUTSI MPUAHATTS €(DEKTUBHUX PIllIEHh YIPABIIHHA PU3UKAMHU B PEKHUMi PEaTbHOTO Yacy IS
PAaHHBOTO BUSIBIICHHS HEONTUMAIBHOI MTISUTPHOCTI Y BUPOOHUIITBI TOBapHOi OSTOHHOI CyMiIi Ta JoricTulli. 3aBaaH-
HSI: TIPOBECTH aHaJIi3 MPOOJIeM Ta OCOOIMBOCTEH CTBOPEHHS MM(POBUX IBIWHWKIB Y BUPOOHHUIITBI Ta JOTicTHIN Oe-
TOHHHUX 3aBOJiB; pO3pOOUTH IMITaIliiiHy MOJIENb aHAi3y MPOIECiB BUPOOHUIITBA Ta JIOTICTHKHA TOTOBUX OCTOHHHUX
CyMiIleii; HaBeCTH LITFOCTPOBAHHUN TPUKIIA] MOJCIIOBAHHS TPOIECIiB BUPOOHHUIITBA Ta JIOTICTHKH Y Mepexi OeToH-
HUX 3aBOAIB Ta OymiBeTbHUX MalIaHYMKIB.; TIPOBECTH ONTHMI3alliiiHI €KCIIEPUMEHTH MO0 BU3HAYECHHS PEKHUMIB
¢yHKIioHYBaHHS cucteMHd. OTpuUMaHi HAcTyNHI pe3yabTaTH. Po3pobneHo imiTaliiiHy Mozens aHalizy MporeciB
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BHUPOOHMIITBA Ta JIOTICTUKM TOTOBHX OETOHHHX CyMIIIEH, 3a JJOIIOMOTOI0 SIKOI MOXKJIMBE BHPILIEHHS LIJIOTO PsIy
3aBJlaHb, Cepel AKX OLiHKA PalliOHABHOCTI Ta e()eKTHBHOCTI OpraHizalii BUPOOHHITBA Ta JOCTABKH TOBAPHOTO
0eTOHY, BU3HAYCHHS BY3bKMX MiCIlb BHPOOHMYKX Ta JIOTICTHYHHX ITPOLIECIB, IPOTHO3yBaHHS MOKA3HHKIB JIiSUTEHOCTI
OETOHHMX 3aBOJIIB, 3 YpaXyBaHHSIM 3MiHH YMOB BHUPOOHWITBA, (POPMYBaHHS JaHUX U1 TMPUUAHSTTS pillleHb HIO0N0
CKOpOYEHHS Yacy MPOCTOIO 3aBOAY Ta Kii€HTa Tomo. BucHoBku. HaykoBa HOBH3HA JOCIIKEHHS TI0B’s13aHa 3 BH-
PIIIEHHSM aKTyaJlbHOI MPOOJIEeMH MiArOTOBKY Ta TUIAaHYBaHHS JIOTICTHYHUX JiH II0JI0 JIOCTaBKH TOBAPHOTO OETOHY B
Mepexi 3aBOfiB Ta OyHiBeNbHHX MalJIaHYMKIB, IUIIXOM CTBOPEHHS KOMIUIEKCY ONTHMI3aliiHUX Ta iMiTauiiHOl
MoJIesIeH, 10 crpusie e()eKTUBHOCTI IPUHHATTS PillleHb MO0 YIIPABIIiHHS PU3UKAMU JUIS PaHHBOTO BHSIBJIICHHS He-
OINITUMAJBHOI JSUTLHOCTI Y BUPOOHUIITBI TOBApHOI OETOHHOI cymimi Ta jorictuii. EdexkTuBHICTH 3anmpornoHoBaHOT O
ITiIXOTy TIPOLTIOCTPOBaHA Ha TPUKIIA] JTOCTABKYA OCTOHY B MEpeKi OCTOHHUX 3aBOAIB XapKiBChKOi 001acTi.

KurouoBi cjioBa: ToBapHUIl OETOH; JOCTaBKa OCTOHY; JAHINIOT IMOCTABOK; IMITAIlifHE MOJICIIOBAHHS, ar¢HTHE
MO/ICTTFOBAHHSI; TPAHCIIOPTYBaHHS.
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