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IMPACT OF DIGITAL INTEGRATION OF LOGISTICS CLUSTER 
PARTICIPANTS ON SUPPLY CHAIN RESILIENCE

Purpose. Quantitative assessment of the impact of the level of digital integration of participants in the raw materials 
logistics cluster of Kazakhstan on the stability and controllability of iron ore supply chains based on hybrid modelling.

Methodology. The research methodology is based on hybrid simulation modelling, combining multi-agent model-
ling (MAS) and system dynamics (SD) to describe the functioning of a raw materials logistics cluster. The model with 
a discrete time step of one day simulates the behaviour of the mines, transport operator and metallurgical enterprise, 
as well as the dynamics of supplies, inventories and order formation based on the base-stock policy. The level of digi-
tal integration is set by a scalar parameter that affects information lags, correlation of failures and coordination of 
participants’ decisions.

Findings. It is shown that an increase in the level of digital integration in the considered operating modes of the 
system leads to a decrease in the standard deviation of total daily supplies and a decrease in the probability of short-
ages. A significant weakening of the bullwhip effect has been established: the ratio of supply variation to demand 
variation decreases by more than half – from 4.6 to 2.1. The nonlinear threshold nature of the influence of digital 
integration on the dynamic stability of the system has been revealed, which manifests itself in the dependence of the 
time of inventory restoration on the level of digitalization and the mode of operation of the logistics system.

Originality. A hybrid SD + MAS model has been developed, calibrated on a real raw material logistics cluster in 
Kazakhstan, and the threshold nature of the impact of digital integration on the sustainability and controllability of 
raw material supply chains has been identified.

Practical value. The developed model allows one to assess the consequences of the introduction of cluster digital 
platforms, considering the operating mode of the logistics system and the large-scale parameters of the raw materials 
cluster. When planning the digitalization of raw materials logistics clusters, it is necessary to consider not only the 
target level of information systems integration, but also the current operational state of the supply chain, including 
capacity utilization levels, inventory structure and system sensitivity to information lags.
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Introduction. The mining and metallurgical complex 
of Kazakhstan forms one of the key pillars of the national 
economy: it accounts for a significant share of the coun-
try’s industrial production and export earnings. Iron ore 
enterprises and metallurgical plants play a significant 
role, involved in both domestic and export supply chains. 
At the same time, the territorial extent of Kazakhstan, the 
spatial disunity of raw material deposits and processing 
facilities, as well as the limited capacity of individual sec-
tions of the railway infrastructure place high demands on 
the organization of raw material logistics

In recent years, Kazakhstan has been implementing 
state and corporate programs for the digitalization of the 
mining industry and transport and logistics complex (the 
“digital mine” concept, digital solutions at Joint Stock 
Company “National Company Kazakhstan Temir Zho-
ly”, development of MES systems, etc.) [1]. However, 
the introduction of digital technologies, as a rule, occurs 
at the level of individual enterprises or activities, which 
leads to fragmentation of the information space and lack 
of cluster coordination of raw material flows [2, 3].

The research problem in this context is formulated as 
follows: how does the level of digital integration of par-
ticipants in the raw materials logistics cluster affect the 
sustainability and manageability of supply chains? Sta-
bility refers to the ability of the system to maintain an 
acceptable level of supply of metallurgical production 
with raw materials during stochastic disturbances and 
demand shocks, and controllability refers to the ability 
to quickly and predictably return to the target state (in-
ventory level) after disturbances. It is assumed that the 
nature of this influence may depend on the operating 
mode of the logistics system, determined by the rela-
tionships between demand, inventories, throughput and 
information lags.

The aim of the paper is to develop and analyse a hy-
brid simulation model of the raw materials logistics 
cluster of Kazakhstan, which allows us to quantify the 
impact of the level of digital integration on key indica-
tors of sustainability and controllability of supply chains 
in various modes of system operation.

Research objectives are:
1.	 To describe the empirical context of the iron ore 

logistics cluster SSGPO – Lisakovsk – Qarmet and lo-
gistics through the KTZ JSC network.
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2.	 To develop a hybrid SD + MAS model that de-
scribes the interaction of mines, the railway operator 
and the metallurgical enterprise.

3.	 To formalize the digital integration parameter α, 
which affects information lags, failure correlation, and 
agent behaviour.

4.	 To conduct computational experiments for dif-
ferent values of α and estimate: the probability of supply 
shortages, the bullwhip effect and the time to restore in-
ventories after a shock.

5.	 To interpret the results obtained in the context of 
digitalization of logistics of raw materials clusters in Ka-
zakhstan.

Literature review. Digitalization of supply chains has 
become one of the central research topics in the field of 
operations management and logistics in recent years [4, 
5]. The increase in instability of the external environ-
ment, the frequency of supply disruptions and the devel-
opment of digital technologies have led to a shift in the 
focus of scientific work from the traditional efficiency of 
chains to issues of their sustainability, adaptability and 
controllability. In this regard, the literature is increas-
ingly considering the role of digital solutions and the 
integration of information flows as factors that can po-
tentially mitigate the consequences of disruptions and 
increase the ability of supply chains to recover, provided 
that the decisions of the participants are consistent and 
that digital tools correspond to the mode of operation of 
the logistics system. At the same time, existing studies 
vary significantly in their level of analysis, methodologi-
cal approaches, and industry context. To organize key 
ideas and identify research gaps, this section summa-
rizes work in three interrelated areas: digital transforma-
tion and digital supply chains; bullwhip effect and sup-
ply chain sustainability; as well as digitalization of the 
mining, metallurgical and transport and logistics com-
plex of Kazakhstan.

Regarding digital transformation and digital supply 
chains, current supply chain management literature em-
phasizes that digital transformation radically changes 
both the architecture of supply chains and the coordina-
tion mechanisms between participants. A number of 
works in recent years have focused on the connection 
between digitalization and circuit resilience.

Li, et al. [6] used data from industrial companies to 
show that digital transformation improves supply chain 
resilience by enhancing visibility, agility, and resilience 
to disruption. Wei, et al. [7] conducted a systematic re-
view of the literature on digital technologies and supply 
chain resilience, highlighting key topics: the use of big 
data and analytics, digital platforms, digital twin archi-
tectures, and the integration of IoT and cloud solutions 
to improve sustainability. Alquraish [8] provides a com-
prehensive review of the impact of digital transforma-
tion on the resilience and environmental sustainability 
of supply chains, with a focus on manufacturing compa-
nies and the role of information systems integration be-
tween participants.

A separate area is the concept of a digital twin of the 
supply chain. Ivanov and Dolgui [9] proposed the use of 
digital twins to manage disruption risks and ensure sup-
ply chain resilience in the Industry 4.0 era, showing that 
modelling network dynamics in a digital environment 
allows assessing the effects of complex shocks and re-

configuring the chain. This idea is methodologically 
close to our approach, in which the hybrid SD + MAS 
model actually acts as a digital twin of the raw material 
logistics cluster. Recent research on automatic genera-
tion of simulation models based on PLC sensor and ac-
tuator state monitoring further demonstrates how cyber-
physical industrial systems can be transformed into da-
ta-driven digital representations supporting adaptive 
coordination and control [10].

In terms of terminology, “digital supply chain” and 
“supply chain digitization” are analysed in detail in works 
on bibliometrics and systematic reviews. Benatiya Andal-
oussi, et al. [11] used bibliometric analysis to map re-
search topics in digital supply chains, identifying clusters 
related to big data, IoT, blockchain, platforms, and peer-
to-peer information integration. Tiwari, et al. [12] em-
phasize that the digitalization of supply chains is closely 
related to the reorganization of planning, coordination 
and collaborative decision-making processes, and not 
just the implementation of individual IT solutions.

An important aspect for this paper is cluster digital 
integration. Most of the mentioned works consider digi-
talization either at the level of an individual enterprise or 
at the level of a linear chain (supplier-manufacturer-
customer). At the same time, commodity-producing 
regions, particularly Kazakhstan, are characterized by a 
cluster structure: several mines, transport operators, 
processing plants, terminals. The literature on cluster 
digital platforms for such systems is still limited, which 
creates a research gap that the presented work fills.

A classic problem in supply chain management is the 
bullwhip effect, which is where the variation in orders as 
they move up the chain increases relative to the variation 
in final demand. Since the 1990s A large literature has 
emerged linking the bullwhip effect to information de-
lays, forecast uncertainty, replenishment policies, and 
network structure.

Osadchiy, Schmidt and Wu [13] consider the bull-
whip effect no longer in a linear chain, but in the net-
work structure of supply chains, showing that the net-
work topology significantly influences the scaling of 
variability and the spread of shocks throughout the net-
work. This is important for our work, since the raw ma-
terials cluster we are considering, SSGPO – Lisakovsk – 
Qarmet, is precisely a network of “several sources - one 
consumer” with a common transport operator.

Dolgui, Ivanov, and Rozhkov [14] integrated bull-
whip analysis with the so-called ripple effect, demon-
strating that network structural properties and opera-
tional dynamics (inventory management policies and 
information lags) jointly determine the depth and dura-
tion of disruptions. Moreno-Baca, et al. [15] summa-
rized the current findings on bullwhip and ripple effects 
in the context of supply chain resilience, emphasizing 
that reducing the bullwhip effect is often seen as a neces-
sary but not sufficient condition for resilience – mecha-
nisms for recovery from shocks are also important.

From a digital technology perspective, Liu, et al. [16] 
provide empirical evidence that digital transformation of 
supply chain participants helps mitigate the bullwhip ef-
fect, with the impact depending on the structure of the 
customer base (customer concentration). Darmawan, 
Wong and Fransoo [17] show that considering the bull-
whip effect in supply chain network design leads to dif-
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ferent optimal solutions for capacity allocation and flow 
configuration than in classical models without bullwhip.

Considerable attention is also paid to the connection 
between digitalization and supply chain resilience in cri-
sis situations. Ning, et al. [18], analysing the experience 
of Chinese manufacturing firms during the COVID-19 
pandemic, show that digital technologies (online plat-
forms, data analytics, integrated IS) can reduce the sen-
sitivity of chains to disruptions, providing flexibility in 
reconfiguring supplies. Li, et al. [6] and Wei, et al. [7], in 
turn, emphasize that not only the set of digital tools is 
important, but also the degree of integration and sharing 
of data between participants.

Thus, the literature on the bullwhip effect and sus-
tainability converges on several key points consistent 
with this work: information lags and forecast accuracy 
are critical drivers of the bullwhip effect; network struc-
ture (cluster, supplier network) affects the scaling of 
variability; digital technologies and digital platforms po-
tentially reduce the bullwhip effect and increase sustain-
ability, but the effect depends on the level of integration 
and data quality.

Our model implements these ideas through the ex-
plicit inclusion of the digital integration parameter α, 
which affects information lags, correlation between 
sources and inventory management policies, as well as 
through the use of a hybrid SD+MAS approach to re-
flect both the network structure of the cluster and inven-
tory dynamics.

The third important direction is the digitalization of 
the Kazakh industrial and transport complexes, based 
on which the applied context of the cluster under study 
is formed.

At the level of the national digitalization policy in 
Kazakhstan, initiatives are being implemented within 
the framework of the “Digital Kazakhstan” program, 
including elements of digitalization of the mining sector 
(“digital mine”) and transport and logistics infrastruc-
ture [19]. Official materials of the Government of the 
Republic of Kazakhstan and industry reviews emphasize 
the role of introducing digital solutions in mining com-
panies (for example, Kazatomprom) as pilot projects for 
the digitalization of mines.

In the railway sector, a key initiative is the “Digital 
Railway” program, implemented by NC Kazakhstan 
Temir Zholy JSC (KTZ). According to official materials 
and industry publications, the program includes the 
digitalization of traffic control processes, the introduc-
tion of intelligent track diagnostic systems, the develop-
ment of digital services for customers and data centre 
infrastructure. These initiatives create the prerequisites 
for the formation of a single digital circuit at the trans-
port network level; however, the integration of corporate 
IS of shippers and consumers (for example, mines and 
metallurgical enterprises) is still fragmented. Such large-
scale infrastructure digitalization initiatives increasingly 
rely on advanced digital modelling approaches that en-
able real-time monitoring and intelligent decision sup-
port. In this context, the concept of an Expert Twin – a 
digital twin enhanced with an integrated fuzzy-based 
decision-making module – demonstrates how transport 
and industrial systems can move from data collection 
toward adaptive, knowledge-driven management archi-
tectures [20].

Strategic priorities for digitalization are described for 
the mining and metallurgical sector of Kazakhstan, in-
cluding digital planning of mining operations, equipment 
monitoring, and integration with transport logistics. In 
particular, the work by Galiyev, et al. [21] discusses direc-
tions for increasing the efficiency of design and planning 
of open-pit mining operations through the introduction 
of digital technologies. The paper by Aubakirova, et al. 
[22] analyses the strategic priorities of digitalization of 
the mining sector of Kazakhstan, including issues of inte-
gration of production and logistics processes.

At the level of business practice and industry educa-
tion, the importance of digitalization of logistics for Ka-
zakhstan is emphasized. Examples of modernization of 
logistics processes and integration of digital solutions in 
the transport and logistics complex are given in industry 
news and university materials [23], dedicated to the dig-
italization of logistics and electronic services in cargo 
transportation.

Thus, the Kazakh context is characterized by the fol-
lowing features:

1. The presence of powerful raw materials and metal-
lurgical enterprises (SSGPO, Lisakovsk/Orken, Qa-
rmet), connected by the KTZ railway network.

2. Active development of digital initiatives in mining 
and transport (digital mine, Digital Railway), but with 
an emphasis on internal corporate solutions and indi-
vidual segments of the chain.

3. Lack of integrated cluster digital platforms that 
provide end-to-end data exchange between several 
mines, a transport operator and a metallurgical plant.

It is this gap between the “islands” of digitalization 
at the level of individual companies and the lack of clus-
ter digital integration that motivates the formulation of 
the question of this paper: how does the degree of digital 
integration at the cluster level affect the sustainability 
and manageability of raw materials logistics? An analy-
sis of the literature shows that existing studies either 
consider supply chain sustainability in an aggregated 
form, without considering industry specifics, or focus 
on local digital solutions (enterprise level). The contri-
bution of this work lies in the focus on cluster digital in-
tegration in the raw materials logistics of Kazakhstan 
and the application of a hybrid SD+MAS model.

Description of the raw materials logistics cluster. The 
cluster of iron ore raw materials of Northern Kazakhstan 
is considered, including:

1.	 SSGPO (JSC Sokolovsko-Sarbaiskoe GOPO, 
Eurasian Resources Group) is the largest iron ore enter-
prise in Kazakhstan with a total production capacity of 
up to 40 million tons of ore per year, including several 
quarries and processing plants.

2.	 Lisakovsk (Lisakovsky branch of Orken LLP) is a 
separate mine in the Kostanay region with a capacity of 
about 4.5 million tons/year of marketable ore, focused on 
supplying raw materials to Qarmet and other consumers.

3.	 The Qarmet metallurgical plant (formerly Arce-
lorMittal Temirtau) is a large steel producer with an ac-
tual output of about 3‒3.7 million tons per year, con-
suming about 5‒6 million tons of iron ore raw materials 
per year.

4.	 Transport infrastructure: main lines of KTZ JSC 
between the Kostanay iron ore region (Rudny, Kachar, 
Sokolovsky, Lisakovsk) and Temirtau/Karaganda.
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5.	 Schematically, a cluster can be represented as a 
“several sources‒single consumer” system connected 
by railway infrastructure. For modelling purposes, three 
aggregated sources are identified: Source 1 (SSGPO-A), 
Source 2 (SSGPO-B), Source 3 (Lisakovsk/Orken) and 
one consumer – the Qarmet metallurgical plant.

6.	 The average level of Qarmet’s daily demand for 
iron ore raw materials is assumed to be  
D = 17,000 t/day, which corresponds to an annual re-
quirement of about 6 million tons. The ore consumption 
coefficient per 1 ton of steel is assumed to be kore = 1.7.

Methodology: hybrid SD+MAS model. The study 
uses a simulation model operating in discrete time with 
a step of one calendar day. The modelling is organized in 
the form of a repeating cycle, in which at each step t the 
following are sequentially formed: forecast and actual 
demand of the metallurgical plant; order for raw materi-
als considering current inventories and transit volumes; 
decisions of individual cluster participants on the ship-
ment and transportation of raw materials; actual deliv-
eries and inventory updates.

This structure allows us to clearly trace the cause-
and-effect relationships between information delays, 
coordination of participants’ decisions and inventory 
dynamics, as well as assess the stability and controllabil-
ity of the logistics cluster at various levels of digital inte-
gration.

Model architecture. The model includes two inter-
connected levels:

1.	 Multi-agent level (MAS) – describes the behav-
iour of mines, transport operator and metallurgical 
plant, generation of stochastic supply volumes and re-
sponse to orders.

2.	 System-dynamic level (SD) – describes the dy-
namics of raw material reserves at the mines and at the 
plant, as well as the policy of inventory management and 
order formation.

The choice of a hybrid approach combining agent-
based modelling (MAS) and system dynamics (SD) is 
determined by the nature of the raw materials logistics 
cluster under consideration. Decisions about the extrac-
tion, shipment and distribution of raw materials are 
made in a decentralized manner by individual partici-
pants (mines, transport operator, consumer), which re-
quires an agent-based representation of their behaviour.

At the same time, key indicators of resilience and 
controllability – inventory level, probability of shortage, 
depth of fluctuations and recovery time – are formed at 
the aggregate level of the entire system and are naturally 
described by means of system dynamics. The MAS layer 
in the model generates micro-level decisions and events, 
while the SD layer aggregates them into the macrody-
namic of flows and stocks.

Digital integration is specified by the parameter 
α ∈ [0;1], which affects information lags and the struc-
ture of correlations in the system. The digital integra-
tion parameter a is interpreted as an integral character-
istic of the maturity of cluster digital coordination be-
tween participants. It does not describe the implemen-
tation of a specific information system but reflects the 
cumulative effect of the frequency of data exchange, the 
completeness of available information, the synchroni-
zation of plans and the transparency of logistical con-
straints.

When α = 0, participants operate in conditions of 
fragmented information flows and make decisions based 
on local statistics. At α = 1, it is assumed that there is a 
cluster digital platform that provides sharing of data on 
demand, inventory, transport accessibility and failures 
near real time.

Multi-Agent Layer (MAS). In the model, each type of 
agent corresponds to a specific management function. 
Mines act as autonomous production and logistics hubs, 
making decisions on shipment volumes based on incom-
ing information and their own limitations on reserves and 
capacity. The Qarmet metallurgical plant generates de-
mand and orders for raw materials based on the produc-
tion program and target inventory level. The transport 
agent (KTZ JSC) models infrastructure constraints and 
uncertainty of delivery time. Thus, the agent layer reflects 
the real decentralized decision-making structure in the 
cluster, and not a hypothetical centralized optimizer.

Three aggregated sources i ∈ {1,2,3} are considered. 
For source i the following are specified: maximum daily 
shipping capacity max,iQ  t/day; average contract delivery 
volume mi, t/day; stochastic deviation of actual daily 
production/shipment εi(t).

The actual daily supply from source i is given as

Xi(t) = μi + εi(t),
where εi(t) is modelled by a normally distributed ran-
dom variable with zero mean and variance σ2,i  t/day

ε ∼ σ σ2(0, ), .( )i i it N

 Total daily supply to the metallurgical plant is

=

=∑
3

1
( ) .( )i

i

S t X t

To consider the synchronicity of failures, a correla-
tion structure between deviations is introduced εi(t), de-
pending on the level of digital integration.

For the purposes of this work, the behaviour of 
transport is modelled on a larger scale: it is assumed that 
daily volumes generated at the source level are delivered 
to the consumer in accordance with the travel time dis-
tribution, and throughput limits the possible volume of 
deliveries from above. Transportation time lags are in-
cluded in the SD layer of the model.

At the MAS level, the consumer (metallurgical 
plant) creates orders for raw materials Z(t) in accordance 
with the inventory management policy (see below). Or-
ders are distributed among sources in accordance with 
weighting coefficients wi(α, t), depending on their ca-
pacity and recommendations of the digital platform.

System dynamic level (SD). The inventory balance in 
the plant’s warehouse is described by the difference 
equation

=

+ = + -∑
3

1
1 ( ),( ) ( ) ( )P P i

i

S t S t A t C t

where SP(t) is stock of iron ore raw materials at the Qa-
rmet warehouse at a point in time t, t; Ai(t) is volume of 
raw materials actually received from source i per day t, t; 
C(t) is volume of raw material consumption in the met-
allurgical process (in fact, steel output multiplied by the 
consumption coefficient), t/day.
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Target inventory level target
PS  is set as a value approx-

imately equal to 1–1.5 daily requirements; the model 
assumes a level of about 18 thousand tons.

Likewise, reserves at sources Si(t) are described by 
equations

+ = + -( ) ( ) ( )1 ,( )prod
i i i iS t S t Q t O t

where  ( )prod
iQ t stands for daily extraction/dressing of 

raw materials at the source i; Oi(t) stands for actual ship-
ment.

The total volume of raw materials in transit is de-
scribed by the variable Itrans(t)

= =

+ = + -∑ ∑
3 3

1 1
1 .( ) ( ) ( ) ( )trans trans i i

i i

I t I t O t A t

Inventory management policy and order formation.
To generate orders for raw materials, a simplified 

base-stock inventory management policy is applied, 
which is widely used in supply chain models. Its use al-
lows you to focus not on optimizing specific control pa-
rameters, but on analysing the impact of information 
delays and coordination of decisions on the stability of 
the system.

This policy ensures that inventories are replenished 
to a target level, considering expected demand and the 
volume of raw materials in transit, and thus makes it 
possible to clearly observe the bullwhip effect and the 
dynamics of the system’s adaptation to changes in de-
mand.

The metallurgical plant strives to maintain the target 
inventory level ,target

PS  by forming orders considering 
forecasted demand and the deviation of the current in-
ventory from the target. The order volume at time t is 
given by the equation

	 = + - τ α +b - - τ α( ) ( () ,( ) ( ( )))target
D P P OZ t D t L S S t

where D(t) stands for predicted daily demand for raw 
materials (based on the production program and exter-
nal demand for steel), t/day; L stands for average deliv-
ery lag “ore in transit”, days; b stands for stock adjust-
ment aggressiveness factor (dimensionless); τD(α),  
τO(α) stand for lags for forecasting and inventory ac-
counting, depending on the level of digital integration a 
(see below). The value β = 0.35 was chosen as a realistic 
compromise between inertia and aggressiveness of con-
trol, providing a pronounced bullwhip effect in the ab-
sence of digital integration and a noticeable reduction in 
it with high integration.

The order Z(t) is distributed among sources in pro-
portion to their capacity, adjusted for the recommenda-
tions of the cluster digital platform

=

f α
α = = α

f α∑

max

3
max

1

,, , , ( ),( )( ) ( ) ( )
( , )

i i
i i i

j j
j

Q t
w t Z t w t Z t

Q t

where fi(α, t) reflects the accessibility of the source and 
transport infrastructure.

The digital integration parameter α ∈ [0; 1] is inter-
preted as the degree of digital integration of cluster par-
ticipants: α = 0 is fragmented system, data exchange is 

episodic and delayed; α = 1 is a highly integrated system 
using a single cluster digital platform.

Digital integration affects:
Demand forecasting lag

τD(α) = 2 - 1.5α(days),

i. е. at α = 0, lag = 2 days, at a = 1 – 0.5 days.
Lag for accounting for reserves and mine response

τO(α) = 1 - 0.75α(days),

i. е. at α = 0, lag = 1 days, at α = 1 – 0.25 days.
Confirmation lag of the transport operator (in the 

model it is considered in aggregate, it affects the avail-
ability of supplies but is not explicitly included in the SD 
formulas for compactness).

Without digital coordination, failures at different 
sources are often synchronized (weather conditions, re-
strictions on the supply of cars, scheduled repairs). To 
take this effect into account, the correlation between de-
viations is modelled εi(t)

Corr (εi(t), εj(t)) = ρij(α) = ρ0(1 - α),  i ≠ j,

where ρ0 = 0.6 stands for a basic level of synchronicity in 
the absence of digital integration. At α = 1 the correla-
tion tends to zero, reflecting decorrelation of failures 
due to better planning and coordination.

The variance of the total daily supply S(t) with equal 
variances σ2

i  sources can be estimated as

Var (S(α)) = 3σ2(1 + 2ρ0(1 - α)),

which provides an analytical basis for the expected re-
duction in variability with growth a.

The choice of metrics is determined by the research 
question about the impact of digital integration on the 
sustainability and manageability of the raw materials lo-
gistics cluster. The probability of a shortage reflects the 
system’s ability to maintain uninterrupted supply to pro-
duction. The dispersion of delivery time and inventory 
characterizes the level of operational uncertainty. The 
bullwhip effect indicator allows us to assess the degree of 
amplification of fluctuations when transmitting signals 
along the supply chain, and the recovery time allows us 
to assess the system’s adaptability to external shocks.

A joint analysis of these metrics makes it possible to 
comprehensively assess not only the average level of ef-
ficiency, but also the behaviour of the system under con-
ditions of disturbances and transient conditions.

To assess the impact of α, three groups of metrics are 
used:

Probability of supply shortages

=

α = <∑def min
1

1 1{ },( ) ( )
T

P
t

P S t S
T

where Smin is minimum allowable stock (in the simula-
tion, a level close to zero or to a share of the target stock 
was used).

In the stationary approximation, the probability of 
shortage can be estimated as

 -m
α = < = Φ σ α 
Pdef ( ) ,( )

( )S

DP S D
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where m = m∑ ,i  σS(α) stand for standard deviation of to-
tal supply, Φ(⋅) is standard normal distribution function.

Bullwhip effect

( ) ( )( )
( )( )

α =
Var

,
Var

O t
BW

D t

where O(t) is total shipment of sources; D(t) is metal-
lurgical plant demand.

Recovery time after shock ‒ at moment t0, a demand 
shock is introduced (for example, an increase in D(t)  by 
20 %), then measured

α = > ≥0min{ }.( ) ( ) target
recover P PT t t S t S

Calibration was performed based on publicly avail-
able data on the capacities of SSGPO, Lisakovsk/Orken 
and Qarmet, as well as typical operating conditions of 
metallurgical enterprises and railway infrastructure in 
Kazakhstan (Table 1).

Demand variation D(t) was formed as a piecewise 
constant process with noise, reflecting typical cycles: 
periods of stable operation, increased activity, partial re-
ductions and repair downtime.

The parameters of information lags and inter-source 
correlations were specified in the form of scenario de-
pendencies on the level of digital integration α and were 
used to calibrate the simulation model. The values in 
Table 2 are consistent with typical modes of information 
exchange in railway-metallurgical chains.

Numerical experiments were carried out over a ho-
rizon of 180 days, including three conditional produc-
tion and logistics cycles. For each value of α, the trajec-
tories of demand, orders, deliveries and inventories 
were modelled.

In the basic modelling scenario, the system param-
eters correspond to the operating mode characteristic of 
the relatively stable operation of the metallurgical plant 
and the raw materials cluster as a whole. This mode is 
determined by the relationships between the average 
level of demand, the target level of inventory, the avail-
able capacity of supply sources and the values ​​of infor-
mation lags expressed in discrete time steps.

At the same time, in real conditions, raw material 
logistics systems can operate in other modes, differing in 
the level of capacity utilization, the size of safety stocks 
and sensitivity to information delays. To reflect this fact, 
within the framework of the developed model, alterna-
tive scenarios were considered in which not individual 
parameters were changed separately, but the mode of 
operation of the system itself was changed.

In this work, a change in the operating mode is un-
derstood as a simultaneous change in the following rela-
tionships: the level of base demand of the metallurgical 
plant; target inventory level expressed in days of average 
demand; the degree of utilization of supply sources and 
transport infrastructure; as well as the relative impor-
tance of information lags in relation to the discrete mod-
elling step. Thus, the behaviour of the same structure of 
the SD + MAS model is analysed when the system tran-
sitions to a different operating mode.

Sustainability of supply: probability of shortages.
Within the stationary approach, the probability was 

estimated that the total daily supply S would be lower 
than the demand D. With an average total supply volume 
of μ ≈ 18,000 t/day (for the basic configuration) and the 
variability and correlation parameters described above, 
the values given in Table 3 were obtained.

An increase in the level of digital integration from 0 
to 1 leads to: a decrease in the standard deviation of the 
total daily supply by approximately 33 %; reducing the 
probability of deficiency by about 20‒25 % relative to 
the initial level.

The dependence graph Pdef(α) has a smoothly de-
creasing character, demonstrating the growth of cluster 
stability with digitalization.

Bullwhip effect. To assess the bullwhip effect, a real-
istic piecewise constant demand D(t) was generated over 
a horizon of 180 days, including: periods of stable de-
mand (17,000 t/day); periods of increased load 
(18,300‒19,000 t/day); periods of partial decline 
(16,000 t/day); repair periods with reduced demand 
(14,500 t/day).

Based on the hybrid SD + MAS model, time series 
of demand D(t) and actual total shipment O(t) from 
sources were obtained. From them, the variances 

Table 1
Parameters of supply sources and consumer

Indicator Source 1 (SSGPO-A) Source 2 (SSGPO-B) Source 3 (Lisakovsk) Qarmet (customer)
Average delivery mi, t/day 6,500 5,500 4,500 ‒
Standard deviation si, t/day 900 900 900 ‒
Average demand D, t/day ‒ ‒ ‒ 17,000
Target inventory ,target

PS  t ‒ ‒ ‒ 18,000

Table 2
Dependence of lags and correlations on the level of digital integration

Level of digital 
integration α

Information lag of demand 
forecasting τD(α), day

Information lag of inventory accounting 
and participants’ reactions τD(α), day

Average intersource 
correlation ρij(α)

0.00 2.0 1.0 0.60
0.25 2,0 1.0 0.45
0.50 1.0 0.5 0.30
0.75 1.0 0.3 0.15
1.00 0.5 0.25 0.00
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and the inventory management policy becomes more 
aggressive – as a result, the system falls into a mode of 
long-term deviation from the target inventory (condi-
tionally “violated stability”);

-	at α ≥ 0.5, lags are significantly reduced, and the 
system quickly adapts to the shock, restoring the reserve 
in 1‒2 days.

Dependency graph Trecover(α) has a U-shape, which 
is interpreted as a “digital integration threshold”: below 
a certain critical level, partial integration may lead not to 
an improvement, but to a deterioration in the stability of 
the system

Simulation results for an alternative mode of system op-
eration. For an alternative mode of operation of the sys-
tem, additional computational experiments were carried 
out in which the large-scale parameters of the logistics 
cluster were changed, including the level of demand, the 
relative size of the target stock and the degree of loading 
of supply sources. At the same time, the structure of the 
model, the logic of interaction between agents and the 
method for specifying digital integration remained un-
changed.

The results showed that when the system transitions 
to a different operating mode, the quantitative values ​​of 
the stability and controllability metrics change. In par-
ticular, there is a shift in the absolute values ​​of the prob-
ability of shortage, the coefficient of the bullwhip effect 
and the time to restore stocks (Table 6), as well as a pos-
sible shift in the position of threshold effects according 
to the level of digital integration.

A comparison of the results obtained for the basic 
and alternative modes of operation of the logistics sys-
tem shows that the quantitative values of stability and 
controllability indicators are sensitive to the operational 
state of the system. When the operating mode changes, 
the absolute values of the probability of shortage, the 
bullwhip effect coefficient, and the time to restore in-
ventories after a demand shock change.

At the same time, the comparison of Tables 2‒4 and 
6 demonstrates the preservation of key qualitative pat-
terns. In both modes, an increase in the level of digital 
integration leads to a monotonic decrease in the proba-
bility of shortages and a weakening of the bullwhip ef-
fect, while the dependence of the inventory recovery 
time on the level of digitalization is non-monotonic.

It is most significant that in the alternative mode of 
system operation there is a significant change in the ab-
solute values of the recovery time, including an increase 
in the peak effect at intermediate values ​​of the level of 
digital integration. This indicates that the dynamic sta-
bility of the logistics system is determined not only by 
the level of digitalization as such, but also by a combina-

Var (D), Var (O) and the bullwhip coefficient  BW(α) = 
= Var (O)/Var (D) were calculated (Table 4).

Interpretation: in the absence of digital integration 
(a = 0), the variability of supply is approximately 
4.6  times greater than the variability of demand; with 
full digital integration (a = 1) this ratio decreases to 2.1; 
the overall reduction in the bullwhip effect is more than 
50 %. Table 4 shows a nearly monotonic decrease in the 
bullwhip effect with increasing digital integration, which 
is consistent with theoretical expectations: faster and 
more accurate information exchange reduces excess 
fluctuations in orders and deliveries.

Time to restore stocks after a shock and the threshold 
effect. To assess the ability of the cluster to recover from 
disruptions, a demand shock was modelled: at the mo-
ment of exiting the repair period (end of the 50 th day), 
demand D(t0) increased by 20 %. For each level α, based 
on the hybrid SD + MAS model, the dynamics of the 
stock SP(t) was traced, and the recovery time to the tar-
get level was calculated target

PS

α = > ≥0min{ }.( ) ( ) target
recover P PT t t S t S

The obtained values are shown in Table 5.
The results obtained demonstrate the nonlinear, 

threshold nature of the impact of digital integration:
-	at a = 0 the system is relatively inertial, but due to 

the high “buffer” level, the stock returns to the target 
level quickly;

-	at α ≈ 0.25, (partial digitalization) forecasting and 
reaction lags are still large, demand signals are distorted, 

Table 3
Probability of total supply shortage P(S < D)

Level of digital 
integration a

Standard deviation 
of total supply σS(α), 

t/day

Probability of 
shortage Pdef(α)

0.00 2,320 0.33
0.25 2,150 0.32
0.50 1,970 0.31
0.75 1,780 0.29
1.00 1,560 0.26

Table 4
Bullwhip effect at different levels of digital integration

a Var (D), 
t2/day2

Var(O), 
t2/day2 BW(α)

0.00 1.14 ⋅ 10⁶ 5.22 ⋅ 10⁶ 4.58
0.25 1.14 ⋅ 10⁶ 4.66 ⋅ 10⁶ 4.09
0.50 1.14 ⋅ 10⁶ 3.98 ⋅ 10⁶ 3.49
0.75 1.14 ⋅ 10⁶ 2.59 ⋅ 10⁶ 2.27
1.00 1.14 ⋅ 10⁶ 2.37 ⋅ 10⁶ 2.08

Table 5
Time to restore stocks after a shock Trecover(α)

a Trecover(α), day
0.00 1
0.25 76
0.50 1
0.75 1
1.00 1

Table 6
Metrics of stability and controllability 

under an alternative mode of system operation
Level of digital 

integration
Probability 
of shortage

Bullwhip 
effect

Recovery 
time

0.00 0.18 1.72 34
0.25 0.14 1.41 76
0.50 0.09 1.18 19
0.75 0.04 1.05 12
1.00 0.01 0.97 8
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tion of large-scale system parameters, discrete informa-
tion lags and feedback structure.

The results obtained allow us to draw a number of 
meaningful conclusions for the raw materials logistics of 
Kazakhstan, both in the basic and in alternative modes 
of functioning of the logistics system.

Firstly, increased digital integration reduces the vari-
ability of total daily supplies and the probability of short-
ages. This is due to reduced correlation of failures be-
tween sources due to better coordination, information 
transparency and more accurate capacity planning. For 
the SSGPO – Lisakovsk – Qarmet cluster, a decrease in 
the standard deviation of total supply by a third when 
moving from α = 0 to α = 1 means more predictable 
loading of blast furnace and steelmaking equipment.

Secondly, it has been established that digital integra-
tion significantly reduces the bullwhip effect: the ratio of 
supply variability to demand variability is more than 
halved. From a management perspective, this means re-
ducing the need for excess inventory and reducing un-
necessary fluctuations in raw material flows and railcar 
utilization.

Thirdly, one of the most interesting results is the dis-
covery of a threshold effect in the dynamics of inventory 
restoration: with partial digitalization = 0.25, the sys-
tem, in response to a demand shock, shows a worse abil-
ity to return to the target inventory level than with α = 0. 
Only starting from α ≥ 0.5 does digital integration begin 
to “work in plus”, dramatically improving the system’s 
ability to recover.

System-dynamically this is explained as follows:
-	at α = 0, the system is inertial, while signals about 

changes in demand do not increase, and reserves play a 
stabilizing role;

-	at α ≈ 0.25, elements of digital integration (partial 
data exchange) appear, but lags are still large, forecasts are 
inaccurate, and inventory management policies are more 
aggressive; this can lead to vibrations and instability;

-	at α ≥ 0.5, information lags are reduced to values ​​at 
which system feedback begin to work in a stabilizing 
manner, and digitalization leads to the expected in-
crease in sustainability.

From a practical point of view, this means that the 
introduction of digital integration “little by little” may 
not only be insufficient, but also potentially dangerous: 
it is necessary to purposefully achieve a certain mini-
mum level of integration (in terms of the coverage of 
participants, data quality, update frequency) so that the 
“digital cluster” begins to bring a sustainable effect.

The analysis of alternative operating modes shows 
that the quantitative effects of digital integration depend 
on the operational state of the system. At the same time, 
the patterns identified in the paper are structural in na-
ture and are determined not by a set of initial numerical 
values, but by the configuration of feedback connections 
and information lags in the model.

Conclusions. The article proposes and studies a hy-
brid SD + MAS model of the raw materials logistics 
cluster of Kazakhstan, which includes real iron ore en-
terprises (SSGPO, Lisakovsk/Orken), the Qarmet met-
allurgical plant and the railway operator. Based on mod-
el calibration using open data and simulation experi-
ments over a 180-day horizon, the following main re-
sults were obtained:

1.	 The hypothesis has been confirmed that the digi-
tal integration of cluster participants increases the sus-
tainability of supply chains: the probability of a daily 
shortage of total supplies decreases by 20‒25 % when 
moving from a fragmented system (α = 0) to a highly 
integrated one (α = 1).

2.	 It is shown that digital integration significantly 
reduces the bullwhip effect: the ratio of supply variation 
to demand variation is reduced by more than half (from 
4.6 to 2.1), which makes it possible to reduce the need 
for excess safety stocks and stabilize the load on trans-
port and production infrastructure.

3.	 The threshold nature of the influence of digital 
integration on the dynamics of recovery after a shock 
has been revealed: at a partial level of integration 
(α ≈ 0.25), the system demonstrates a long-term devia-
tion from the target stock level, while at α ≥ 0.5, recov-
ery occurs quickly. This points to the existence of a 
minimum “critical level” of digitalization, below which 
fragmented initiatives may not only fail to improve, but 
may even worsen resilience.

4.	 It is shown that quantitative indicators of the re-
silience and controllability of supply chains depend on 
the mode of operation of the logistics system. At the 
same time, the key qualitative conclusions of the work – 
a decrease in the bullwhip effect and the presence of a 
threshold influence of digital integration ‒ remain un-
changed when the initial conditions change, which con-
firms the generalizability and internal consistency of the 
developed model.

5.	 The results obtained show that digital integration 
has a multidirectional impact on various characteristics 
of the resilience of the logistics system. In a stationary 
mode, an increase in the level of digitalization leads to a 
decrease in the probability of shortages and a weakening 
of the bullwhip effect, while the dynamic response of the 
system to external disturbances is determined by a more 
complex combination of factors.

The analysis of the basic and alternative operating 
modes of the system showed that the quantitative values​
of resilience indicators are sensitive to the operational 
state of the logistics cluster. When the operating mode of 
the system changes, the absolute values of the probabil-
ity of shortage, the bullwhip-effect coefficient and the 
inventory recovery time change; however, the identified 
qualitative patterns of the influence of digital integration 
remain.

The practical significance of the results is that they 
demonstrate the limitations of a simplistic view of digital 
integration as a universal means of increasing the sus-
tainability of supply chains. Partial or uncoordinated 
digitalization, not accompanied by adaptation of the 
operating parameters of the system, can lead to pro-
tracted transition processes and deterioration of dynam-
ic stability, despite the improvement of stationary indi-
cators.

Areas for further research include: taking into ac-
count the quality of raw materials (iron content, impuri-
ties) and multi-product flows; more detailed modelling 
of the railway network (nodes, sections, distribution sta-
tions); inclusion of economic indicators in the model 
(digitalization costs, savings from inventory reduction 
and downtime); expansion of the cluster to the level of 
international export corridors.
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Мета. Кількісна оцінка впливу рівня цифрової 
інтеграції учасників сировинного логістичного 
кластера Казахстану на стійкість і керованість лан-
цюгів постачання залізорудної сировини на основі 
гібридного моделювання.

Методика. Методологія дослідження ґрунту-
ється на гібридному імітаційному моделюванні, 
що поєднує мультиагентне моделювання (MAS) 
і системну динаміку (SD) для опису функціону-
вання сировинного логістичного кластера. Мо-
дель із дискретним часовим кроком в один день 
відтворює поведінку гірничодобувних підпри-
ємств, транспортного оператора й металургійно-
го комбінату, а також динаміку поставок, запасів 
і формування замовлень на основі політики під-
тримання базового рівня запасів. Рівень цифро-
вої інтеграції задається скалярним параметром, 
що впливає на інформаційні лаги, кореляцію 
збоїв та узгодженість управлінських рішень учас-
ників.

Результати. Показано, що підвищення рівня 
цифрової інтеграції в розглянутих режимах 
функціонування системи зумовлює зменшення 
середньоквадратичного відхилення сукупних 
щоденних поставок і ймовірності виникнення 
дефіциту. Встановлене суттєве послаблення 
ефекту «батога»: співвідношення варіації поста-
вок до варіації попиту скорочується більш ніж 
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удвічі – з 4,6 до 2,1. Виявлено нелінійний поро-
говий характер впливу цифрової інтеграції на 
динамічну стійкість системи, що проявляється 
у залежності часу відновлення запасів від рівня 
цифровізації й режиму функціонування логіс-
тичної системи.

Наукова новизна. Розроблена гібридна модель 
SD+MAS, калібрована на основі реального сиро-
винного логістичного кластера Казахстану, та іден-
тифіковано пороговий характер впливу цифрової 
інтеграції на стійкість і керованість ланцюгів по-
стачання сировини.

Практична значимість. Полягає в тому, що за-
пропонована модель дає змогу оцінювати наслідки 

впровадження кластерних цифрових платформ 
з урахуванням режиму функціонування логістичної 
системи й масштабних параметрів сировинного 
кластера. Під час планування цифровізації сиро-
винних логістичних кластерів необхідно враховува-
ти не лише цільовий рівень інтеграції інформацій-
них систем, але й поточний операційний стан лан-
цюга постачання, зокрема рівень завантаження 
потужностей, структуру запасів і чутливість систе-
ми до інформаційних лагів.

Ключові слова: цифрова інтеграція, логістика си-
ровини, ланцюги постачання, моделювання, стійкість
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