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MHOOPMATUKA

City-scale threat trajectory aggregation across heterogeneous camera
networks: a conceptual deep learning framework

Adda-Abbu Ahmed-Reda, master's degree student
Moscow Polytechnic University

Deep learning architectures for single-camera video analysis have reached a high
level of maturity in clip-level action recognition and anomaly detection, yet the transition
to city-scale threat detection — spanning thousands of heterogeneous, uncalibrated
cameras including fixed CCTV, pan-tilt-zoom units, and aerial drones — remains an
open and largely unaddressed problem. Real threats in urban environments manifest
as multi-site trajectories unfolding over minutes to hours, crossing administrative
boundaries and network segments that no single inference node can observe in full. This
paper formulates city-scale, calibration-free threat trajectory aggregation as an unsolved
problem in urban Al surveillance and proposes a conceptual hierarchical framework
to address it. The architecture extends prior single-site work by introducing four novel
components: a federated edge-inference layer that distributes per-camera processing
across geographically separated nodes; a dynamic topology graph that replaces the
static camera adjacency maps of single-site systems with a live, event-aware city graph;
a cross-modal fusion stage that integrates video streams with auxiliary urban sensors —
audio arrays, license plate readers, and access-control logs — without requiring metric
calibration between modalities; and a cross-jurisdiction propagation mechanism
that enables threat context to traverse administrative domain boundaries without
exchanging raw video data. The anomaly scoring model from prior work is preserved and
extended with a fourth component, network-level anomaly, which captures coordinated
multi-actor threats invisible to per-person scoring. Three illustrative urban scenarios
demonstrate the conceptual reach of the framework. The paper is architectural in nature;
experimental validation is identified as the primary direction for future work.

Keywords: city-scale surveillance, federated inference, dynamic topology graph,
cross-modal fusion, threat trajectory, multi-camera Re-ID, deep learning, urban security.
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1 Introduction

e A city is not a shopping mall scaled up. A mall has dozens of cameras, a single
operator room, a known floor plan, and a bounded perimeter. A city has hundreds of
thousands of cameras belonging to different agencies, operated by different software
stacks, with no shared clock, no shared coordinate system, and no shared identity of
the people moving through it. The threat that unfolds across a mall in minutes may
unfold across a city in hours.

Prior work on multi-camera threat detection [15] addressed the single-site
problem: how to aggregate threat signals across a bounded, topologically static
network of uncalibrated cameras. That framework produced a hierarchical pipeline
combining SlowFast [1] for local action recognition, VideoMAE v2 [3] for view-
invariant re-identification embeddings, and a graph-transformer for trajectory-level
anomaly scoring decomposed into three components: local, spatial, and temporal. The
architecture was conceptually sound for its scope. But city-scale surveillance breaks
every assumption that made the single-site problem tractable.

Four assumptions fail in particular. First, topology is no longer static: a camera
network covering a city changes continuously as mobile units — drones, vehicle-
mounted cameras, PTZ units with shifting fields of view — enter and leave the
observable space. Second, processing cannot be centralised: the bandwidth required
to pipe raw video from thousands of cameras to a single inference server is physically
infeasible at urban scale, necessitating a distributed, federated architecture. Third,
video is no longer the only modality: urban security infrastructure routinely includes
acoustic sensors, license plate recognition systems, access-control logs, and cellular
positioning data, all of which carry independent threat signals that a video-only
architecture cannot exploit. Fourth, and distinctly, cameras do not belong to a single
administrative domain: in practice, urban surveillance infrastructure spans municipal
police networks, transit authorities, private operators, and federal installations,
each governed by different data-sharing regulations that legally prohibit raw video
from crossing jurisdictional boundaries. This fourth failure mode — administrative
fragmentation — is not a technical limitation but a legal and organisational one, yet
it is equally capable of rendering a city-scale architecture inoperable if unaddressed.

This paper makes four contributions. First, it formulates city-scale calibration-free
threat trajectory aggregation as a distinct and unsolved problem, explicitly identifying
the four failure modes above as the gap between single-site capabilities and urban-scale
requirements. Second, it proposes a federated hierarchical framework that addresses
each failure mode with a dedicated architectural component: a distributed edge-
inference layer, a dynamic topology graph, a cross-modal fusion stage, and a cross-
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jurisdiction propagation mechanism. Third, it extends the anomaly decomposition of
prior work [15] with a fourth component — network-level anomaly — that captures
coordinated multi-actor threats whose individual trajectories may each appear
innocuous. Fourth, it strengthens the theoretical basis of the network-level anomaly
component by distinguishing coordinated threat movement from coincidental
convergence in dense urban environments.

The paper is organised as follows. Section 2 reviews the relevant architectural
building blocks and their limitations at city scale. Section 3 formalises the problem.
Section 4 describes the proposed framework. Section 5 illustrates it on three urban
threat scenarios. Section 6 discusses limitations and open questions.

2. Architectural Building Blocks: Capabilities and City-Scale Limits

The core video understanding components carry over from prior single-site work
[15] with the same capabilities and the same fundamental limitation: all operate on
short clips from a single camera and produce no inter-node representations. SlowFast
R50 [1] achieves 77.0% top-1 on Kinetics-400 and remains the practical choice for
real-time per-camera action recognition. Video Swin-B [2] reaches 84.9% and is
preferable in dense scenes requiring precise interaction localisation. VideoMAE v2
ViT-g [3] achieves 90.0% top-1 and produces view-invariant embeddings by virtue
of self-supervised pre-training on masked reconstruction — the property exploited
for calibration-free re-identification.

At city scale, four additional components become load-bearing. Federated
learning frameworks such as FedAvg [16] demonstrate that model aggregation across
geographically distributed nodes can maintain accuracy close to centralised training
while eliminating the need to transmit raw data. This property is essential for urban
surveillance, where data sovereignty constraints may prevent raw video from leaving
the network segment of its originating agency. Federated inference — applying a
trained model at edge nodes and transmitting only compressed representations to a
central aggregator — is the operational counterpart to federated training.

Dynamic graph neural networks [17] extend static graph transformers to settings
where node and edge sets evolve over time. In the urban surveillance context, nodes
represent active camera feeds and mobile sensor units; edges represent observed or
estimated transition probabilities between coverage zones. The ability to add and
remove nodes without retraining the entire aggregation model is a prerequisite for
integrating drone feeds and PTZ units whose coverage zones shift continuously.

Cross-modal fusion has been studied extensively in audio-visual settings [18], but
the specific problem of fusing heterogeneous urban sensor streams — video, acoustic,
license plate, access-control — without metric calibration between modalities has
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received little attention. The absence of a shared coordinate system means that
traditional sensor fusion methods requiring explicit spatial alignment are inapplicable;
instead, temporal co-occurrence and semantic compatibility must serve as the
alignment signal.

Cross-jurisdiction data propagation is a component with no direct precedent in
single-site or multi-camera surveillance literature. The requirement is to propagate
threat-relevant embeddings across administrative domain boundaries without
transmitting personally identifiable raw data. Federated identity propagation —
transmitting anonymised appearance embeddings rather than video — is the
mechanism proposed here, and it requires explicit design at both the technical and
governance levels. Table 1 summarises the capabilities of the main components with
respect to the city-scale threat detection task/

Table 1. Architectural components and their city-scale threat detection

capabilities. Dashes indicate components not evaluated on standard benchmarks
as standalone models

Temporal Top-1 Multi-
Architecture P P Re-ID Robustness Camera
Horizon K-400 .
Aggregation
SlowFast R50 [1] Seconds 77.0% Low No
Video Swin-B [2] Sf;i‘;l?i;_ 84.9% Medium No
VideoMAE v2 ViT-g Up to tens of o . .
3] seconds 90.0% | High (by design) No
Federated Node . High (via
(proposed) Minutes — hours — VideoMAE) Yes, per node
Proposed Full . . .
Architecture Minutes — hours — High Yes, city-scale

3. Problem Formalisation

3.1. Scope and Definitions

Let an urban surveillance network consist of N sensor nodes Sy, S,,..., SN, where
each node is either a fixed camera, a PTZ unit, an aerial drone, or an auxiliary
non-video sensor. Nodes are heterogeneous: they differ in resolution, frame rate,
field of view, and modality. No two nodes share a common calibration; temporal
synchronisation is approximate, with clock drift on the order of seconds between
nodes belonging to different administrative domains.

Each video node produces a stream of person tracks, and each track is encoded
by alocal inference node into a compact multi-modal embedding: a concatenation of
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the action embedding from SlowFast and the appearance embedding from VideoMAE
v2, as in prior work [15]. Non-video nodes produce timestamped event records —
acoustic detections, license plate reads, door-entry logs — which are independently
embedded by modality-specific encoders.

The central problem is: given the stream of embeddings and event records from
all N nodes, construct cross-node person trajectories spanning time horizons of one
minute to several hours, and assign to each trajectory an anomaly score sufficient to
distinguish pre-attack surveillance, coordinated infiltration, and organised criminal
activity from the normal movement patterns of an urban population.

3.2. Extended Anomaly Decomposition

Prior work [15] decomposed trajectory anomaly into three components: local
anomaly Alocal (unusual actions in individual clips), spatial anomaly Aspatial (atypical
routing between zones), and temporal anomaly Atemporal (unusual dwell times and
trajectory durations). This decomposition is preserved and extended with a fourth
component.

Network-level anomaly Anetwork captures the statistical unusualness of the
relationships between multiple trajectories observed simultaneously. The key design
challenge is distinguishing coordinated movement — which constitutes a genuine
threat signal — from coincidental convergence, which is a routine feature of dense
urban environments. In a busy transit hub at rush hour, for example, hundreds of
independent trajectories will converge on the same platform within a narrow time
window without any coordination whatsoever. A naive implementation of Anetwork
would flag such events continuously, rendering it operationally useless.

The resolution of this challenge lies in the joint distribution of spatial origin diversity
and temporal synchronisation. Coincidental convergence in dense environments
typically involves trajectories originating from a small number of adjacent source
zones — commuters from nearby platforms, shoppers from nearby entrances —
because normal crowd flow is directionally structured. Coordinated multi-actor
threats, by contrast, tend to exhibit a statistically distinctive pattern: high spatial
diversity of origin points combined with anomalously tight temporal synchronisation.
Five individuals arriving at a restricted zone from five different districts within a four-
minute window is not the signature of coincidental convergence; it is the signature
of a planned rendezvous. Anetwork is therefore computed as a function of two sub-
components: origin-diversity score Dorigin, which measures the geographic spread
of trajectory source zones over a configurable lookback window, and synchronisation
score Ssync, which measures the tightness of the time distribution of arrivals relative
to the expected distribution under independent random-walk behaviour. Formally:
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A_network = f(D_origin, S_sync, C_cluster)

where Ccluster is a cluster coherence term that penalises trajectory sets whose
pairwise appearance embeddings are too similar — a signal of pre-planned uniform
appearance — and fis a learned combination function. This formulation suppresses
false positives in high-density environments while remaining sensitive to coordinated
threats whose signatures emerge precisely from the combination of spatial diversity
and temporal precision that coincidental convergence does not produce.

The extended anomaly score over the full trajectory set IT is:

A(IT) =w, - A_local + w, - A_spatial + ws - A_temporal + w, - A_network, Zw, = 1

Weights are scenario-dependent: in a high-density public event, A_network may
dominate; in a restricted-access facility, A_spatial will carry the greater share.

4. Conceptual Architecture

4.1. Overview

The proposed framework is a five-level hierarchy. Levels 1 and 2 replicate the
detection, tracking, and local representation components of the single-site architecture
[15] and run independently at each edge node. Levels 3 through 5 are new and
address the four failure modes identified in Section 1: distributed aggregation (Level
3), dynamic topology management (Level 4), and cross-modal fusion with city-level
threat scoring including cross-jurisdiction propagation (Level 5).

4.2. Level 1 — Distributed Detection and Tracking

Each video node runs YOLOvVS8 [10] and ByteTrack [11] locally, producing per-
camera person tracks as in prior work. The critical constraint at city scale is that no
raw video leaves the edge node: only track bounding boxes and their timestamps
are forwarded to the Level 2 encoder. This constraint satisfies both the bandwidth
limitations of urban networks and the data minimisation requirements of privacy
regulation, and is a prerequisite for compliance with the administrative boundary
constraints discussed in Section 1.

4.3. Level 2 — Federated Local Representation

At each edge node, SlowFast R50 and a lightweight VideoMAE v2 variant (ViT-B
for computational feasibility) encode each active track into an action embedding
and an appearance embedding respectively. These are concatenated into a local
track embedding, which is the unit of data transmitted to the central aggregator.
Transmission volume scales with the number of active tracks rather than with video
resolution or frame rate, making the approach bandwidth-feasible even at large node
counts.
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The reconstruction error of VideoMAE v2, used in prior work as a local anomaly
signal, is computed locally and transmitted as a scalar alongside the embedding. This
preserves the interpretability of the local anomaly component without transmitting
the full reconstruction.

Federated model updates allow edge nodes to contribute to improving the shared
encoder without sharing raw video. Following the FedAvg protocol [16], each node
periodically transmits model weight gradients to the central server, which aggregates
them and returns an updated model. This is particularly important for handling the
distribution shift between different urban zones — commercial districts, transit hubs,
residential areas — each of which has a distinct normal behaviour distribution.

4.4. Level 3 — Calibration-Free Cross-Node Identity Matching

Cross-node identity matching follows the soft-assignment principle of prior work
[15]: for each pair of tracks from different nodes, a match probability is computed as a
function of embedding similarity and temporal feasibility. At city scale, the temporal
feasibility constraint is replaced by a travel-time distribution derived from historical
transition data between coverage zones — a function of both geographic distance and
time of day, since urban travel times vary significantly with congestion.

A critical extension at city scale is the integration of auxiliary modality signals into
the matching decision. A license plate read at a parking structure node and a person
detection at the adjacent building entrance, co-occurring within a feasible time window,
constitute corroborating evidence for a shared identity even if their video embeddings
are not directly comparable. The cross-modal fusion mechanism described in Level
5 feeds back into identity matching at this level, creating a bidirectional dependency
between the two.

4.5. Level 4 — Dynamic Topology Graph

The static topology graph of single-site surveillance — a fixed adjacency matrix
representing typical transitions between camera zones — is insufficient at city scale for
two reasons. First, mobile nodes such as drones and PTZ units continuously change
their coverage zones, altering the graph structure in real time. Second, scheduled
events — public gatherings, transportation disruptions, large-scale operations —
predictably alter normal transition patterns, making historical statistics temporarily
invalid.

The dynamic topology graph maintains two layers. The physical layer encodes
geographic proximity and known connectivity between node coverage zones; this
layer changes only when infrastructure changes. The statistical layer encodes current
transition probabilities estimated from a rolling window of recent observations; this
layer updates continuously and is weighted to down-weight historical data during
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detected anomalous periods, preventing the spatial anomaly component from being
calibrated against already-anomalous baselines.

Dynamic graph neural networks [17] operating over this two-layer structure can
propagate threat signals spatially: a detection at one node raises the anomaly prior
for adjacent nodes, enabling the system to anticipate trajectory continuations rather
than merely react to them.

4.6. Level 5 — Cross-Modal Fusion, Cross-Jurisdiction Propagation, and City-
Level Threat Scoring

The top level of the framework aggregates all signals — video track embeddings
from Level 2, identity match probabilities from Level 3, graph-propagated anomaly
priors from Level 4, and event records from auxiliary sensors — into a unified
threat assessment. It additionally manages the propagation of threat context across
administrative domain boundaries.

Cross-modal alignment without metric calibration is achieved through temporal
and semantic co-occurrence. Two events from different modalities are treated as
potentially co-referential if they occur within a configurable time window and are
associated with the same coverage zone. A transformer-based fusion encoder [18] takes
the concatenated modality-specific embeddings of co-referential events and produces
ajoint representation. This architecture is preferred over simple late fusion — which
treats modality outputs as independent inputs to a final classifier — because it allows
inter-modal attention: the transformer can learn that an acoustic detection and a
video detection at the same location are mutually reinforcing evidence, rather than
treating them as additively independent. It is also preferred over attention bottlenecks
[18] in their strict form because the absence of metric calibration between modalities
means bottleneck dimensionality cannot be set by a principled alignment criterion;
the full cross-attention formulation is more robust to this uncertainty. The attention
mechanism naturally weights modalities by their informativeness: in a low-visibility
environment, acoustic embeddings will receive higher attention weights than video
embeddings of comparable or lower quality.

The network-level anomaly component Anetwork is computed at this level over
the full set of active trajectory graphs. A graph-transformer with global attention
tokens — following the Longformer architecture [12] applied to graph inputs —
computes pairwise trajectory correlations and scores joint movement patterns against
the baseline described in Section 3.2. The computational complexity of full pairwise
attention is managed by restricting cross-trajectory attention to trajectories sharing
at least one coverage zone within the recent time window.
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Cross-jurisdiction threat propagation operates as follows. When a trajectory in
administrative domain A receives an elevated anomaly score, the corresponding
VideoMAE v2 appearance embedding — not the underlying video — is transmitted to
the central aggregator with a threat-level tag. When a track in domain B subsequently
produces an embedding that exceeds the match threshold against the stored threat
embedding, the prior anomaly score from domain A is incorporated into the ongoing
trajectory score in domain B. No raw video crosses the administrative boundary at
any point. The mechanism is the technical implementation of the fourth architectural
component identified in Section 1, and its privacy-preserving properties are a design
requirement rather than an incidental feature.

The final output is the extended anomaly score A (IT) computed per trajectory and
per trajectory cluster, with dominant component attribution enabling interpretable
operator alerts. The city-level dashboard presents active high-anomaly trajectories
on a map overlay of the dynamic topology graph, with colour coding by dominant
anomaly type.

5. Illustrative Urban Scenarios

Note: the following scenarios are conceptual illustrations of the expected behaviour
of the proposed framework, not results of experiments or simulations. Their purpose is
to demonstrate which anomaly components would be activated in each case and why
single-site analysis would be insufficient.

5.1. Scenario 1: Pre-Attack Urban Reconnaissance

An individual visits a transit hub three times over two hours, each time spending
several minutes observing staff positions and access points before departing. Between
visits, the same individual is detected by a license plate reader at a nearby parking
structure and briefly appears on a drone feed covering the street approach. No single
camera observes more than a three-minute fragment of this activity.

The temporal anomaly component accumulates across the three visits: the total
dwell time in the hub far exceeds the statistical norm for the zone. The spatial
anomaly component activates when the trajectory reconstructed from the three video
fragments and the license plate record forms a circular pattern around the hub — a
route type associated with low probability in the statistical topology layer. The cross-
modal fusion at Level 5 increases the identity match confidence for the three video
fragments by using the license plate read as a temporal anchor, despite the absence of
direct camera-to-camera handoffs. Anetwork remains near baseline in this scenario
since only a single actor is involved; the elevated composite score is driven primarily
by Atemporal and Aspatial.
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5.2. Scenario 2: Coordinated Multi-Actor Infiltration

Five individuals enter a government district through five different access points
over a thirty-minute window. Each individual's trajectory is individually unremarkable:
the spatial routes are all within normal parameters, and no action recognition system
flags unusual behaviour. After forty minutes, all five are detected within a single
restricted zone.

Individual anomaly scores remain below alert threshold throughout. The network-
level anomaly component is the decisive signal here. The five trajectories exhibit
high spatial origin diversity — five different district entry points — combined with a
tight arrival time distribution at the restricted zone that falls well below the expected
variance under independent random-walk behaviour. The Dorigin sub-component
scores high because no normal crowd dynamic produces simultaneous convergence
from five geographically separated origins onto a single low-traffic node. The Ssync
sub-component scores high because the arrival times cluster within four minutes
despite origin distances that would, under normal transit patterns, produce a much
wider spread. This joint pattern is the signature of coordinated movement, not
coincidental convergence. The dynamic topology graph propagates elevated anomaly
priors to the restricted zone from the moment the fourth individual's trajectory is
linked to the emerging cluster pattern, enabling a pre-convergence alert rather than
a post-incident detection.

5.3. Scenario 3: Cross-Jurisdiction Threat Trajectory

A person of interest is observed in an aggressive confrontation on a camera
belonging to municipal authority A. The individual then moves into a district covered
by cameras belonging to municipal authority B, where no prior context is available.
Standard single-site systems operating within authority B's network have no basis
for elevated alerting. This is precisely the fourth failure mode identified in Section
1: the administrative boundary between the two authorities prevents context from
propagating through conventional means.

The federated architecture propagates the threat embedding of the identified
individual across the administrative boundary via the central aggregator, without
transmitting raw video between jurisdictions. When the VideoMAE v2 appearance
embedding of a track in authority B's network exceeds the match threshold against the
stored threat embedding, the prior local anomaly score from authority A's observation
is incorporated into the ongoing trajectory score. The cross-jurisdiction handoff is
seamless from the operator's perspective while remaining compliant with data-sharing
restrictions between administrative domains.
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6. Limitations and Open Questions

6.1. Conceptual Status of the Framework

As with the prior single-site work [15], this paper presents an architectural proposal
without experimental validation. Hyperparameter choices — fusion window sizes,
match probability thresholds, Anetwork baseline parameters, federated aggregation
frequency — are unspecified and will require systematic empirical investigation.

6.2. Absence of City-Scale Multi-Modal Threat Trajectory Benchmarks

No public dataset provides annotated multi-camera threat trajectories at urban scale
across heterogeneous sensor modalities. The construction of such a dataset — whether
from synthetic city simulators, privacy-anonymised real data, or a combination — is
a prerequisite for empirical evaluation and represents a significant community effort
in its own right.

6.3. Scalability of the Dynamic Topology Graph

The proposed two-layer graph must update continuously as mobile nodes enter
and leave the network. At N = 10,000 nodes — a plausible figure for a medium-sized
city — the computational cost of graph neural network inference over the full topology
requires careful engineering. Hierarchical graph partitioning, where city districts form
super-nodes with internal topology abstracted, is one candidate solution; its impact
on anomaly detection accuracy is unknown.

6.4. Re-Identification Across Extreme Appearance Change

The concern raised in prior work [15] — that clothing change defeats appearance-
based Re-ID — is amplified at city scale, where trajectories span hours rather than
minutes. Biomechanical embeddings based on skeletal pose estimation [13, 14]
remain the most promising mitigation, but their effectiveness over multi-hour gaps
with significant variation in walking surface, clothing weight, and physical exertion
has not been demonstrated.

6.5. Cross-Modal Fusion Reliability

The temporal co-occurrence alignment proposed for heterogeneous sensor fusion
is sensitive to clock drift between administrative domains. A GPS-anchored time
synchronisation protocol is assumed but not specified. In its absence, a tolerance
model that degrades match confidence gracefully with increasing temporal uncertainty
would be required.

6.6. Ethical and Legal Dimensions at Government Scale

City-scale surveillance using Al trajectory aggregation raises concerns that exceed
those of single-site deployment. Tracking individuals across an entire city over hours
approaches the capability of mass surveillance, with well-documented potential for
misuse [19]. Architectural privacy controls — on-device processing of raw video,
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transmission of embeddings rather than biometric data, mandatory retention limits
on trajectory records — are not optional features but design requirements. The cross-
jurisdiction propagation mechanism specifically requires the definition of bilateral
data governance agreements specifying what constitutes permissible transmitted
information, retention limits on threat embeddings, and oversight mechanisms
for cross-domain matching. The framework as described requires the definition of
explicit data governance policies at each level of the hierarchy before any real-world
deployment could be considered responsible.

7. Conclusion

City-scale calibration-free threat trajectory aggregation is a problem of qualitatively
greater difficulty than its single-site counterpart. The transition from a bounded
camera network to a heterogeneous urban sensor ecosystem invalidates four core
assumptions of single-site architectures: static topology, centralised processing, video
as the sole modality, and membership within a single administrative domain. This
paper has identified these failure modes, proposed a five-level federated framework
to address them, and extended the three-component anomaly decomposition of
prior work with a fourth network-level component for coordinated multi-actor threat
detection.

The primary conceptual contributions are the dynamic topology graph, which
replaces static camera adjacency maps with a live two-layer structure capable of
incorporating mobile sensing units; the federated inference architecture, which
enables city-scale deployment within realistic bandwidth and data-sovereignty
constraints; the cross-modal fusion mechanism, which integrates video, acoustic,
license plate, and access-control signals without requiring metric inter-modal
calibration through a transformer-based architecture preferred over late fusion and
strict attention bottlenecks for its robustness to unaligned modalities; the cross-
jurisdiction propagation mechanism, which enables threat context to traverse
administrative boundaries via embedding transmission rather than raw data sharing;
and the strengthened formulation of Anetwork, which distinguishes coordinated
multi-actor threats from coincidental convergence by jointly measuring spatial origin
diversity and temporal synchronisation tightness.

Three urban threat scenarios illustrate that the framework would, conceptually,
detect threats invisible to single-site analysis: multi-hour reconnaissance trajectories
assembled from cross-jurisdictional fragments, coordinated infiltrations detectable
only through network-level anomaly scoring, and cross-domain handoffs enabled
by federated embedding propagation. Experimental validation of these claims,
construction of a city-scale multi-modal threat trajectory benchmark, and the
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development of appropriate data governance frameworks are identified as the primary
directions for future work.
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MNpuMeHeHMe napameTpuyeckux anroputMoB Ha BIM-nnatdopmax
ANA NoBbilWeHUs 3PPEKTUBHOCTU apXUTEKTYPHOrO NPOEKTUPOBAHUS

BacmnbeBa AHacTacus AJ'IEKCEEBHa, CTYAEHT MarncTpartypebl

YyBaLLCKMiA rocyfapCTBEHHBIN YHUBepcuTeT uMenn MU.H. YnbaHoBa (r. Yebokcapbl)

B cmamve uccaedyromcs cospemertvle 100xX00bl K NApaAMempu1eckomy mooe-
JUPOBAHUIO 8 APXUMEKINYPHOM NPOEKMUPOBAHUL C UCNONb30BAHUEM MEXHOLI02U
un@opmayuonnozo modeauposanus 3danuii (BIM). Paboma nocesujena ananiusy
UHCIPYMEHNO8 U MeN0008, N0380AIHOUSUX APXUMEKIMOPAM CO30A8aMb CIONCHbLE
Ounamuyeckue PopmbL U ONMUMUIUPOBAMb NPOEKIMHbIE PeUleHUs HA BCeX IMANAxX
MUHEHHO20 YUKIA 00BeKma.

Kntoueevie crosa: napamempudeckoe modeauposarue, BIM-mexnonozuu, ap-
XUumexmypHoe npoeKmuposanue, napamempudecKue cemeiicmea, asmomamu3ayus
npoeKmuposaniLs, UHHOPMayUoHHoe MoOeUPOBaHUe 30AHUIL.

CospeMeHHme apPXUTEKTYPHO-CTPOUTE/IbHbBIE IPOEKTHI TPEOYIOT BBICOKOH TOYHO-
CTH, CKOPOCTH Pa3paboTKU U SKOHOMHYECKOH 3¢ PeKTHBHOCTH. TpagUuIOHHbIe
METO/IbI IIPOEKTHPOBAHHUSA YaCTO He IO3BOJIAI0T OIIEPaTHBHO aHA/IM3UPOBATh MHOMKE-
CTBO BAPMAHTOB U YYUTHIBATh BCE B3ANMOCBSA3U MEX/y 91IEMEHTaMHU 3/jaHus. B aTnx
YCIOBUSIX TapaMeTpHUIecKoe MoZie/IMpoBaHue Ha 6ase BIM cTaHOBUTCS K/IFOUEBbIM
HHCTPYMEHTOM, [TO3BO/IAIOMIMM He TOJbKO CO3/laBaTh CJOXKHbIE JUHAMUYECKHE
$opMbI, HO ¥ OITUMHM3UPOBATh IPOEKTHBIE PEllIeHUA Ha BCEX 3TaIaX KM3HEHHOTO
nukaa obbekTa. [Tocse mepexosa B IpOEKTHPOBaHHE B TPEXMEPHOM IIPOCTPaH-
CTBE, ADXMTEKTOPBI BCEI'O MHMPA CTaJId UCKATh HOBbIE BO3MOXKHOCTH, KOTODbIE IO-
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3BOJIM/IM OBbI IPUAATh BBIPA3UTENIbHOCTH, IJIABHOCTH M MMOPOH BO3AYIIHOCTU 00B-
eKTaM, 9TOOBI CO3/1aBaTh He TOJIBKO MECTO 151 pabOThI ¥ OT/bIXA, HO U OAUYEPKHYTh
YHHUKaJIbHOCTD KaX/IOTO 3/IaHUA U COOPYKEHU.
AKTya/IBHOCTD UCC/I[0BAHMs 00YCIOBIEHA TEM, YTO B COBPEMEHHOH apXHUTeK-
TYPHOI IpaKTHKe BCE Yallle peagnu3yoTCs 0ObeKThI C HeCTAHAAPTHOM reoMeTpuet,
YTO CYILIeCTBEHHO OI'PAaHNYMBAET IPUMEHHUMOCTD TPaJUIMOHHBIX METO/OB IIPOeK-
tupoBaHuA. OZHOBPEMEHHO MOBBILIAETCS 3aIIPOC CO CTOPOHBI 3aKa34MKOB Ha 'H6-
KOCTb U BapUaTUBHOCTb — TpebyeTcs omepaTHBHO FeHepPUPOBATh HECKOIBKO Ba-
PUAHTOB NPOEKTa C JleTaJbHBIM COIIOCTaBJIEHHEM UX TeXHHKO-3KOHOMHUYECKHUX
IOKa3aTesed. BayKHBIM CTHMY/IOM K BHEZPEHHIO HOBBIX ITOJXO0/Z0B CTAHOBUTCS He-
06X0MMOCTb CHIDKEHHSI KOTMYEeCTBA OMIMOOK: aBTOMATH3ALUsI PACIETOB U IIPOBe-
pok B BIM-cpezie mo3Bo/sieT MUHIMH3HPOBATh BJIUSHUE 4eI0BEYeCKOro paKTopa
M 3aMEeTHO COKPATUTh 3aTPaThl Ha MOC/IEAYIOLIYIO JOPAbOTKY MPOEKTHOMN JOKYMeH-
tanuu. KpoMe Toro, mapaMeTpudyeckoe MOJe/IMPOBAaHHUE BBICTYIAeT QyH/aMeHTalb-
HOH OCHOBOM /11 UHTETPAllUU B apXUTEKTYPHBIN IIpollecc IepefloBbIX TEXHOJIO-
I'HH — TaKUX KaK FeHePaTUBHBIN AU3aiH, HCKYCCTBEHHBIN HHTE/UIEKT U MAIIUHHOE
obyueHmue.
Ilesnb paboThI 3aK/IF0YaETCA B KOMIUIEKCHOM HCC/IeZIOBaHUU METOZ0B U UHCTPY-
MEHTOB ITapaMeTPUIECKOT0 MOJeIupoBaHusa Ha 6ase BIM f/1a apXuTeKTypHOTro
IpoeKTHpoBaHuA. VcciefoBaHne HallpaB/IeHO Ha aHA/IU3 IPUHIIMIIOB HHTErPAllUN
IapaMeTpUYeCKUX MeTOZ0B B BIM cpezy, a Takske BbIABJI€HHE IPEUMYILECTB U OTpa-
HUYEHHUH UCII0/Ib30BaHMs TapaMeTPUIeCKUX MOZieIeH IIPY IPOEKTUPOBAHUH CIIOXK-
HBIX aPXUTEKTYPHBIX 00BEKTOB.
[TapameTpuyeckoe MoJieTUPOBaHNE — METOJ, IPOeKTHPOBAHHA, B OCHOBE KO-
TOPOTO JIGKUT UCIO/Ib30BaHHE ITAPAMETPOB 3JIEMEHTOB, AB/IAIIIMXCA COCTABHOU
JacThI0 0OIel MOJIe/H, @ TAK)Ke COOTHOIIEHHS MEXKAY STUMH IIapaMeTpaMHu, oIIpe-
Je/IAIolI e TeOMeTPHYECKy o GopMy MoZesTH. F3MeHeHHs OZHOTro IapaMeTpa aBTo-
MaTHYeCKU IPUBOJAT K KOPPEKTHPOBKE BCEH MOZEIH.
OcHOBHbBIE IPUHIMIIBI TAPAMETPUIECKOTO MO/ETNPOBAHHUA:
— OO6BeKTHO-OPUEeHTHPOBAHHOCTD: K)KJBIH 3JIEMEHT MOJIeTH — CaMOCTOA-
TeJIbHBIHM 00bEKT ¢ HaGOPOM CBOKCTB.

— AcCCOLMAaTUBHOCTb: CBSI3b MEX/Y 3/IeMEHTAMHU MO/e/IH, 06ecIeynBaroLias aB-
TOMaTU4eCKOe 0OHOBJICHHE [TPU U3MEHEHHSIX.

— Ilapamerpusaius: 3a7laHKe 3aBUCUMOCTEHN Mex/y IapaMeTpamu uyepes ¢Gop-
MYJIBI U Q/ITOPUTMBI.

— Hepapxusa: CTpyKTypHpOBaHHE MOJIE/IH 110 YPOBHAM CJOKHOCTH. MeToAbI
HapaMeTpPUYEeCKOTO MOZeTNPOBAHHS IIPEACTABIAIOT COOOH pasTuyHbIe MOJ-
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XOZBI K CO3JaHMI0 IIUPPOBBIX MOJe/Iel, B KOTOPBIX 9JIEMEHTBI CBA3aHbBI Me-
XAy cobOit oIpesie/IEHHBIMU 3aBUCHMOCTSIMMU:

— Teomerpuueckast — OCHOBAH Ha 3a/[ldHIY FeOMETPHIECKUX 3aBUCHMOCTEH Me-
XKy 97IeMeHTaMH MOZe/IU. B paMKax 9TOro 1mojxoza NpoeKTHPOBIIMK OIIpe-
Jie/IsgeT KIIo4YeBble IIapaMeTpbl: pasMephl, YIVIbL, PACCTOAHUA U IPONOPILUH
MexAy obbekTaMu. IIpyu H3MeHeHHH MI000T0 U3 9THX IIapaMeTPOB CUCTeMa
aBTOMATHYECKH KOPPEKTHUPYET CBA3aHHbIE C HUM 9JIeMeHTHI. Takoi MeTox
ocobeHHO yn0OeH Ha paHHHUX CTaJHAX IPOEKTHPOBAHMsA, KOT/IA YaCTO MEHs-
10TCs1 6a30BbIe TabapUTHI U KOMIIOHOBKA.

— TabmnuHast — 3aK/IIOYAETCS B 33/[JaHNUH [IAPAMETPOB depes Tab/IHIbI 1 Hasbl
JAHHBIX. BMeCTO IpsIMOro peZlakTHPOBaHMUS reOMETPHH [0/Ib30BaTe b Pabo-
TaeT ¢ TabIMIHBIMU GOPMAMH, I7ie TTePeYHC/IeHbl XapPAKTEPUCTHKY 9/IEMEH-
TOB, UX KOJIMYECTBO, MaTepUA/Ibl U IIPOYHe CBOHCTBA. DTOT NOAX0Z yA0OeH
[J151 YIPaB/IeHHs CIeMUKAIIUIMU MaTePUaIOB, COCTAaBICHUS BeOMOCTeN
06BEMOB paboT 1 PabOThI € KaTaIOraMH THIIOBBIX 3/IEMEHTOB.

— ODusnKO-MexaHHYeCKast — YIUTHIBAET PUIHIECKIE XaPAKTEPUCTHKY 00beK-
TOB. B paMKax 9TOro MeToa B MOZE/Ib 3aK/IaJIbIBAIOTCA ITapaMeTpbl Harpy-
30K, iepOpMaIi, TeIUIOTeXHUYECKUX U aKYCTHYECKUX CBOHCTB MaTePHaIOB.
OTO MO3BOJIAET IPOBOAUTH HHXKEHEPHBIE PACIETHI IPSAMO B Cpefie IPOEKTH-
POBaHUSA: HAIIPHMep, OL[EHUTD, KaK M3MEeHEeHHe TOJII[HHbI CTE€HbI [TOB/IUAET
Ha TeIJIONIOTePH 3[aHUs, U/IX KaK [epepaclpesie/ieHiue Harpy30K CKayKeTCs
Ha IIPOYHOCTH KOHCTPYKIIHH.

KaxbIil U3 3TUX METOJ0B MOXET IIPUMEHATHCSA KaK CAMOCTOATEIbHO, TaK
Y B KOMOMHAIIMY IPYT € APYTOM — B 3aBUCHMOCTH OT 3a/ia4 IIPOEKTa U CTaJUuH Ipo-
extupoBaHusa. COBMeCTHOE HCITIO/Ib30BaHHE Pa3HBIX MOAXOO0B K TApaMeTpU3aluu
HOBBILIaeT THOKOCTh U TOYHOCTh MOJIC/THPOBAHNS, [I0O3BOJIAS CO3/J,aBaTh CIOXKHBIE,
a/lalITUBHbIE M OIITUMU3HUPOBAHHbIE ADXUTEKTYPHBIE PEIIeHHSL.

[IpeumymecTso BIM 3axiro4aeTcsa B CO3JaHUM eIMHOHN NU(POBOI Cpesibl: BCe
YYAaCTHHKH POEKTa — OT apPXUTEKTOpa /0 MOAPSAINKa — paboTaroT ¢ ob1iell BUp-
TyaJIbHOH MOZE/IBbI0 00BbeKTa. DTO ycTpaHseT GpparMeHTaIMI0 JaHHBIX: BMECTO pas-
PO3HEHHBIX YePTeXKeH U COMPOBOAUTE/IbHBIX JOKYMEHTOB GOPMHUPYETCs IIeT0CTHAS
HHPOPMAIMOHHAS CTPYKTYPA, ZOCTYIHAS KKJOMY YYaCTHUKY B PEKHMe PeabHOTO
BpeMeHHU. MIHTerpanusa pac4€Tos u cMeT B BIM-Moze/1b I03BO/IAET apXUTEKTOPaM
[IPUHUMATh 0OOCHOBAHHbIE IPOEKTHbIE PEIIEHNUS C YIETOM GIO/IXKE THBIX OIpaHMYe-
HUH 1 PYHKIHMOHAIBHBIX Lie/iel 06bekTa. Hanpumep, aHa/IM3 CTOMMOCTH MaTepHa-
JIOB B paMKaX MO/I€/I IOMOTa€eT BbIOPATh SKOHOMUYECKH 3 PEKTHBHBIE PELIeHNS,
a BO3MOYKHOCTb MHTEr'PalliU TEXHOIOTHH.
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ITpakTuyeckas peaju3anys: ONTHMU3AINA IJTAHUPOBKH 3/JaHUA apXUTEKTYp-
HOrO 6I0pO

3a/jaya: ONTUMHU3UPOBATh IVIAHUPOBKY 3/JaHUA 10 KPUTEPHAM:

— yRo6GHOe pacIoIoKeHHe TOMEIeHUH Ha HeGOIbIION TePPUTOPHH;

— coboieHre HOPM HHCOJISLIUY;

— MHHMMH3AIMA IJIOIAAN KOPUZOPOB;

— obecrieyeHHe NOKapHOH 6€30IIaCHOCTH.

[lepcrieKTHBBI pa3BUTHSA:

— HHTEeTrpanua ¢ HHCTPyMEHTaMH I'€HepaTUBHOT'O /:[Hsai?n{a;

— HCIIOJIb3OBAHHUE MAIIKHHOI'O O6y‘~IeHI/IH A1 IPOTHO3WPOBAaHU OIITUMA/IbHBIX
IIapaMeTpOoB;

— pacimiupeHne KpUTepHueB OIITUMHU3AaIIH (BHCPI‘OS(I)(PCKTI/IBHOCTB, CTOMMOCTD
YKU3HEHHOTO [[HKJIA).
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Puc. 2. KoHeuHblit pesynbrar

HccnegoBanne HHCTPYMEHTOB M METOZOB IIapaMETPUIECKOTO MOJAETUPOBa-
Hus Ha 6aze BIM oTBedyaer aKTya/ bHBIM MOTPEOHOCTSAM apPXUTEKTYPHOH MpaK-
THKH, CIIOCOOCTBYET PasBUTHIO IIMPOBBIX KOMIIETEHIIUE OTPAC/IH U CO37AET OCHOBY
JJ1s1 BHEZIpEHHUSA TIepeJOBBIX IPOEKTHBIX pelleHui. Ero pesynprarsl OyayT mo/e3HbI
KaK /IJI1 HayYHbBIX U3bICKAaHUH, TaK U [/1 IPAKTUIECKOT0 IPMMEHEHHUS B TPOEKTHBIX
610pO, CTPOUTEIbHBIX KOMITAHUAX U OPraHaX IPaZOCTPOUTETBHOTO PETYTHPOBAHHUL.
Brezpenune mapameTpu4ecKoro MozeMpoBanusa B BIM-cpezie mo3BosifgeT He TObKO
CO3/1aBaTh CJIOKHBIE aPXUTEKTYPHbIE POPMBIL, HO M CHCTEMHO ONTHMHU3HPOBATH IIPO-
eKT 110 MHOXXeCTBY KpUTepHeB. OTO MOBbIILIAET KOHKYPEHTOCIIOCOOHOCTD IIPOEKT-
HBIX OPTaHHM3AINH, CHI)KAET PUCKH U CIOCOOCTBYET peansallui yCTOHIHUBBIX, 9KO-
HOMUYECKU 9P PEKTUBHBIX PelIeHUH.

B xoze nccnenoBaHua NOATBEPKAEHA BbICOKasA 9P PeKTHBHOCTh ONTUMHU3ALNN
IIPOEKTHBIX peIleHNH B apXUTEKTYpPe C UCIIOIb30BAHNEM ITapaMeTPHIECKHX a/Iro-
putMoB Ha 6aze BIM miargopm.

Jlumepamypa:
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APXUTEKTYPA U CTPOUTENBCTBO

MepexoAHble KOHCTPYKLUU B BbICOTHOM CTPOMTENIbCTBE: NPUHLMUIMbI
paboTtbl M 06ecneyeHne 6e30NacHOCTH

Nonrosa AHacTacust IMUTpUEBHA, CTYAEHT MarucTpaTypbl

YyBalLCKuUi rocyfapCTBEHHbIN yHMBepcuTeT uMeHn W.H. YnbaHoBa (r. Yebokcapbl)

B cmamve paccmampusaromcs 6udvi nepexoOHbix KOHCMPYKyuil, ux po 8 nepe-
pacnpedeneHuu Hazpy30k U 0becneweHun NPOCMPAHCINBEHHOT HeCMKOCU 8bICOM-
Hblx 30anuil. Amop ucciedyem 8ausHUe 8ePMUKATLHBIX U 20PU3OHMANbHBIX HAZPY-
30K HA pabomy nepexooHbIX IPycos.

Kniouesvie cnosa: svicommbie 30amus, nepexoorble KOHCMPYKYUU, aympuzepHole
CUCEMbL, HECKOCb, 6e30NACHOCb.

COBpeMeHHoe BBICOTHOE CTPOUTEIBCTBO XapaKTePU3YeTCs YCIOKHEHHEM 00b-
eMHO-IUIAHUPOBOUHBIX perrenuil. Kak moguepxusaer B.P. Mycrakumos [17],
OpraHMU3anUs IEPEXOAHBIX 30H IPOJUKTOBAHA HE TOJBKO aPXUTEKTYPHBIM 006-
JINKOM, HO ¥ $YHKIMOHATbHON HEOAHOPOLHOCTBIO 37aHHS Ha PAa3HBIX YPOBHAX.
ITepexoAHbIi 3Ta) IpeACTaB/IAeT COOO 30HY KOHIIEHTPALIMH HECYLIUX KOHCTPYK-
Ui, 00eCIeYHBaIOILYIO Tlepefady YCHIUH OT 3/IeMEHTOB OAHOM CHCTeMbl (HaIpH-
Mep, 4aCTO Paclio/I0XKEeHHbIX [IMIOHOB XXU/IOH YaCTH) Ha 3/IeMEeHTbI APYroi (pesKie
MOIIIHBIE KOJIOHHBI 06111eCTBEHHBIX TPOCTPAHCTB MK CTHI06aTa).

Kiraccnpukanysa 1 KOHCTPYKTHBHBIE 0COOEHHOCTH IEePEXOAHBIX CHCTEM

Bb160p parjioHa/IbHOM CXeMbI AB/AETCA OIpeAe/AouM GpakTopoM At obec-
HeveHHs yCTONYMBOCTH K 9KCIUIyaTallHOHHBIM Harpyskam [10]. B mpakTuke mpoek-
THPOBAHUSA BbI/IE/IAIOT Y€ThIPE OCHOBHBIX THIIA KOHCTPYKIIMH:

Ilepexonnple MIUTHL. MaccHBHOE MOHOJMTHOE II€PEKPbITHE YBETMIEHHOH TO/I-
uHbL. MOHOIMTHOE HCIIOTHEHNE AB/IAETCS IPUOPUTETHBIM, TaK Kak obecrieqnBaeTt
HEPa3pe3HOCTb CHCTEMBI M YKECTKOE CONPsHKEHHE C BEPTUKAIbHBIMM 3/IEMEHTAMU,
MHUHHAMHU3UPYS AepOPMALHY B 30HAX [IPOJAaBAUBaHus [16].

[Tepexonubre 6anKky U O6agKU-CTeHKU. [IPUMEHSIOTCS [J15 TIePeKPBITUS 3HAYH-
TeJIbHBIX TPposeToB. CTasbHbIe OanKN 3P PEKTUBHBI IPH MAKCUMaJIbHBIX IPOJIETaX,
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a KOMITIO3UTHBIEC (CTaJ’Ie)KeJ'I€306eTOHHbIe) TIO3BOJIAOT ONITUMU3UPOBATH I‘a6apI/ITI>I

3a CYET COBMECTHOU pa6OTbI CTaJIn Ha pacTsHKEHNE U 6eToHA Ha C)KaTHe.

[epexozpuble cTeHbl. PabOTAIOT KaK MOLHBIE CBSA3€eBbIe 9JIEMEHTHI U YKECTKHE

nradparMbl, YTO KPUTHIECKH BAKHO /IS 3JAHUH C KOHCOIBHBIMH BbIHOCAMU [3].

Hepexo/:[HbIe PpacKoChI. Hcnonp3oBanue PaCKOCHBIX CHCTEM ITO3BOJISAET OIITHMH -

3UPOBaTh PacIpe/ie/IeHHe OCEBBIX YCUIMH H CHUSHTh MaTepHaI0eMKOCTb y31a [12].

Tabnuua 1. CpaBHUTENbHDII aHANU3 TEXHUYECKNX XapPaKTEPUCTUK
nepexoAHbIX cucTeM

BBILIE/IeKALIMX STAXKEH,
a¢$dexTHBHOE pacmpe-
AesleHre HAarpy3ok [16].

Tun xon- O6acTp npuMe-
IIpeumymecra OcHOBHBIE OTPaHHYEHHA
CTPYKIIHH HeHHA
ITepexodHas | BeicoKasi 5KeCTKOCTb, BsIcoxuil cO6CTBEHHBII 3aHUSA CO CIOKHOM
nauma IPOCTOTA IVIAHUPOBKH | BeC, 6O/IBILION pacxoz be- | ceTKOi KOJIOHH,

TOHA M apMaTypbl, 3Ha-
YUTe/IbHAs 9K30TePMHs
Ipu OeTOHHPOBAHUU.

YKHJIbIe KOMILIEKCBI
Ha/| TOPTOBBIMH
I[eHTPaMH.

ITepexodnvie
banxu

u barku-
cmemnKu

MeHbInii Bec IO Cpas-
HEHUIO C [UIUTOH, BbI-
COKast U3THOHas JKeCT-
KOCThb HPI/I HeperbITI/II/I
6OJIbIINX IPOIETOB.

OrpaHquHHe BBICOTBHI I10-
MeLueHI/Iﬁ Ha TEXHHUYE€CKOM
9TaXKe, C/IOXKHOCTb apMHUPO-
BaHUA y3/I0B CONIPAMKEHHUS.

Ilepexop ot Kap-
KacHOM CHCTeMbI

K paspexeHHOH
CeTKe KOJIOHH (cTH-
7106aThl, IAPKUHIH).

ITepexodnvie
packocb!

MakcumasibHas 9KO-
HOMHUSI MaTePHaJIOB, BbI-
cokas 9¢pPeKTHBHOCTD
npu paboTe Ha pacTsKe-
Hue-cxatue [12].

CJI0XHOCTB Y3/IOBBIX CO-
eAUHeHNH, HeOOXOAUMOCTD
OTHE3AIIUTHI CTaTbHBIX
3/IEMEHTOB, BBICOKAS TPY-
ZOEMKOCTb MOHTaa.

CBepXBBICOKHE
3[aHHA, Ay TPHU-
repHble 1051ca, KOH-
COJIbHBI€ BBIHOCBHI
¢dacazgos.

ITepexodnvie
cmebl

WckarounTepHas JeCT-
KOCTb Ha BCIO BBICOTY
9Ta)ka, MUHUMH3AIHS
nedopmannii KOHCOIeH

[3].

KecTkas mpuBsAsKa K apxu-
TeKType (CTeHa CTAHOBUTCS
HPenATCTBHEM /I CBO-
60/HOM IIAHUPOBKH).

37aHuA C BBIpaXKeH-
HBIMH KOHCOJISIMH,
TIepexo/; OT CTe-
HOBOU CHCTEMBI

K KapKacy.

CraTnyeckas paGoTa ¥ BIHAHHE BEPTHKAIbHBIX HATPY30K

INponecc GyHKIMOHUPOBAHMSA MIEPEXOAHBIX KOHCTPYKITMH BKIIOUaeT BOCIPHU-

THE KOHI[@HTPUPOBAHHBIX YCH/IUH, TpaHCPOPMAIIHIO HANIPXKEHHO-/1epOpMHUPOBaH-
Horo cocrosuus (H/IC) u nepenady Tpanc$OpMHUPOBAHHOMN HATPY3KH Ha OCHOBAHHE.

BeprukasbHble HAIPY3KH B BBICOTHBIX 3JAHUAX JOCTUTAIOT KOJIOCCAIBbHBIX 3HA-
yeHn#. Ha ypoBHe mepexoflHOTO 3Ta)ka 5TU YCHU/IHA KOHIIEHTPUPYIOTCSA B TOUKAX
ONMPaHHA BBILIETEKAINX KOJTOHH. /IJIA IpejoTBpalljeH:s XPYIKOTo pa3pyIleHHs
[mpozmaBMBaHYs] IPUMEHSIIOTCS IPUHITUIIBI IOKA/IBHOTO YCHJIEHHS: YCTAaHOBKA I10-
HepeyHoH apMaTyphl UM KECTKUX CTa/IbHBIX BCTaBOK.
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BsaumopelicTBHe C rOPH3OHTAIbLHBIMH HarPY3KaMH U ay TPUTePHbIE CHCTEMbI

Posb mepexoHbIX KOHCTPYKLUH B BOCHPUATHU BETPOBBIX U CEHICMUYECKHUX Ha-
IPY30K IB/IIETCS KPUTHIECKOH. B pamkax 06111et cxeMbl OHU BBITIOIHSIOT QYHKIIUH
TOPHU30HTAIbHBIX UaPParM KeCTKOCTH.

Ocoboe 3HaUYeHHe UMeeT BHeJpeHHE ayTPUTE€PHBIX CHCTeM (BBICOKHX dpepm
nin 6aJoK-CTEHOK), KOTOPbIE JKECTKO CBA3BIBAIOT LEHTPAJBHOE PO C IepruMe-
TPaJIbHBIMU KOJIOHHAMHU. DTO CO3/Ja€T 3HAUUTENbHOE «IIIE40» BHYTPEHHEH Iaphbl
CHJI, 4TO:

— KpaTHo noBbIIIaeT U3rHOHYIO XKECTKOCTD KapKaca.

— CHwKaeT pacueTHbIH H3THOAONINI MOMEHT B OCHOBAaHUH si/ipa Ha 25-40%.

— OrpaHHYHBaeT YCKOpeHUe FOPU3OHTAJIbHBIX KOJeOaHUH 10 HOPMAaTHBHBIX
0,1m/c?, obecneanBas guHAMUYECKUii KomopT [5, 15].

KoHcTpyKTHBHas 6€30MaCHOCTD H 3aI[UTA OT 00pYyIIeHH

ITepeXoAHBIi 9TaXX — 9TO 30HA «CKauKa )KecTKoCcTH» [1]. [Tpu ceficMUueCKUX BO3-
JeMCTBUSAX 9TO CO3/laeT PUCK POPMHUPOBAHMS «MATKOTO aTaxa». [l HeWTpaninza-
[[UH PUCKOB [IePEXOZHBIE IIUTHI IIPOEKTUPYIOTCS KAaK aDCOMIOTHO XeCTKHE JUCKH,
BBIPABHUBAIOI[HE HHEPIIMOHHbBIE CHIIBI [13].

B crieHapusax aBapuiHbBIX BO3ZeHCTBUI (B3PbIB, [IOKAP) MEPEXOAHAST KOHCTPYK-
1WA JO/DKHA 00ecieunBaTh JKUBYYeCTh CHCTeMBL. EC/TH 0ZlHa 13 OIIOp HIKHETO sApyca
BBIXOJUT U3 CTPOA, II/INTA HAYMHAET PabOTATh 110 IIPUHIUITY «MeMOPaHbI» HIH MO-
CTOBOT'O IIPOJIeTa, «IIO/BEIINBAg» HAIPY3KY BbIIIE/IEKAIINX 9TaXKel U IpejoTBpa-
1mast 1aBuHOOGpasHoe obpymenue [16, 17].

ITudposas rpancdopmanysa U MeTOAbI pacieTa

CoBpeMeHHO€e [IPOEKTHPOBaHIEe OA3UPYeTCsT HAa METO/le KOHEYHBIX 3/IEMEHTOB
(MKD) B kommexcax SCAD u LIRA-SAPR. [letanbHbIH aHa/IM3 TpeOyeT Cryle st
CEeTKM B 30HAX OIIMPAHUsA KOJIOHH U yueTa CTaZIMMHOCTH BO3BeJeHMs, Tak kak H/C
IIJTUTHI MEHACTCA IO Mepe pocTa sTaXHOCTH. MHTerpanusa BIM-TexHom0rui No3Bso-
JISIeT CO3/,aBaTh N GPOBbIE ABOMHHKH /I HEIIPEPbIBHOIO MOHUTOPHUHTIA COCTOSHHS
[IepEeXO/HBIX 30H Ha 9Talle 9KCIUTyaranuu [14].

3aK/mo4eHue

IlepexonHble KOHCTPYKIIMH 3BOTIOLMOHUPOBAIN U3 BCIIOMOIaTe/IbHbIX 3/1EMEH-
TOB B MHOTOQYHKI[MOHA/IbHbIE HHTE/JIEKTYalbHble Y3/bl. [IprMeHeHHe BBICOKO-
npouHbIx 6eToHoB (B40 1 BbluIe) M apMaTypsl K1acca A500C B cOueTaHHHM € ay TPH-
FePHBIMH IIOSICAMHE [103BOJISIET BO3BOAUTD O0BEKTHI TIF0OO0H CIOKHOCTH, TAPAHTUPYSI
HX ZIOTOBEYHOCTD ¥ YCTOMYUBOCTD K 9KCTPEMaIbHBIM BO3/1€HCTBUAM.
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The gas turbines are still significant to large-scale dispatchable power since they
have high specific power, rapid start-up, and effective combined-cycle integration. At the
same time, higher firing temperature, higher efficiency, flexible operation, and wider fuel
adaptability increase the thermo-mechanical loading of hot-section components. This
paper is a synthesis of a brief review of the development of gas-turbines with a focused
analysis of hot-section durability assessment, particularly in turbine discs. A workflow
of thermo-mechanical durability is outlined, and an enhanced deformation criterion is
proposed. The method retains the structure of an adopted four-component cumulative
damage model while improving sensitivity to cyclic and one-sided inelastic deterioration.
Two validation cases show that the criterion preserves severity ranking and better
distinguishes between one-sided creep-dominated and cyclic-creep-dominated regimes.
In general, the findings suggest that the future development of gas-turbines will rely not
only on the thermodynamic enhancement, but also on the more precise evaluation of
the durability of hot-section elements.

Keywords: gas turbine, hot-section durability, turbine disc, thermo-mechanical
fatigue, creep-fatigue, cumulative damage, finite-element analysis

1 Introduction

e Gas turbines still take the center stage in the contemporary power systems due to
their ability to produce high specific power, quick start-up, and seamless integration
with combined cycle generation. These characteristics are important in systems where
the proportion of variable renewable energy is increasing since there are still flexible
thermal plants to maintain grid stability and dispatchable generation. Meanwhile, the
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more efficient heavy-duty gas turbines now are running at combined-cycle efficiencies
well over 64 percent, which demonstrates that it is not yet a mature technology but
one that is in continuous improvement [1, 2].

This progress, however, increases the demands on the hot section. Increased firing
temperatures, enhanced thermal gradients, increased frequency of start-stop and load-
following duty and increased range of fuel-flexibility targets increase the thermo-
mechanical loading of blades, vanes, and discs. This has led to durability being a key
design and life-management issue instead of a secondary verification process [3-7].

The present paper addresses this issue from two connected sides. First, it outlines
the key development trends in gas turbines and their implications to the reliability of
the hot-section. Second, it suggests a compact enhanced deformation-based criterion
to assess turbine-disc durability and also studies its behavior using two validation
cases [6, 8, 15].

2. Gas Turbine Development Trends, Durability Challenge, and Study
Objective

Development of gas-turbines is now being guided by increased combined-cycle
efficiency, high turbine inlet temperature, increased operational flexibility, broader
fuel adaptability, and more data-based lifecycle management. In that respect, the
modern heavy-duty gas turbine is more than a thermodynamic machine, it is a thermal,
material and durability system. The evolution is as shown in Figure 1, and Table 1
connects the key development phases to their enabling technology and implication
of durability.

The advancements have been based on the enhancement of aerodynamics, pressure
ratio, combustion design, sealing, and integration of combined cycles. Meanwhile,
the trend towards H-, J-, and HL-class machineries has created advanced cooling,
single-crystal superalloys, and thermal barrier coatings as mandatory features rather
than secondary improvements [2-4, 7]. Cooling remains a key limit since the gas
temperatures are above the permissible temperatures of metal of many hot-section
components [3]. Thermal barrier coating increases the usable thermal window but
their decay is a significant issue [4,10]. The machines that run at higher temperatures
also needs better oxidation resistance, creep strength, and microstructural stability [7].

Table 1. Main stages and drivers of gas turbine technology development

Stage / focus Main t ecl'lnlcal Key enabling technologies M?m d'ura'blllty
objective implication
Classical Higher simple- Aerodynamic refinement, | Moderate thermal
industrial GT | cycle power and | improved compressor/ loading, mainly stress-
development | reliability turbine design based design
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Main technical

Main durability

€ra

Stage / focus T it Key enabling technologies ryfanifton
Advanced Higher plant Better exhaust heat recovery,| Higher steady thermal
combined- efficiency higher pressure ratio, better | stress in hot-section
cycle era combustion parts
High- Efficiency beyond |Advanced cooling, single- | Stronger creep-fatigue
temperature 60% CCGT and | crystal alloys, TBCs, interaction and coating
H/J/HL-class | then above 64% |improved sealing life issues

informed models

Fuel-flexible / | Lower carbon Low-NOx hydrogen- Changed combustion

hydrogen- intensity with capable combustors, temperature field and

ready era dispatchable upgraded thermal transient thermal risk
generation management

Digital lifecycle | Reliability under | Digital twins, diagnostics, | Life prediction

era flexible operation | prognostics, inspection- becomes continuously

updated rather than
static

Russian roadmap target (2018)

Mitsubishi M701)/JAC

Siemens SGT5-9000HL

Representative combined-cycle efficiency levels of heavy-duty gas turbines

60.00

64.18

58 59

60 61 62

Combined-cycle efficiency (%)

63 64

Note: values reported as “>64%" are plotted conservatively as 64.0 for visual comparison. The x-axis is truncated to show small differences more clearly.

Fig. 1. Representative heavy-duty gas turbine efficiency levels

Fuel flexibility and lifecycle-oriented operation add further complexity. Gas
turbines that can use hydrogen and the associated combustion systems are
receiving growing interest since they can facilitate decarbonization while preserving
dispatchability [5]. Simultaneously, gas turbines are being operated in more start-
stop cycles, load following, and variable thermal histories, so the rotor life extension,
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assessing it with information in inspections, and digital twins to manage performance
and health is of increasing interest [8,9].

In this wider evolution, one of the central technological bottlenecks is still the
hot-section durability. Higher performance intensifies thermal gradients, inelastic
strain, creep exposure, oxidation, and cyclic damage in the hottest and most highly
loaded components. In the case of blades and vanes, the primary issues are heat
loading, cooling performance, coating loss, thermo-mechanical fatigue, and, in
certain instances, repair problems [10,11]. In discs and rotors, centrifugal stress, radial
temperature gradients, start up/shut down transients, creep-fatigue interaction, and
unidirectional inelastic accumulation are the leading problems. Thermal-gradient
fatigue experiments also demonstrate that realistic high-temperature testing requires
not only constitutive behavior, but imposition and measurement of temperature
gradients in testing [12-14].

Two key gaps arise as a result of this background. First, most of the review papers
explain the trends in technology neatly yet the linkage between development of gas
turbines and lifing of components is implicit. Second, most of the detailed durability
studies are done on material behavior, finite-element analysis, thermal-gradient tests,
or crack-growth prediction, but there is no general linkage of these techniques to
the broader evolution of modern gas turbines [6,8,12-14]. The use of deformation
methods is meritorious since they differentiate between cyclic plasticity, cyclic creep,
one-sided plastic accumulation, and one-sided creep accumulation [15]. Nevertheless,
in cases where these mechanisms are only addited together via a linear sum, the model
can be not sensitive enough to the actual thermo-mechanical regime.

This paper aims thus to relate the trends in gas-turbine technology to the assessment
of durability of the hot-section and to suggest a compact enhanced deformation-based
criterion that improves sensitivity to creep participation and one-sided inelastic
accumulation.

3. Methodology

3.1. Thermo-mechanical durability workflow

Figure 2 summarizes the analytical procedure followed in this work. The workflow
begins with the operating scenario which includes the start-up, load-following, steady
high-temperature dwell, and shutdown. This cycle defines the thermal boundary
conditions acting on the component. Finite element thermal and stress-strain analysis
is then used to obtain the local temperature field, stress concentrations, and inelastic
strain histories in the critical regions. Simultaneously, a constitutive material model,
generally of elastic-plastic-creep or viscoplastic type, is employed to model the inelastic
response of the material at temperature. The resultant measures of deformation
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are inputted into the damage criterion that yields a scalar index of severity for the
considered loading regime. When necessary, the evaluation may be furthered to
crack-growth or residual-life analysis. Validation is conducted using comparison with
specimen tests, rig data, inspection or service observations, and digital updating can
be a supplemental feedback phase.

Inputs Core analysis Lifecycle update
Operating scenario -
; Thermal boundary FE thermal and Digital update /
(start-up. load-following, conditions stress-strain analysis model revision
steady dwell)
(elag:iactfrllzlsti”éc—,gfele / Damage criterion Crack-growth /
c-p . p (enhanced D model) residual-life assessment
viscoplastic)
Verifigation

v

Validation with specimen tests, rig data,
inspection results, or service observations

Fig. 2. Compact workflow for thermo-mechanical durability assessment

3.2. Classical and proposed enhanced criterion

In the case of hot-section components operating under non-isothermal cyclic
loading, deformation-based descriptions are convenient since they conserve the
separation of the primary damage channels. In the current study, the classical
foundation will be assumed to be a four-component deformation based cumulative
damage model of turbine discs as introduced in [15], wherein the cumulative damage
is expressed as.

D=D,+D,+D,+D,, (1)

where D, represents cyclic plastic straining, D, — cyclic creep straining, D; — one-
sided plastic accumulation, and D, — one-sided creep accumulation.

The appeal of this structure is that it isolates reversible cyclic inelasticity and
progressive monotonic accumulation. Nevertheless, a pure linear combination is not
always sensitive enough to the real loading regime, particularly when creep dominance
or when one-sided accumulation becomes significant relative to the cyclic strain range.
Because of this reason, the four-component model adopted is used here as the starting
point for a compact enhanced criterion.
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To maintain the clarity of the classical model and increase sensitivity of the
mechanism, enhanced reduced terms are introduced. Let As, and As, refer to the
equivalent cyclic plastic and cyclic creep strain ranges, and s*, and s*_ refer to the one-
sided accumulated strains. The modified partial contributions are given as

N A
D, =D,(1]a——x—), @
As, +As,
b, =D,a[b—), (3)
s, +s.
5+
D,=D,(1]|g—2—), (4)
, = Di( IgASP+SO)
b, =D,]d—), ®)
As, +s5,

where g, b, g and d are correction coefficients, s, — is a small regularization constant.
These terms maintain the physical meaning of the original four components of damage
but makes them more sensitive to mechanism interaction.

The total damage index is then defined as

D* = qIDl +q2D2 +q3D3 +q4D4 + iU’IZ \/DIDZ +lu34 \/DSD4 4 (6)

where g,-g, are weighting factors and p,,, pi,, characterize the interaction between the
cyclic and monotonic damage channels.

3.3. Validation cases and coefficients

To conduct proof-of-concept assessment two representative cases were picked
out of the rotating-disc dataset in [15] and referred to here as Case 1 and Case 2.
These cases were selected since they are related to two distinctly different patterns of
deterioration. Case 1 is dominated by one-sided creep accumulation and Case 2 is
ruled mainly by cyclic-creep response.

For the validation calculations, the strain measures defined in Section 3.2. were
used to evaluate the enhanced criterion.

For Case 1, the input values were

As, =0.06,As, =0.028,s7 =0.12,57 =0.16.

For Case 2, the corresponding values were
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As, =0.64,As, =0.350,s7 =0.89,s) =0.79.

The adopted model coefficients were
a=0.25,b=0.30,g=0.10, d = 0.10,

¢, = 1.00, g, = 1.15, g, = 1.00, q, = 1.20,
W = 0.10, pyy = 0.15.

These values keep the enhanced model close to the classical structure but with a
greater importance to creep-related deterioration.

4. Results and Discussion

The classical damage components (D,-D,) were selected from the rotating-disc
results as the baseline in the selected validation cases. The enhanced quantities D,-
D, and the total enhanced damage D" were then calculated in the present study using
Egs. (2) — (6). The overall outcomes are listed in Table 3.

Table 3. Classical and enhanced damage indices for the selected validation cases

Case | Level |D,/D,|D,/D,|D,/D,|D,/D, d:ﬁ::;e G"l:’fo’;;“g

Case 1| Classical | 0.0073 | 0.1010 | 0.0320 | 1.5700 | D =1.7100 —
One-sided
Case 1 | Enhanced | 0.0079 | 0.1183 | 0.0384 | 2.4650 | D*=3.1900 creep
accumulation
Case 2 | Classical | 0.0530 | 0.6200 | 0.0700 | 0.2500 | D =1.0100 —

Case 2 | Enhanced | 00577 | 07074 | 00797 | 03064 | D*= 13600 | CYclic-creep
response

Table 2 reveals that the two cases are not only different in the aggregate severity,
but also in the internal structure of damage. In Case 1, the predominant contribution
is D,, which suggests that the regime is dominated by one-sided creep accumulation.
Case 2, in its turn, is dictated mostly by D,, which is an indication of a deterioration
process that is controlled by cyclic and creep processes.

The overall effect of the enhanced formulation can be analyzed by drawing a
comparison between the classical cumulative damage D and the enhanced total
damage D". In the chosen cases, classical values are.

DCase—l = 1717 DCase—Z = ].0]_,
while the corresponding enhanced values are

D*Case-l = 3'19’ D*Case-Z = 1'36’
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Figure 3 presents these results as the comparative level of damages (classical and
enhanced) in both cases.

Comparison of classical and enhanced total damage
2.85

M Classical total damage, D
mmm Enhanced total damage, D*

2.5

Damage index
= I
u [=]
| |

g
=}
L

0.5 1

0.0 -

Case 1 Case 2
Validation case

Fig. 3. Comparison of classical and enhanced total damage for the selected
validation cases

There are two key effects as shown in Figure 3. First, the enhanced criterion keeps
the severity ranking of the cases: Case 1 remains more critical than Case 2. This is
necessary, as the physical order of deterioration states should not be distorted by an
enhanced model. Second, the enhanced criterion increases the predicted severity in
both cases, although not equally. This implies that the suggested formulation does not
use a uniform correction. Rather, it reacts to the internal damage structure of every
case in a different manner.

To bring this out better a factor of amplification can be given as

D
KA = 3
For Case-1,
3.19
=——=1.87,
A,Case-1 1'71

while for cas-2,
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1.36
= ~1.35.

A,Case—2 101

In this way, the enhanced model raises the severity estimate of Case 1 compared to
Case 2, which is in line with the higher contribution of one-sided creep accumulation
in Case 1. Generally, the proposed formulation maintains severity ranking, better
mechanism discrimination, and is a conservative without physical interpretability
loss. In particular, Case 1 is dominated by D,, whereas Case 2 is dominated by D,.

These results must be considered within the wider perspective of gas-turbine
development. Higher firing temperature, operation flexibility, and increased fuel
adaptability are all factors that increase thermo-mechanical stress on the components
of the hot section. This is the reason why the trends in technology, discussed above,
contribute to the necessity of more mechanism-sensitive models of durability. The
overall finding is thus integrative: the development trends of gas turbines and durability
modelling are not distinct issues, but two aspects of the same engineering challenge.

6. Conclusion

The paper has connected the development trends of gas-turbines with the
hot-section durability assessment. The suggested reduced enhanced criterion
maintained the severity ranking of the two validation cases and enhanced mechanism
discrimination. Case 1 was dominated by D,, which indicate one-sided creep
accumulation, whereas Case 2 was dominated by D,, which indicate a cyclic-creep-
controlled regime. The total damage was also increased more by the enhanced model
on Case 1 than on Case 2, which is also in line with the increased contribution of the
one-sided creep accumulation.

In general, the findings indicate that the suggested formulation offers a more
informative description of thermo-mechanical deterioration than a simple linear
cumulative rule, while remaining compact enough for engineering use. Future work
should be focus on broader calibration, fieldwise FE implementation, extension to
other hot-section components and more integration with the crack-growth and
lifecycle assessment.
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Effect of silicon oxide addition on the corrosion resistance and contact
angle of Ti15Mo alloy for biomedical applications
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Study investigated the effect of sio, addition on the corrosion resistance and surface
wettability of Ti-15Mo alloy for biomedical applications. The alloy was prepared by
powder metallurgy using Ti and Mo powders, with sio, added in the range of 0.5-3 wt%.
The powder mixture was blended for 5 h, compacted into disk-shaped samples under 800
mpa, and sintered at 950 °C at a heating rate of 10 °C/min during a period of 7 h. The
influence of sio, was examined by X-ray analysis, corrosion testing, and contact angle
measurement. The results showed that sio, addition had a great effect in enhancing the
corrosion resistance of the Ti-15Mo alloy. The highest performance was achieved at 3
Wt% sio,, where the corrosion resistance was improved by 98.8% and the corrosion rate
decreased to 2.31E-10 mpy when increasing the porosity up to 18.7%. The contact angle
also decreased from 45.786° to 35.473°, indicating improved surface wettability. These
results imply that Ti-15Mo alloy with the reinforcement of sio2 can be highly utilized
as a biomaterial, particularly in orthopedic implant applications.

Keywords: biomaterials, corrosion resistance, contact angle, orthopedics.

1 Introduction

o Since the 1980s, titanium and its alloys have found many applications in dentistry
and orthopedic medicine due to their combination of several characteristics that
are very desirable in biomedical applications, including strong corrosion resistance,
excellent biocompatibility, low density, and suitable mechanical performance [1,
7, 8, 10, 15, 16]. Due to this combination, titanium-based materials have become
particularly suitable to load-bearing applications, including dental prostheses and
implants, joint replacements, and other orthopedic applications [7, 8, 11, 15].
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Titanium has been of particular interest among the metallic biomaterials due to the
generally more favorable biological response of titanium compared to several cobalt-
and iron-based alloys. In such materials, elements like Co, Niand Cr can be emitted
in the forms of the ions within the body and will result in untoward biological effects
[7, 8, 10, 15, 16]. Commercially pure titanium (CP-Ti) and most titanium alloys on
the other hand have demonstrated good biocompatibility both in experimental and
clinical practice [5, 7, 8, 10]. This tendency can be explained by the stable passive oxide
coating which develops naturally on the surface of titanium and covers the material
in physiological conditions [5].

Corrosion resistance is of particular importance to implant materials since the hu-
man body is a chemically aggressive environment. In body fluids, chloride ions, organic
compounds and the other dissolved species are found and they may speed up the rate of
electrochemical degradation [1, 14, 15, 19]. In the case of corrosion, the metal ions and
the degradation products can be released into the surrounding tissue, thereby affecting
the performance of the implants and increasing the disadvantage of the long-term bio-
logical response. For this reason, improving the corrosion resistance of titanium-based
alloys remains one of the main goals of biomaterials research [7, 8, 10, 15, 16].

Simultaneously, the corrosion resistance of the implant does not determine its
performance alone, but the properties of the surface also play a role. The contact
between the implant surface and surrounding hard or soft tissue is the key factor in
the process of osseointegration, soft-tissue attachment, and long-term stability [5, 6].
Over the past few years, surface and compositional modifications able to enhance
wettability, better tissue response and lessen the risk of bacterial adhesion and peri-
implant complications have received a growing interest [5, 6, 9].

Titanium is commercially available in the a-phase form, and it has been utilized
successfully in several biomedical applications because of its excellent corrosion resis-
tance and non-toxicity in the human body [1, 7, 10, 15]. Nevertheless, its mechanical
characteristics do not always have the required strength and wear resistance as needed
by applications [7, 10, 11]. Titanium alloys were developed as a result of this limitation.
An example of one of the first and most commonly used is Ti-6Al-4V, providing better
strength. Nevertheless, its elastic modulus remains significantly better than the natu-
ral bone [10, 11, 15, 16]. Such a discrepancy can lead to stress shielding that can lead
to bone resorption and, ultimately, to loosening of the implants.

To address these shortcomings, recent research has been directed at finding new
titanium-based biomaterials that have a lower elastic modulus, better corrosion
resistance, and non-toxic alloying elements [10, 12, 15, 16, 17]. In this regard,
molybdenum is considered an attractive p-stabilizing element to titanium alloys.
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Ti-Mo systems have been of interest since they could offer a desirable trade-off
between mechanical performance and biocompatibility relative to the traditional
titanium alloys [10, 13, 16, 19]. However, the behavior of Ti — Mo alloys is strongly
influenced by both their composition and the processing conditions. Previous studies
have shown that Mo addition can enhance the development of phases like martensitic
orthorhombic a” and w phases, which can raise the strength but at the same time raise
the elastic modulus and and increase brittleness [16].

This is the reason that Ti-Mo alloys still require further modification to enhance
their biomedical use. One possible route is the incorporation of ceramic oxides like
SiO, which could improve the level of corrosion resistance and alter the behavior of
surfaces. From this perspective, the current research is an exploration of Ti-15Mo alloy
with SiO, and its possible usage in biomedical applications especially where better
corrosion behavior and good surface characteristics are needed [13, 19].

2. Experimental Work

Ti-15Mo — xSiO, specimens were fabricated by powder metallurgy. The average
particle size and purity of the starting powders are listed in Table 1. The weighted
powders were meticulously mixed in a rotating automatic ball mill using steel balls
of different diameters with ethanol serving as the wet medium of mixing. The mixing
was conducted during 5 h to obtain a homogenous powder blend. After mixing, 3.5
g of the mixture was then pressed into disk-shaped specimens, 12 mm in diameter
and 6 mm in thickness, using an electric hydraulic press. The compaction pressure
was 800 Mpa, and the specimens were maintained at the pressure of 800 Mpa in 4
min. The green compacts were then sintered in an electric furnace under an argon
atmosphere. The temperature was raised to 950 °C at a heating rate of 10 °C/min
and the samples maintained at this temperature for a duration of 7 hours. The
specimens were then allowed to cool in the furnace to allow them to attain room
temperature after sintering.

Table 1. Characteristics of the powders used in this study

Powder Average particle size (pm) Purity (%)
Ti 26.43 99.85
Mo 29.89 99.90
SiO, 53.433 99.95

2.1 Microstructures Characterization
X-Ray Diffraction. After sintering, The specimens of Ti-based alloys were analyzed
via X-ray diffraction (XRD) and the data compared with the reference data. The
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measurements were conducted by using the Cu ka radiation having a wavelength of
1.54060 A. The scan range was set at 20° — 80° with the step size of 0.02° and the scan
speed was 6°/min. The instrument was working at 40 kV and 30 mA.

Microstructure Observation. After sintering, all the specimens were
microstructurally examined through sequential grinding followed by 180, 400, 600,
800, 1000, 1200, 1500, and 2000-grit silicon carbide paper. The samples were then
polished with diamond paste to obtain a smooth mirror like surface. Etching was
performed at room temperature using the solution listed in Table 2. Following
etching, they were rinsed in water and dried, and optical microscopy was performed
at 400x magnification and scanning electron microscopy (SEM). Phase identification,
grain morphology, grain size and grain-boundary features were studied using the
microstructural analysis.

Table 2. Composition of the etching solution

Constituent Amount (mL)
HF 10
HNO, 5
H,O 85

2.2 Corrosion Test

Polarization testing was used to determine the behavior of corrosion by a standard
three electrode electrochemical cell in Ringer solution according to the ASTM
standards [18]. The cell included the specimen as the working electrode, platinum as
the working electrode, platinum was used as the auxiliary electrode, and a saturated
calomel electrode acted as the reference electrode. Winking M Labf200 potentiostat
was used to conduct the tests. Potentiometric polarization was performed after
stabilization at the open-circuit potential 250 mV below the open-circuit potential to
800 mV above it. The potential was swept in the anodic direction and the resulting
current response was recorded. Based on the polarization curves, corrosion potential
(E..) and corrosion current density (I,,,) were calculated and the corrosion rate was
calculated with the help of Equation (1) [18].

corr

0.131__(EW.
Corrosion Rate (mpy) = ¢ (1)

where E.W.is the equivalent weight (g/equiv.), p is the density (g/cm?), and I,,, is
the corrosion current density (#A/cm?).
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2.3 Contact Angle Test

Contact angle inspection device measure the angle of contact between the liquid
(Distilled water) and solid (Til5Mo-X Sio2) alloys substrate to know the wettability
of the electrolyte to the surface of the base sample.

3. Result And Discussion

3.1 Microstructure Characterization

The XRD of the green compact alloys reflect only the starting constituent phases
i. e. titanium (Ti), molybdenum (Mo) and silicon oxide (Si0,), as no phase change
is experienced during compaction. These transformations are diffusion-controlled
reactions and thus need high temperatures to occur. Figure 1 shows the XRD pattern
of (Ti-15Mo) alloy with 3% SiO,, which had been sintered at 950 °C during 7 h in an
atmosphere of argon. The findings show that following sintering, the initial elemental
(Ti) constituents were transformed to two titanium based solid-solution phases, a-Ti
and p-Ti. The observed behavior proves that the chosen temperature of sintering and
the holding time were adequate to facilitate interdiffusion among the alloying elements
and to finalize the phase transformation process.

’ s s | ; a ® -
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Fig. 1. XRD pattern of Ti-15Mo0-3Si0, alloy after the sintering process



MOAOAO
TexHuueckue Hayku yuéHbii| 41

3.2. Microstructure Representation

The microstructure of the prepared specimens was observed under light optical
microscopy (LO). Figure 2 presents optical micrograph of the base Ti-15Mo sintered
alloy, as seen under 400x magnification. Within the etched surface, the grain boundaries
and the phase contrast in the alloy are easily identified. The microstructure has a
duplex morphology made by two different regions as in Figure 2. Brighter areas are the
a -Ti phase and the darker areas are the B -Ti phase. This means that the sintered base
alloy developed a typical o + P titanium microstructure. The distribution of phases
observed also indicates that the powder metallurgy route offered a relatively uniform
microstructure across the matrix. This type of microstructural uniformity is significant
in that it may lead to predictable material behavior and preferential mechanical
performance. Generally, the optical micrograph shows that the two-phase structure
as desired in the Ti-15Mo base alloy was achieved successfully after the sintering.

ot Ti

Fig. 2. Optical micrograph of the base Ti-15Mo alloy at 400x magnification

3.3. Contact Angle Test

When the percentage of silicon oxide increases, the contact angle decreases, and
this means that the wettability increases, which leads to an increase in the bonding
between body tissues and the implanted alloy and reduction of time required for
healling. From Table 3 which is shown the variation of contact angles improvement
with silicon oxide contents, we notic that there where an increament in improvement
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percentagre with increasing silicon oxide content, because of silicon oxide addition
led to increase surface tension of surface alloy according to the following equation.

Table 3. Contact angle values and percentage reduction
for Ti-15Mo — xSi0, alloys

Sample Contact angle (°) Reduction (%)
Base 45.794 —
0.5 wt% SiO, 45.657 0.30
1.0 wt% SiO, 42.239 7.76
1.5 wt% SiO, 41.624 9.11
2.0 wt% SiO, 39.528 13.68
2.5 wt% SiO, 38.701 15.49
3.0 wt% SiO, 35.168 23.20

3.4 Corrosion Test

The electrochemical testing of thecorrosion behavior of Ti-15Mo and Ti-15Mo —
xSi0, alloys was done in the Hank solution at 37+1 °C. The related current-potential
relationships, presented as polarization curves in Figure 3 and Figure 4 indicate both
the anodic and cathodic responses of the studied alloys. The current dropped with
the change in the potential to a minimum value during cathodic polarization. During
anodic polarization, the current increased with increasing potential, indicating active
anodic dissolution. Meanwhile, the anodic shape also demonstrates that there is a
passive region of both the base alloy and the SiO,-based alloys, which signifies that a
protective surface film forms.

The electrochemical parameters derived from the polarization curves, including
the corrosion potential (E or)> and the corrosion
rate are highlighted in Tables 4. he findings reveal that the corrosion resistance of
Ti-15Mo alloy was enhanced by the addition of SiO,. In particular, the corrosion
current density decreased from 8.619 pA/cm? for the base alloy to 7.8 pA/cm? at 0.5
wt% SiO, and further to 1.92 pA/cm? at 3 wt% SiO,. This reduction in I
that the rate of corrosion decreases hence increased corrosion resistance.

), the corrosion current density (I

CorT.

o implies

Opverall, it is possible to state that the improvement in corrosion performance
can be may be associated with the role SiO, in promoting to the development of a
more protective surface layer that reduces the rate of corrosion of the alloy under the
simulated physiologic environment.
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Table 4. Porosity, corrosion potential (E,,,), corrosion current density (I,,),
corrosion rate, and improvement percentage of all alloys in Hank's solution

at 37x1°C
wt% | Porosity (%) | Icorr. (pA/cm?) | Ecorr. (mv) rca(:r(::i;; Imp rz)‘;;e)ment

0.0 18.24 8.619 -47 0.1411

0.5 20.7 7.8 -58 0.1057 25.02
1.0 214 6.921 -136 5.49E-09 31.65
1.5 23.2 5.11 -197 0.0964 54.86
2.0 26.4 4.574 -50 0.0636 49.51
2.5 28.6 2.54 -102 0.0712 77.49
3.0 30.9 1.92 -70 0.0252 82.81

4. Conclusion

1. Silicon oxide addition enhanced the corrosion resistance of Ti-15Mo alloy. This
became even better with increase in the SiO, content increased, reaching a maximum
of 82.81% at 3 wt% SiO,, when the corrosion rate declined to 0.0252 mpy.

2. The addition of SiO, to Ti-15Mo alloy improved the porosity of the specimen,
with the largest porosity of 30.9%being observed at 3 wt% SiO,. This change of
composition was associated with better corrosion performance under the current
experimental conditions.

3. Addition of SiO, to decrease the contact angle also was evident, with the highest
decrement being observed at 3 wt. SiO,. This result indicates improved surface
wettability, which was correlated with the increased corrosion behavior of the alloy.
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MEOUWUWNWHA N ©APMAKONIOINA

MporHocTryeckue MapKepbl XpOHUUECKOM 60/1e3HU NoYEK
npu MeTabonnM4yeckoM CMHAPOME B pa3HbIX BO3PaCTHbIX rpynnax

TupabsaH CeeTnaHa MaHBeNOBHa, aCMMpPaHT

HayuHbiit pykoBoauTens: KopHeeBa EneHa BukTopoBHa, KaHAMAAT MEAULIUHCKUX
HayK, OLEHT;

HayuHbin pykoBoauTens: [1o6pbiHMHA MprHa KOpbeBHa, LOKTOp MeAULMHCKUX
HayK, npodeccop;

HayuHbin pykoBoauTenb: ApsiMkuHa Onbra JIeoHnA0BHA, LOKTOP MEAMLMHCKMX
Hayk, npogdeccop

CypryTcKui rocyaapCTBEHHbIN YHUBEPCUTET

Omcupenrue u caxapHoiii Ouabem 2-20 muna (C/2) seag10mes 8edyuumu npuyu-
Hamu opmuposanus xporuueckoil 6one3nu novex (XBII) 8 pamkax kapouoperome-
maboauteckozo cunopoma. Bonpoc o 8xaade pasauuHbix eHomunos oncupeHus u 803-
pacmHbLx ocobenHocmeil 8 passumue peHaibHOl OUCHYHKYUL OCAEINCS OMKPLIMbIM.
Ienv uccnedosanus. Hsyuume pacnpocmpanennocme u cmpykmypy cmaouii XBbI1
y 60abHbIX ¢ Memaboauveckum cundopomom (MC) 6 pasauunvix 803pacmHulx epyn-
nax. Mamepuanvt u memoost. IIposeden anarus 300 ambyramopHbix kKapm nayu-
enmos ¢ MC (omupenue + C/I2), pazdenennbix Ha epynnbl CO2IACHO 803PACHOL HO-
menknamype Beemuproii opeanusayuu sopasooxparenus 2020 2.: monoodste (n = 45),
spenvte (n = 75) u nomuavie (n = 180). Juaznos «xporuueckas 601e3Hb nouex» e-
pudpuyuposan no kpumepuam KDIGO 2024 2. (ckopocmp k.1y60uko8oii purvmpa-
Yuu, anbOyMunypus, ars0ymuH-KpeamuHurosoe coomrouerue). IIposeder wacmom-
Hblll aHaau3 ¢ oyexxkoti 0ocmosepHocmu pasauduil (kpumepuil ). Pesyrsmamuot.
Pacnpocmparennocms XBII yseauuusandacs ¢ 803pacmom: y monoovix — 22,2% (cma-
ouu C1-C2), y 3penvix — 49,3% (cmaduu C2-C3a-C3b; p < 0,006), y noncuivix —
57,7% (cmaduu C3a-C3b-C4; p < 0,001). Borsasnero npeobnadarue neruju (73,3%).
Bo1800wt. Bozpacm ssasemca kawuessim paxmopom npozpeccuposarus XBIT npu MC.
Yacmoma peHanvHoii OUCHyHKYUU Y Ul 3peI020 U NONCUTI020 B03PACIA CINAMUCTIU-
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HeCKU 3HAYUMO Bblile, Hem Y MOI0ObIX, 4O OUKMYen HeoBX00UMOCHb PAHHE20 CKPU-
HUH2a MAPKEPO8 NOBPeNOEHUS NOUeK, HAYUHAS CO 3PesI020 803PACA.

Kniouesste cnosa: xponuueckas 601e3Hb noyex, memaboaueckuii CUHOPOM, OICU-
penue, caxapHoiii Ouabem 2-20 muna, KapouopeHomemabosueckuii CcuHOpom, 803-
pacmuuie 2pynnol, CKOPOCMb KAy604K080L pursmpayuu.

Be/leHHE

OxxMpeHHe B COBPEMEHHOM MHpe Ipe/iCTaB/seT c060# cepbe3HYI0 MeJHUKO-CO-
I[[Ha/IbHYI0 Ipo6/1eMy. JJ0KasaHo, YTO PUCKU PA3BUTHsI MeTab0THIECKOTO CUHAPOMA
(MC) cBsi3aHBI HE CTOJIBKO € OOIIUM 006'BEMOM SKHPOBOH MACChI, CKOJIBKO C €€ Top-
MOHAJIbHO-MeTab0TNYeCKON aKTHBHOCTHIO0. DTO IOC/TYIKHU/IO OCHOBAHHEM AJIsT pOp-
MHPOBAHHUA KOHIEMIUHN MeTab0JIN4eCKOTO 3J0POBbs, KOTOpas Jiel/la B OCHOBY CO-
BpeMeHHOH Kiaccupuranuu oxupenns. Hapsaay ¢ caxapHsiM arabeToM 2-To THIA
(C2), osxupenue siBisieTcst OCHOBOH fuisi popmupoBanus MC, BKIIOYAIOLIETO KO-
MOPOUAHOCTD C apTepHraibHOU runepTonueit (AT), uieMudeckoi 601e3HbI0 cepaLia,
JVICTUNNAAEMIEN U HEaIKOTOIbHOM YKUPOBO# 060/1e3HBIO TIeyeHH [1, ¢. 45-50; 2].

C/12 u AT pu3HaHbBI BeAyIIUMHU IPUIMHAMU Pa3BUTHA XPOHUYECKOH 00/1e3HN
nouek (XBII), 4To npuBesIo K GOPMUPOBAHHIO IIOHATUS «KapAHOpeHOMeTaboIide-
cKuil cungpom». OxupeHue Kak 6a30Bblil KOMIIOHeHT MC Tarske B/IS€TCS 3HAYU-
MbIM (aKTOPOM PHCKa Pa3BUTHA PeHaIbHbIX AUCPYHKIUH, OHAKO eAUHOE MHEHHE
0 BKJIAJIE eT'0 PA3/IMYHBIX GEHOTHUIIOB B IIATOTeHe3 IIOBPeXKAEHHA I09EK OTCYTCTBYeT
[3]. B cBs13u ¢ BbIcOKO# pactpocTpaneHHOCTHI0 XBIT pu oxupeHnn 0CoOyI0 aKTy-
QIBHOCTD IIPHOOPETAET IIOUCK PAHHNUX MAPKEPOB [IOYEIHOTO TOBPEK/IEHUS, 4 TAKIKe
H3y4YeHHe UX B3aUMOCBSA3H C IIapaMeTpaMU, XapaKTepU3YIOII MU TOPMOHA/IbHO-Me-
TabOIMIECKYIO COCTAB/SIONIYIO OXKUpeHUs. [eHeTHIecKast Mpepaciol0KeHHOCTh
K PasBUTHIO OKUPEHUS SBJIACTCS IePCIIeKTUBHBIM HallpaBJIeHUueM JJIs1 IIepCOHUPH-
[[MPOBAHHOTO BeZICHUS MTAIIIEHTOB U OLIEHKH KapAHOMeTa00IMIeCKOTO PHUcCKa [4].

Lenp nccieoBaHAA — U3YYUTD PACIPOCTPAHEHHOCTD U CTPYKTYPY cTagmii XBIT
y 6O/IBHBIX ¢ META60INYECKUM CHHAPOMOM B PAa3HbIX BO3PACTHBIX IPYIIIAX.

Marepuaibl 1 METOABI

Pabora BeImo/IHEHA 10 IJIAHY HAYYHO-HUCC/Ie0BATEIbCKON paboThl Kadenpbl
BHyTpeHHHX 60se3Helt BY BO XMAO — IOrps! «CypryTckuii rocysapcTBeHHBIH
yuuepcuter» (N2 AAAA-A19-119062490051-6) Ha 6aze BY XMAO — IOrpst
«J'opogckas KIMHUYeCKas MOJUKINHUKA N2 1» 3a nepuog 2025 rof MeTOA0M CILJIOLI-
HOH BBIOOPKH.

Ouarnossl (oxupenue, C/12 u cocrasstomue MC) ycTaHaBIHBAINCh B COOT-
BeTCTBUU C aKTYaJbHBIMH KIMHUYECKUMH peKoMeHzanusmu. O6cmesoBana Ko-
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ropra u3 300 am6byaTopHbIx manueHToB (220 xeHwH, 80 My)xuuH). PacnipeseneHre
110 BO3PACTHBIM TPYIIaM IPOBOJHUIOCH COIJIACHO HOMEHK/aType BcemupHoii op-
ranusanuu sgpasooxparenus 2020 r.: Mmosnogsle (n = 45), 3peble (n = 75) 1 HOKH-
sbie (n = 180).

OneHKa cOCTOSTHMSA OYEK MPOBOAU/IACH cormacHo kpurepuam KDIGO 2024 roza.
BceMm marpieHTaM BBIIIOTHSICS KOMILIEKC JJADOPATOPHBIX UCC/IEOBAHI, BK/IIOYaB-
U oNpezie/ieHHe YPOBHA albOYMUHYPHH, KpeaTHHHHA CBIBOPOTKH KPOBH C pac-
9eTOM CKOpPOCTH Kay60uxoBoil ¢pubrpanun (CKD), a1p6yMUH-KpeaTHHHHOBOTO
COOTHOIIIEHNs, TOKa3aTesel Kaapuui-GpocdaTHoro Metaboamsma, a TaKIKe HHIEKCA
HOMA-IR u ypOBHSI MOY€BO# KHC/IOTBI (THIIEPYPUKEMEH).

Crarncrudeckast 06paboTKa JaHHBIX IPOBO/M/IACH C UCIIOIb30BAHHEM METO/0B
JaCcTOTHOTO aHa/nu3a. /[[/11 cpaBHeHMs KaueCTBEHHBIX IIOKa3aTe/Ied IPUMeHAIN KPH-
Tepuii x* [TupcoHa. Pasindus canTaanch CTaTuCTUYECKH 3HAYUMBIMHU TIpH p < 0,05.

Pe3ynbraTel 1 00CyK/IeHIE

Amanu3 reH/IepHOTO COCTaBa UCC/IEAYeMOH TPYIIIBI IIOKa3asl, YTO CpeAn 00JIb-
HbIX ¢ oxxupeHreM 1 C/I2 B paMKax KapAHOpeHOMeTab0INIeCKOro CHHAPOMA B 2,75
pasa npeo61aaiu KEHIIUHbL, YTO MOXKET OBITh CBI3AHO KaK C TOPMOHATBHBIMH 0CO-
OeHHOCTSMH, TaK U ¢ 60Jiee BBICOKOH 06palaeMOCThIO JKEHCKOTO HACeIEHUS 3a Me-
JUITMHCKOHN ITOMOIIBIO.

ITpu oneHKe GpyHKIMOHATBHOTO COCTOSHUS TOYEK GBI IOy IeHbI CIe/YIOIHe
pesyabrarsl (Tabruna 1).

Tabnuua 1. PacnpoctpaHeHHocTb u ctaguu XBI B uccnegyembix rpynnax

BoapacTaas rpymma BsiaBieno XBII, OcHOBHBIE X2 »
n (%) crazuu XBII
Monogpie (n = 45) 10 (22,2%) C1C2 — —
3peinsre (n = 75) 37 (49,3%) C2-C3a-C3b 7,58 <0,006
TToxubie (n = 180) 104 (57,7%) C3a-C3b-C4 16,80 <0,001

B rpymnie Mo/0AbIX AIlMeHTOB AUCPYHKIIUA TTOYEK JMaTrHOCTHpOBaHa y 10 uesto-
Bek (22,2%), npu aTom XBIT coorBeTcTBOBaIa HavabHbIM cTagusM (C1-C2). Y ury
3pesIoro Bospacra 4yactora BblsBieHus XBI1 6pu1a 3HAYNMO BbILte, focTrast 49,3 %
(p < 0,006), c npeobrasanuem craguit C2-C3a-C3b, 4T0 CBHAETE/IBCTBYET O HadasIe
CYIIECTBEHHOT'O CHIKEHHUA PUIBTPAllMOHHON QYHKIIMH IOYEK.

Haub6ospuras pacnpocrpanenHocts XBIT 3apuKcupoBaHa B TpYIIIe MOXKHUIBIX
narueHToB — 104 cayvas (57,7%; p < 0,001). Y ganHO# Kareropuu 60TbHBIX fUa-
THOCTHPOBaHHI Oosiee TaKeable cTaguu 3abosneBanus — C3a-C3b-C4, uro xa-
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paKTepusyeT He TOJIBKO BBICOKYIO YACTOTY, HO U IIyOUHY NOpPayKeHHUs TOYeTHOH
TKaHH.

O6patraer Ha cebs1 BHIMaHHe YacTOTa BcTpedaeMocTr X BI1 y v 3pestoro u mo-
YKHJIOT'O BO3PAcTa, KOTOpasi OKa3a/lach CONOCTaBUMO BbICOKOH — 49,3 1 57,7 % coor-
BETCTBEHHO, UTO YKa3bIBaeT HA HEOOXOJUMOCTb AKTUBHOTO CKPHHUHTA [TOY€YHOH
AUCOYHKIIUH, HAYMHAS CO 3pe/IOT0 BO3PACTa, KOT/a IIPOIecC IPOrpecCHpOBaHUs CTa-
HOBUTCS KJIMHUYECKU 3HAYMMBIM. Ilo/TydeHHbIe JaHHbBIE KOPPENIUPYIOT C pe3y/IbTa-
TaMU JPyTHUX HCC/IeZloBaTe/IeH, YKasbIBalOIIUX HAa KYMY/IATHBHBIA 3 PeKT paKTopoB
pucka (AmuTenpHOCTD OKupeHus, ctax C/12, aprepuaibHasi THIIEPTEH3US) B IPO-
Ijecce CTapeHus opraHusma [5].

BriBoabI

1. B uccremyemoii koropte 60/1bHBIX ¢ oxxuperreM U C/I2 B cocTaBe KapAanope-
HOMeTabO0/IMIeCKOT0 CHH/POMa OTMEeYeHO 3HAUHTeJbHOE TIpeobIa/jaHue SKeHIHH
(cootHOMmIEHHE 2,75: 1).

2. XBII ariarHOCTHpOBaHA y MOJOBUHBI 00C/IeZI0BAHHBIX MAI[UeHTOB (1 = 151;
50,3%), Ipy 9TOM CTafHMU IOPAKEHHS [I0YEK 3aKOHOMEPHO YTSDKESUIUCH C BO3pa-
crom: C1-C2 — y monoapix; C2-C3a-C3b — y 3pensix; C3a-C3b-C4 — y noxu-
JIBIX GOTBHBIX.

3. CHmXeHHe CKOPOCTH K1y60uKoBOM GUIBTpaLK U Bo3pacTanue ctaguu XbI1
IIPOTPECCUPYIOT 10 Mepe YBeIMYeHHU BO3pacTa IallMeHToB. BbIcokas yacToTa BCTpe-
waemocty XBII y sim1y 3pesioro Bospacra (49,3%) JUKTyeT HEOOXOAUMOCTh PAHHETO
BBIABJIEHUSA MapKepOB IIOYEYHOTO MOBPEX/EHUS /Il CBOeBPeMeHHOH HedpoIIpo-
TeKTHUBHOH TepPAIHH.
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52 [yqEnein UccnenoBaHms MONOAbIX Y4EHbIX

<

CEJIbCKOE XO34MCTBO

Mcnonb3oBaHue MHGOPMALMOHHBIX TEXHONOMMI B CE/IbCKOM XO3S1MCTBE

Bacunbesa AHxena AHOpeeBHa, CTyAeHT
HayuHbin pykoBoauTenb: ApacnaHbaes Mpek Baknnbesuy, kaHanoat
3KOHOMMYECKMX HAYK, LOLLEHT

BaluKMPCKMIA rocynapCTBEHHbIV arpapHbii yHuBepcuTeT (r. Yda)

B pabome paccmampusaromcs cospemeHHble UHPOPMAYUOHHDbLE MEXHON02UU, NPU-
MeHSEMble 8 CeJIbCKOM X03STCmBe, UX 8/USHUE HA IPPHeKmUBHOCMb azpapro20 NPou3-
800cmBa U IKOHOMUHMECKYT0 01OaHy. AHAIUSUPYOMCS Ka0Hesble peutenus (mouHoe
semnedenue, 10T, Big Data), npusodamcs npumepst uedperus 8 Poccuu u 3a pybe-
HOM, OUEHUBAIOMCS IKOHOMUHECKUE Bb1200bl U bapvepbt 8Hedpenus. Jenarwmes 8vl-
800bL 0 NEPCNeKMUBAx YUPPOBU3AUUU OMPACTU.

Kntouesvie crosa: undopmayuortvle mexHos02Ul, celbCkoe X03UCmMB0, azpo-
CeKmop, UCKYCCMBeHHbLI UHMeNIeKIN, ABMOMAMUAYUS.

COBpeMeHHoe CeJIBCKOE XO3HCTBO [IEPEKUBAET ITAIl IYOOKOH TEXHOIOTHIECKOH
tpancopmanyn. BHeapenre nu$popmanuoHHbIx TexHosoruil (UT) cranoBuTCs
He IIPOCTO TPEHZAOM, a HeOOXOAUMBIM YCIOBHEM MOBBILIEHHUS KOHKYPEHTOCIOCO0-
HOCTH arpapHOTo ceKTopa. PocT HacesleHus, OrpaHUYeHHOCTh IIPHPOAHBIX PECypPCOB,
U3MeHeHMe KIUMaTa U TPeOOBaHUsA K 9KOJOTHIeCKOH YCTOHIMBOCTH BBIHYIKAAIOT
OTpac/Ib UCKAaTh HOBBIE ITO/IXO/bI K YIIPAB/IEHUIO IIPOU3BOJCTBOM.

HMudopmManMoOHHbIE TEXHOJIOTHU B CeTbCKOM X03AHCTBE OXBAThIBAIOT IMIUPOKUH
CIEKTp pelIeHUH — OT CIIyTHUKOBOT'O MOHHTOPHHTA ZI0 UCKYCCTBEHHOTI'O MHTEJ-
JiexTa. VX BHeApeHUe [I03BO/ISIET IePeHTH OT MHTYUTHBHBIX PElIeHUH K Hay4HO 00-
OCHOBAaHHOMY YIIPABJIEHHIO arPOIIPOU3BOJCTBOM.

Konnenuus tounoro semiezenus (Precision Agriculture) ocHoBana Ha gudde-
PEeHIIMPOBAHHOM YIIPaB/I€HHH arPOOIIEPALUAMH C YYETOM HEOZHOPOJHOCTH IOJIeH
[4]. B eé 0CHOBe JIEKHUT IPHUHIIKII, YTO Pa3Hble YIACTKU OJHOTO I10/I MOTYT Tpeho-
BaTb Pa3HOTO KOJMYeCTBa yAOOPEeHNH, BOABI HIN CeMAH. /I peaju3aiuu 3TOTO
nogxoza ucrnosabsyorcs GPS/IJIOHACC-naBuranus Ajsa TOYHOTO MO3UIIHOHUPO-
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BaHM:A TEXHUKH, JATYUKH BJIYKHOCTH, TEMIIEPATYPbI U IJIOLOPOJHA TIOUBBI, a TAKXKe
APOHBI ¥ CIly THUKH 151 a9pOOTOCHEMKH 1 [TOCTpoeHHs KapT Beretanuu (NDVI).
OKOHOMUYECKHUH 9P PEKT JOCTUTAeTCS 3a CIET COKpAIl[eHHs 3aTPpaT Ha YA0OpeHus
1 CPeACTBA 3alIUThI pacTeHUH Ha 15-30%, moBbIeHns ypoxaiHocTu Ha 10-20%
U CHIDKEHHUS 9KOJIOTHYECKOro yiepba oT mepepacxosa xuMukaros. Hanpumep, To-
JeyHOoe BHeCEHHE YI00peHUH TOTBKO Ha Te YYaCTKH IOJIA, TAe 3TO AeHCTBUTETbHO
Heo6X0ZIMMO, TO3BOJIAET He TOJIBKO COKOHOMHTD CPEZICTBA, HO U YMEHBIINTD 3arps3-
HEeHMe I'PYHTOBbIX BOJ.

MurepHer Beweit (I0T) 1 gatdauky UrparT Bcé Gostee 3HAYUMYIO POJIb B COBpe-
MEHHOM Ce/IbCKOM X03siicTBe [4]. /laTYMKH, yCTaHOBJICHHbIE B IIOJIAX, TEIUIHIIAX
win Ha ¢pepmax, Iepe/laloT JaHHbIe B PeKUMe PeaJbHOr0 BpeMeHH, YTO II03BOJIAeT
OIIepaTHBHO pearupoBaTh HAa U3MEHEHHUS YCIOBUH. B TemmuIax JaT4uKd MUKpPO-
K/IUMaTa KOHTPOJIUPYIOT TEMIIEPATYPY, BAAKHOCTD, yPOBEHb OCBELEHHOCTH U KOH-
LeHTPALUIO YIJIEKUCIOTO Ia3a, aBTOMaTUYECKH PEryINpys CUCTEMbl OTOIJIEHHS,
BEHTHJIALIUU U opollleHHA. Ha »XMBOTHOBOAYECKUX PpepMaX HOCUMbIE JATYUKH OT-
CJIeKHBAIOT AKTUBHOCTD, TEMIIEPATYPY Te/Ia X YaCTOTY AbIXaHHUSA YKUBOTHBIX, YTO I10-
MOTaeT CBOeBPEMEHHO BBIABJIATH 3a00/IeBaHUA U IPeLOTBPALIATh HX PacIpoCcTpa-
HeHue [5]. B pacTeHHeBOACTBe JATYMKKM MUKPOK/IMMATA B COYETAHUH C MOZE/IAMH
IPOTHO3MPOBAHUS MTO3BOJIAIOT IIPE/ICKa3aTh BCIBIIIKK 00Ie3HeH pacTeHHH U NpH-
HATb NIPeBEHTUBHbIE Mepbl. BHezpenue loT cokparaeT notepu ypokas Ha 5-15%
U CHIDKAeT 3aTPaThl Ha BEeTEPUHAPHOE OOCTyIKHUBAHHE.

HckyccrBennsiit unte/utext (M) u mammuaHOe 00ydeHIe BCE aKTUBHEE BHEAPS-
IOTCA B Ce/IbCKOX035HCTBEHHBIE NPOLecChl [3]. AJIrOPUTMBI KOMIIBIOTEPHOTO 3pe-
HHs, yCTAHOBJIEHHBIE Ha POHAX H/IM Ha3eMHOH TeXHHKe, CMIOCOOHBI pacIo3HaBaTh
COPHSKH CpeJiil Ky/IbTYPHBIX PACTEHHH U TOYEUHO PACIIBLIATH FepOHUIIUABI TOIBKO
Ha IIpo6IeMHble YIaCTKH. OTO He TOJIBKO 9KOHOMHT CPe/CTBA, HO U CHIDKAET XUMH-
YECKYIO Harpy3Ky Ha OKpy»Kalollyio cpexy. B coptuposke npoaykuuu MH-cucreMbr
ABTOMATHYECKH KIACCUPUITUPYIOT GPYKTBI ¥ OBOLIH II0 PasMepy, IIBETY U HATHIHIO
nedeKToB, 0TOpaKOBbIBas HEKAYeCTBEHHbIE 9K3eMIULIPHI. B sxuBoTHOBOACTBE MM
aHA/IU3UPYeT NOBe/IeHHE YKUBOTHDIX, BBIAB/IAA OTKIOHEHHUA OT HOPMbI, KOTOpBIE MO-
TYT CBUZIETEIbCTBOBATH O Hauase 3abos1eBaHusA. [IporHo3upoBaHue IIeH Ha CeJTbX03-
HPOAYKIHIO ¢ HoMo1bio MM momoraer ¢pepmepaM BbIOGUPATh ONTHMaJIbHOE BpeMs
AJI51 IPOJXKU, MAKCUMU3UPYS HPUOBLID.

Poborusanus 1 aBTOMaTHU3aLUsA CHIDKAIOT TPYAO3aTPaThl U PUCKH del0Bede-
ckoro ¢axropa [4]. Po6oTsI /151 IponosiKky, cOopa ypokasi UK ZOEHHsI KOPOB pa-
0O0TAIOT KPYITIOCYTOYHO, He YCTAIOT U He ZOIMYCKAIOT OIIHOOK U3-3a HeBHUMATE/IbHO-
cru. Hanpumep, po6otsl Lely, ncrospayembre Ha MosouHbIx depmax B Huzeprangax,
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ABTOMATH3UPYIOT IIPOIleCcC JOCHHUS, TIOBbIIIAs HaZlou Ha 5-8% 3a cuéT peryasap-
HOTO U KOM(pOPTHOTO JOEHHUsI B COOTBETCTBUH C NOTPEOHOCTIMU KaXKZOH KOPOBBL.
ABTOHOMHbBIE TPaKTOPBI U KOMOaiHbI, ocHauéHHble cuctreMamu MU u GPS, BbI-
IOJIHSIOT 1I0CEB, 00paboTKY 1 YOOPKY ¢ BBICOKOH TOYHOCTBIO, MUHUMU3UPYS Iie-
PEKpBITHS U IPOIYCKH. B TerIumnax poboTsl cCOGUPAIOT SITOABI HJIH OBOLIH, PACIIO-
3HaBas CTEIIeHb UX 3Pe/IOCTHU C TIOMOIIBI0 KaMep U a/ITOPUTMOB MAIIMHHOTO 3peHHU .

ITudposble IBONHUKY MOJIEH U pepM — elL€ OHO NepCIEeKTUBHOE HAallpaB/IeHUe
[3]. BupTyabHas MOZe/Ib X035HCTBA, CHHXPOHUSHPOBAHHAS C PeabHbIMU IAHHBIMU
C IATYMKOB U POHOB, I03BOJIAIET MOZETUPOBATh pa3/INYHbIe CLIeHAPUH YIIPaBIeHUA:
KaK U3MEHHTCS YPOXKAHHOCTb [IPU U3MEHEHHH HOPM BHECEHUs YA0OpeHHH, KaKoi
Oyzet apdeKT OT BHepeHUST HOBOTO COPTA WIN KaK IIOBJIHSET HA IPOAYKTUBHOCTD
H3MeHeHHe IpadHKa I10IHUBa. JTO AAET BO3MOXKHOCTDb TECTUPOBATH YIIPaBJIeHIECKHUE
pelenys 6e3 pucKa A peasbHOr0 MPOU3BO/CTBA.

B/10K4YeH-TeXHOJIOT MY HaXOAT IPUMEHEeHHE B OTC/ISKUBAHHUH IIeITOYKH [10CTa-
BOK CesIbX03MpoAykiuu [3]. IIpo3paunas 1 HensMeHsieMas 3alIUCh O IIPOUCXOXK/e-
HUH TOBApa, yCIOBHUAX €ro IPOU3BOJCTBA U TPAHCIIOPTHPOBKH ITOBBIIIAET JOBEPHE
norpebuTesell ¥ MO3BOJISIET IPEMUPOBATH IPOU3BOAUTEIEH, COOIIOAAIOIINX BBICO-
KHe CTaHJAPTHI KadyeCcTBa U 9KOJIOTMYHOCTH. HanmpuMmep, MoKymaresib MOMKeT OTCKa-
HupoBaTh QR-Koz Ha yrakoBKe Msca M YBU/ETb BCIO HCTOPHUIO €r0 IPOU3BOACTBA:
oT $pepMbl, I7ie BbIPAIIUBAJICA CKOT, 10 ATl ¥ BpeMeHH YOOs 1 YCIO0BUH TPaHCIIOp-
THUPOBKH.

O6aunble 11aTGOPMBI 0OBEANHSIOT BCE ITH TEXHO/IOTHU B €AUHYI0 9KOCUCTEMY
[2]. Depmep moTyHaeT JOCTYII K JAHHBIM C JATYMKOB, POHOB M METEOCTAHINH Yepe3
Beb-nHTepdelic uau MobuIbHOE IprIoKeHHe. [I1ardpopma aBTOMaTHYECKH aHa K-
3UpyeT HHPOPMALIUIO U BBIIAET PeKOMEH/IAITH: KOTI/IA U CKOJIBKO II0JINBATh, KAKHe
yno6peHus: BHOCUTD, KOTIa HauMHATh YOOpKy [2]. HekoTopsle cHucTeMBI faKe UH-
TETPUPYIOTCA C OYXraaTepCKoil MpOorpaMMOH, ITO3BOJISAS OLIEHUTh S9KOHOMUYECKYIO
3¢ PeKTUBHOCTD KK/AOTO arporpuéma.

ITpumepsr BHeApeHusa UT B ceJTbCKOM X03AHCTBE IEMOHCTPHUPYIOT HX PEaTbHYIO
nonb3y. B Poccun arpoxongunru «Muparopr», «depkusoso» u «Pycarpo» BHe-
IpAIOT cucTeMbl To4HOTrO 3eMiezenus u 10T [1]. TTo ganupiM MuHcenbxo3a PO, mu-
$poBHU3aLKA TO3BOIN/Ia CHU3UTD Ce0eCTOMMOCTD 3epHa Ha 7-12% B IMHJIOTHBIX XO-
3AHCTBAX 3a CIET ONTUMHU3ALNHU PACXO/A TOIINBA, CeMsH U yrobpenui [1]. B CIIA
kommanusa John Deere ocHamaeT cBOo texHuky MM -cucremamu /1711 aBTOMaTH4e-
CKOTO YIIPaBJIEHHs IIOCEBOM U YOOPKOH. DTO COKPATHUIIO BPeMsl IPOCTOSI TEXHUKU
Ha 20% ¥ TIOBBICHJIO TOYHOCTb BBINIO/THEHUA onepanuil. B Hugeprangax BepTHKaib-
Hble ¢pepmbl ¢ VIV -ynpaBieHreM MUKPOKJINMATOM JAl0T ypoxkai B 10 pa3 Bbllle
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C eIVHUIIBI TIJIONIA/IY, YeM TPaJUIIMOHHbIE TEIUTUIIBI, TPU 9TOM noTpebsasa Ha 90%
MeHblIIe BOJbI.

OKoHOMHYeCcKHe 3 PEKThI OT HUPPOBU3AIHH IIPOSABIAIOTCA B HECKOIBKUX KIIO-
€BBIX [TOKa3aTe/sIX. Bo-TiepBbIX, CHIDKAETCs Ce6eCTOMMOCTD npozaykuuu Ha 10-25%
3a CYET ONITUMHUBALMHU PECYPCOB: TOIUIUBA, yA0OpeHuUt, BoAbl, pabodeli cuisl [4]. Bo-
BTOPBIX, PACTET YPOIKAHHOCTD WIH HPOAYKTHBHOCTD Ha 10-30% O/1arofapst TOYHOMY
yIpaBJeHHIO arporrpuéMamu [4]. B-TpeTbux, cOKpalaeTcst CpOK OKyIaeMOCTH HUH-
Bectuiuil B 1T 10 2—4 /€T B KPYIHBIX X03HUCTBax [4]. B-4eTBEPTHIX, yMeHbIIaCTCS
9KOJIOTHIECKUH cef: cHimKaeTcs BbIOpoc CO2 OT CeIbXO3TEXHUKH, SKOHOMUTCS
BO/Ia, YMEHBIIIAETCSA 3arpsA3HEHHE ITI0YB U BOJOEMOB XMMHUKATaMH.

Opnako pacnpoctpanenue MT B ceTbCKOM X03AHCTBE CAEP/KUBACTCA PALOM
OappepoB. BpicoKass cTOMMOCTb 00OPYAOBAHUSA — JPOHOB, AATIUKOB, IPOrPaMM-
HOTO obecIiedeHHs — Jie/IaeT ero HeZJOCTYITHBIM /I MasIbIX pepMepCKHX X03AHCTB
[4]. HexBaTka KBaMHQUIMPOBAHHBIX KaJPOB, CIIOCOOHBIX paboTaTh C HOBBIMH TeX-
HOJIOTHSIMH, TaKXKe TOpMO3UT BHeApeHue [4]. Crabas nundpacTpyKTypa B Ceslb-
CKOI MECTHOCTH — OTCYTCTBHE CTaOH/IBHOIO HHTEPHETA, Iepebou ¢ 9HeprocHab-
JKEHHEM — OTPAHWYMBAET BO3MOXKHOCTH HCIIO/Ib30BaHMS 00/IauHBIX IIATGOPM
u IoT [4]. KoHcepBarusm arpapues, IPUBBIKIINX K TPAJUIINOHHBIM METO/AM pa-
0O0TBI, M HEOCTATOUHAs FOCTIOA/EPIKKA B PsAJie PETHOHOB JOMOTHUTEIBHO YCIOXK-
HAIOT Ipoljecc I POBU3AIHH.

B Poccuu rocriporpamma «Lludgposoe cebckoe X03SHCTBO» IpeycCMaTpUBaLT
psiz mep guist yckopenust BHegperns: T [1]. Cpegu Hux — cy6cuanu Ha MOKYIIKY
W T-perrennii, co3sanue efuHON udpoBoi mraTGopMsl AJIsI arPOCEKTOPa, 00b-
eAUHAIONIeH JaHHbIe O [IOTOZe, T0UBE, PhIHKAX U FOCIIOAAEPIKKe, a TAK)Ke 0bydeHne
depmepoB paboTe ¢ HOBbIMU TexHOMOorusAMH. K 2030 roay oxuzgaercs, 4to 1o 50%
Ce/IbX03IPEATPUATHH B Pa3BUTBIX CTPaHaX MepelAyT Ha MOZe/I TOUHOTO 3eM/Iejie-
nus [1]. IV cTaHeT cTaHAAPTOM YIIpaB/IeHUs arpoOH3HeCoM.

Hcnonb3oBaHre HHPOPMAIIMOHHBIX TEXHOJIOTHH TPAaHCPOPMHUPYET CETbCKOE XO-
3AMCTBO U3 TPAAULIMOHHO PECYPCOEMKOH OTPAC/IN B BBICOKOTEXHOIOTHYHBIN CEKTOP
9KOHOMHKHU. BHenpenue Tounoro semesenus, IoT, Big Data u MM nossonser cy-
I[eCTBEHHO TIOBBICUTh 9KOHOMHUYECKYIO 3 PEKTUBHOCTD, CHU3UTD SKOTOTHYECKYI0
HaTPY3KY U a/JallTUPOBAThCS K IJIOOATbHBIM BBI30BaM.
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Female Entrepreneurship and Work-Life Balance:
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This paper examines the relationship between female entrepreneurship and work-
life balance, with a focus on structural barriers, digital opportunities, and socio-cultural
influences. Drawing on entrepreneurship theories and gender inequality frameworks,
the study explores how women navigate business and personal responsibilities. The
findings suggest that while entrepreneurship offers flexibility, it also intensifies time-
related pressures due to unpaid care work and limited institutional support. The role of
digital platforms in enabling flexible work is highlighted, alongside cultural expectations
that shape women's entrepreneurial experiences. The paper concludes with practical
implications for policymakers, educators, and business support organizations, with
specific reference to Kazakhstan.

Keywords: entrepreneurship, female entrepreneurship, challenges and opportunities

ntroduction
Female entrepreneurship has grown steadily over the last two decades, but balancing
business demands with family and personal responsibilities remains one of the most
persistent challenges. Recent global evidence shows that women's startup activity
has increased, yet the gender gap in entrepreneurship still exists in many countries.
The GEM 2023/24 Women's Entrepreneurship Report found that women's startup
activity rose from an average of 6.1% in 2001-2005 to 10.4% in 2021-2023 across 30
countries, while the OECD estimates that women remain underrepresented among
active entrepreneurs and face structural barriers such as limited access to finance

and networks.
This article argues that work-life balance is not a private problem of individual
women entrepreneurs alone. It is shaped by family support, childcare systems, social
expectations, financial resources, and the wider economic context. Research shows
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that women's entrepreneurial success is closely linked to these conditions, especially
where care responsibilities and business demands overlap.

Literature Review

Female entrepreneurship has attracted increasing scholarly attention over the past
two decades, particularly in relation to work-life balance, gender inequality, and access
to resources. Existing literature highlights that while entrepreneurship offers women
flexibility and autonomy, it also creates new forms of pressure due to overlapping
professional and domestic responsibilities.

A foundational contribution by Agarwal and Lenka (2015) identifies work-
life balance as a central theme in research on women entrepreneurs. Their review
argues that women are more likely than men to experience role conflict because they
simultaneously manage business responsibilities and traditional family roles. The
authors emphasize that entrepreneurship is often perceived as a solution to rigid
employment structures; however, it can intensify workload and blur the boundaries
between personal and professional life.

Empirical studies support this perspective by demonstrating that women
entrepreneurs frequently operate under conditions of «double burden,» where paid
work and unpaid care responsibilities coexist. Edralin (2012) found that women
entrepreneurs adopt various coping strategies, such as integrating business activities
into home environments and practicing time management techniques. While these
strategies provide flexibility, they may also reinforce the merging of work and family
domains, making it difficult to achieve true balance.

Cross-national research further highlights that work-life balance is not a universal
experience but is shaped by economic and institutional contexts. Kaciak and Welsh
(2020) analyzed women entrepreneurs across multiple countries and found that levels
of work-family conflict and family support vary depending on national development
and cultural norms. Their findings suggest that women in middle-income economies
may experience higher levels of tension due to limited institutional support combined
with increasing economic participation.

Recent literature has shifted focus toward the role of support systems in
improving entrepreneurial outcomes. Yang et al. (2025) conducted a systematic
review and concluded that family support plays a critical role in enhancing women's
well-being and business sustainability. Importantly, the study identifies work-life
balance as a mediating factor between support systems and entrepreneurial success,
indicating that the presence of support alone is insufficient without effective balance
mechanisms.
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In addition to family-level factors, structural barriers continue to shape women's
entrepreneurial experiences. Reports by the Organisation for Economic Co-operation
and Development (OECD, 2025) show that women face persistent challenges in
accessing finance, business networks, and training opportunities. Women are less
likely to secure external funding and tend to rely on personal savings, which limits
business growth potential.

The unequal distribution of unpaid care work remains one of the most significant
constraints. According to the World Bank (2026), women globally spend significantly
more time on caregiving activities than men, reducing their ability to fully engage
in entrepreneurial activities. The report highlights that lack of affordable childcare
services directly impacts women's capacity to start and scale businesses, reinforcing
gender disparities in entrepreneurship.

At the same time, digital transformation has created new opportunities for
women entrepreneurs. Online platforms allow women to enter markets with lower
financial barriers and greater flexibility. However, the literature also warns that digital
entrepreneurship can extend working hours and increase expectations for constant
availability, thereby complicating work-life balance rather than resolving it.

Overall, the literature suggests that female entrepreneurship exists at the
intersection of opportunity and constraint. While entrepreneurship can empower
women economically, its success and sustainability depend heavily on social support
systems, institutional frameworks, and the ability to manage competing life roles. This
reinforces the need to view work-life balance not merely as an individual responsibility
but as a broader socio-economic issue.

Theoretical Framework

Understanding female entrepreneurship and work-life balance requires integrating
insights from both entrepreneurship theory and gender studies. This section outlines
the key theoretical perspectives that explain why women enter entrepreneurship and
why their experiences differ from men's.

Entrepreneurship Theories

Opportunity-Based vs. Necessity-Based Entrepreneurship

Entrepreneurship is commonly divided into opportunity-driven and necessity-
driven forms. Opportunity-based entrepreneurship occurs when individuals identify
and exploit a market gap, often motivated by independence, innovation, or profit. In
contrast, necessity-based entrepreneurship arises when individuals lack alternative
employment options.

For many women, entrepreneurship lies at the intersection of these two categories.
On the one hand, digitalization and flexible work opportunities allow women to
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identify and pursue business ideas. On the other hand, rigid labor markets and
limited work flexibility push women — especially mothers — toward self-employment
as a practical solution. This dual motivation helps explain why women may enter
entrepreneurship but still face structural constraints.

Resource-Based View (RBV)

The resource-based view suggests that business success depends on access to
valuable resources, including financial capital, education, skills, and social networks.
From this perspective, women's entrepreneurial outcomes are shaped by unequal
access to these resources.

Research consistently shows that women:

— have less access to external financing

— rely more on personal or family funds

— have smaller professional networks

These limitations affect not only business growth but also the ability to outsource
tasks or invest in support systems, which directly impacts work-life balance.

Human and Social Capital Theory

Human capital (education, skills, experience) and social capital (networks,
relationships) are critical for entrepreneurship. While women's educational attainment
has improved globally, gaps remain in access to business training and mentorship.

Social capital is particularly important for women entrepreneurs, as strong
networks can provide:

— emotional support

— business advice

— access to markets and funding

However, women often have less access to influential business networks, which
can limit their opportunities.

Gender Inequality Frameworks

Social Role Theory

Social role theory explains that men and women are expected to fulfill different
roles in society. Women are typically associated with caregiving and domestic
responsibilities, while men are associated with professional and leadership roles.

These expectations influence:

— how women allocate their time

— how society perceives women entrepreneurs

— how women evaluate their own success

As a result, women may prioritize family responsibilities even when running a
business, creating tension between roles.
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Institutional Theory

Institutional theory focuses on how formal (laws, policies) and informal (norms,
culture) institutions shape behavior. In the context of female entrepreneurship,
institutions determine access to:

— childcare services

— financial support programs

— legal protections

Weak institutional support can increase the burden on women, forcing them to
rely on informal solutions such as family support.

Gendered Division of Labor

This framework highlights the unequal distribution of unpaid work. Women
perform a disproportionate share of household and caregiving tasks, which reduces
the time and energy available for business activities.

This «double burden» is one of the main reasons why work-life balance is more
difficult for women entrepreneurs than for men.

Main Discussion

Barriers Faced by Women Entrepreneurs

Women entrepreneurs face a combination of structural, economic, and social
barriers that directly affect both business performance and personal well-being.

One of the most significant barriers is time constraint. Women are more likely
to be responsible for childcare and household duties, which limits the time they can
dedicate to business activities. This often leads to fragmented working hours and
reduced productivity.

Another major challenge is limited access to finance. Women are less likely to
receive bank loans or investment funding and often start businesses with smaller
amounts of capital. This restricts their ability to scale operations, hire employees, or
invest in technology.

In addition, gender bias and stereotypes continue to influence how women
entrepreneurs are perceived. Women may be seen as less competent or less committed
to business, especially if they have family responsibilities. These biases can affect access
to opportunities, partnerships, and funding.

Finally, women entrepreneurs often experience higher levels of stress and burnout.
The constant need to balance multiple roles — business owner, caregiver, and
household manager — creates emotional and psychological pressure.

In Kazakhstan, these challenges are particularly visible among small business
owners, where women frequently manage both entrepreneurial activities and family
responsibilities without formal support systems.
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Role of Digital Platforms

Digital platforms such as Instagram, TikTok, and LinkedIn have transformed the
landscape of female entrepreneurship.

These platforms offer several advantages:

— Low entry barriers: Women can start businesses without significant initial
investment

— Flexibility: Work can be done from home and at convenient times

— Direct access to customers: No need for physical stores or intermediaries

— DPersonal branding opportunities

In Kazakhstan, many women use Instagram to run small businesses such as
clothing shops, beauty services, and food delivery. This model allows them to combine
entrepreneurship with family responsibilities.

However, digital entrepreneurship also introduces new challenges. The expectation
of constant online presence can blur the boundaries between work and personal life.
Women may feel pressure to respond to customers at all times, leading to extended
working hours and reduced rest.

Thus, while digital platforms create opportunities, they do not automatically solve
work-life balance issues.

Cultural and Social Factors

Cultural and social norms play a crucial role in shaping women's entrepreneurial
experiences.

In many societies, including Kazakhstan, traditional expectations position women
as primary caregivers. These expectations can:

— limit women's time for business

— influence family support levels

— shape women's own priorities

Family support is a key factor. Women who receive help from partners or extended
family are more likely to succeed and maintain balance. In contrast, lack of support
can significantly increase stress and reduce business performance.

At the same time, social attitudes are gradually changing. In urban areas such
as Almaty, female entrepreneurship is becoming more accepted, and women are
increasingly encouraged to pursue professional and business goals.

Additionally, the growth of female networks and communities provides new
forms of support. These networks offer mentorship, collaboration opportunities, and
emotional encouragement, helping women overcome challenges.
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Interconnection of Factors

It is important to note that these factors do not operate independently. Instead,
they interact in complex ways:

— Limited finance can increase workload, affecting work-life balance

— Cultural expectations can reduce access to networks and opportunities

— Digital tools can both support and complicate balance

This interconnected nature highlights that female entrepreneurship is a
multidimensional issue requiring integrated solutions.

Theoretical and Analytical Implications

The findings of this study reinforce the idea that female entrepreneurship
should not be viewed solely as an economic activity but as a multi-dimensional
phenomenon shaped by social, cultural, and institutional factors. The interaction
between entrepreneurship theories and gender inequality frameworks demonstrates
that women's entrepreneurial experiences are structurally different from those of men.

In particular, the analysis highlights that work-life balance functions as a mediating
factor between access to resources and entrepreneurial outcomes. Even when women
have business opportunities or skills, their ability to succeed is constrained by time
limitations, unpaid care responsibilities, and social expectations. This suggests that
traditional entrepreneurship theories, which often assume equal access to resources
and time, may not fully capture the realities of female entrepreneurs.

Furthermore, the study contributes to the growing body of literature that
emphasizes the importance of contextual factors, especially in emerging economies
such as Kazakhstan. Cultural norms, institutional support systems, and levels of digital
development significantly influence how women experience entrepreneurship and
balance competing roles.

Practical Implications for Stakeholders

Policymakers

For policymakers, the findings suggest that promoting female entrepreneurship
requires more than financial support. While access to funding remains important,
social infrastructure plays an equally critical role.

Governments should:

— Invest in affordable and accessible childcare services, particularly in urban and
semi-urban areas

— Develop targeted financial programs, such as microloans and grants specifically
for women entrepreneurs
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— Support flexible work policies and legal frameworks that enable women to
combine business and family responsibilities

— Encourage the formalization of small businesses, especially those operating
through digital platforms

In Kazakhstan, strengthening these areas could significantly improve both
participation and sustainability of women-led businesses.

Educational Institutions

Educational institutions have a key role in preparing future women entrepreneurs.
The analysis shows that skills development alone is not sufficient unless it is aligned
with real-life challenges.

Universities and training centers should:

— Integrate entrepreneurship education with practical skills, such as digital
marketing, financial literacy, and time management

— Include modules on work-life balance strategies and stress management

— Provide mentorship programs, connecting students with successful female
entrepreneurs

— Encourage female participation in business-related fields

This approach can help women build not only knowledge but also confidence
and resilience.

Business Support Organizations and Ecosystems

Organizations that support entrepreneurship (incubators, accelerators, NGOs)
can play a crucial role in reducing gender-based barriers.

They should:

— Create women-focused business networks to increase access to social capital

— Offer flexible training formats (online, part-time) to accommodate women's
schedules

— Provide psychological and peer support, recognizing the emotional challenges
of entrepreneurship

— Facilitate access to funding opportunities and investors

Developing inclusive entrepreneurial ecosystems can significantly improve
business outcomes for women.

Women Entrepreneurs

At the individual level, women entrepreneurs can benefit from adopting specific
strategies to improve work-life balance.

These include:

— Setting clear boundaries between work and personal time
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— Using digital tools efficiently rather than being constantly available

— Delegating tasks where possible (both in business and at home)

— Building support networks, including family, friends, and professional
communities

— Prioritizing mental health and well-being

Importantly, women should avoid the unrealistic expectation of «doing everything
perfectly» and instead focus on sustainable approaches to both work and life.

Key Recommendations

Based on the analysis, several key recommendations emerge:

1. Strengthen childcare infrastructure to reduce the unpaid care burden

2. Improve access to finance through targeted programs for women

3. Promote digital entrepreneurship while addressing its risks (e. g., burnout)

4. Encourage cultural change toward more equal distribution of household
responsibilities

5. Develop integrated support systems, combining financial, educational, and
social support

These recommendations highlight that improving work-life balance is not only an
individual responsibility but a shared societal and institutional task.

Final Insight

Ultimately, the concept of «having it all» should be reconsidered. Rather than
expecting women to perfectly balance all roles, the focus should shift toward creating
realistic, supportive environments where women can succeed without excessive
pressure.

Conclusion

Female entrepreneurship is not only about starting a business. It is also about
sustaining a business while managing family life, personal well-being, and social
expectations. The literature shows that work-life balance improves when women have
access to family support, childcare, flexible work arrangements, mental health support,
and fairer institutional policies. It also shows that entrepreneurship policy should
move beyond encouraging women to «work harder» and instead build conditions
that make balanced growth possible.

In the end, women can build successful businesses and maintain meaningful
personal lives, but this is much more achievable when support systems are strong.
Work-life balance is therefore not just an individual skill; it is a shared responsibility
of families, employers, communities, and policymakers.
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