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DEVELOPMENT OF A SYSTEM OF
INDICES FOR MONITORING AND
ASSESSING THE SUSTAINABILITY
OF UNDERGROUND UTILITIES

The object of research is the exploitative sustainability of the urban underground utility system. The subject of research is performance
indices and methodological approaches to assess the sustainability and performance of urban underground utility systems.

The research study proposes a comprehensive system of indices to monitor and assess the sustainability of urban underground utili-
ties and address critical issues such as aging infrastructure, aggressive operating environments, and financial constraints. The research
study identifies seven categories of performance indices such as availability, funding sources, effectiveness of rehabilitation work, accident
mitigation, environmental safety, efficient use of funds and efficiency of monitoring implementation. Each index is intended to measure
a specific aspect of utility performance and provide a clearly defined basis to assess operational reliability and sustainability. Each of
these indexes serves to evaluate a certain aspect of engineering networks functioning. This creates a firmly formalized foundation to
the following analysis of the exploitation reliability and network durability. The methodology used regulations the calculation of these
indexes, establishes the range of values and their possible variations; also, defines correlations between indexes and characteristics of
sustainability of engineering communications. Indexes presented in this research provide an opportunity to predictive planning, increase
efficiency of reconstruction and modernization strategies and ensure optimal resource allocation, which increases the operational safety.
The methodology used regulations the calculation of these indexes, establishes the range of values and their possible variations; also,
defines correlations between indexes and characteristics of sustainability of engineering communications. Indexes presented in this
research provide an opportunity to predictive planning, increase efficiency of reconstruction and modernization strategies and ensure
optimal resource allocation, which increases the operational safety.

Practical value of the results obtained in this research consists in the possibility of the heads of municipal utilities to take grounded
management decisions. The research shows the level of impact of synergistic combination modern technology and financial planning
on forming long-term stability of engineering structures. The proposed research allows improving the quality of urban infrastructure
management. The application of the developed tools contributes to the stability of service provision and reduces the level of risks associ-
ated with the aging of engineering networks.

Keywords: indicator, operational sustainability, indicative planning, technical condition of networks, organizational and techno-
logical monitoring.
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1. Introduction facilities are recorded and subsequently analyzed [1]. This analysis
provides the basis for making well-informed management decisions.

Today, an essential component of the uninterrupted operation of
the urban utilities is to maintain all of their parts in proper condition to
prevent emergencies. Given the length of time the utility networks are
in use, the aggressive environments in which they operate, demanding
external circumstances and restrained budgets, this cannot be achieved
without implementing a system for monitoring their condition and
developing long-term renovation plans. All of the above fully applies to
the underground utility line facilities. Monitoring plays a crucial role in
tracking changes in resources, processes, and final outcomes over time.
An important component of the measures ensuring the stable operation
of urban life-support communications is monitoring the dynamics of
accounting indicators and establishing a system of control measure-
ments of the systems condition at specific time intervals. The results of
research on the operational characteristics of sewerage networks and

To ensure the stable operation of the underground utility infra-
structure, the following tasks must be addressed during the monitor-
ing process:

- tracking the compliance of planned and actually provided

centralized wastewater disposal services in terms of both volume

and quality;

- controlling the conformity of planned and actual renovation in-

dicators of underground utility networks, including both the scope

and list of scheduled maintenance works;

- continuous monitoring and control of the condition of under-

ground utility systems to prevent accidents during operation;

- ensuring environmental protection by preventing potential

emissions in case of system failures and developing preventive en-

vironmental measures;
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- integrating modern equipment and advanced technologies for
monitoring and controlling construction activities related to under-
ground utility infrastructure;

- controlling the compliance of planned and actual financial pro-

ject indicators related to maintaining the stable operation of mu-

nicipal infrastructure (in terms of both the volume and structure
of allocated funds).

To accomplish the aforementioned tasks and assess the effectiveness
of their implementation, a system of metrics must be developed. The in-
dicators forming this system are quantitative in nature, enabling the evalu-
ation of the success level in monitoring the system and identifying trends
in the processes occurring within the underground utility infrastructure.

Recent research has focused on indicator-based methods to assess
the sustainability and resilience of underground utility networks [2-5].
The studies are concerned with the measurement of sustainability, ex-
pert evaluation, and algorithmic decision-making support systems.
Several main areas can be identified.

A number of studies have developed indicator systems and calcula-
tion methods for underground utilities [2]. These include economic,
environmental, and technical parameters. Comprehensive approaches
integrate the life span, cost, and environmental impact when assessing
the sustainability of urban infrastructure.

Some studies explore the resilience of underground networks to
natural and man-made hazards [3]. They propose quantitative models
to assess "lifetime resilience” and predict failures in water supply and
sewer systems.

Researchers have developed key performance indicators (KPIs) for
water supply and wastewater disposal companies [4]. These indicators
measure failure rates, repair times, service quality, and financial stability.
These KPIs are used as templates for assessing other underground systems.

Approaches to decision-making support are being developed. Ex-
pert systems, fuzzy logic, and hybrid models help to assess risks and
identify maintenance priorities [5]. Fuzzy logic is useful where data is
uncertain and helps to formalize expert knowledge.

Finally, recent reviews indicate significant gaps in research [6].
Data related to underground utilities remain incomplete. Assessment
criteria are inconsistent, and there is no unified set of indicators. En-
vironmental and financial aspects are often considered separately from
technical aspects. The practical implementation of indicator systems in
urban areas is still limited.

Various indicators are used in different sectors of the economy and
industry at both micro- and macroeconomic levels. These indicators
consider the specific characteristics of the industry where they are ap-
plied and serve as indicators of certain trends in that industry in terms
of economic, financial, or integrated levels of development.

The work [7] examines how sustainability criteria were considered
in road infrastructure projects and identifies gaps in economic, environ-
mental, and social indicators. It provides a methodological framework to
develop sustainability indicators applicable to underground utilities. The
research study [8] contains step-by-step guidelines for developing indi-
cator systems for critical infrastructure using a multi-criteria approach.
Although the methodology focuses on roads and transportation, the ap-
proach is versatile and can be adapted for underground utilities.

The work [9] develops a quantitative model to assess the resilience
of underground infrastructure (tunnels) to various hazards, including
aging and unexpected accidents. It provides information to formalize
network functionality, losses, and repair time, which is important for
indicators such as repair efficiency and accident mitigation.

Although the paper [10] focuses on wastewater treatment plants,
this paper presents KPI-based monitoring and control for complex en-
gineering systems. It describes how KPI methodology can be formalized
in complex settings and can inform indicators such as the use of funds,
efficiency of monitoring, and efficiency of rehabilitation work. The review
paper [11] summarizes existing guidelines, tools, and standards for sus-

tainable and resilient infrastructure, highlighting gaps in standardization
and indicator unification. It is a valuable reference for identifying missing
elements when developing an indicator system for underground utilities.

The paper [12] examines indices that assess the economic matu-
rity of a number of countries to join the EU. The composite index for
economic integration proposed by the authors considers five main
criteria. The first criterion is functioning market economy, measured
by the transformation index (BTI) and the corruption perceptions
index (CPI). The second is competitiveness, measured by the global
competitiveness index (GCI) and the labor force participation (LFP)
rate. The third is macroeconomic stability, assessed using GDP growth
rates, unemployment, inflation, and the current account balance. The
fourth is convergence, measured by GDP per capita, the human devel-
opment index (HDI), government debt to GDP, internet access, and
fiscal balance. The fifth is financial capacity, which includes foreign di-
rect investment (FDI), non-performing loans, and the use of IMF loans.
The methodology used to assess countries by means of a composite
index was based on the collection and standardization of the latest data,
analysis of correlations between variables, and the creation of weighted
coeflicients for each criterion.

The application of a similar approach to the analysis of the sustain-
ability of underground utilities is of great relevance today, but requires
the adaptation of the methodology to the domain area and thorough
selection of both the main criteria and the indices within the criterion.

The paper [13] proposes a framework of performance indices
for assessing the quality of sewerage system services, in particular, on
the example of the Seoul Metropolitan Subway. Based on a survey of
experts and using the analytic hierarchy process (AHP) method, the
weight of criteria and alternatives was determined.

At the highest level, the authors propose three main objectives of
sewerage services, that is, "environmental water safety’, "sustainability
of sewerage services” and "customer compliance” as indices. The middle
level contains ten performance indices, which are meant to be pub-
licly available after conversion into scores, and the lower level contains
twenty technical performance indices.

The proposed structure of performance indices can be used to
develop a draft site plan for the Seoul subway wastewater and drainage
system. However, this structure requires major revision, addition, and
improvement. These changes are necessary to meet the needs of plan-
ning and to assess the development prospects of the sewerage system
in an average Ukrainian city.

A similar approach is used in the paper [14], where a system for
evaluating the effectiveness of rural sewage treatment facilities was
developed based on the analytic hierarchy process (AHP). The posi-
tive achievements of the authors include the quite logical distribution
of indices at the highest level of the hierarchy into three categories:
economic, technical and managerial, and the use of Yaahp10.3 soft-
ware to automate the processing of the judgment matrix. However, as
in the previous case, the results obtained cannot be applied to urban
underground utilities without significant modification.

The processes of data collection and analysis, which form the foun-
dation of monitoring, are subsequently utilized for the management and
control of the observed system. Monitoring the dynamics of indices re-
lated to assessing the efficiency of various aspects of the operation and
renovation of underground utility networks and facilities provides insights
into current trends. This, in turn, allows for their consideration in pricing
formation and tariff regulation for wastewater disposal services, as well as
in addressing other tasks aimed at ensuring the systems stable operation.

The successful implementation of a monitoring system for under-
ground networks and facilities to ensure their stable operation is pos-
sible under the fulfillment of several key requirements such as:

- strictadherence to the methodology for tracking and controlling

the studied indicators while maintaining the quality of wastewa-

ter disposal services at a level no lower than the specified standard;

s
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- monitoring the correlation between the degree of implementa-
tion of the monitoring system and the mechanisms for assessing ser-
vice quality;

- controlling the end-to-end performance indicators of the mu-

nicipal utility organization;

- verifying the accuracy of the interpretation of monitoring indi-

cators and data [1].

The monitoring methodology is based on a system of models that
form the foundation for tracking and controlling the system, as well as
analyzing the efficiency of this process. It includes a sequence of measures
for the regular collection of information, followed by an assessment of the
functional efhiciency of system operations and service provision, particu-
larly centralized wastewater disposal. Additionally, it evaluates changes
and costs associated with the monitored processes [15, 16]. Furthermore,
within the monitoring methodology, the structure and description of the
constituent elements of the studied system must be outlined.

The object of research is the operational sustainability of urban un-
derground utility systems.

The aim of research is to establish a system of indices for monitoring
and assessing the sustainability of underground utilities in the urban
environment.

To achieve this aim, the following tasks should be addressed:

- to form groups of indices according to the relevant criteria based

on the objectives of monitoring;

- to examine the patterns of formation of each of the indices with-

in the group and formalize the process of its calculation;

- toinvestigate the numerical limits of variation of each of the indices

and to identify the correlation between the value of the indices and its

impact on the stable operation of the underground utility line facilities.

2. Materials and Methods

The efficiency of monitoring in achieving the set goals is assessed
using a number of different indicators, including:

- growth or decline rates, which characterize absolute deviations

of relevant indicators (resources, processes, outcomes) from the av-

erage value over time;

- indicators that show changes in the structure of the set of moni-

tored parameters;

- indicators of compliance (or non-compliance) between interre-

lated indicators;

— ratios of different indicators;

- comparative characteristics of the monitored indicators.

Quantitative indicators are used to forecast development trends in
various areas and serve as a key tool for analyzing and monitoring the
operation of underground engineering infrastructure.

One of the most up-to-date challenges for modern society which
requires a integrated approach is maintaining the exploitative efficiency
of underground utility infrastructure facilities and carrying out their
step-by-step improvement.

The enhancement of a system of metrics which enables the assess-
ment and monitoring of the stability of underground networks and fa-
cilities is a crucial component to successfully addressing this challenge.

Solving the problem of a thorough selection of a set of indicators
that would cover technical and economic aspects of the research object
should contribute to the assessment of the effectiveness of the imple-
mented solutions. The segregation of indicators into categories and
taking into account the specifics of the assessment within the categories
should contribute to providing the implementation of an organi-
zational and technological monitoring system to ensure the stable
functioning of underground engineering networks and structures [15].

Analytical, statistical and modeling methods were used to estimate
the level of deterioration of underground utility infrastructure and the
possibility of being efficient in the work process.

The methodology is based on empirical data, regulatory frame-
works, and performance indicators applicable to centralized wastewa-
ter disposal networks. Data sources, methods and research steps were
shown in Table 1.

Table 1
Data sources, methods and rescarch steps
Analytical and
Data sources theoretical Research steps
methods

Statistical indicators related to Statistical ap-

Formation of

failures in the operation of mu-
nicipal underground engineering
networks and troubleshooting,

proach, trend
watching,
identifying
trends of certain

groups of indicators
of the upper level
of the hierarchy

such as failure frequency, statis-
tics on service interruptions, data
from maintenance logs, informa-
tion on reconstructions, etc.

for evaluating the
system according to
various principles

indicators based
on the analysis of
statistical data

Collection and
pre-processing of
research data from
utility operators
and open municipal

Correlation
analysis to iden-
tify connection
between different

Reports on the costs and ef-
fectiveness of the use of funds for
rehabilitation works provided by
wastewater service providers

rocesses
p datasets
Computing of
indices and their
. statistical variations,
Regulatory documents relating . L
. . . Analytical group- | such as deviation
to technical and service quality .
ing method measures, structural

standards D
changes indicators,

correlations coef-
ficients etc.

Technical documentation for the Model validity test-
construction of underground - ing using statistical
utility systems data

The data used in the research are generalized in nature. No per-
sonal data or sensitive technical information was processed.

3. Results and Discussion

Recommendations for indicative planning of the development of
underground utility networks are of advisory nature. The develop-
ment of the plan involves determining the indicator parameters such
as predictive, directive, and calculated indicators, including indices
of value changes, structural ratios, and others. Predictive indicative
plans are designed to assist legal entities managing sewer systems in
determining and developing their own plans based on future forecasts
from government bodies. These forecasts are scientifically justified by
research conducted by relevant organizations.

Indicative planning helps to harmonize and centralize objectives
and production plans, and to further coordinate capital investments.

The development trajectory of underground utility networks and
facilities is determined by the implementation of the developed in-
dicative plan. The plans development is based on the formalization of
asystem of indicators that take into account the technical and economic
parameters of the underground infrastructure at the beginning and
end of the plans implementation. The outcomes of implementing the
indicative plan include several key improvements. First, there is a better
balance in the structure of the underground utility network. Second, ef-
ficiency is enhanced in both technical and economic aspects. Third, the
stability and reliability of operation are increased. Fourth, the quality of
centralized wastewater disposal services is improved. Finally, costs are
reduced, as reflected in lower unit costs.

The set of indicators in the developed plan should reflect the tech-
nical condition of the system, its level of safety, the favorability of ex-
ternal conditions for the operation of life-support systems, financial
stability, and the economic feasibility of the proposed organizational
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and technological measures. During comparative analysis, the set of
indicators should provide a comprehensive description of the system’s
condition while remaining compact. Moreover, quantitative indicators
must be comparable both over time and in consideration of the spatial
distribution of sewerage network facilities, which significantly contrib-
utes to determining the target values of the indicators.

As part of the research, indicators were developed for implement-
ing a system of organizational and technological monitoring to ensure
the stable operation of the sewerage networks and facilities [2]. These

The indicators in this category are calculated based on the specific
weight of each source of financing. Table 3 presents data obtained
based on information regarding the comprehensive development of
the municipal sewerage system.

The third category of indicators determines the efficiency of reno-
vation work on the underground municipal utilities. The indicators in
this category are calculated as the ratio of the actual volume of work to
the planned volume, expressed as a percentage (Table 4).

o A . . Table 3
indicators were grouped into the following categories: Indices grouped by funding source distribution criterion
— provision of the sewerage networks and facilities complex; - -
- inflows of capital investments from various sources; No. IES;ES Formula U?;e(;fl:f'
- efficiency of the renovation works for the sewerage networks -
s Us = Fy/Frorar - 100%,
and facilities complex;
- efficiency of the repair works addressing the consequences of 51 nsi}clfrzl(iilctimét where F, is the amount of funding from o
. .. . . 0
emergency damages in the municipal sewerage system; fu r}: ding gb the municipal budget, thousand UAH;
- environmental sustainability of the sewerage system complex iﬂm/ Is ;h(ej/t\(:]al amount of funding,
ousan
usage;
= . 0,
— effectiveness of financial resources allocated for renovations and Ueomp = Feomp/ Fiouat - 100%.
elimination of emergency damage consequences; Share of oper- |\ o oy s the amount of funding
. . . . . . : ‘compan; 0
- efficiency of organizational and technological monitoring and en- 22 ?E:iiomf]any from the operating companies, thou- o
suring the uninterrupted operation of the municipal sewerage system. & “eomp | sand UAH; Fyyy s the total amount
The first category of indicators reflects the level of provision of the of funding, in thousand UAH
city with underground utility networks, including pipes of various diame- Slznrcg;iugr' Uggrp = Frearo!/ Fos - 100%,
ters, networks, collectors, sewer tunnels, shafts, and dissipation chambers. }iconstruction
The indicators in this category are determined by the ratio of the 2.3 | and Develop- where Fippp is the amount of fund- %
e . ing from the EBRD, thousand UAH;
length of utility networks to the total area of the city and the number of ment (EBRD) . .
o . A L fundi Fpra is the total amount of funding,
facilities relative to the area. When calculating the indicator, the follow- ‘2;1 ing, |} ousand UAH
ing data are taken into account (Table 2): EBRD
— . 0
- the number and length of each type of utility facility across the Share of Uevconssr = Eaconsn! Fora - 100%,
city (measured in kilometers and natural units); s construction | 4 Fopooneps i the amount of co- y
— the total area of the city (measured in square kilometers). ’ Org??lzﬁsns funding from construction organiza- ’
coUu & | tions, thousand UAH; F,sa11s the total
Table 2 coconstr amount of funding, thousand UAH
Indices of availability of the urban underground utility line facilities able 4
able
Indices Unit of mea- Indices of the effectiveness of rehabilitation work
No. Formula e s J
name surement for the underground utility line facilities
Urban sewer Uy =L1,/S, ; i .
: availability | where Z,; is the length of the sewer net- m/xm 7 — T, 100%
level, U, | work, km; S is the area of the city, km? Performance perform = V- yeall Vplan - o
Urban Uap =Ly/S, index for where 7731, is real volume of sewer o
collector 3.1 | sewer network k rehabilicati ks Vb i %
12 . o . km/kmz rehabilitation network rehabilitation work; lan 18
availability | where L is the length of the collector 0 planned volume of sewer network re-
level, U, | network, km; S is the area of the city, km* work, Lyerform habilitation work
U, =L,/S, Performance Lotform = V2l V' lan + 100%,
Urban 1 index for
1.3 SZ‘ZLEET’ where L, is the length of the sewer tun- |  km/km? 32 collector where 72, is real volume of collector %
r LU Y | nels in kilometers; S is the area of the rehabilitation | rehabilitation work; V lan 1 planned
Vel Y city, km? work, I | volume of collector rehabilitation work
Urban sewer Uy, = Ny /S, Performance Lerform = Vieal! Vian - 100%,
shaft avail- . ) index f
14 ability level, | where N, is the number of sewer shafts, units/km 33 | s e:rlere)t(u:rl; o where V7, is real volume of sewer %
U, units; S is the area of the city, km? rehabilitation tunnel rehabilitation work; 777, is
Urb - _ o planned volume of sewer tunnel reha-
rban still- Usep = Nyop/ S, work, It form e
: P bilitation work
s | ing chamber units/km? h — b ph 9
’ availability | where IV, is the number of stilling cham- Performance Lperform = Veal Vpian - 100%,
level, Uy, | bers, units; S is the area of the city, km? index for here Vi Lvel .
where V¥, is real volume of sewer N
34 r;ﬁ;ﬁii&;ﬁ:ﬂ shaft rehabilitation work; V}hl,m is %
The second category of indices describes the inflow of financial work, 5, planned volume of sewer shaft rcha-
resources from specific sources. These include relevant items of the bll“a“?; wotk —
. .. . st — st Stch . 0,
city budget and funds of the municipal utility. They also cover finances Performance Lyeorn = Vcail Vylon - 100%,
frlo.m the European Bank for Reconstr-uction and ‘Developmeflt. Ad- 35 ifldex}fOF Sbti”- where V%% s real volume of stilling )
ditionally, investments from construction companies are considered, : rlelilgaﬁil?tjtiz; chamber rehabilitation work; V5% is °
particularly when new construction projects increase the load on local work, I3 planned volume of stilling chamber re-
g i > 1o | habilitation work
utility facilities. 2

G
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The fourth category of indicators illustrates the efficiency of
remedial works in case of emergency damage to the underground
utility systems (Table 5). This category includes indicators for all

Table 6

Indices of environmental risk of damage of the underground

utility line facilities

parts of the sewerage system, including pipes of various dla'm— N Tndices _— Unic of mem
eters, networks, collectors, sewer tunnels, shafts, and dissipation o. name ormulia surement
chambers. The indicators in this category are determined as the Environmen- T = R JR&E. 100%,
ratio of the number of emergency damages in each part of the util- tal risk indi-
. . 1. .
ity system to the total number of such emergencies, expressed as s | for sewer | where R;,, is the level of environmental %
a percentage [12] : network | risk in sewer network operation; Rotal i
operation, | total risk level of the sewer network and
Table 5 L, associated facilities
: _ 2 _ pa total, 0
The indices of the effectiveness of work performance to eliminate accident- Envu-lor} I L = R/ Ry~ 100%,
caused damage to the underground utility line facilities mental ris 5 . .
52 indices for | where R, is the level of environmental %
. . . . . 0
N Indices v | Unit of mea- collector | risk in collector operation; Rl s total
o name ormuia surement operation, | risk level of the sewer network and as-
- - 12, sociated facilities
_ 5
Pf:rf(?rmance [;Jerﬁdumagt = N;{image/Ntatal - 100%, Environ- Ij’tnw — Riiw/Rtea;Zl' 100%,
indices for mental risk
emergency | where N is number of accident- L . .
4.1 sency d}‘m"ge . . % indices for | where R, is the level of environmental o
sewer net- | caused damages in sewer networks, units/ 5.3 Lo . rotal - %
. a1 . sewer tunnel | risk in sewer tunnel operation; Ry’ is
work repairs, | year; Nj,, is total number of accident- . .
e caused damages, units/year operation, | total risk level of the sewer network and
perf damage 8%, ¥ I, associated facilities
Performance I;Zerf_damage = NZ;amage/Nf‘gtal - 100%, Environ- Ig;.l, = Ri},;z,/Ri,”,,tZ[- 100%,
indices for mental risk
4 | cmergency where N iizamage is number of accident- % 54 indices for | where R, is the level of environmental %
- H H . B . . . . 0
collector | caused damages in collectors, units/year; sewer shaft | risk in sewer shaft operation; R4/ is to-
tzepairs, Nizat is total number of accident-caused operation, | tal risk level of the sewer network and
C. B
I5%s damage | damages, units/year i associated facilities
Performance | s dumage = Nefamage/ Niosar - 100%, Environ- J51h = Rtehy peotal, 10096
indices for mental risk env env! Leny ,
emergency | where N is number of accident- indices . .
4.3 geney damage . . % o where R# is the level of environmental o
sewer tunnel | caused damages in sewer tunnels, units/ 5.5 | forstilling risk in stilling chamber operation; R is %
repairs, year; N3, is total number of accident- chamber . 8 P >
I caused damages, units/vear operation total risk level of the sewer network and
perfdamage i b P ot > | associated facilities
Performance I;,lérf_ddmgg = N%mage/Nfﬁmg - 100%, —
indices for
44 | emergency where N;ﬁm,zge is number of accident- % Table 7
. ; . b . s
sewer shaft | caused damages in sewer shalfs, units/ Indices of the use of funds to ensure the sustainability of underground
repairs, year; N, is total number of accident- utility line facilities
I ;Ij,f damage | caused damages, units/year
—— Indices Unit of mea-
Performance steh vh tch N No. N Formula .
indices for Ipnﬁt[amagﬂ = Naiamage/zvtoml - 100%, ame - - surcmen
: — s 'S . 0,
emergency o ' Indices Ly = Fieat! Fplan - 100%,
45 stilling where N is number of accident- % of fund
’ chamber caused damages in stilling chambers, 61 utilization | where F3l,; is real funding volumes for %
repairs units/year; Nii% is total number of acci- ) for sewer | sewer network works, thousand UAH; ?
15, ’ dent-caused damages, units/year network Ff,};,m is planned funding volumes for
pof damage resilience, I;; | sewer network works, thousand UAH
)
Indices 1o = Fyo/ Flan - 100%,
Indicators of the fifth category should determine the level of envi- of fund
. . 2 . .
ronmental safety throughout the entire lifecycle of the underground en- 62 | wilization | here Frea is kfﬁal fl';mdﬁlg Vd?;“[jj\gr %
. . o . sewer network works, thousan; ;
gineering structures system. These indicators are calculated according for collector | .5 . .
ford nine the d Fenvi | risk resilience. T F%n is planned funding volumes for
to the methodology for determining the degree of environmental risk. Lo | (Sver network works, thousand UAH
The indicators in this category also cover all parts of the underground T = F4 JE . 100%
. . T . Indices of st = L'yeall X plan * 0,
engineering structures system. The indicators are defined as the ratio ol
. . . und utiliza- . .
of the degree of environmental risk for using each part of the system to 63 dion for where F}, is real funding volumes for %
the overall level of risk for the use of the entire system of underground sewer tunnel | $€Wer neework works, thousand UAH;
. . o F}lan is planned funding volumes for
engineering structures (Table 6). resilience, 1,
. . — . sewer network works, thousand UAH
The sixth category includes indicators of the efficiency of finan- ra— -
. . . T Indi f I, = Frml/Fplan - 100%,
cial resources allocated to improving the reliability of the under- ndices o
ground engineering structures system, expressed in monetary terms. fu“fi utiliza- where F{%,; is real funding volumes for
. . . . . 6.4 tion for %
The indicators in this category are determined as the ratio of the sewer shafi | SeWer network works, thousand UAH;
. . . . sh e B N
actual amount of financial resources allocated for implementing rele- resilience, I, Fjian is planned funding volumes for
* | sewer network works, thousand UAH
vant measures to the planned amount, expressed as a percentage [11]. T PRy a——
. PR . ndices o =F - 100%,
The normative value of this indicator equals 100%. Exceeding the fund udili sch = Frcal o ’
. . . . . . u utuiza-
normative value indicates the efficient use of financial resources or 65 | ton for still- | where F2 is real funding volumes for y
the overperformance of the planned scope of work. An indicator | ing chamber | sewer network works, thousand UAH; ?
value below the normative level indicates an insufficient utilization resilience, | 3}, is planned funding volumes for
of funds (Table 7). Ly sewer network works, thousand UAH
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Indicators of the seventh category determine the effectiveness of imple- The next stage of research involves assigning a threshold value
menting the organizational and technological control system for the stable  to each indicator of the effectiveness of implementing the organiza-
operation of the underground engineering structures system. To determine  tional and technological control system for the stable operation of the
the indicators in this category, it is necessary to calculate data over specific  underground engineering structures system, in accordance with its
time intervals to account for the dynamic nature of the indicators (Table 8).  essence (Table 9).

Table 8
Group of indices in terms of the efficiency of implementing the system of the organizational and technological monitoring to ensure
the stable operation of the underground utility line facilities
No. Indices name Formula Unit of measurement
System implemen- Ly impt = Fusit/ Frorant - 100%,
7.1 tation efficiency %
indices, Ly impt where F,,; is volume of utilized funds, million UAH; F,,,, is total allocated funds, million UAH
Systcm innovation Iinno'z/ = FIinnav/EatalZ - 100%,
! . N
72 mp l&?mentatlon where FJ;,, is volume of sewer network and facility rehabilitation using new technologies; . is &
indices, 1,0 1 e
total volume of sewer network and facility rehabilitation
Domestic tCChnOlOgy Idommzc = Fdnmestit/Eole - 100%,
e o
73 utlhzaItlon 1vnd1ces, where Fjpye0i is volume of sewer network and facility rehabilitation using domestic technologies; %
domestic Fpra> is total volume of sewer network and facility rehabilitation
Table 9
Indices of the effectiveness of the implementation of the organizational and technological monitoring system to ensure the stable operation
of the underground utility line facilities
. Indices value
No. Indices Name —
Definition Range of values
1 2 3 4
unsatisfactory 0-2
1.1 | Urban sewer network availability level, Uy satisfactory >2-3
sufficient >3-10
unsatisfactory 0-2
1.2 | Urban collector availability level, U,, satisfactory >2-3
sufficient >3-10
unsatisfactory 0-2
1.3 | Urban sewer tunnel availability level, U, satisfactory >2-3
sufficient >3-10
unsatisfactory 0-2
1.4 | Urban sewer shaft availability level, Uy, satisfactory >2-3
sufficient >3-10
unsatisfactory 0-2
1.5 | Urban stilling chamber availability level, U, satisfactory >2-3
sufficient >3-10
insufficient 0-20
2.1 | Share of municipal budget funding, U, moderate >20-80
sufficient >80-100
insufficient 0-20
2.2 | Share of operating company funding, U, moderate >20-80
sufficient >80-100
s p L g ) d insufficient 0-20
23 are of European Bank for .Reconstructlon an moderate ~20-80
Development (EBRD) funding, Ugsrp
sufficient >80-100
: . ] o, insufficient 0-20
24 Share o “construction organizations oderate 520-80
co-funding, Uy,-pner
sufficient >80-100
Peck i dices k rehabii critical 0-20
3.1 | Performance 13 ices for sewer network rehabili- satisfactory 520-80
tation work, I3y,
moderate >80-100
Pesk - dices & I b ilica critical 0-20
30 | Per orrr:;mcc indices for collector rehabilitation satisfactory 520-80
work, I5z,form
moderate >80-100
Pect indices & L schabil critical 0-20
33 | Per ormanceﬂm ices for sewer tunnel rehabilita- satisfactory 520-80
tion work, Lt o
moderate >80-100

@«
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Continuation of Table 9

1 2 3 4
P ndices haf rehabili critical 0-20
34 P.er ormancejhm ices for sewer shaft rehabilita- satisfactory 520-80
tion work, I5¢,rm
moderate >80-100
p i dices for stilling chamber ek critical 0-20
35 P.el.' ormance in 1;575 or stilling chamber reha- satisfactory 520-80
bilitation work, I .
perfo
moderate >80-100
. - dices & critical 0-20
41 | Performance 1?1 ices for emergency sewer net- satisfactory 520-80
work repairs Ity dumage
moderate >80-100
Perk i dices I critical 0-20
42 ! :;a?::l;gce in indices for emergency collector satisfactory 520-80
5 .
por_ damage moderate >80-100
p dices £ | critical 0-20
43 F:;a(i)::n;r:ce indices for emergency sewer tunncl atisfactory 520-80
5 s
pat-dumage moderate >80-100
Peck - dices & Lot critical 0-20
44 | Per ?rmajrhlce indices for emergency sewer sha satisfactory 520-80
1epairs, Lot dumage
moderate >80-100
Pect indices & - critical 0-20
45 |Performance indices for emergency stilling satisfactory 520-80
chamber repairs
moderate >80-100
) | ik indices f . critical 0-20
5.1 Env1ro.nmer§§a risk indices for sewer networ satisfactory 520-80
operation, I,
moderate >80-100
) ik indices & " critical 0-20
52 Ez:r;)[xllmenta risk indices for collector opera- satisfactory 520-80
e moderate >80-100
Envi 1 ik indices ) critical 0-20
5.3 nVer'nmCrltta riskK 1ndices for sewer tunne. Satisfactory >20—80
operation, I},
moderate >80-100
) | ik indices f e critical 0-20
54 Envlro.nmerzza risk indices for sewer sha satisfactory 520-80
operation, I,
moderate >80-100
) ik indices for stilline charab critical 0-20
55 Env1r0.nmen;; risk indices for stilling chamber satisfactory 520-80
operation, I};;
moderate >80-100
unsatisfactory 0-30
Coefficient of fund utilization for sewer network -
6.1 . satisfactory >30-70
resilience, C;
sufficient >70-100
unsatisfactory 0-30
Indices of fund utilization for collector resil- -
62 |. satisfactory >30-70
ience, I
sufficient >70-100
unsatisfactory 0-30
Indices of fund utilization for sewer tunnel ;
63 o satisfactory >30-70
resilience, I,
sufficient >70-100
unsatisfactory 0-30
Indices of fund utilization for sewer shaft -
6.4 . satisfactory >30-70
resilience, 1,
sufficient >70-100
Indices of fund urlizasion for stlling chamb unsatisfactory 0-30
65 fices of fund utilization for stilling chamber satisfactory 53070
resilience, 1),
sufficient >70-100
unsatisfactory 0-20
7.1 | System implementation efficiency indices, Ly iy moderate >20-80
high >80-100
unsatisfactory 0-20
7.2 | System innovation implementation indices, ;50 moderate >20-80
high >80-100
unsatisfactory 0-20
7.3 | Domestic technology utilization indices, Lyesic moderate >20-80
high >80-100
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The threshold values of performance indicators used to implement
the organizational and technological monitoring system are designed
to ensure the stable operation of underground infrastructure facilities.

In practical terms, the proposed methodology provides managers
of urban utilities with practical tools to make informed decisions in
the field of urban infrastructure management, ensuring the efficient
provision of services and reducing the risks associated with aging util-
ity networks. On the other hand, this research has several limitations.
Since the researchers used statistical data from their region to develop
the indicator system and determine its numerical limits, at least the
latter needs to be corrected for another area. In addition, during the
research the authors mainly relied on data on sewage infrastructure, so
the extension of the results to underground communication networks
for other purposes needs additional development.

In the future, the results are planned to be used in the development
of an intelligent expert system for estimating the stability of under-
ground sewer networks and structures. To be able to organize work
in conditions of uncertainty, the authors are going to apply fuzzy logic
when building the system. The results, presented in the article, give
grounds to argue about the possibility of their implementation in a real
industrial process.

4. Conclusions

1. Asaresult of research was developed a methodological basis to
form a hierarchy of indicators for monitoring of the stable work of un-
derground sewer networks and facilities. The hierarchy includes seven
logically structured groups of indicators that cover technical, financial,
environmental, and organizational feathers of the system’s stability.
The received result completely complies with the research goal, as it
serves basis to conduct an integral estimation of the condition of the
sewer infrastructure and can be a basis for monitoring. The developed
system of indicators contains both fixed and dynamic parameters and
allows estimating both the current state of the system and its adaptive
characteristics.

2. The seven clusters of indicators (three to five per cluster) provide
amultidimensional estimation of system resistance. In contrast to existing
fragmented decision, the hierarchical organization of indicators creates
alogically coherent and methodologically unified system. This approach
permit identifying and eliminating bottlenecks in the infrastructure,
making operational failures and investment gaps visible, and helps de-
termine a list of restoration priorities. Combining operational, financial,
and environmental indicators gives noticeably higher sensitivity to early
marks of letdown in the utility networks compared to only one category
metric. That why the proposed solution is so good for long run.

3. The effect of each indicator on the sustainability of under-
ground sewer networks was assessed by establishing quantitative
ranges of variability and determining thresholds of sensitivity. The
results show that the indicators related to the effectiveness of emer-
gency response and reconstruction outcomes have the strongest direct
impact on the sustainability of the sewer system, while financial and en-
vironmental indicators are medium-term modulators of sustainability.
This quantitative assessment allows critical, moderate, and insignificant
factors to be identified, thus providing decision-makers with a tool for
prioritizing measures and allocating funds more effectively. This result
is particularly valuable because of its practical applicability: it allows
adaptive monitoring thresholds to be established and facilitates the
transition from reactive to preventive maintenance strategies.
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