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The article considers the implementation of methods for optimizing underground external
engineering networks in order to reduce construction costs. For this purpose, the problem of
optimizing the route of such networks is set in the form of a nonlinear programming problem. The
route is modeled by a spatial polyline with rectilinear segments, and the coordinates of its vertices are
considered design variables. The ground surface in the designated area is modeled as a continuous
function of two coordinates in the plan using BIM technologies, which ensures the automated use of
topographic information when calculating the volume of earthworks and checking compliance with
constraints specified by standards requirements. The main result of the study is the formulation of the
problem of optimizing the route of the engineering network taking into account the terrain.
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function; constraints.

Introduction

Contemporary Building Information Modeling (BIM) technologies allow for the storage and
analysis of large volumes of data, enhancing the accuracy of considering real-world conditions in the
design process. Crucially, they enable the incorporation of terrain relief when determining optimal routes
for underground engineering networks.

Advancements in external engineering network optimization have significantly benefited from the
contributions of numerous scholars. Shatalov, Eremin, Sharapova and Vorotyntseva (2021) initiated a
foundational study on BIM coordination for street engineering renovations. This methodology was further
developed by Wei, Chen, and Wang (2018) with a focus on water supply and drainage design efficiency.
Additionally, Honcharenko, Terentyev, Malykhina, Druzhynina, and Gorbatyuk (2021) highlighted the
potential of BIM in early urban planning stages, showcasing its utility for digital modeling.

Further innovations were presented by Prasad, Khare, and Palod (2022), who introduced a multi-
objective evolutionary algorithm for optimizing water distribution networks, aligning with the sustainable
solution approaches emphasized by Marques, Savic, and Cunha (2015). The heuristic method
advancements by Eusuff, Lansey and Pasha (2006), and the improvements to the harmony search
algorithm by Geem (2014), marked significant progress in network design challenges.

Savic, Sultanova, and Mala—Jetmarova (2018) provided a comprehensive literature review
outlining critical directions for water system optimization. This was complemented by Farmani, Walters,
and Savic (2005), who offered evolutionary optimization perspectives. The discussions on metaheuristics
by Maier et al. (2014), alongside the review on water distribution optimization strategies by Fayomi,
Okolie, and Awe (2019), further enriched the academic dialogue.

Additional contributions from Babayan, Walters, and Savic (2007) focused on the challenges of
uncertain demand and pipe roughness, while Cunha and Ribeiro (2007) explored tabu search
methodologies, and Kapelan, Savic, and Walters (2005) developed decision-support frameworks. The
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field's current research frontier is represented by Ostfeld and Boindala (2022), who aimed for resilience in
water distribution systems with their robust design optimization work.

Incorporating the work of Maier, Simpson, Zecchin, Foong, Phang, Seah, and Tan (2016) on Ant
Colony Optimization techniques, the multiobjective optimization considerations by Maier, Simpson, and
Wu (2013), and the sustainable urban development decision-support tools by Kapelan, Savic, and Walters
(2005), these collective efforts have significantly pushed forward the dialogue on efficiency,
sustainability, and adaptability in external engineering network optimization.

The purpose of the article is to formulate the problem of optimizing the route of underground
engineering networks, taking into account construction costs and the use of BIM technologies for
modeling the topography of the territory.

Materials and methods

The task is to optimally design the route of the engineering network that extends continuously from
point O('x,, ¥, Z,) to point N(x,,; ¥, Zy ). The positions of points O and N are fixed in a certain three-

dimensional Cartesian coordinate system, immutable, and specified by the design task. The route has the
shape of a spatial polyline without self-intersections, consisting of N line segments, meaning there are
N-1 vertices of the polyline between points O and N (Fig. 1). The route labeled as a should be restricted
to the territory outlined in the permitting documents and bounded by two polygonal chains 5 and ¢
(Fig. 2), where the coordinates of their vertices are known. Additionally, the elevations H(x,y) of

ground surface points within this specified territory have been identified.
Among all permissible route options, it is necessary to select the one that ensures the global
extremum of the objective function.

Fig. 2. Schematic plan of the territory with the route: 0 — starting point of the route;
N — endpoint of the route; 1, 2, ..., N-1 — vertex numbers of the route; b, c — boundaries of the territory

Route optimization design variables include plan coordinates (x;,y ;) as well as elevation z; at

vertices of the route j =1, N —1 (Fig. 3).
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d

Fig. 3. Spatial representation of the route.: d — constraint surface
for one of the boundaries (other surfaces are conventionally not shown)

During the optimization problem solving, the values of design variables are selected in a way to
achieve the extreme value of the objective function while considering all specified requirements.

Results and discussion

The length L j of the route segment between the route's turn points j—1 and  is calculated using the formula:

2 2 2
Lj:\/(xj_xj—l) +(j =y +(z—z)7, (1)
where Xj_1> Xj, Yj_1> Vj»> Zj_1, Z are coordinates of the endpoints of segment j.

The length of the route L:

L 3 L
JZ::I j 2)
The slope of section j is calculated using the formula:
=t 3)
! L.

J
The objective function aims to minimize total costs in engineering network design, covering material,
installation, and operational expenses. The formula for the objective function may look as follows:

C =) C, - min, (4)

where ) C, is the sum of all expenses: the cost of all construction materials, components, and

consumables used during the construction process; expenses for paying the labor of workers and
engineering and technical staff directly involved in the construction; costs for renting or operating
construction machinery, machines, and equipment. Fixed costs like management, safety, permits, and
design are independent of design variables.

Network laying costs are calculated using route geometry, considering length, depth, terrain type,

and more. Material costs C, :
C,=L-p,, )
where p, is material price per route unit length is based on current construction material prices data.
Wages C;:
C=Vp, ©)

where p, is unit cost for the volume of work (Guidelines for determining direct costs in construction
costs, DSTU, 2013).
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Cost of machinery rental C,  :

Cmac:V.p .T’ (7)

mac

where p, . is cost of machinery rental (Guidelines for determining the cost of operating construction

machines and mechanisms in the cost of construction, DSTU, 2013); T is the time required for laying the
route, which is found by the formula:

r —Vh’ ®)
where N, is standard work time, which are determined from the regulatory document (Sectoral norms.
Collection 2. Issue 1. Mechanized and manual earthworks).

To calculate the volumes of earthworks, we divide the route into segments of small length /, , the
sum of which equals the length of the route L. Let the k-th segment be located within section j at a distance

L, from its beginning (from point j—1 of the route turn). Then, the total volume of earthworks for trench

construction ¥, canbe determined as the sum of volumes of earthworks on individual segments:
K
V=>", ©)
=1

where K is the number of segments into which the trench for laying the route is divided.
V=381, (10)

where /, is length of the i-th segment; S, is the average cross-sectional area of the trench in the k-th
segment. The average area of the trench segment is calculated using the formula:

b +b
Sk:hk%’ (11)

where 7, is depth of the k-th segment; b,, b, are lower and upper width of the trench segment. The
upper width of the trench segment is calculated using the formula:

bt,k :bb+2'bu,k’ (12)

where b, , is the slope width (Safety in construction. Earthworks. General safety requirements, 2009),

depending on the type and condition of the soil. The height of the trapezoid is calculated as the difference
between the surface elevation marks and the bottom of the trench using the formula:

h,=H,(x,y)-z, (13)

where z, is elevation mark of the bottom of the trench for the A-th segment; /, is elevation mark of the

surface for the k-th segment of the trench.

BIM and auto-interpolation determine the k-th segment's surface elevation, using geodetic data for
accurate depth calculation and optimal network routing. The elevation mark of the bottom of the trench
for the k-th segment is calculated using the formula:

Zy =z, k'ij’ (14)

where z, | is elevation mark of the trench bottom at the turning point of the route j—1; i, is the slope of

-1
section j between the turning points of the route j—1 and ;.
The slope is calculated using the formula:

= (15)
J Lj ?

where Lj is the distance between points j—1 and j of the route.

+1
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Designing routes for external engineering networks with BIM involves establishing constraints that
prevent crossing boundaries to mitigate conflicts and adhere to environmental zones. Furthermore,
specific laying depths are determined in accordance with regulatory values to ensure safety and durability

h—D=2[h] (16)
where [h]mm is regulatory depth for protection against freezing; D is the diameter (height) of the pipeline.

h—D=2[h] , (17)
where [h]m is regulatory depth for protection against mechanical damage.

The slope is expressed using the inequality:
[i]max 2 i] 2 [i]min ? (18)
where [i ]mm , [i ]max are regulatory slopes.

Values for [h]mm, [h]m , [i]min and [i]max are specified in the document (Sewerage. External

networks and structures. Basic design provisions, DBN, 2013).

Conclusions

The optimization problem for the engineering network route, comprising multiple segments
represented as a spatial polyline with vertices, is defined. Design variables encompass planar coordinates
(x, v) and elevation (z) at these vertices.

An objective function, expressed in terms of design variables, are devised to minimize costs,
incorporating material expenses, labor, and equipment rental, while considering earthworks during trench
construction.

Constraints for the optimization task are specified, ensuring network traversal within specified
limits, along with the requisite depth and slopes for route segments, also expressed in terms of design
variables.
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Haunionanshuii yHiBepcuteT “JIbBiBChKa MOMiTEXHIKA”,
kadeapa OyaiBENBHOTO BUPOOHHUIITBA

®OPMY.JIIOBAHHSI 3AJIAUI ONITUMIBALI TPACH MIJ3EMHUX IHJKEHEPHUX MEPEX
© lenewxo 1. /1., I'pyouu M. 1., Binoxyp O. M., 2024

VY cydacHoMy OyniBHHLTBI 30BHIIIHI MiJ3eMHI IH)KEHEPHI MEpeXi HIMPOKO 3aCTOCOBYIOTh, IPOTE
IUIaHYBaHHS €(EKTHBHOI'O BHKOPHCTaHHS PECYPCIB MiJl 4Yac iX MPOEKTYBaHHS 3alIMIIA€ThCSA CKJIaTHUM
3aBIaHHAM. Y CTaTTi BHPINIEHO aKTyaJbHE MUTAHHS YIPOBA/PKEHHS METOJIB OINTHMI3allii IHKEHEPHHX
MEpeX Yy MPAaKTUKY IX IPOEKTYBAHHS 1 MiHIMi3alii KOMIUIEKCY 3aTpaT Ha OYIiBHHIITBO.

Sk mepeayMoOBY €KOHOMIi 3aTpaT PO3MIAHYTO (POPMYIFOBAHHS 3aJadi ONTHMi3allii TpacH 30BHIIIHIX
IHKEHEPHUX MEpEeX 13 MiA3eMHUM INPOKIaJaHHsIM, Y (GopMi 3amaui HemiHiiiHOro mporpamyBanHs. Tpaca
MOJICTTFOEThCS  [TPOCTOPOBOIO  TOJIUTIHIEO 13 TMPSAMONIHIHHUMH CerMEHTaMH. 3MiHHHUMH TPOEKTYBaHHS
MIPUIHATO MPOCTOPOBI KOOPAWHATH TOYOK 3MIHM HAIpsMKy TpacH. [loBepXHs 3eMili Ha TepUTOpii, BUIiIeHA
Ui OyIIBHHMLTBA TpPacH, MOEIIOETECS HENepepBHOIO (YHKIIEI JBOX KOOpIWHAT y Tani. Jlis
MOJICITIOBAHHS MMOBEPXHI 3eMJIi Tepe0aueHO BUKOPUCTaHHA BIM-TeXHONOTH, SKi 3a0€3MeUyI0OTh 3a1aBaHHS
HeoOxinHOI TororpadivyHoi iHpopMmarii Ta ii BUKOPHUCTAHHS M Yac po3paxyHKy HapaMmeTpiB s BapiaHTIB
TpacH, IO pO3IJISAI0Th, BUKOHYIOUM onTuMizamito. lllykani KoOpJWHATH TOYOK Y TIUIaHi TOBUHHI
3a0e3reuyBaTi MPOXO/DKEHHS TPACH Y MeXaxX BUJIIEHOI TepUTOpil, a BUCOTH LUX TOYOK — 3a0e3nedyBaTu
JIOTPUMAaHHS HOPMATUBHHX BHMOI MIONO YXWIIB IUISHOK TpPacH, a TaKOX IIOJ0 HEOOXiJHOI TITMOWHM
MPOKJIaaHH Tpacu 3 ypaxyBaHHSAM HOPMAaTHBHOI IJIMOMHM IIpOMEp3aHHS IPYHTY Ta 3a0e3leueHHs
LTICHOCTI KOHCTPYKIIT caMoi Mepexi.

OCHOBHHUM pe3yJIbTaTOM BUKOHAHOTO JOCIIKEHHS € (hOpMYyIIOBaHHS LIbOBOI (DYHKIIIT Ta 0OMeXeHb
3aj1a4l onTHMi3amii Tpacu iH)KEHEpPHOI Mepexi 3 ypaxyBaHHSIM HOPMATHBHHX BHUMOTI 1 peajbHOi HMOBEpXHi
3eMili, Ky MOXKHa 3aaaTi 3a gomnoMoroio BIM-texnomoriit. 1o iHpopMarito BUKOPUCTOBYIOTH MiJ| 4ac
MiIpaxyHKy 3HA4YeHHs OOCATiB 3eMIITHUX pPOOIT Uil BU3HAYSHHS KPUTEPI0 ONTHMANBHOCTI Ta JUIs
PO3paxyHKy MOTPiOHUX 3HAYEHb ITij] Yac MepPEeBipKH 0OMEXKEHb.

KuiouoBi ciioBa: iH:keHepHi Mepe:xki; onTUMAaJibHe NMPOEKTYBAHHSA; 3aja4ya onTuMizamii; 3MiHHi
NMPOEKTYBAHHSA; HiIb0Ba GyHKIisI; 00MesKeHH.



