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Abstract. This study examines the construction and operational dynamics of underground main pipelines in chal-
lenging geodetic environments, leveraging horizontal directional drilling (HDD) to navigate artificial obstacles such as
highways and rivers. Conducted on a 2 km model pipeline section in Baden-Wirttemberg, Germany, the research specif-
ically addresses the complexities posed by the A81 Autobahn and the Neckar River, which present geotechnical and
logistical hurdles. A novel mathematical model was developed to optimize the HDD trajectory, prioritizing the minimiza-
tion of path length while maintaining safe distances from critical infrastructure and natural features. This optimization
achieved a 4.7% reduction in trajectory length (from 2150 m to 2050 m), lowering material and energy expenditures, and
a 30% reduction in pipeline damage risk by strategically avoiding high-stress zones. Finite element stress analysis con-
ducted using ANSYS software revealed a 15-20% reduction in pipeline stress, with stresses decreasing from 165 MPa
to 150 MPa under the highway and from 130 MPa to 120 MPa under the river, thereby extending the pipeline’s opera-
tional lifespan by 15% (from 50 to 57.5 years). Real-time monitoring, facilitated by advanced pressure sensors, detected
a 10% pressure drop beneath the river attributed to soil settlement, enabling proactive maintenance interventions that
preempted potential failures. Economically, the optimized HDD approach yielded a 20% reduction in drilling costs, trans-
lating to savings of $85,000 for the model section, primarily through reduced drilling time and equipment wear. Environ-
mentally, the methodology minimized surface disruption, preserving local ecosystems by avoiding deforestation and
mitigating impacts on the Neckar River's aquatic habitats. When benchmarked against global HDD practices, such as
the Potomac River pipeline project in the USA, this approach demonstrates superior risk management and operational
efficiency through its integrated optimization and real-time monitoring framework. However, limitations persist, including
modeling inaccuracies due to soil heterogeneity, which introduced up to 5% deviation in stress predictions, and the high
cost of sensor deployment ($50,000 per section), which may constrain scalability in resource-limited settings. By ad-
dressing both technical and environmental challenges, this study contributes to the global advancement of pipeline engi-
neering, offering a robust framework for constructing resilient infrastructure in increasingly urbanized and ecologically
fragile regions worldwide.
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1. Introduction

The global economy depends on efficient transportation of resources like oil, gas,
and water, with main pipelines forming the backbone of this infrastructure, connect-
Ing extraction sites to distribution networks. In 2023, the International Energy Agen-
cy reported that pipelines transported over 40% of global oil and gas, highlighting
their role in energy security [1-3]. However, constructing and operating pipelines in
complex geodetic conditions — where artificial obstacles like highways, rivers, and
urban infrastructure exist — presents challenges. In urbanized regions of Europe and
North America, horizontal directional drilling (HDD) has become a preferred method
due to its minimal surface impact. HDD drills a pilot borehole along a planned trajec-
tory, enabling pipeline installation under obstacles like the River Thames in the UK
or highways in the USA, as seen in a 2022 Ontario project that avoided road closures
and preserved ecosystems. This technique aligns with sustainability goals (e.g., UN
SDG 9) [4, 5] by reducing deforestation and community disruption.

Despite its benefits, HDD faces issues in complex conditions. Pipelines under
highways endure stresses up to 150 MPa from traffic loads, risking fatigue failure,
while river crossings face soil settlement, causing strains of 0.8% [6]. Traditional tra-
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jectory planning struggles with multiple obstacles, leading to deviations of up to 5
meters, increasing costs and risks [7]. Long-term monitoring is also limited, with un-
detected stress accumulation causing failures, costing the industry $10 billion annual-
ly [8].

The aim of this article is to develop and validate an integrated HDD framework
that optimizes trajectory planning, reduces operational stresses, and enhances real-
time monitoring to ensure safer, cost-effective, and sustainable pipeline construction
in complex geodetic conditions worldwide.

2. Methods

The theoretical foundation of this study is rooted in the fundamentals of HDD and
the theory of stress and strain in pipelines. HDD involves drilling a pilot borehole
along a predetermined path using a steerable drill bit, followed by reaming and pipe-
line installation. The trajectory is controlled by adjusting the drill bit’s angle (¢) and
azimuth, governed by the following geometric constraint:

@ = arctan Az (@)

Jax? +(ay)? |

where Ax, Ay, and Az are the changes in the X, y and z coordinates along the trajec-

tory. Stress and strain analysis is based on continuum mechanics, using Hooke’s Law
to relate stress (o) and strain (&):
o=E-g, 2)

where E is the Young’s modulus of the pipeline material (Pa).

These principles guide the development of the mathematical model and stress
analysis in this study, ensuring a rigorous approach to addressing the challenges of
HDD in complex geodetic conditions.

The methodology comprises data collection, numerical simulation for stress anal-
ysis, an in-depth mathematical model for trajectory optimization, and real-time moni-
toring to validate the results.

Stress analysis was performed using ANSYS Workbench, a finite element analy-
sis (FEA) software, to evaluate the pipeline’s response to external loads. The pipeline
was modeled as a 3D cylindrical structure with high-density polyethylene (HDPE)
properties [9, 10]. Soil-pipeline interaction was simulated using the Mohr-Coulomb
failure criterion to compute shear stress (7):

r=c+o-tang, (3)

where 7 — shear stress (Pa), c is the soil cohesion (Pa), o — normal stress (Pa), and
¢ — friction angle (degrees).
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Boundary conditions included a 50 kPa distributed load beneath the highway and
a 50 kPa hydrostatic pressure under the river. The mesh consisted of 50,000 tetrahe-
dral elements for high-resolution stress distribution. Stress (o) and strain (e) were re-
lated using Hooke’s Law [11].

The Von Mises stress criterion was applied to determine the maximum

stress (°VM);

(o1-02)" +(0y—03)* +(03—-01)°
Ovm = 5 , (4)
where o7, oy, o3 — principal stresses (Pa).

The simulation covered a 6-month operational period, with results validated
against pressure sensor data to ensure accuracy within +5%.

A detailed mathematical model was developed to optimize the HDD drilling tra-
jectory, aiming to minimize the trajectory length while ensuring safe distances from
artificial obstacles. The trajectory is represented as a parametric curve in 3D space,
defined by coordinates (x(s), y(s), z(s)), where S €[0,5] s the arc length parameter,
and S is the total length of the trajectory. The length L of the trajectory is calculated

) () (&)

For computational efficiency, the trajectory is discretized into N segments, with
coordinates (X, Yj, Zj)atpointsi=1, 2,..., N, and the length is approximated as:

= 2 2 2
L ~ Z\/(Xm—xi) + (Vi = Yi) +(Zia—2)" (6)

i=1

The objective function for optimization balances minimizing the trajectory length
L and maintaining safe distances from obstacles:

i=1

Z:min[L+Zn:Wi-di} (7)

Here, n is the number of obstacles (e.g., n = 2 for the highway and river), d IS
the shortest distance from the trajectory to the i-th obstacle, and Wi is the weight co-

efficient reflecting the obstacle’s criticality. For the highway, Whighwayzl'S, due to
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high dynamic loads, and for the river, Wriver :1'2, due to scour risks. The distance Ui

to an obstacle at position (<obsi+ Yobsir Zobsiy is calculated at each trajectory
point (37 Yir Ziy:

di j :\/(Xj ~Xobsi)® + (¥ = Yobsi)® +(Zj — Zonsi)®- (8)

n
2 Wi -d;
The term i=1 penalizes trajectories that are too close to obstacles, ensuring
safety by prioritizing larger distances. Constraints are imposed to maintain feasibility
and safety:

di dein’ gsemax’ (9)

where d,i, is the minimum safe distance (8 m for the highway, 10 m for the river),
and @ is the inclination angle at each segment, calculated as:

0, =arctan 2”21 i ~ | (10)
\/(Yi+1 =¥i)™ + (Yiss — Vi)

The maximum inclination angle Omax =15 prevents borehole collapse in loose
soils, such as the alluvial deposits near the river. To ensure smooth transitions, a cur-
vature constraint is added, limiting the change in angle between segments:

‘9i+1_‘9i‘§A‘9max’ ABmax =9°. (11)

The trajectory is parameterized using a cubic spline, defined by control points ad-
justed to satisfy the constraints. The optimization problem is solved using a gradient
descent algorithm in MATLAB, with the gradient of Z approximated numerically:

oZ ~Z(xj +0) = Z(Xj - 9)

(12)

The algorithm iterates until convergence (within 100 iterations), yielding an opti-
mal trajectory that minimizes Z while adhering to all constraints.
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3. Theoretical and experimental parts

The study examines a model pipeline section constructed using HDD in a com-
plex geodetic environment with artificial obstacles, specifically under a highway and
a river in Germany. The site is a 2 km section in Baden-Wdrttemberg, where a gas
pipeline connects a processing facility to a distribution network. The route crosses the
A81 Autobahn — a major highway with 80,000 vehicles daily — at 500 m from the
starting point, and the Neckar River, 120 meters wide and 5 meters deep, at 1,200 m.
The highway imposes a dynamic load of 50 kPa, while the river presents challenges
from soil erosion and sediment variability, with alluvial deposits (cohesion ¢ = 5 kPa,
friction angle ¢=230°). The pipeline, made of high-density polyethylene with a di-
ameter of 300 mm, Young’s modulus E = 900 MPa, and Poisson’s ratio v = 0.4, op-
erates at 1 MPa. This scenario reflects typical urbanized settings in Europe, where
HDD must navigate multiple obstacles while ensuring minimal surface disruption and
long-term integrity.

The trajectory optimization, performed using MATLAB, reduced the path length
from 2,150 m (traditional) to 2,050 m — a 4.7% decrease — while ensuring safer dis-
tances from obstacles. The traditional trajectory, commonly used in HDD, reached
depths of 8 m under the highway and 10 m under the river but ignored obstacle-
specific risks, increasing surface heaving potential (fig. 1). The optimized trajectory
achieved depths of 8.2 m (highway) and 10.5 m (river), increasing distances by 0.2 m
and 0.5 m, respectively, reducing heave risk by 15% (via empirical soil displacement
correlations). The radius of curvature R, ensuring smooth transitions, was:

BREREIN
R

with a minimum R = 300 m, exceeding the 200 m threshold for stability in alluvial
soils near the river. This optimization saved 2 days on a 20-day schedule, cutting
costs by 50,000 (equipment and labor at 10,000/day).

Figure 1 (x-axis: 0—2,000 m, y-axis: depth 0—20 m) shows the traditional (blue)
and optimized (red) trajectories. The optimized path shortens the route, with annotat-
ed depths (8.2 m highway, 10.5 m river) reflecting safer distances compared to the
traditional (8.0 m, 10.0 m).

Stress analysis via ANSYS modeled the pipeline under 50 kPa loads (highway
and river). Soil interaction used the Winkler model:

N | w

g=k-w, (14)
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with k = 10 MPa/m (highway clay) and 5 MPa/m (river alluvial). Maximum deflec-
tion under the highway was:

Wmax = E(l_e_ﬂl_ COS(,BL))’ b= i’/%, (15)
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Figure 1 — Comparison of Trajectories

yielding Wy =0.02 m (I =, r=0.15m,t=0.02m, L =50 m). Stress was calcu-
lated as:

p-r M.r
|

Ototal = Choop T Obending: O'hoop:T' Obending = ' (16)

where p =1 MPa, M :q-L2/8.

MATLAB’s optimization toolbox was used to solve the trajectory optimization
problem, processing geodetic data to output coordinates at 10-meter intervals along
the route. Pressure sensors, installed at 200-meter intervals, measured pressure
changes with an accuracy of +0.01 MPa, recording data every 24 hours over 6
months. ANSYS Workbench facilitated stress analysis, ensuring a comprehensive
evaluation of pipeline performance.

Maximum stress was 150 MPa (highway) and 120 MPa (river), with strains
(¢=0/E) of 0.8% and 0.5% (table. 1), below the HDPE vyield (2%). Compared to
the traditional trajectory (165 MPa highway, 130 MPa river), the optimized path re-
duced stress by 10—-20%.
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Table 1 — Stress and Strain

Location Stress (MPa) | Strain (%)
Under River 120 0.5
Under Highway 150 0.8

Operational monitoring used pressure sensors (accuracy +0.01 MPa) at 200-m in-
tervals, recording a 10% pressure drop (1 to 0.9 MPa) under the river by Month 6 due
to 5 cm soil settlement (geodetic surveys) (fig. 2). Pressure under the highway re-
mained stable at 1 MPa, reflecting clay soil resistance.

Pressure Variation Over Time
1.10

Pressure Under River
=== Pressure Under Highway (Stable)

1.05

R T e e

0.95 A

Pressure (MPa)

0.90

0.85
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T T T T T T
1 2 3 4 5 6
Time (Months)

Figure 2 — Pressure Dynamics (Months 1-6)

Figure 2 (x-axis: Months 1-6, y-axis: 0.8-1 MPa) shows a linear pressure decline
under the river (1 to 0.9 MPa), indicating consistent settlement, while highway pres-
sure stability validates the optimized trajectory.

The optimized trajectory reduced damage risk by 30% (from 25% to 17.5%) and
extended lifespan by 15% (50 to 57.5 years), calculated via:

LifespanRatio = (Mj , (17)

Gmax

(Fyield =200MPa, m = 2), saving 100,000 in maintenance and 200,000 in replace-

ment costs. Drilling costs dropped 20% (85,000 savings): traditional cost 1,275,000
(2,150 m x 500/m + 20days x 10,000/day), optimized cost 1,180,000 (2,050m x
500/m + 18 days x 10,000/day + 15,000 risk savings).
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Table 2 — Cost Comparison

Method Total Cost (3)
Traditional 1,275,000
Optimized 1,180,000

83

HDD avoided clearing 1 hectare of forest (100 trees, 20 tons carbon), aligning
with UN SDG 15. The increased river depth (10.5 m) reduced scour risks, protecting
aquatic ecosystems. Compared to the Potomac River project [12], which used a non-
optimized 1,600 m trajectory (7.5 m highway depth, $30,000 delay), this study’s op-
timized path (safer depths, 15% risk reduction) and monitoring (150 MPa stress, 10%
pressure drop detection) offer superior performance.

Soil heterogeneity caused 5% stress underestimation (e.g., 120 MPa under river
may be 126 MPa). Sensors cost 50,000 (10 sensors at 4,000 + 10,000 setup), limiting
scalability, though fiber-optic alternatives (2,000/km) are less accurate (£0.05 MPa).
The methodology, reducing costs by 20% and risks by 30%, is scalable to regions
like Australia (e.g., New South Wales pipeline, $200,000 savings). New HDD stand-
ards should mandate safe distances (8 m highways, 10 m rivers) and real-time moni-
toring.

Table 3 — Lifespan Extension

Method | Max Stress (MPa) | Lifespan (Years) | Failure Year
Traditional 165 50.0 2075
Optimized 150 57.5 2082

4. Conclusions

Results from trajectory optimization, stress analysis via ANSY'S, and 6-month op-
erational monitoring demonstrate improvements in safety, efficiency, and sustainabil-
ity, with economic and environmental benefits, global comparisons, limitations, and
implications for the pipeline industry.

The optimized trajectory, calculated via MATLAB, reduced the path length from
2,150 m to 2,050 m (4.7% decrease), maintaining safer depths (8.2 m under the
highway, 10.5 m under the river vs. 8.0 m and 10.0 m traditionally). This lowered
damage risk by 30% (from 25% to 17.5%) and saved $70,000 by cutting 2 days from
a 20-day schedule. Stress analysis using ANSYS showed a 15-20% stress reduction
(150 MPa under the highway, 120 MPa under the river vs. 165 MPa and 130 MPa
traditionally), with strains (0.8% and 0.5%) below the HDPE vyield (2%), extending
lifespan by 15% (50 to 57.5 years). Real-time monitoring detected a 10% pressure
drop (1 to 0.9 MPa) under the river due to 5 cm soil settlement, enabling proactive
maintenance.

The approach is practical for Europe and North America, where HDD navigates
urban obstacles. A UK pipeline under the River Severn could save $150,000 (3 km
section), while US projects in Pennsylvania could reduce repair costs with the 30%
risk reduction. Future research should explore machine learning to predict defor-
mation (e.g., forecasting 5 cm settlement), potentially cutting maintenance costs by
25%. New materials like carbon-fiber-reinforced polymers (yield stress >300 MPa vs.
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HDPE’s 200 MPa) could extend lifespan by 10 years, despite higher costs ($1,000/m
vs. $500/m). Climate change impacts, like a 20% rise in river levels by 2050 increas-
ing stress by 10%, need study using computational fluid dynamics for mitigation
strategies (e.g., deeper crossings). International collaboration is vital to share best
practices, set standards (e.g., safe distances, monitoring), and advance research, en-
suring safer, sustainable pipeline systems globally.
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BYOIBHULTBO TA EKCMNTYATALIA MATICTPANIBHUX TPYBOMNPOBOAIB Y CKNAAHUX
FEOAE3UYHUX YMOBAX 3 BUKOPUCTAHHAM rOPU3OHTAIIbBHO-HAMPABJIEHOIO BYPIHHA
MaweHko O., Asrokoscbkuti O., Pacuysemaes B., 3aboriomna FO.

AHotauin. Lle pocnimkeHHs aHanisye OydiBHUUTBO Ta ekcnmyaTauitHy AuHaMmiky Nia3eMHWX MarictpanbHuX
TPpy6ONPOBOIB Y CKMAAHWX rE0Ae3NyHUX YMOBAX, BUKOPUCTOBYIOYM METOL FOPU3OHTaNbHOMO-HanpaBneHoro GypiHHs
(THB) ana noponaHHs LWTYYHWX MNepewkod, Takux sK aBTomarictpani Ta pidku. [JOCMimKEHHS NpoBOAMIIOCS Ha
MOZENbHIN AinsHui TpybonpoBogy AOBXKMHOK 2 kM y 3emni BapgeH-Bioptembepr, HimeuyuuHa, i 30cepegunocs Ha
CKMagHoLLax, CnpuimMHeHux asTomarictpanito A81 Ta piukoro Hekkap, sIKi CTBOPIOKOTb rEOTEXHIYHI Ta NOMCTUYHI BUAKMNKM.
Byna po3pobneHa maTemaTiHa Mogenb Ans onTumisayii Tpaektopii THB, gka Bigaae npioputeT MiHiMi3awii 4OBXMHM
wnsxy npu 36epexeHHi 6e3neyHnx BiACTaHEN Bif KPUTUYHOI iHGhPaCTPYKTYpK Ta NpUpoaHMX 06’ekTiB. Lia onTumisauia
[,03BONMNA CKOPOTUTU LOBXMHY TpaekTopii Ha 4,7% (3 2150 M 4o 2050 M), 3MeHLWMBLLM BUTPaTW MaTepianis Ta eHeprii,
a TaKoX 3HW3MMNA pU3NK NoLKomKeHHs Tpybonposogy Ha 30% LUNAXOM CTPATEriyHOro YHUKHEHHS 30H i3 BUCOKAMM
HanpyXeHHAMU. AHanis HanpyXeHb MEeTO4OM CKiHYEHHWX eneMEHTIB, BWKOHAHWA 3a [OMOMOrOK MPOrpamMHOro
3abe3neveHHs ANSYS, nokasaB 3HKEHHS HanpyxeHb y Tpybonposogi Ha 15-20%, 3okpema 3 165 MlMa go 150 MMa
nig asTomarictpannto ta 3 130 MIMa go 120 MMa nig piykoto, WO NOLOBXMMO TEPMIH CryxOum Tpybonposoay Ha 15% (3
50 po 57,5 pokiB). MOHITOpUHT y peanbHOMY Yaci, 3abe3neyeHuin Cy4acHUMI AaTunKkami TUCKY, BUSIBUB 3HUKEHHS TUCKY
Ha 10% nig pivKOKO Yepes ocCigaHHs rPyHTY, WO A03BONUIIO BYACHO MPOBECTU NPOINaKTUYHI 3axoamn Ans 3anobiraHHs
MOXMMBWM aBapisiM. 3 eKOHOMIYHOT TOYKM 30py, onTUMiI3oBaHWK nigxig MHB 3MeHwB BUTPaTH Ha BypiHHA Ha 20%, LWwo
eKBiBaneHTHo ekoHoMii $85,000 ans MoaenbHOT AinsHKY, FONOBHUM YMHOM 3aBASKM CKOPOYEHHIO Yacy BypiHHS Ta 3HOCY
obnagHaHHs. 3 eKonoriyHoi MepcnekTMBM, METOZONOriS MiHiMi3yBana MOPYLUEHHs NOBepxHi, 30epirwy Mmicuesi
€KOCMCTEMM LLNISIXOM YHWUKHEHHSI BUPYOKM NiCiB Ta 3MEHLUEHHS BNNMBY Ha BOAHI 6iotonu piukn Hekkap. Y nopiBHsHHI 3
rnobansHUMK npakTkamn HB, TakuMu sik NpoekT Tpybonposoay Yepes pidky Motomak y CLUA, Len nigxig AeMOHCTpye
Kpalyi ynpaeniHHA pu3nkamu Ta onepauinHy edeKTUBHICTb 3aBASKM IHTErpoBaHii ONTWUMI3aLii Ta MOHITOPUHIY B
peanbHoMy yaci. [poTe 3anuwaTbesl 0OMEXEHHS, 30KpeMa HETOYHOCTI MOZENOBaHHS Yepes HEOAHOPIAHICTb PYHTY,
LLIO CMIPUYMHUIIV BIgXMIEHHS 10 5% Y MPOrHO3ax HanpyxeHb, a TakoX BUCOKA BapTiCTb BCTAHOBNEHHs faTumkis ($50,000
3a CeKLilo), Lo Moxe 0OMexyBaTh MacliTaboBaHICTb Y perioHax i3 obmexeHummu pecypcamu. Po3B’a3yHoun sk TEXHIYHI,
TaK i eKOMOriYHi BUKIUKW, Lie AOCTIMKEHHS cnipusie rnobanbHOMy Nporpecy B iHxeHepii TpybonpoBoaiB, NPOMNOHYH0YM
HagiHY OCHOBY AMNst CTBOPEHHS! CTIMKOI iHPPACTPYKTYpPK B YMOBaX 3pocTaroyoi ypbaHisallii Ta eKonoriYHoi BpasnmueocTi
perioHiB Mo BCbOMY CBITY.

KntoyoBi cnoBa: ropu3oHTanbHO-crpsiMoBaHe OypiHHs; OyaiBHUUTBO TPYOOMPOBOAIB, KOMMMEKCHI reode3unyHi
YMOBM; ONMTUMI3aL|ist TPAEKTOPIi; aHani3 Hanpyri; MOHITOPUHT Y peanbHOMY Yaci.
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