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Abstrace—Ecologienl  protecton  citles  priovitize
environmental conservation as the foundation for socal
development. The constmction of a new power system in such
cities adberes to the dual carbon goaks and selects an indicator
system acress five dimensions: clean and ow-carbon, safe and
controllable, flexible and efficient, intelligent and friendly,
and open and interactive. Using the amahtic hierarchy
process (AHP) and expert mwthods, weights are determined
through pairwise comparisoms of indicators at each
hierarchical level. Based on imtermational amd domestic
advanced power system standards, evaluation fanctions are
established to consiroct a comprehensive assessment model
tallored for ecological protection cities. Development goals
and imple plans are for d, and the model * 5
feasibility is validated through a case study in an ecological
protection city,

Tndex: Terms —Dunl-carion targe; New power spstens; Safie
amnd contralinble; Flevible mud efffcient; Ditelligent and friendly

INTRODUCTION

Under the green and low-carbon goals. the transformation
of tradiional power systems to mew power sysfems iz an
inevitable trend [1] [2] [3]. Ecohswul profaction cities often
have 2 good ecological environment, with abundant natural
ecology represented by mountains and waters, and relatively
concentrated rare and endangered wild animals and plants.
P:ulecmgtheuologmﬂemummmtudummauuf
economic and social development, and energy developmes
is often subject to rigid consteaints [4] [5]). On the gridsiﬂe,
the load level is often not high but the safety standard
requirements are high [6] [7], and the pressure for high-
quality power supply services is great [8] [9].

Given these unique constraints, this paper proposes an
evaluation framework and measures for new power
systems in ecclogical protection cities, focusing om
environmental  preservation and  sustainable  energy
devalopment

Fumnd projects: 1. Heman Province

smfengkeming @163 com

COMPREHENSIVE EVALUATICN MODEL FOE THE
DEVELOPMENT LEVEL OF THE NEW POWER SYSTEM

A Indicator Sysiem

Based on the basic characteristics of the new power
systemn. 26 indicators are carefully selected from five
dimensions: clean and low-carbon, safe and controllable
flexible and efficient, intelligent and friendly, and open and
interactive to evaluate the new power system in ecological
protection cities. The e'-'aimhn indicator system for the
development level of the new power system in ecological
protection cities is shown in the following table:

TABLE 1 EVALUATION INDICATOR S VSTEM FOR THE DEVEL OPLEENT
LEVEL OF THE NEW POWER SYSTEM I¥ ECOLOGTAL
PROTECTION CTTIES
Primary Secondary
Indicair Indlestar Terdary Indieator Tk
Propostion  of Clzan Emergy .
Installed Capacity
Preporuon of Clean Enegy Power %
Generation
Cieanid New Enssgy Acconumodabon Bate %
Low-carban | Proportion aof New  Ensrgy “
Evalintion Custailmend )
Indcator Orversll Ling Loss Bate L
System fior
Proportsn of High-loss %
Thavelopm Diismbution Transfommers
wxii Level 110 - 55 KV Main Transfonmer N-1 %
afthe New Pass Rate
i 110- 10 &V Line 3.1 Pase Rate %
Svitem in
Ecological Propesison of 110 - 10 kV High- “
Protection fauht Trarsfonmess -
Cities: Proportion of 110 - 10 kW High- %
Safe and Fadt Lirses
Comclable [Bocomion of New Enegy %
In: Capacity
Mew Energy Conmection Margin %
Mumbes of Power Limgtation 5§
Ocoummess
Propertion of Controllable Load to %
| the hfaminum Poocer Lond

Higher Education Key Scientific Research Project(2 354 70015) 2. Mmistry of Education Industry -Univensity Cooperation

Project (23010420004185, 231104300095554, 20200120501 Ty, 3. Henan Province Higher Education Teaching Refamn Key Project (2024 8IGLX0604); 4.
Zhengzhon Universinty of Aeronantics Teaching Project (zhiy23.63)
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Primary
Indicaior

Secendary

Tudicater Terdary Indicator

Proporticns of Flexible Esgolation
Power Source Capacity

Probabiley of Insufficient Up-
regulation Flexibil

Probabiliy of Insufficiemt Down-
regulation Flexbiliey

Proportiens of 110 - 10 &V Light-
Boad Main Tr
Proporion of §10 -
boad Lirses
Proportson of 110 - 10 kV Heavy-
lead Mam Transformens
Proportiens of 110 - 10 kV Heavy-
Boad Lirses
Proporsen
Substations
Effuctive
= =

Fensble and
Efficient

10 &V Light-

of Intelligent

Coverage Rue  of

Installanon Rane of Sman Meten
Proportien  of Predictable New
Energy Power Stabions
Proporion of New Energy Powes
Stations with Energy Storage
Propomian of Usess with Time-of-
usz Flectricity Price
Propomion of Elecmic Enegy in
Texninal Enssrgy Consunption
Conpletion.  Eate of Electnc
Webncle Chargms Station Flanmng
Proportion of Electnc Vehiclego-
Orad (V2G) Tecknelogy
Number of Users of Mult-snergy
Ci ¥ i

and Friendly

Open and.
Interactive

Efl 2|22 |e| 2| 2| e|e|2|2|2]|efe]|e 2|F

In the clean and low-carbon aspect. there are 6 indicators,
focusing on evaluating the clean and low-carbon level of the
power source side and the prid side. In the safe and
controllable aspect, there are 8 indicators, focusing on
evaluating the prid structure, equipment failure situation,
new energy and load control situation, efe. In the fexible and
dﬁqmmpwtlhaem? indicators, focusing on evahuating

the dispatch flexibility and equipment operation efficiency
and benefit sitmation. Inﬂnmlelhg,m.l and friendly anpu:t,
there are 6 indicators, focusing on evaluating the
situation of |mel.'l|gmt substation techmology, the efﬁeclwe
coverage situation of distribution automation. and the
coordmation situation of source-grid-load-storage. In the
open and interactive aspect. there are 4 indicators, foe
on evaluating the accass situation of new wchmluglu
as electric vehicles and multi-energy complementary
microgrids and diversified loads.

B. Evalumion Method

1) Weighr Setming

The weight setting adupls the analj'hc hmd:y
process Firstly, the problem iz
levels according to the overall goal to mtmct a
multi-level analysis model. Then the importance of the
indicators in the level is cm:pu'ed pairwise according to a
certain scale to determine the importance (e, weight
valee) of each indicator in each level relative to the
indicator in the upper level The flow chart for determining
weights by the analytic hierarchy process is as follows:

2192
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Fow Chart for Weight Setting by Analviie Hierarchy Process

The avaluation systsm for the new powsr system in
ecological protection cities mainly has three levels. Firstly,
taking the overall goal as the first-level indicator andas}.a
reference, on the basis of constructing the judgment matrix
of the second-level indicators, calculate the importance (ie.,
weight) of each second-level indicator and sort them.
Conduct consistency verification If the werification is
unsuccessful. retum to modify the judgment matrix of the
segond-level indicators. If the wvenfication ts successful,
construct the judgment matrix of the third-lavel indicators.
calculate the importance of each third-level indicator and sort
them Conduct consistency verification If the verification is
unspecessful. retum to modify the judgment matrix of the
third-level indicators. If the venfication 15 successful, obtam
the weights of the third-level indicators. In addition, if the
evaluation system has multiple layers, the weights of each
indicator can still be detemrnined layer by laver according to
the upper and lower level order

2} Seoring Function

The scoring function is evaluated o the
leading power indicator at home and abeoad, the
requirad values of the guidelines and standards, and the
average level within the region Generally three avaluation
function models are adopted:

1For indicators where the smaller the target valuethe
better the gvaluation function is a= follows:

Rg 1

100 S aEy
|:[JrJ=Ll 100(x — ay)/{ay —a1) o £ oy (1)
X >ay
[+
100 xEa
wlx) = af dbrde aSr=a (2)
a =™ ag

2 For indicators where the larger the target valuethe
better the evaluation function is as follows:

a ¥=a;
h[!]=1 1000x ~ az)flag —az) (3
100

x =03

e SxSay
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3 For indicators where the target value is within a
certain inferval the evaluation fimction is as follows:
100
100{x ~ &y )flay ~ )
100(x — az2) s — e2)
(i}

OVERALL GOALS AND DEVELOPMENT DIRECTIONS

A Overall Goals

The development strategy of the new power system is
Formulated according to the idea of "overall planmma and
step-by-step implementation”. The development process of
the new powes system experiences three stages the initial
stage. the development stage, and the completion stage.

In the initial stage, vigorously support H:ermnemm!uf
new energy mainly based on the
constmection of the integrated energy nawuu:kwrlhlhe
distribution network as the core, actively gerve the
transformation of energy consumption patterns, and build a
development pattern of the new power system with regional
characteristic differences and user attribute differences.

In the development stage, promote the dominant position
of new energy installed capacity, initially form a new power
system with new energy as the main body, deeply transform
the grid form, power consumption form, etc_, acoelerate the
implamentation progress of intelligent distribution networks
and active distribution networks, and basically build a stromg
and intelligent distribution network.

In the complation stage, the sowrce-grd-load storage
system and marke! mechanism tend to be perfect the
resilient, elastic. and active distribution networks are fully
built, and the new power system is basically completed, with
the ability to supply power safely and stably and the ability
to defend against the risk of large-scale power outages.

B. Development Divections of Each Stage

The development directions and tasks of each stage are
clearty defined as follows:

1) Ininal stage

Firstly, construct the architecture of the development
patiern ofthe new power system in ecological protection
cifies. Start to build an intelligent intemactive, open
i and collaborative efficient modern power
network platform, and comstruct the archifecture of the
development patiern of the new power systern with regional

characteristic differences mduw attribute differences

Sacondly, promote the characteristic ptilization of new
mwmmh:phmandcmmﬂdemmﬁmﬁm
projects. Leverage the "Guang * e Bao" (State Grid PV
Cloud Metwork) platform to facilitate local new energy
development, promote the clean production of rural enengy,
and cary out distributed photovoltaic projects on a large
srale, build 3 project for the benefii of the people. zend
“sunshine income” to tha peopls, create a typical case of
comprehensive roral revitalization.  and promote the
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characterigtic  vtilization of new emergy in multiple

SCEnAros

Thirdly, formulate power supply safaty standards under
the requirement of high-quahty development of the
distribution network. Strengthen the construction of the high-
voliage distribution network grid build a large-scale and
high-efficiency clean energy allocation platform, and
inerease the N-1 pass rate of main transformers and lines to
100%. The 10kV distiibution network should mainly be a
cable network, supplementad by an overhead network. While
immproving the grid, accelerate the construction of distnbution
automation and strive to make the effective coverage rate of
distribufion autornation reach 100%.

Fourthly, carry out key technology construction projects
for the mew system.  Combined with digital
cmmmnrelymgunpmublgdah blockchain and other
technologies, continuously impeove the holographic
putemmandludhgemlawlofﬂ]epcm system
Eﬂcmmae the "new energy + energy storage hydropower
packaging” model to mmprove the sh‘mhly ofnew energy
generation and prevent the intermittence and s of
new energy peneration Strengihen the research and
application of kay technologies such a3 virmal power plants
and digital twin grids.

Fifthly, formulate 3 managemen? improvement plan. In
terms of concept innovation, imitially form a new governance
model; formulate a management model suitable for the
development of the new power system.

2} Development stage

Firstly. comprehensively improve the technical level and
eqm];lnmt level of the distribufion network Strengthen the
construction of the distribution network grid strocture and
equipment selection, thus promaoting  the high-quality
development of the distribution ostwork and improving
the elasticity and resilience of the wban distribution network.

Secondly, comprehensively promate the implementation
of key technologies for srong and intelligem power grids.
Optimize and 1mprove the network archifecture, improve
the safiety level and acceptance ability of the power grid,
and build a clean, efficient safe and reliabla clean enargy
allocation

Thardly, carry out large-scale ication actions of
energy storage, and inmovate application scenarios  and
business models. On the power generaticn side. have
functions such 35 frequency modulation and voltage support
Reasonably plan energy storage on the grid side increase
systemregalation ability, provide standby power for the grid,
and provide frequency modulation am.ha!]r:mu On the
user side, reduce transformer capacity fees improve power
quality, facilitate demand side management and user time-of-
use electricity price management.

Fourthly, comprehensively promote an efficient and lean
management mode  Implement reliability management
through  six measures such as project quota management,
implementation of condition-based mantenance transfer

power supplyrlnmqgemml. power outage evenl merging
management, live-line work, and major power outage
managerment.

Fifthly, strictly implerent power supply safety standards.



Fig 2 Apphcason and Functions of Energy Stesage in Each Link of the
Power Systemn

3 Completion stage

Firstly, mh:t.lj.r power technology and nommalize
further improve the power generation,
distribution and ion  technologies and

- Secondly, widely apply and build intelligent

m\mnnmhm and inteitigent power cu:m.lmplmmeqm[m]ml,
and comprehensively promois two-way inferactive services;

distributed energy systems and vanous terminal power
consumption devices with neration and power
consumption functions achieve "plug-and-play™ Thirdly,
fully build a new power nystmme distribution network has
a strong bearing capacity for accepting new energy and
diversified loads, promotes the priority local and nearby
development and wtilization of new ensrgy. and has good
Hlexibility.
KEY MEASURES aND CRITICAL TECHNOLOGIES

A, Clean and Lovi-carbon Measures

Firstly, large-scale  devel of  distributed
photovoltaics, In line with the principle of “govemment
organization and markei operation”. promote the infegraied
development of pbabwgcww energy economy and
modern rural industries to achieve regional renewable energy
coverage. Conduct an analysiz of the access capacity of
distributed power sources. and formulate typical grid-
comnacted models for distributed photovoltaics. Secondly,
expansion and renovation of hydropower stations. Thirdly,
strengthen the constroction of new energy grid- connected
infrastructure. Fourthly, rational applicaton of microgrid
technology. Fifthly, promote energy substitution projects
B Safe and Conmroliohle Meaniwes

Firstly, amtach impotance to power gnd safety
assessment. In accordance with technical guidelines such as
the "Regulations on Emergency Handling and Ins fion
and Handling of Power Safety Accidents” (Order 599) and
the "Guide for Power System Security and Stability”,
carefully sort out power grid risks, establish three lines of
defense for the power gnd and prevent the risks of the
power grid iteelf and those brovght about by the large-scale
access of new energy.

Secondly, strengthen the high-voltage grid With the
220KV substation as the cemter, the 110KV pewer grid
realizes the chain and ring etk power supply moda
Clearly define the llﬂkVﬁthu,memanheﬁelinﬂ
have sufficient standby capacity, and ensure that the load can
be trnsfesred in case ofaccidents Geperally, the 110V

substation should preferably mest the "dual power supply
leqwa:umla and the power sources should come from two
power pomts as much a possible If it
dﬁmltwaulnﬂe they can come from the same high-
voliage power point
Thirdly, ize the medium-voltage grid. In the central
wiban area, the overhead lines should preferably adopt the
the double-ring network structure; in towns or suburbs, the
overhead lines should preferably the multi-section two-
tie conmection, and the cables should adopt the single-ring
network stmucture; in rural areas. the overhead single-tie
eotmiection should be adopted.

Fourthly. optimize the lavout of ensrgy storage onthe
power grid side Develop electrochemical energy storage
according to local conditions and configure energy storage at
key nodes to improve the safety and swmbility level of the
power grid.

Fifthly, strengthen the safety of the
ditribution network. Establish the idea of safety first, be
familiar withthe grid strocmure, and stengthen equipment
mantenance

Sixthly, promote new technologies for distnbution
network  safety.  Such as awtomation transformation
technology, equipment insulation technology, personal and
equipment safety protection technology, ete.

C. Flexible and Efficient Measures

Firstly, increase the proportion of flexible regulation
powsr sources on the supply side and rationally lavout
energy storage on the source-grid side. On the one hand,
cafty out renovation projects of pumped storage power
stafions ing to local conditions and consider the
transformation  of pemped storage power stations with
conditions into hybrid pumped storage power stations. On
the other hand, actively respond to the rapid growth of new
em’m'mdmmaﬁylaynmehchwhmaj enermr stomge
on the power soarce side and the power grid side

Secondly, strengthen the power demand n
Deq:ivtq Ehh regulation resources such as elastic lumh

and virtual power planis. In the development stage of the
new power system, the scale of demand response users
should reach about 5% of the manimum power load.

Thirdly, scientifically promote the cross-regiomal
transmission of new energy and improve the level of power
grid intercormection and mutual assistance Based on the
smart grid, promote the construction of transmission lines to
realize the cross-regional and long-distance transmission of
energy, strengthen energy exchanges and cooperation with
surrounding areas, and optimize the external enn'ggmmmly
environment and cross-regional energy scurity mec]

Fourthly, use market means to encowrage the construction
of flexibility resources. On the power source side. promote
the implementation of the “new ensrgy +  energy
storage” incentive mechamsm aod develop pumped
mmge power stations according to local conditions to
ensure the diversity and adequacy of flexible power supply.
Gnlhepowetmdmda actively carry ouf demand response
capabilines and use markst means such as peak-valley

electricity prices and intermptible load electricity prices to
improve the enthusiasm of users to participate in power
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system regulation. In terms of carbon  trading, expla'e
the carbon trading market mechaniem combine it
with the power market, couple carbon prices with power
generation costs. and stimulate enterprises to invest in low-
carbon technologies and energy.
D Invelligent and Friendy Measures

Firgfly, apply intellipent substation
Applicable to the new imtalligent substations of 110KV -
2204V or the intelligent transformation projects of in-service
substations. With safety and reliability as the premise, focus
on applying relatively matee and cost-eflective technologies
and aquipment

Secondly, accelerate the construction of distribution
automeation. Improve the techmical level of distribution
antomation. The comstruction of distrbution automation
should be compatible with the primary grid and equipment of
the distribution network. The distribution automation system
should be synchronously coordinated and planned with
information sysiems such as PMS and power grid GIS
platforms to meet the information interaction requirsments
and provide technical suppost for the whole process
management of the distribution network.

E Open and Inferactive Measures

Firstly, dew{y carry out the application of ensrgy digital
technology and comprehensive energy services Utilize
energy big data technology to strengthen the amalysis of
power consemption data, characterize user behaviors and
portraits, and provide comprehensive energy services such as
energy efficiency management.

Secondly, promote the establishment of load resource
utilization tachnology. Open up the data and control channels
hetween load equipment, acquisition terminals. virtual power
lepwergnddwpam:mg symanduﬂngm

to achieve closed-loop intensive management of load
resouees that are observable, measorable, controlbable and
adjustable.

AFPLICATION AND DEVELOPMENT MEASTRES OF THE

EVALUATION SYSTEM

The system iz applied to an ecological protection city in
central China. The development goal of this city is mainly
ecological protection. Combined with the power system
development situation of this place, the scores of varous
indicators are shown in the following table;

TAHLE L COMPREMENEIVE EVALUATIRN OF AN ECOLOGICAL
PROTECTICN CITY

Primary
Indicamr

Secandary
Unilis aitar

Terdary
Indicasor

Primary Secondary Tervary Beco | Terti

s ary Score
Proportion of 3
Evahestion Clan _ Euisey | 93| 847 A1
Indcator Propomen  of | " v
Swatem fou Clean  Energr 03§ | Al a17
e New Energy
MI 1 Acconmmodation 023 0aT 417
o Rase
of the New Clean and =
Pewet Low-cathgn | Fopovisn  of
Systemin Hew Energe | 025 | 017 | 447
Ecalogeal Curtailment
: Ovenll L | oos | gar | 20
Cries Loss Rate E :
Froportion of
High-lass 03 | oar | aar
Digtribattion
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Since the construction of the new power systam in this
city is in its initial stage, the co ive score 15 not kigh
which is 74.09 points. The scores, analyses and suggestions
for each sub-item are as follows:-

In the clean and low-carbon the score is 23.14
with & score rate of 92.55% Since the city mainly has
hydropower and photovoltaies. the clean }wd on the power
supply sade of the grid is relatively high, However, due to the
long power sq:ply distance of substations, the network loss
is relatively high

In the safe and controllable aspect. the scoreis 21.08 with
a score rale of 84.33% The grid structure of the gh-voltage
thumhmnn!twmimﬂnsuh'umamlvrng and chain
which iz generally strong, and high-faelt equipment can be
solved of replaced in a timely manner However, on the
power spurce gide, thers are many small rydropower stations
in this city with poor comtrollability. which need to be
rectified or standardizad On the grid side, due to many
mountainous areas in this city, there are quite a oumber of
gingle-radiation Imes in the mednm-voltage distribution
tetwork, and the prid stroctore needs to be further
strengthened. On the load side, considering that controllable
loads have a positive effect on the safety and stability of the
power grid, the scope of controflable loads can be considered
1o be expandad

In the flexible and efficient aspect, the scoreis 13.13 with

a score rate of 6566% Al present. there is not much
photovoliaic aceess, and there 13 no problem of insufficient
upsdown regulation flexibility in dispatching With the rapid
development of photovoltaics, the randommess and
intermittence on the power source side will increase. which
will inevitsbly put forward higher requirements for the
ility ofthe s In terms of operation efficiency and
benefits thers are some inefficiznt and heavy-load squipment

In the intelligent and t the score is 9.24
with a score rate of 61.6%. Al present, most of the
substations in thiz city are not intelligent substations, and the
coverage rate of distribution aMomation i relatively low, so
the intelligence of the power grid needs to be further
strengthened. At the same time, considering that "new energy
+ storage” is the future development direction of
energy, it should be encouraged.

In the open and interactive aspect, the score is 7.5 with a
score rate of S0%. Wﬂhﬁwmndde\‘dupmmofmw
energy. the access of electric vehicles and mi usars
pote forward higher for the open and intesactive
nature of the distrbution network. 1t is necessary to explore
practical paths in aspects such as extensive interconnection.
digital transfarmation and comprehensive energy svetems.

When formulsting the devel and
development measures of this city, reference can be made to
the "COverall Goals and Development Directions” and “Key
Measures and Key Techmologies” sections.
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CONCLUSIONS
This paper starts from the basic characteristics of the
power systern, combines the onal characteristics amd
development strategies of scological protection cities, and
fermuolates specific. feamble and clear-targeted development
goals and key measures for the new power system. The main
achievements are summarized as follows:

(1) An evaluation indicator system for the development
of the sowrce-grid-load-storage new power system is
eonstrocted. starting from the basic characteristics of the new
power system This system includes mwitiple dimensions
such as clean and low-carbon, safe and controllable, flaxible
and efficient, intelligent and friendly, and open and
interactive, with a total of 26 indicators. At the same time,
the analytic hierarchy process and expert method are used to
determine the indicator weights and construct  theee
evaluation functions, thus a comprebensive
evaluation for the new power system suiable for ecological
protection cities.

(2) Propose short-. medium- and long-temn development
measures in aspects such as clean and low-carbon. safe and
controllable, flexible and efficient, intelligent and friendly,
and open and interactive, "~ Clearly define the
improvement degree of core mﬁtmsmdtﬂ'erem stages and
construct an economically effective techmical route to
achieve the goals of the new power system.

{3) The constracted myﬂha&my naw power
system development svaluation system is applied to the

power system of a central city, clarifying the shortcomings
and goals of the new system construction in this city

and verifying the feasibility and applicability of the system.
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Abstract. Aviation sensor is an important guaranice for aiscrafi safety fight, ground test and
flight sest accuracy and reliability. In this paper, through the analysis of the problems existing
in ihe actual working environment of aviaion sensors, the necessity of evaluating the
performance wf aviation sensors in the actual working enviesnment is elarified. Combined with
the comparison of the research status of the performance evaluation methods of aviation
sensors at home and abroed, the development dircotion of the performance cvalustion reseasch
af aviation sensars in the actial working environment in the fture is proposed,

Keywords. Aviation seasor, research scheme, working environment, performance evaluation

1. Introduction

In the ficld of aviation, in erder to ensure the comrect and safe flight of aircraft and complete various
complex tasks, it is necessary fo insiall corresponding sensors in the key parts of the aircraft and
different airbome equipment systems, The number of various sensors installed on a modern aircrafl is
a5 many as hundreds or cven thousands. Sensors are not only directly installed on the aircraft to ensure
safe flight, but also widely used in various pround tests and flight tests, such as aircrafl structural
swengih test, wind tunnel test, engine test, ote., o complete the measurement of some special
sarameters of aircraft, These sensors are collectively refermed to as aviation sensors [1].

Although the development history of China’s aviation sensor is short, the domestic aviation sensor
indusiry has developed rapidly in recent years, and the gap with forcign countries is gradually
marrowing. With the wide application of new materials, new processes and new technologies in the
aviation field, the development wend of aviation scnsors is micto miniaturization, integration,
imtelligence and networking [2]. As a variable conversion unit in the five hasic units of aviation test
system, aviation sensor is used to measure the pressure, ion, spead,
and other important parameters of aircrafl, various auxiliary devices and mission cquipment. Iis
performance will directly affect the service life and flight safety of aircrafl, the accuracy and reliability
of aviation product ground test and flight test . Due to the variety of aviation sensors and high
tzchnical requircments, & large number of aviation sensors ofen work in the harsh environment of high
‘temperature, high altitude and severe vibration. Therefore, it is necessary to use effective methods to
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evaluate the performance of aviation sensors to ensure the accuracy of measurement data of sensors in
the working environment,

In this paper, based on the problems existing in the actual working environment of aviation scnsors.
ihe status quo of performance evaluation methads of aviation sensors at home and abroad is compared,
and & possible development dircetion is propased for the performance cvaluation methods of aviation
sensors in the actual working environment in the fiuture.

2. Curreni problems
With the continuous breakthrough of avistion technology, sircraft is gradually entering a new
stage of high ‘high aliitude and high speed. Many aerial sensors need to work
in extremely harsh actual working enviromment such as severe vibration, high temperature, high
pressure and corrosivity, which brings huge problems and challenges to the use of sensars. For
example, the pressure sensor in the aircraft engine ofien needs to work in the unsiable air flow
environment with the temperature range of 600 ~ 800 °C, and the ambient temperature in the
combustion chamber of pulse detonation engine is more than 1000 °C. Since the air flow contacts the
combustion chamber, the pressure sensor plays an important role in controlling the gas and fuel mixture
by detecting the air Once the test data of the pressure sensor is not accurate, the risk of airceaft
out of control will be greatly increased [3].

The structure of modern acro-cgine is more and more complex, and the asrodynamic performance
of the engine i ¢asy 10 be unstable in the working process. In arder to maintain the normel operation of
the engine, th anti-surge system is cquipped on the aircraft, As a key component of anti-surge system,
the surge differential pressure sensor can comprehensively judge the warking state of the mgme by
measuring the differcnce between the total pressure and static pressure at the compressor outlet,
combined with oiher relevani . Therefore, the accuracy of the surge differential pressure
scnsor measuremnt data i directly related to whether the engine can work normally, Once there is =
problem, it may cause serious consequences. Because surge differential pressure sensor is installed on
the engine shell, its acrual working conditions are oﬁm: in the extremely harsh environment such as
high temperature and violent vibration. At present, the performance calibration of surge sensar can only
be carried out under the Isberatory standard conditions. There is a lack of sccurate evaluation methad
and results analysis of differential pressure sensor under actual working conditions,
saitis difficult to judge the performance of surge sensor in actual working envirenment,

Tn foreign aviation flight, there have been tragic accidents due to inaccurate sensor measurement
data. In the Ethiopian Airlines crash in early 2019, the black box data of the crashed flight showed that
the angle of attack sensor on the Boeng 737max mistakenly activated the automatic system on board,
which led to the exash. Relevant research also shows that if there is water around the angle of attack
sensor, when the aircrafl flies to a certain height, the performance of the sensor may be affected or even
‘malfunction due to the freezing of the high aliitude cold enviranment, When the aircraft encounters bird
impact, the sensor also has data error [4]. It can be seen that the performance ufmrberm SENsOrs may
change or even fail in complex actual worki and the method of
scnsors in laboratory conditions can not meet the requirements of actual conditions.

3. Domestic research starus

In China, the research on the performance evaluation method of aviation sensor in the actual working
environment is still in its infancy, most of which focus on the development of calibration device
simalaing the sctual working coviranment and. the use of cerain technalogy o compensaic the
sensor's sensitive environmental stress, and there is syslem.

3L of calibration device simulating actual working
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Analysis of Precision Grinding Method for Thin Plates with
Comprehensive Positioning

Feng Keming™*® Hua Hongyan'
{ 1.Zhengzhou Sanme Superhard Materials Co., Lid., Zhengzhou 450001, China )
( 2.Zhengzhou Research Institute for Abrasives & Grinding Co., Ltd., Zhengzhou 450001, China )
{ 3.Sinomach Diamond (Henan) Co., Ltd., Zhengzhou 450016, China )
{ 4.Zhengzhou Electric Power Technology College, Zhenpzhou 451450, China )

Abstract: This paper conducts an analysis and research based on the difficult problem of easy deformation of thin-plate
parts during grinding. It deeply dissects the factors affecting machining deformation and analyzes the causes of
deformation of thin-plate parts, including residual stress, positioning and clamping, grinding force, grinding heat and
other related technical issues. Aiming at the problems of thin-plate parts such as diverse shapes, uneven positioning
contact, inapplicability of three-point plane positioning, unscientific direct clamping and extremely complex grinding
stress, a new surface grinding method based on full-plane positioning is proposed, and four flattening grinding rules are
formulated, namely leveling before grinding of thin parts, full-plane positioning, sharp-state grinding and symmetrical
allowance removal, which are intended to realize the precision machining of thin-plate parts.

Keywords: ultra-thin parts; precision grinding; full positioning; sharp grinding; contact stifiness
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Research on Characteristics of Bidirectional Radio Energy and Information
Simultaneous Transmission System Based on Shared Channel

AW, NEFE, B OFA, KEER, FTEXR
(LFRH & ARLERFE, Td &M 4514505
25 NAF R BRG], T FH 450000)
ZHANG Hongli', LIU Jianping', FANLi', ZHANG Laibin', LI Zhiying’
(1.Zhengzhou Electric Power Technology College, Zhengzhou 451450, Henan, China;
2.Zhengzhou Xianglong Power Co., Lid., Zhengzhou 450000, Henan, China)
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B ARTEHNE-AETAFREAUGALLEPTLANERG AL,

*BHE: WGAEHA; AFEE; bR LR A RRFE

Abstract: With the development of power electronics technology, control technology and related technologies of
switching power supply ., power and signal transmission has gradually developed from the traditional transmission mode
with cable as transmission medium to wireless transmission. For electrical equipment that needs to work in the water
medium for a long time, energy supply is the key factor to maintain its normal work, but the traditional transmission
mode of physical connection by cable is more inconvenient to use in the water medium, and there are greater security

risks, so it is necessary to build a two-way radio energy and information transmission system based on shared channels.

BIEHE2MOBR21H) - 85

Key words:
information; system characteristic
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ABSTRACT: Under carbon-neutral goal, in order to promote
energy upgrading, energy saving and emission reduction in the
power industry, it is necessary to comprehensively analyze the
low-carbon development level of power source, power grid and
power consumption links, and establish a multi-layer
assessment system of source-grid-load. Firstly, a multi-layer
key index system of source-grid-load was established. On the
source side, the upgrading and transformation of existing
thermal power and the development and utilization of new
energy were mainly considered; on the grid side, the equipment
level and operation level were mainly considered; and on the
load side, the substitution and promotion of electric energy
were mainly considered. Secondly, on the premise of minimum
square sum of subjective and objective weight deviation,
AHP-entropy weight method was used to determine the
comprehensive weight of indicators. The AHP method is based
on expert experience, and the entropy weight method is based
on historical data and carbon-neutral goal value. Then, the
index membership function was constructed by combining the
carbon-neutral goal and the average level of the index. Finally,
the model was applied to the central urban power system to

verify the effectiveness of the model.
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Table 1  An example of source-grid-load multi-layer evaluation of a city in central China

TR —HdbR ST I o B Wir GEWE #a
b
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Performance evaluation index system of a power grid considering large-scale new energy
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(1. Zhengzhou Institute of Aeronautical Industry Management, Zhengzhou 450015, China;
2. Henan Juyan Electric Power Technology Co., Ltd., Zhengzhou 450000, China)

Abstract: There are deficiencies in evaluating the complex mechanism of the mutual effects between large-scale new
energy and the power grid by traditional power grid evaluation systems. Thus a performance evaluation index system is
established considering large-scale new energy access. First, based on the key characteristics of the new power system
and considering all parts of “power supply, grid, load and energy storage”, a power grid performance evaluation index
containing connection, coordination, adaptation and carrying capacity levels can be set up. In addition, it explicitly
expresses the statistical or calculation method for each index. Secondly, the AHP-CRITIC method is used to enable
subjective and objective weights, and investigate the conflict and changeability among different indices based on the
objective property of data from the power grid and computing standard deviation/Pearson correlation coefficient to
highlight the scientific features on setting index weights. Finally, the index system for the data from new energy and the
power grid in one city is surveyed and computed. The effectiveness of the proposed index system and evaluation method
is shown through comparison and analysis. Some development proposals for weak parts of the power grid are proposed on
the basis of the indicator’s sensitivity.
This work is supported by the Science and Technology Project of Henan Province (No. 222102240117).

Key words: new energy; new power system; index system; Pearson correlation coefficient; weight
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Table 1 Related calculation data of the third-level indicators
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Table 2 Related calculation data of the first-level and second-level indicators
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Fig. 2 Comparison of objective weight setting methods
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Evaluation Method for Power Grid Development Based on Electric Power Big

Data and Power Supply
LI Xiang',HU Tiantong',CHEN Zhuo',LI Qiuyan',GUO Yinyuan',ZHANG Dan',HUA Hongyan'
(1.Zhengzhou University of Aeronautics , Zhengzhou 450046,China;
2. Xuchang Ketop Testing Research Institute Co., Lid., Xuchang 461000,China;
3.Economic and Technological Researeh Institue,State Grid Henan Electric Power Co., Ltd.. Zhengzhou 450000, China)

Abstract: To clarify the direction of the power grid development,a development evaluation method based on power
big data platform and power supply grid is proposed in this paper.Firstly.based on the basic characteristics of the new
power system,an index system is constructed from five dimensions:clean and low=carbon,safe and controllable, flexi-
ble and efficient,intelligent and friendly,and open interaction. Secondly,by leveraging the integrated power big data
platform, massive amounts of data are mined, and the entropy weight method is employed to determine indicator
weights. Then, considering factors such as the substation supply area, grid structure, and administrative divisions, the
grid is divided into several power supply grids, and a hierarchical evaluation is conducted for refined assessment. Fi-
nally, the application results in a city distribution network show that the evaluation model has the advantages of sim-
ple operation, reasonable evaluation, and easy decision—making.

Key words: power big data: power supply grid: power grid development evaluation; index system; entropy weight
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Abstract: As environmentally friendly pile foundations with small diameters and higher
slenderness ratios, micropiles are widely used in fields such as transmission line engineer-
ing and building reinforcemenl. However, Lhe available research has primarily (ocused on
their bearing performance under compressive and horizontal loads, and there is insufficient
resedrch on predicting the uplitt capacity of micropiles. This study mvestigated the load
transfer mechanism and the behavior of the surrounding soil using model tests and finite
clement simulations. The whimate uplift capacitics and load distributions of micropiles
with dillerent slenderness ratios were analyzed. The results show that as the slenderness
ration increases, the ultimate uplift capacity of a pile gradually increases. However, this

rate of increase diminishes gradually. Additionally, the restraining effect and range of the

surrpunding soil at the lower part of the pile are enhanced, ‘The critical embedment depth
of the micropiles shifts further away from the pile tip as the slenderness ratio increases,
Finally, this sludy proposed a novel modilicalion 1o Shanker s model ol incorparating
variations in the critical embedment depth based on the slenderness ratios. Subsequently, a
mdified model for the ulbimate upliftt capacity of micropiles wiss proposed and validated
using a model test. The proposed model effectively predicts the uplift bearing capacity of
micropiles with high slenderness ratios, which is practical for engineering applications.

Keywords: uplift capacity; critical enbedment depth; Toad transfer mechanism; slenderness
ratio; finite clement analysis; micropiles

1. Introduction

Ayrainst the backgromnd of rapid wbanization, the construction and reinforcement
ol infrastructure have imposed higher demands on the qualily and lime cosls of ground
improvements. As a new Llype ol environmentally (riendly lfoundation, the diameter of
a micropile is usually less than 30 mm, and its slenderness ratio is greater than 30 173
Micropiles not only have the advantages of small pile diameters, lightweight construction
equipment, short construction periods, and low impacts on the surrounding environment
bul can alse be adapted o inaccessible and unfavorable sile condilions, such as those
located in hilly or mountainous areas. Consequently, micropiles have been widely applied
incvarious fields, including transmission line projects [4-6] and civil enginearing |7].

Numgrous scholars have conducted rescarch on the buaring performance of micropiles.
As a load transter structure for foundations, micropiles often bear compressive, uplift, and

hlips:/ fclol.org / 13350/ buildings1 41145
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lateral loads [2,8,9]. Borthalur ctal. [10] established an empirical method for caleulating
lhe bearing capacily of micropile groups using experiments and dala analvses, providing
an important reference for engineering design. Tietal. [11] found that an uplift load created
steepr load—displacement curves, Teading t risks of sudden damage, throogh field tests
and numerical simulations of micropile groups in alpine mountains, Tsukada et al. [12]
introduced a system effect index to quantitatively evaluate the enhancement ctfect of mi-
cropiles on foundalions’ bearing capacilies. |iang el al. [13] developed a Lhree-dimensional
numerical model based on field tests and centrifuge tests for analyzing the bearing ca-
pacity characteristics of waveform micropiles. Their mumerical analysis revealed the Toad
tramsfer mechanism of the waveform micropiles, and they proposed a new eguation for
bearing capacity predictions, Elsawwaf et al. [14] investizated the behavior of inclined
micropile rafl foundalions under combined verlical and laleral Ioads using, linile element
models calibrated thraugh field tests. Their results showed that increasing the vertical
load continuously reduces the lateral bearing capacity of micropile raft foundations. T.ee
etal, [15] explored the reinforcement effect of micropiles and the bearing characteristics of
micropile raft foundations by varying the cohesion of the upper soil and the pile stifness,
Their resulls indicaled thal Lhe reinlorcement elfect ol micropiles increases wilh soil cohe-
sion but is mare significant under low-cohesion conditions. Compared to the research on
predicting the bearing performance and ultimate capacity under compressive and lateral
loads, rescarch om the prediction of the ultimate capacity under uplift loads is more limited.
Therefore, it is necessary to conduct further rescarch into the prediction of the ultimate
uplill capacily of micropiles.

Research on the prediction of the ultimate uplift capacity of micropiles primarily
includes empirical methods [16], Timit equilibriom metheds [17-20], and Timit eguilibriam
methods that consider arching effeets [21-23]. Empirical methods, typically based on
historical data or feld tests, are simple to operate and can quickly yicld prediction results,
However, Lhe accuracy of these methods heavily relies on engineering experience, and Lheir
predictive performance may be unsatisfactory under new engineering conditions. Limit
equilibrium methods that consider arching effects are mainly applicable to cohesionless
soils [24], resulting in g relatively narrow scope of application, Considering the simplicity
and applicability of these methods, limit equilibrium methods are more suitable for pre-
dicling the uplill capacily of piles. Neverlheless, the research on Lhe uplill capacily of piles
has predominantly focused on piles with slenderness ratios of less than 30 [18,19,23,26].
When the slenderness ratio exceads 30, the critical embedment depth s simplified to 73%
of the pile’s length for caleulation, ignoring the effect of the chunge in the eritical embed-
ment depth on the predicted results for cases with high slenderness ratios. ‘Uherefore, it is
necessary Lo invesligale the uplifl bearing mechanism of micropiles furlher and evaluale
the accuracy of the available prediction methods in assessing their ultimate uplitt caparity.

Based on the aforementioned studies, the applicability of the existing prediction mod-
els for uplift capacity to micropiles with high slenderness ratios requires further evaluation,
1o address this, this paper investigates the load transfer mechanism of micropiles under
uplift loads through model tesls and finile element simulalions and proposes a dynami-
cally varying critical embedment depth dependent on the slendernaess ratio. Subsequently,
Shanker’s model is improved by incorporating the critical embedment depth, resulting in a
modificd caleulation method for proedicting the ultimate wplift capacity of micropiles. This
work provides a theoretical foundation for the application of micropiles in uplift-resistant
engineering lields, such as lransmission lower [oundalions and building reinforcement.
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2. The Model Tests
2.1, The Model Piles

A large number of model lesls under gravily can be carried oul due Lo Lheir low cosl,
which can ensure the reproducibility of the data and help us understand the significant
rharacteristios of the uplift bearing capacity of mintature piles better [12]. Tor this reason,
this study relics on engineering cxamples, and based on the similarity theory [27], the
diameter of the model piles is designed to be 1/15 of that of the prototypes [28,29], with a
diameler {d} of 20 mm and pile lenglhs (L} of 600 mn1, 80 mm, and 1000 mm, respectively.
Subsequently, for the model pile, the slenderness ratios (A) are 30, 40, and 300, respectively,
and the corresponding model piles are deseribed as P30, P40, and P50, respectively. The
madel] piles were made of solid aluminum alloy. Aluminum alloy was selected due to
its high strength-to-weight ratio and ease of machining, ‘1o simulate the friction between
the pile and the soil, the entire surface of the piles was polished, resulling in a pile—soil
friction angle (&) of 23,57, Strain gauges were attached to ane side of the model piles to
manitor the changes in the axial force during the tests. The strain gauges used were the
model 120-20 AA with a sensibivity of 20 mV /Y, and they woere evenly spaced at 100 mm
intervals centered on the sensitive grid of the gauges. 'The dimensions of the model piles,
lhe Incalions of Lhe slrain gauges, and Lhe physical selup are shown in Figure 1.

Surface
| A YA
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[ | I
=
=
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= o
i =
= L 1
= =
) l
= =
2 g
A | =
—i] |a £
2 LR
PT’-G =
=
— =
0 -
P =
40 =
Unit: mm —'ic"‘—
I Siraln gauge =
Psq

Ligure 1. LThe model pile size, positions where the strain gauges were placed, and a plwsical map-

2.2, he Seil S

The soil sample consisted of a single sand Tayer with a density of 155 g/cm’ and

ple

a rolative dengity T of D50, The soil sample proparation procedure was as follows.
Each 5 am thick layer was compacted horizontally, and then the surface of each layer was
scarified before adding the next layer Lo prevent stratification within the prepared soil
sample. To ensure the accuracy ol the tests, the prepared soil sample was lelt to settle (or
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24 h. After 24 h, the internal friction amgle () of the soil was determined to be 257 through
direcl shear lesls {ASTM D308R0-95 [20]). The resulls of Lhe direcl shear Lesls are shown in

Tigure 2.
300

T=0.46078c 10.08732
R3-0.99994

2004 o

[z

= T

= o

Y100 =
/./
k/
0 [LUDC SaTiplag
] 100 200 300 400 500
a (kPa)

Figure 2. Results from direct shear tests,

2.3, The Loading Syalem

‘The loading test system is shown in Figure 3. The system consists of a model box, an
uplift loading device, displacement sensors, and a static strain acquisition system. ‘Lhe
madel box is made of tempered glass. The length, width, and height of the model box are
130 e, 150 emy and 120 cm, respectively, and the thickness of its walls is 10 mm. The uplift
Towading devive congists of fised palleys, nylon ropes, and g welght comtainer. Through the
lever action of the bwo fixed pulleys, the gravity of the weights is transferred via the nylon
ropes to apply an uplift lead to the pile, ‘The reaction frame of the uplift loading device
is conslructed using square sleel tubes, wilh the lixed pulleys welded Lo Lthe steel tubes
to ensure reliable connections. The displacement sensors have a range of =20 mm and
an o of —0L3%. The resulution and ramge of the static straim acquisition systemn {maodel
JC-YIY-200) are 1 pe and 0 =30,000 py, respectively, ‘The sampling rate is set to 2 times

per second.

Static strain data
Acquisition system

Figure 3. The loading test system.

105




§£ 2025, 15, 1186

3. Results and Discussions
3.1, The Bearing Capacity

The load-displacement curves of Lhe uplifled micropiles under differenl slenderness
ratios are shown in Tigure 4. Tt can be observed that the load—displacement curves of the up-
littedd micropiles under different slenderness ratios exhibit similar trends from Tigure 4. Tn
the initial loading stage, the load—displacement curves develop lincarly, The Targer the slen-
derness ratio is, the greater the tangent slope of the carve in the linear stage is. As the load
increases, the langent slope of the curve gradually decreases, and the uplifl displacement
at the top of the pile increases nonlinearly and exponentially. Using the double-tangent
method [201], the ultimate uplift capacity (UPC) of the pile was obtained. The ultimate uplift
capacitics of Pag, Fyp, and Py are 191N, 375 N, and 491 N, respectively. The cormesponding
uplift displacements arve (.14 mm, (.168 mm, and .18 min, respectively. Compared to those
of I3, the ULC and its corresponding uplift displacement of Iy increased by 96% and 200,
respectively. Compared to those of Py, the UPC and its correspanding upliit displacement
of Pgy increased by 31% and 7%, respectively. This indicates that as the slenderness ratio
increases, the rate of the increase in e UPC and its cormesponding uplift displacement
in uplifted micropiles gradually decreases. 'L his indicates that for micropiles under uplift
loads wilh Lhe same pile diameler, the improvemenl in Lhe bearing capacily due Lo an
increase in the pile length is limited.

700
600
500 - * ____-_-“_____.
— b W T o
ZA00L g e
e | 4
23007 ., PPy
200- e = 2=30
100-§, * =40
1 ==
0- . . . . =34
0 | 2 3 4 5

Displacement of pile top (mm)
Figure 4. Load—displacement curves aof micropiles with different slenderness rabios.

3.2, The Axinl Fovce of Hie Piles
Equation (1) shows the formula for the axial forces along a pile shaft under different
uplifl loads [31], which can be used Lo ablain the axial [orces of model piles under diflerent
loads, as shown in Tigure 5. Tt can be observed that the axial farces along the pile shaft
decrease gradually from the top to the bottom of the pile under different A vahaes from
Figrare 5. When, A is 30, the axial forces alemy the pile shaft exhibit an approximately lincar
distribution with the depth under all loads, As A increases, the slope of the axial force curve
aradually decreases under a large load. This indicales thal [or piles wilh large A values, lhe
transfer of the uplift load downward decreases as the buried depth increases. Therefore,
the higher the slenderness ratio, the reater the extent of the embedment into the soil at the
basc of the micropile.
N,:_; = EE.'.'J.'A {l ]
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where IV is the axial force of the pile at the i-th cross-section under the j-th load level; £ is

lhe elaslic modulus ol Lhe pile; ¢;; s Lhe sirain of Lhe pile; and A is Lhe cross-seclional area
of the pila.

" v
5 2
; 1
; g
- =
¥ am—
LRI PRI =
R ERLi] I
15UN sl =
v JHIN - 0N
230N - 500N
a0

B 100 200 300400 500 500
Dile axis faree (N}

1061200 300 400 S0 614
L'ilz axis torce ()

Pile uxis lorce (W)
{a) P (b3 P (e P

Figure 5. Axial forces of model piles under different loads,

3.3, The 5ide Friction Resistance

Figure 6 shows the average side resistance under different uplift loads caleulated
using Equation {2) [32]. It can be observed thal the position of the maximum side friction
resistance gradually shifts downward as the load increases. This indicates that in avder
to balance the uplift load, the pile’s lateral frictional resistance gradually acts into deeper
soil layers as the length-to-slenderness ratio inereases, TToweyer, the distribution of the
maxdmmnmn side friction resistance varies with A, For Ps, Py, and Py, the maximum side
Iriction resislance occurs wilthin buried deplh ranges of 0.5-0.66 L, 0.625-0.875 L, and
0708 L, respectively. This demonstrates that the larger A is, the maore signilicant the
embedding effect of the soil around the lower part of the micropile. Therefore, it can be
concluded that as the slenderness ratio increases, the point of the failure surface in the soil
{that is, the critical embedding depth) moves further away from the bottom of the pile.

N
w1

{2)

i5 the average side resistance of the pile segment between the i-th and {i + 1)-th
cross-sectiong under the j-th Toad level; Wi, [is the axial force at the {7 + 1)-th cross—section
under the j-th Toad level; ui is the perimeter of the pile; and Lis the length of the pile
seement between the i-th and { + 1)-th cross-sections.

[rju— . u
& 5l Sy LIV ik LRI
= 1N * 200N 200N
150N & 200N g2 ~ 00N
Te oo v WM Ao F 3004 400N
g o SN SUON £ i 00N
. = sl ol GO0
g £ w0
. 2 :
Ed o .
i ERE .
GH) ¥ '
. : iy L R
5 w1 20 B E T T4 ﬂ £ W1 2
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(a) P (b2 [c) Psa

Figure 6. The distribubion of the side fricHon resistance alomg the micropiles under different loads.
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4, Prediction of the Ultimate Uplift Capacity
4.1, The Avgilable Prediction Models ard Tinprosetents
(1) The slandard model [33]

The standard model assuimes that the failune surface ceours at the pile—soil interface,
and the net witimate uplift capacity of the pile can be estimated using Equation {3}

Hoy = fK,a"yLz tan 3

whete Ky is the Tateral carth pressune cocfficiont; d is the divmeter of the pile; 5 is the unit
weight of the soil; and L is the length of the pile.

(2] The truncated cone model

The truncated cone model assumes that the ultimate wplift capacdity is cqual to the
selbwelght within the failure surface, where the failue surface is a truncated inverted cone
wilh Lhe enveloping sides rising al ¢/2 degrees [rom Lhe vertical. This maodel is expressed
using Couation (49,

~

e = :LR tan2 ¥y 4

(3 Meverhofs maodel [17]

Meverhof's model neglects the weight of the pile and asswmes that the soil failure
mechanism under an uplift load follows a similar shape to that for a shallow anchor. The
net ultimate uplift capacity of the pile can then be estimated using Touation (3}

T

P~

KoilyL? tand )]
where, K, is the uplift coefficient and can vary with in wide limits and depend not only an
ther soil properties, but also on the type of pile and method of installation,

(4] Das's model [18]

Based on experimental results, Das’s model assumes that the friction resistance at the
pile—soil interface ingreases linearly with depth until it reaches a critical embedment ratio.
The critical embedment ratio depends on the relative density (D), 'Lhe net ultimate aplift
capacily of the pile can then be eslimaled using Equalions {6) and (7).

1 ;
Py — gpyLPK tand| P — I A < (&)
1. . : D -
P E;f’;rf.w Kotand 4 pyla Kotan ST — L) Foy  TF A = (A, {7)
where
nffi:Ii.‘. D560, 4+ 358 (For D, < FO%) {B)
(Al = 145 (For £, = 70%]) {9

where [ is the critical embedment depth, (Al = L/ L+
(3] Chattopadhyay’s model [19]

Chattopadhyay's model assumes that the failure suwrface of the soil is curved. The net
ultimate uplift capacity of the pile can then be estimated using Cquation {10).

Pow — Appmdl? (1

where A is the net uplift capacity factor and depends an @, 8, and A,
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(& Shanker's model [20]

Shanker’s model considers the angle between the soil failure surface and the horizootal,
proposing a simplified method for predicting the net ultimate uplift capacity, as shown in
Eguation (11}, Based on aforementioned studics on shiding failure surfaces [19], for piles
with A = 20, the failure surface is assiumed to be tangent to the pile at a distance of L/4
Irom Lhe pile Lip. Therelore, Pu in Lthis model is the sum of the values calculaled using
Fquation (11} and the frictional resistance generated over the T/1 length.

Oy Gy omd i
P?:I'_zL 6L 1 Loy {1
where :
Cy = ey — fcosd — K, sinf) tan -:_;JJ (12}
_tun @
. | % :
(2= tan ; ban @ fcosd K, sind) tan cp} (13

where 8 s the angle of the failure surface to the horizental.

Figure 7 compares the values calculated using these different prediction models with
lhe experimental values. From Figure 7, il can be observed Lhal as Lhe slenderness ralio
increases, the values predicted by the standard model and Meverhof's maodel fall below
the ideal line, with significant errors ranging from 71.8% to F3.8% and 30.3% to 54.9%,
respectively, The truncated cone moedel provides predictions close to the ideal line for
A =30 and 40, but the error reaches 63.5% for A = 50. The values predicted by Das's and
Challopadhyay's models are relalively close, with the ervors ranging (rom 12% Lo 39.5%,
Shanker’s model shonvs ercars vanging from 8% to 0%, Tn summary, of these six models,
Shanker s model demonstrates o better predictive capabnlity for the ultimate uplitt capacity
of piles with high slendemness ratios. Additionally, Shanker s model is simple, involving
neither complex analyses nor graphical methods, making it advantageous for engineers
assessing lhe uplill capacily of loundalion piles. Therefore, Lhe [ollowing analysis and
improvements are based on this prediction madel.

900

®  Standard model
& Truncated cone model
v Meverhof's model

% Das's model

¢ Chattopadhyay's model
600 Shanker's model

A=30

]
&\"\‘

300+

Predicted net uplift capacity(N)

300 600 900
Measured net uplift capacity(N)

Figure 7. Comparison of the resulls using differenl prediclion models and cxperimenlal resulls [17-20033).
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4.2, Uhe Determination of L, for Micropiles with Different A Values
4.2.1. The Finile Element Model

Tased on the aforementioned experimental results, 1t s evident that the load distribu-
tions of different piles differ. Cherefore, for micropiles with A 2= 30, the critical embedment
deplh may differ. To invesligale the varialion in L. wilth differenl values for A, a finile
elemenl analysis model was eslablished using Abaqus soltware (2023) to simulale Lhe
deformation of the soil surrounding a micropile under an uplift Toad. The critical en-
bedment depth wis determined by analysing the plastic strain of the surrounding soil,
Figmire 8 shows the fnite clement amalysis model, where the side and bottom boundaries are
conslrained by roller and pinned supporls, respeclively. The dimensions of the calculation
region in Lhe aoil are 75 d (lenglh} = 90 d (widlh). Displacemenl loading was applied al Lhe
top of the pile, with a displacemeant of 5 mm. The cell type of the soil is CPRAR, and the cell
type of the pile is CPSIR. The type of contact between the pile and suil is general contact,
and the contact algorithm is an aummnented Lagrange algorithim. The shear behavior at
the pile—soil interface was defined based on Coulomb’s friction law, where the tangential
frictional stress is linearly proportional to the normal atress [34]. The pile—soil friction
angle was set to 2R.A° The pile was modelad as a linear elastic material, while the snil was
modeled vsing the Mohr—Coulomb model. The material parameters for the pile smd soil are
listed in Lable 1. The pile diameter (d) is consistent with that in the model test, 'lo enhanee
the generalizability of the results, additional cases with A = 60 and A = 70 were included.

3>_I TTT ! TTTT ¥ @
Esoil Pile L
D : &
ENEEEE : %
I» <k
2=3)

ke %

A= o=

I =
250l | gk =4
T sal T e T
B HEHHHHEEEHH S

PN S N N U N W

Figure 8. The finite clement analysis model.

Table 1. Table of material paramcters foe pile and soil.

Unit p (kg/m*) L (MPa) ) P Cohesion ¢ (kPa)
Micropile 27 FO000 0.33 - -
Sl mass 1.9 an 0.3 25 1

4.2.2. Validation of the Numerical Model

‘lo validate the reliability of the numerical simulation model, the axdal forces alonyg the
pile (al an uplift displacement of 5 mm at the top of the pile) and the load—displacement
curves obtained from the model were comparad with the experimental results, Tigures 9
and 10 show comparisons of the axial forces along the pile and the load—displacement
curves, Tespectively. Tt cam e observed that the axial forces amd the load—=displacoment
curves calculated using the numerical moedel are in excellent agreement with the exper-
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imental results from Figures 9 and 10, [he maximum crror in the axial forces is 3.5%.
The ullimale uplill capacilies calculaled using the numerical model are 199 N (), 390 N
(Py), and 511 W (Pz;), with a maximum error of 4%, These results demonstrate that the
establishiedd numerical muodel is highly reliabile and can accurately predict the pile—soil
interaction for micropiles under uplift loads. Based on the validated finite clement model,
the equivalent plastic strain contours of the surtounding soil for different micropiles at an
uplilt displacement of 3 mun were oblained, as shown in Figure 11,

. .
600
004 L
00
a0

1 00—
O 10200 300 400 500 600
Pile axis loree (N}

Tile buried depth (gmn)

ps- Fvperi-nanes |

Figure 9. A camparison of the experimental and simulaled axial forces along the piles.

700
600-

0 I 2 3 3 5
Displacement of pile top (mm)

Ligure 10, Comparison of experimental and simulated load—displacement.

Trom Tigure 11, il can be observed thal as A increases, the exient of the [ailure surface
in the surrounding soil expands, and the location of the failure surface, as well as the
position of the maximum equivalent plastic strain, shifts deeper. The values of £ /T for
the micropiles are 0.91, (A = 300, 085 (A = 40), 0.78 (A = 300, 0.71 (A =60, and 0.62 (A = 7U).
By perlorming linear filling on L. /L lor differenl values of A, lhe relalionship belween
L+ and A (Equalion (14} was ablained, as shawn in Figure 12, Substituling L = Ly inla
Frquation (11) yields Toguation (15).

T (—=0.00724 4+ 113477, (14)

Cy Fd a2
B= 2 1 AL 5 Kty (DO0727 0134 lany d Tl (15)
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Vigure 11, The contotwrs of the equivalent plastic strain in the surrounding sail at an uplift displace-
ment of 3 rmm.

L, /L—-0.0072511.134
RE=().99284

30 40 50 60 70

A
Figure 12. L. for different values of A,

4.3, Validation of the Improved Mode!

Siddamal [35], Chattopadhyay [19], and Shanker [20] reported a series of model tests
on piles with A = 30 under uplift loads. Table 2 lists the lest condilions, pile dimensions,
Llheoretical prediclions, and errors. The resulls show Lhal Lhe improved model has a very
small errar in the predictions for piles with high slenderness ratio compared to those of
earlier models. Additionally, Figure 13 compares the results of the improved model with
the measured values. The results show that the predicted values are in good agreement
with the measured values, closely aligning with the ideal line, with the errors within 12%.
This indicales Lhal lhe improved model provides accurale predictions lor Lhe uplifl capacily
of micropiles.
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Figure 13, The resulls of the impraved madel are compared wilh (he experimental resalts [19,21

5. Conclusions

This study investigates the uplift bearing performance and the deformation of the sur-
rounding seil for micropiles using model tests and finite element simulations. A modified
maodel for the ullimale uplift capacity of micropiles is areated based en Shanker's model.
The follewing conclusions are obtained.

(1) As the slenderness ratio increases, the ultimate uplift copacity of a pile yradually
increases, but the rate of Increase decreases progressively, ‘The load distribution of the
micropiles varies wilh their slenderness ralios, showing Lhal as lhe slenderness ratio
increases, the embedment effect and range of the surrounding soil at the lower part of
the pile become mere significant, and the eritical embedment depth of the micropile
shifts further away from the tip of the pile,

2)  Lhe improved modelis snitable for predicting the uplift capacity of micropiles, Yalida
Lion through case studies demonstrales thal this method provides accurale prediclions,
with ervors below 12%,

(3) The improved model is easy to use without a complex analysis and is suitable for the
rapid desism of micropiles in enginecring, Tt s recommended in practical projects to
first calculate L, using Equation (14) based on the preliminarily desigmed A. Subse-
quently, Pay should be calculaled via Equalion (15), compared wilh Lhe design value,
and an appropriate A selected to optimize the design of the micropile size.

(#)  The current model does not encompass specific soil conditions (e.g., expansive soil
and collapsible loess). Future rescarch will incorporate in situ testing and specializaed
soil analyses to expand the model’s applicability.
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It is challenging to develop o widely accepted construction method of micropile toundation {3FF) for transmission line projects in
complex terrains, A novel assemnbled MIF was proposed to address this challenge, and its characteristics of bearing performance
wire investigated assisted with model cxperiments and three-dimensional numerical siulatons. Results show that the ultimate
bearing capacity under vertical and horizontal leads maintained 45.0% and Y2.6% of the performance for cast i sitn foundations,
rezpectively. Pronounced stress concentrations ocour near prestressed tendons and connectors. creating visible load path indicators
that emable real time structural health menitoring and targeted component replacement. vertical loads arve effectively transferred
from prestressed tendons to shear kevs, and then te connecting steel plates. Horizontal lead resistance primarily relies on ateel
cylinder—pile interaction, demonsteating less than 3% directional displacement variation, comparakle to cast-in-situ foundation
intenrity. 'L he assembled connection svsten achieves consistent quality control through factory-manutactured components. 1he
modular nature and standardized connections significanty advance the industrialization of power infrastructure constraetion.

Keywords: asserbled micen pile; hearing perfarmance; Tnad transfer mechanism; overhead tranamission lines; three dimensional
numerical simulation

1. Introduction

As a cornerstone of lechnological advancerment [1], the trans-
mission of electrical energy is a crucial companent of the over-
all functionality of pawer systems [2]. Creerhead transmission
Tines ({¥I15} emerue as the predominant solution for long
distance, high-capacily power delivery. particalarly in expan-
sive terrains with lavorable geomorphological conditions [3],
Within this infrastrucure svstem, tower foundations perform
eritical load-transfer fimctions, simultaneously resisting struc
Lurad forees Tom alwwegronnd compunents and geolechnical
stresses from surrounding steata |4, 3], Current construction
challenges are magnified in mountainous grid projects, as

exemplified by the Ningdian-TRuiviang corridor where moun-
Lajtious Leveain conslilules -90% of the project area [6]. Con-
ventional cast-in-situ pile foundations (CF) face threefold
limitalions under such comples opographical condilions:
(1) restricted accessibility for heavy construction equipment,
(2] safery hazards in manual excavatiom proce and

(31 quadity inconsistencivs in conerele placernent. 'Therelore,
to imprave the canstruction efficiency and quality of transmis-
siom line proects, there i an wrgent need for inmovative foun

dation systerns and construction techoiques thal support fully
mechanized congtruction, Tn the context of global promotion of
envitonmenlally friendly materials and constraction [7-9],
green construction has become an industry consensus.
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Micropile fpundations (MPFs) present an envitonmentally
comscions alternative demonstrating superior technical merits,
which are compact cross-sections (typically 1530-300 mm
diameter), lighbweight installation equipment {<5t), reduced
construction timelines {40%—60% faster than conventional
metheds), and enhanced adaptability to constrained sites
|10, 11]. This technelogical shift addresses both operational
safety comeerns and sustainability requirements i maodern
power intrastructure development.

Researchers have conducted theoretical and experimental
sludies on the bearing capacily of single micrapiles under ver-
tical [12-14], inclined [15, 16], and horizontal [17, 18] loading
condilions. The resulls show thal single micropiles exhibi
exvellent bearing performance. and simplified caleulalion
methads have been proposed as viable alternatives to comven-
Liemal barge-diameler piles. Cui el al. [19] proposed a nowvel
analytical solution for hovizental vibration of floating piles in
saturated sails, advancing the theoretical framewark for micro-
pile hehavior under dynamic Touding condilions. Regarding
micropile group behavier, Sharma ot al. 20/ investipated 12
migrapile configurations, identifving pile spacing, slenderness
rality, and soil compaction as crilical puramelers govermning
bearing pertortnance. Complementary research by Hussain
et al, [21] in granular soils (relative densities of 30%, 504,
and B0% ) revealed enhunced group elliciency al $1 pile spacing
under lateral loading, Fyung et al. |27 developed a tield-test-
hased bearing capacity estimation methad through modeal rest
ing o inclined micrepile groups ander verlica] loads, while
Moradi Moghaddam et al. [23] demonstrated minimal con-
straction method influence (drilling s, driving) on perfor
e via large-seale physical maodeling, Hong clal, [247 aml
Zhang et al. [25] explored the tailure mades and mechanisms
under different geological conditions through system reliabilit
analysis amd bearing capacily analysis, respectively, Cillec-
tively, these studies contirm the superior bearing characteristics
af micropile proups across diverse loading scenarios [26].
Kiong el al, |27] [uether investigated the compaction cllecls
during pile group installation in saturated clay, revealing criti-
cal influences of pile spacing and length to diameter ratio on
adjacent piles” deformalion and bearing capacily. Nolwilli-
standing these advantages, field implementation of cast-in-
situ miicropiles faces quality combrol challenges due to their
veclueed diameters, Assemnbled micropiles presenl a promising
solution with enhanced quality assurance. To align with the
mechanization trends i ransmission e construction, A¥h
Lernatic investipation ol lully assembled MPTs (AD) becomes
imperative,

Currenl assembled [oundalion syslems cncompass bath
spread and pile types, Experimental evaluations of assembled
slah fonmdations by Wang et al. [28] revealed 909 flexural
capacily relenlion compared Lo casl-in-silu loundalions,
accompanied by improved ductility, In pile foundation
research, Yunsheny and Kai [29] developed wheel-lvpe pile
foundations for ansmission lines, demonstrating stmplified
load transfer mechanisms, Zhaw et al, [3] propesed a novel
pipe pile syslemn exhibiling superior sell cenlering capabilily
and ductility despite reduced bearing capacity relative to con-
ventiomal piles. However, logistical constraints persist due to
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bullyy compaonents, necessitating the developrnent of compact
assembled pile systems.

Conneslion methodologics for assembled companenls pri-
marily involve wet and dry techniques, Compared to wet con-
neclions, dry conneclions do nol require on-sile concrele
pouring, making them more suitable for rapid construction
and green emission reduction [31]. Jiang et al. [32] developed
an innowvative end-plate bolted connection between precast
heams and compasite calumns, demonstrating exceptional
seismic performance hrough cycic Toading Lests. Bolled oom-
nections offer additional benefits including construction offi-
ciency, cost effectiveness, and postdamage reparahility [33, 34].
Jiang ¢l al. |353] proposed a novel bolled connection toe fully
assembled shear walls, and quasi-static tests verified the integ-
rily and seismic performance of the bolled precast shear walls,
These advancements confiem the technical viability of pre-
stressed and bolted commections for AFs.

Building upon a 110KV ansmission line micropile proj-
ect, this study proposes an inmmovative modular AF system
incorporaling hoth prestressed Lendon and bolled cap-pile oon-
nections {Tigure 1) By medularizing the cap into three pre-
fabricated units at the starting position (oolurm hase location)
of the mest unfavorable eblique seetion in the punching shear
failure cone, the dimensians during transpartation and instal-
Tation plises are elfeclively reduced. Siultancoosly. the oon-
nection between the cap and base piles adopts an integrated
stee] cylinder structure, fonming standardized pile inseallation
channds, This design signilicanty cnhances installation oomn-
venience and resobves the persistent challengs of controlling
pusilioning accuracy with tradilional embedded bolls during
prefabrication processes. Model tests [36, 37] and numerical
simulation [38, 39] methods have been widely used in geotech
nical enginecring, and these methods can elfeclively study
complex soil-strocture interactions, Therefore, madel tests
and numerical simulation methods were wsed W assess the
bearing behavior and settlement characteristics of the system
under vertical and lateral Toading, Comparative analyses with
convenlional cast-in-situ piles assessed load-Dearing perlir-
mange, stress distribution, and deformation patterns, ulti-
wialely validaling the struclural inlegrily and reliabilily of the
propased foundation system. These findings provide valuable
insights tor advancing assemblad finmdation design and mech
anized consleuclion in power lransmission engineering,

2. The Proposed Assembled Micropile

"I'his study investigates the applicadon ol micropiles ina 110 kY
transmission line project. An AF design was developed through
commprehensive analysis of geoligical condilions, load charac-
tetistics (as detailed in Table 1) and structucal parameters
inclnding dimensions, material properties, and reinforcement
conlgunalions of convenliomd casl-in-sile concrele piles. The
original foundation design emploved reinforced cast-in-situ
comerete Diles with peomettic specifications and reinforcement
Layouts Wusteated in Digure 2, The steuctural components uli-
lize differentiated concrete grades: C35 for the pile cap and
higher-strenpth C60 for the micropiles. The designed micro-
piles teature a 6-m length with a 200-mum diamerer, engineered
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Tnit: rean

'mams 2: Dimnmensions and reinforcement lTayoul of the casl-in-silu reinforced concrete pile foundation,

L'aszr 2 Phsical parameters of the soil.

Physical paramelers

Soil type Layer thickness {m}) . . L . .
Unit weight (K/m”) Internal friction angle g {7) Cobesion ¢ (kPa)
Cohesive soil 12 19 16 15

to nteract with subsurface conditions characterized by the soil the y-direction perpendicalar to these joints. Lo facilitate trans-
parameters presented in Table 2, Povtation and reduce the weight and size for an-site installa-

Liet, the cap s divided into three smaller prefabricaled wnits
2.1, Assebled Cap, Figure 3 illustrates the maodular division along the y-direction. During the installation phase, modified
scherne of the assembled cap structure. “The coordinale syslem epoxy adhesive is employved for bonding and prestressed Len-
is defined with the x-direction parallel to the splice scams and  don connections. This modular canfiguration comprises three
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2 3 Dimensions al the assembled cap blocks.

Iamrr 3 Parameters of assembled cap.

Component lype Concrele grade Reinlorcement Volume (m’) Weight (1) Quantity
-1 Cal a-ddiroation: C 1D@E200 0.344 .56 2
2 ol Jodirection: C L1@150 0500 125 1

distinel componenls: Lo syinmelrical end unils desipnated as
C-1and a central unit labeled C-2, The technical specifications
including plhsical paramelers and reinfiecement conliguea-
tions for both ©-1 and C-2 are systematically presented in
Tahle 3, where O denotes LHREAN-grade reinforcernent.

2.2 Connection Design

2210, Cap Connection Design. The cap conmection system
ermploys & composile mechanical joinl comprising prestecssed
tendans and shear keys to address the dual loading conditions
ol transnuission line foundalions. Given thal these foundations
experience both uplift and compressive forces during service,
the design incorporales prestressed lendons within the lensile
zone of the cap to enhance bending resistance post-splicing,
Concurrently, shear keys are strategically positioned at the
cap’s spliced interface to ensure effective shear load transfer,

2.2.1.1, Prestressed Tendon Configuration, The assembled cap
design requires prestressed tendons to deliver tensile capacity
and enhance structural ntegrity, To acconunodate the com-
hined compressive, uplifl, and horizontal Toads ransmilled
fram the pile foundation, prestressed tendons are distributed
across both the upper and lower regions of the cap omss sec

tion, During the tensioning phase, an nitil one-sided prestres-
sing operalion induces eceentric loading (denoled as N ).
generating nonuniform pressure distribution at the spliced
contact surface. This eecenlricily, Mustraled in Figure 4, arses
froun the spatial offset between the tendon axis and the conrace

Faeowae 4: Stress at the splice contact surface during constuction
(tensioning on the bettom side ot the cap),

surfuce centrodd. Figure 4 defmes ovilical peomelic paramelers,
where b represents the conlacl surface height and ¢ quantilics
the prestress eccentricicy,

The stress ul the upper cdge of the spliced foundalion
surface is
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Substiluting A I and W IR byuation (1] is

et BNy (ﬁ 5 ) s
b2 \s ) -

whoere b is the widith of the splice conlacl surface.

Trom Fquation (2}, the upper edgs stress (a) is larger than or
coqual Lo € when g < 6T provenl excessive separalion al the
splice contact surface during prestressed tendon construction
while mainlaining cost-elfecliveness in bending momenl resis-
tance, the eccentricity is specified as ¢, = L10mm,

1,2, Prestressed Tendon Area and Tension Control §
The cross-sectional area of prestressed tendons and their ten-
siom comtrol stress critically intfluence the hending meoment
capacity at the splice interface. The bending moment can be
caleulated using the following formula [40].

: X s “
M, = o fib (hr, G 2] | g Uy — )

onfbr =5 A= FAL 1 fr A1 (e

where M, is the design value for the bending bearing capac-
ity of the component splice contacl surlace: f; is the design
axial compressive strength of comcrere; x is the height of
concrele compression zone & and kg are e width and effec-
tive height af splice contact surface, respectively; £./f, and
Jii e are the design tensile and compressive sieenglhs of
ardinary reinforcement and prestressed tendons, rtespec
lively; Ag A5 is the cross-sectional arca ol the longitudinal
pre:ﬂ'ret:' d tendons in the COMmpression wone; A
cross-sectional area of the longitudinal ordinary reinforce-
ment m the tension and compression zones; /7, is the pre
slress al the poinl where the normal conerele stress in the
compression zone equals O e/, represents the distance
from the reaultant point of the longitudinal ordinary rein-
forcement/prestressed tendons to the compression edge of
the cross-section,

Ax shown in Figure 3, the tensile edge stress at the splice
interface can be determined using Tquation {5).

1\.'£ E My, — Nty s

=4 W -

Throwgh comprehensive analysis of Equations {3, (4], and
(5], the desipn inorporates fiur PAB930 prestressed (hreaded
steel bars (25 nun diameter} on each side of the cap. The ten-
siom conlrol stress i selal 79006 Pa (085 pvk], ensuring opli-
mal performance.

CEWINGD

UK

Limit: ram

Fraouk 5 Shear key cross-section dimensions,

2213 Shear Koy Parameter Desipn. The shear resistance
mechanizm assumnes complele shear lransier through shear
ltevs, eliminating shear force in prestressed tendaons,
Fruation (8] yields a minimum effective height requirement
Bp =863 mm [41]. Accordingly, the shear keys are designed
with 100 mu > 100 nun cross-sectianal dimensions, teaturing
reinforcement details illustrated in Figure 5. This configuration
ensures adequale shear resistance while mainlaining strucloral
eliiciency,

v

0.1 by + 045N, + 1654, /T F

where ki) is the height of the shear key section; ¥, is U shear
bearing capacity; A,y is the area of regular reinforcement.

222 Pile qud Cap Connection Desfgn. The immovative AT
syslemn incorporales an engineered steel evlinder connection
brase to enbance assembly efficiency and enable fully mecha-
nized comstruction, This advanced contigaration features pre-
embedded anchor bolls precision-welded Lo a 8-mm thick stecl
celinder, creating a unilied connection interface for structural
integration between pile elements and the cap. Field installation
emplows standardized conmecting steel plates with holted joints,
ensuring rapid and precize alignoment, The steel eylinder assem-
by is reinforced with 24HEB40U-grade threaded steel bavs (8-
mumn diameter = 100 mm length) ciroumferentially welded to s
exlerive surface. Crilica] connection componenls—including
pile-top embedded baolts, interface plates, and the composite
steel cvlinder base  are detailed in Figures 6 and 7, demim
struling the syslem’s precision-cngineered dimensional
codrdination.

The proposed foundation implements modular architec
Lure, dividing the cap struclure inle three lighlweight asseim-
bled units that aptimize transportation logistics and installation
efficiency, The multifunctional steel cylinder hase serves dual
purpises w5 bulh a precision alignment lemplale during oon-
struction and a permanent bolted connection platform, When
combined with the cap’s prestressed tendon connection system,
iy design achieves complele dry assembly capahilivy, elimi
nating, traditional wet concrete joints and fulfilling stringent
greetl CoRStruction requirements,
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3. Three-Di ional Finite Fl t Model

To comprehensively evaluale the bearing perfimmance and
load transfer mechanisms of the novel assemnbled micropile,
two distingt numerical models were developed: a static analysis
muodel (SAM] for structural evalwation and a foundalion soil
interaction analysis model (FSAM) for geatechnical behavior
assessment, Correspanding cast-in-situ pile midels wers estal-
lished for comparalive anal The BSAM primarily invesli-
gates the bearing characteristics of the innovative micropile
under varying load conditions, while the SAM focuses on ana-
Twwing stress distribution and deformation pallerns within the
foundation system wnder operational loads.

3.1 Finire Element Model

311 Fowndation=Soil Inferaction Analysie Model The
micropile configuration features a total Tength (11} of
65300 mm with an elfective embedment depth of 6000 mm
and a nominal diameter (I3 of 200 mm. To minimize

Tap wiew Vit num

. 7 lntegrated steel cvlinder connection base.

houndary effects, the soil domain was dimensioned as 2253
2251 i Jateral extent with a vertical height of 3312 [42]. Bound
ary conslrainls were inplemented with roller supparts along,
lateral surtaces and pinned constraints at the base. Loading was
applied through displacement control at the pile head.

The model emplays lass clements b sinudale reinforee-
ment bars and connection bolts within the steel cylinder, while
CATR reduced integration hexahedral elements were adopred
{or wher componenls, The pile—soil inlerface hehavior vy
characlerized wsing Couloml's [riction law, cslablishing a lin-
ear relationship between tangential triction stress and normal
stress [43]. Figure § illustrates the developed interaction madel
between the assembled foundation system and surrounding
s0il malrix,

312 Static Analpsis Model, The stress and detormation char-
aclerislics of the assenthled cap and pile cap conneclion struc

Lure were analyzed using a numerical model with the following
specifivations: The structural components were dimensioned
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-1

Tramar 8 Assembled Taundation and soil interaction analysis model.

i
al

1]

Fuivpe 9 Static analysis model: () assembled toundation meedel; (b cast-in-situ pile toundation medel.

with a total length (L) of 1000mm and a diameter {I] of
200 . Three-dimensional hised constraints were applied o
the lop surface ol the C-2 model Lo simulale vealistic boundary
conditions. The loading configuration was implemented at the
pile bottom, with the applied load corresponding to 174 of the
foundation’s design lad capacity to ensure comservative struc
Lural evalualion,

The connecting bolts in the steel bar and the steel cvlinder
adopt the 'I'Twss element, and the rest of the element types are
consistenl with the BSAM. Reinforcement bars were Tully
embedded in the concrete matiix through constraint embed-
ding, and a tie constraint formulation was implemented to
enyure proper mteraction between prestressed tendons and
Lthe cap slruclure. All remuaining conlacl nlerfaces were

sivmulated using hard contact formulations with sarface to s
lace discrelivation Lo acouralely replicale aoual working oon-
dilions, The lriclien cocllicicnls were specillcally delined as 0.6
Iretween critical intertaces: the connector—cap intertace and the
pile—steel cylinder interface, based on established experimental
data [44]. The comprehensive SAM configuration s visually
prosenled in Figure 9,

3.2, Muteriia! Pavarneters and Loading Schiene. The material
paramelers and constilutive muodels G FRAM and 546 are
shiown in Table 4.

The laading divections are set as compressive, uplift, and
T lal loads. *The single horizontal Toad Tor 5450 s divided
i x and  dircclons. A staged Toading process s used, with
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Tapre 1: Malerdal parameters and conslilutive models,

Unit Constittive model & {lig.n’m:’) L {Ml*a) i @ {°) ¢ {lePa}
Conarete for the cap Elastoplastic o 1,500 02 — —
Cinncrete for piles Hlasteplestic kLA IR nl

Reinlarcermenl Tlustoplastic: RGIXEN] ni — —
Bolt Elastoplastic 2000 03 = =
Prestressed tendon Rlasteplestic B3 195440 ni

Sl Maht—Coulomb modcl 149 5. 5 25 174

Tarvk 5: 5AM and F3AM loads.
Huorienntal
Compressive load (kKN) Tplill load (kN) lnad (KN}
x ¥
00 200 83 &5

Fieune 10: Experimental system,

cach stage being 0% of the total design load [45]. The total
Toad for SAM and FSAM is shown in lable 5

3.3 tixperimerdol Calibration. 'To validute the reliability of the
numerical simwlation model, 2 scale madel experimental study
was perlonmed on the AF ander aplift loading condilions. The
test system comprised a scaled micropile, soil medinm, test
chamber, displacement measurement devices, and loading
appatatus, a3 lustrated in Tigure 100 The transparent test
chamber, constructed fronm 10mm thick tempered glass panels
reinforeed by a peripheral steel frame. measured L3 m dength)
* 15w (vadth) x 14m (height), with a L4m thick soil kyer
compacted to replicate field conditions. The soil preparation
rocadure is as fallows, Fach 5em thick soil layer is horizon-
Lally connpacted, then the suelace ol cach laver s rolled belor:
adding the next laver of soil sample to prevent stratification in
the prepared specimen. The same amount of soil s used for
each layer to ensure uniform compagtion density of the test
suil. To ensure lesling accuracy, e prepared soil must e Tell L
stand tor 24 h. High-precision displacement sensors with a
(=20 mm weasuremnent range and Q001 mm reselulion were
deplaved to maonitor deformation responses,

2in)

Luad (LMY

Mater Experimental values magmified 23 times
0 1 8 12 1§ i b
Setrlement of foundation o mn)

= Experimental
— Simulated

Ficwwe L Comparisen of  wpenimental and simwlated

load-displacement curves under wplift load.

[n acowrdance with similarily crileria [46], peomelrical seal-
ing ol the micropile was implemented ata 15 ratie, resulling in
prototype-equivalent dimensions of 1200 mm length (L) and
A0mm diameter (TH, yielding an effective slenderness ratio
(112 o 300 'The pile tip was positioned 513 above the chamber
Trase, while the lateral dearanee between pile and chamnber walls
maintained a 17T} distance to minimize boundary cttects [47].
The scaled foundation utilized C8l-grade concrete, while the
soil medium consisted of river sand containing <57 clay con
Lenk classifed ws moedium-dense coarse sund based on particle
size distribution. Direct shear tests yvidded an internal friction
angle of 25 and a cohesion of 172 [dPa for the sail, The loading
protocol emploved 10 incremental stages, each equivalent to
17250 ol the design uplift load specified in*Jahle 5, culminating
in w maxirun applied load ol $ k.

Figure 11 shows the comparison of the experimental and
simulation results, which demonstrates stromg cormrelation
Delween experitnental and nwnerical resulls, The fnile ce-
ment simulation accurately reproduces the experimental
Ioad—settlement behavior at the pile head, with measured and
predicted ultimate uplift capacities of 136 and 132 LN, respec
Lively, The margina 29% discrepancy helween these values
conlivms e numerical model’s (delily in capluring the svs-
tem’s mechanical response, thereby validating its reliability oo
enginearing analvses.
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SRy o 1H
AF

F.ovae 124 Load-scttlement for AF and CF foundations under com-
pressive load. AF, assembled micropile toundations CF, cast in sitn
pile foundation.,

4, Results and Discussions

4.0 FEAM Anelyas Figure 12 illustrates the comparalive
lpad—displacement behavior of the AT and CT under compres-
sive loading conditions, as derived from FRAM analysis. Both
Loundations exhibiled comparable gradual sollening belavior
in their load-displacement curves, demonstrating similar post-
puak reaponse characleristics. Using the deuble-tangenl
methad for failure criterion identification, the ultimate com-
pressive hearing capacities of AF and CF are 365kN and
53N, respectively, Compared with CL, the ultimate bearing
capacity of AF has only been reduced 4.9%, which is satisfac-
Loy in cugineering, Despite these differences, te lndarmenlal
load transter mechanisms between the two foundarion types
shonwed remarkahle consistency under compressive kading,
This mechanistic similarity sugpests that ATs can serve as
viable alternatives to conventiomal cast-in-situ piles in
compression-dominaled applicalions, salisfying slandard
engineering performance requirements while affering
polential advanlages in construclion efMeiency and malerial
optimization,

Figmre 13 illustrates the load—displacement characteristics
al AF and CF under uplill loading, Nolably, e AF specimen
demonstrates distinet behavioral ditterences compared to its
casl-in-silu counterparl. Lulike CFy load—displacement curve
which exhibits a conventional lincar elastic phase, AT's
vesponse lacks a clearly defined linear development stage,
I'his divergence arises om the soil-supporled cap conligura-
tion of AT, which induces a marked displacement acceleration
during the inilial Joading phase. Ouanlilative analysis reveals
that the ultimate compressive bearing capacities of AT and CT
are 133N and |61 kN, respectively. Compared with CF, the
ullinpale Learing capacily of Ab only has been reduced 3.0%.
which is satistactory in engineering, The observed performance
dilferences stem from fundamental structural distinetions: AF's
asscrmbled nature results in veduced steuctural integrity

200

10

Lol i)

0 T T T T T
il 4 5 12 14 20 24
izplacement of foundation top fmm)
— I

s 1

Ficuae 13 Lowd—lisplacernenl curves [or AF and CF under uplil)
load, AF, assembled micopile loundation, CF, cast-in-situ pik
feundation,

Hl o

&l

40

Luaud (kM)

an A

n T T
4] i i 13 it}

Displacement ol foundation oo (mm)

e B
— AFx

— ALy

Frzuze 14: Leoad displacement curves for AL and CF under hori
zontal load. AF, assembled micrapile foundation: CIF, cast in aitu
pile foundation.

compared to Cs monolithic construction, precipitating earlier
nomlinear response initiation under loading, Wevertheles, this
assernbled conliguraton demonstrales compensalory. advan-
rages through enhanced flexibility, as evidenced by the dis-
placement characteristics during progressive loading stages.
Ligure 141 Mlustrates the load—displacement characteristics
of AT and CT under harizontal loading, Both confisurations
exhibit similar curve progression patterns under increasing
horiaonlal loads, Follomying standard evalualion crileria [18],
the ultimate horizontal bearing capacity was derermined at
Ifimm horizontal displacement, The analysis reveals that AF
demomstrales ullitmale hearing capacilics ol 63 and G4 kN in the
- and p-directions, respectively, showing 7.4% and
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b Strss distribulion of comnesion in AT, {d) Pros
assembled mivropils Geundation; CF, cast-in-sily pile lomdation,

5.9% reductions compared to CT's vnifarm 68 KN capacity in
buth divections. This directional dependence m AF's perfor
manee indicates slightly superior resistance in the y-direction
compared to the x direction.

Natably, despite these capacity varlations, the AT maintains
comparahle hearing behavior to conventional cast in sitn foun
dations under horizontal loading, The soil-strucure interac-
tion mechanisms for both foundation types show remarkable
similarily, suggesting cquivalent load Lransfer clficiency
Lebwien the assemnbled system and Lraditionad casl-in-situ con-
struction. "This performance equivalence highlights the techni
cal viability of AFs as a competitive alternative to conventional
cast-lh-sity salutions,

L) Prossure distribulion af cong:
sure distibution ol comerete in O
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7 letil
PTETTe 108
+1.353e+05
11254 1 0H

i AT (b Stress distribution ol bars
Lied Stress distribulion of bars in CF. AR,

4.2, SAR Anifysis

4.2 1. Stress Distribution:. Figure |7 illustrates the comparative
stress distribution patterns between AT and CT under com-
pressive loading conditioms, A distinet stress vedistribution
phenomenon is observed In AF conerete compared Lo CF,
with maximum concrete stresses concentrated adjacent to the
prestressed tendons while maintaining lower stress levels at
ather locations, This comtrasts with CFs stress paltern, where
maximum reinforcement stresses occur at the base pile
commgction,

The reinfovcement siress distibution reveals signilicant
system  differences: CT demonstrates higher stress
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Lram Lé: Stress disteibution for Al and CIF ander uplift Toad. (a) Pressure distribution of concrete in AL (D) Streas distribution of hars in AL
e Steess diswibulion of connection in AL (d) Pressure distibution of concrele in Gl fep Stess disteibuations of Taes in CU2 AL, assembled

micrapile foundation; C cast-in-situ pile fundalion.

cancentrations with a progressive decrease along the height,
whereas AF exhibits a more uniform stress distribution across
regular reinforcement members, MNotably. the masimum rein-
forcement stress in AF (8247 MPa at C-2 bottom reinfarce-
ment) remains well within the prestressed tendons’” yield
slrength theeshold

The analytical results confirm AF's optimized load transfer
mechanism, characleized by two distingl stress concenlralion
zones: primary concerlration at the lower prestressed tendons
and secandary concentration at structural connectors, This
slratepic stress distrihation offers dual advaniages. 1L nol only
ensures ellicient [oree transfer theough the prestressing svslem
but alsa localizes maximum stresses at accessible connector

locations. Such design intentionality tacilitates practical main-
tenanee benefils, particularly enahling straight forward inspec-
Lion and replacemnent of eritical connection components duving
service life,

The obwserved stress patlerns effectively demonstrale AFs
superior force transter mechanisn compared to conventional
systems, confirming its structural efficiency through cantrolled
stress localization and systernatic Toad distribution pathaws

Figure 16 llustrates the stress distribution patterns of AT
and CF under uplift loading, Comparative analysis reveals that
the siress distribulion m both concrele componenls and om
ventional reinforcement of AL exhibits remarkable consistency
with that observed voder compressive loading, This vniform
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stress response under vertical loading conditions not only
demonstrates structural stability but alsa validates the relia
and desipgn rationality of the AB systern when subjected to uplift
forces. Particularly noteworthy is the concentrated principal
stress observed in the upper section of AT's prestressed tendons
during uplift loading, which effectively demonstrates the struc
Lural eliiciency of the dual-row prestoessed lendon conlignra-
tiom, This targeted stress manifestation confirms the optimized
Tnad hearing mechanism achieved through the strategic place
ment of prestressed reinforcerment dements.

Figure 17 illustrates the comparative stress distribution
patterns of AF and CF under horizontal loading. For CF, the
sl compressive stress Wy concrele consistently mani-
fests heneath the pile cap (Figure 172, d, g). Far AF, owing to
higher prestressing loads, the maximum compressive stress
under mudtidivectional horizontal loading remains concen-
trated nzar the prestressing tendons, While compressive stress
at the pile hase below the cap is negligible m AF, this region
exhibils slress magnitudes comparable W CF, Reinforcement
stress patterns near nonprestressed tendons in AT demonstrate
remarkable consistency with CF counterparts, suggesting anal
agous sless dislribulion mechanisms between assembled and
cast-in-sitn svstems under horizontal loading.

The proposed AF exhibits distinet load ransier characler-
istics, Vertical load is transmitled [rorm the cap to the pile body
primarily through the connecting steel plate interface. Hori-
sonLal Toad i ransferred dominanily via frctional interaction
between the connecting steel evlinder and pile sutface, with
secondaty transmission (< 10% based on stress distribution
analysis) ooourring through the steel plate conmection. Notably,
shress concenleations in the assembled system localize al
connector interfaces, providing critical insights which are bear-
ing capacity optimization through conmector design, failure
mede prediction under exleeme loading conditions and perlie-
mange validation of modular connection systems, respectively.
This mechanistic divergence highlights the importance of
comnector design in sssembled syslems compared Lo mano-
lithic cast-in-situ foundations while maintaining comparable
averall stress distributon characteristics under service loads.

4.2.2 Displacement Disiribulion. Figare 13 llustrales the ver-
tical displacement patterns at the center aof the cap battom tor
hoth AF and CF under compres 5
reveals distinel deformation churacleristics betwoen e Ga
structures. Dor CT, the cap center exhibits downward move-
ment (maximum displacement: 01 mmj accampanied by
uprweard displacement al the edpes [minimum displacement:
0.054 mmy}, demonstrating a typical bending deformation pat-
tern. AF presents more complex displacement behaviar, T the
s=direction, seven symmelrically distriboled crilical poinls
emerpe along the cap botton, corresponding to specific strue-
tural featnres which ave the cap center, splice seams, hase
piles, wnd midpoints belween base piles und cap edes, respee-
tively, Motably, the mazimum x-direction displacement
(=078 mm) ocoars at splice seams, while the central dis-
placement {—0.038 mm) remaing 63% Jower than CFy central
displacement, The edge displacement of AT (0,146 mm)
exceeds CF's by 46%, indicating enhanced edge deformation,

Advances in Civil Lingincering

Y-direction analysis shows significant displacement varia-
tioms at splice seams, with the vertical displacement at -2
bualtern reaching =042 mm (7% higher than CF). Lowever,
the cap edge displacement (.14 mm) reduces to 4% of CT's
corrvespmding value, Comparative analysis demonstrates thar
while AT exhibils increased overall defonnation compared Lo
CL, particularly with more pronounced edge uplift, the abso-
Tule defiwmalion magniludes remain minimal. The p-direction
defoemiation performance surpasses x-dircclion behavior, sug-
gesting anisotropic mechanical characteristics.

Subscyquently, splice seams induce localized slress concen-
tration, contributing to 178% greater displacement than CT at
these positions. Base pile locations serve as secondary deforma
Lo conleol points, The symmelrical detoemalion patlern con-
firms structural integrity despite localized variations.
Anisotropic defonmation highliphts the importance of divec
tiomal considerations in structural design. These findings
emphasize the significant intluence of splice seams and basa
pile arrangements on AF's defonmalion characlerislics, provid-
ing essential insights for composite structure optimization
under comipressive loads.

Figure 1% illustrales the verlical displacemnent palterns al
the center-hottom position of both AF and CF caps under
uphil loading conditions, The analysis reveals distinet defor-
muation characteristics: the CT cap exhibits upward movement
at its central region accompanied by dossmward displacement
al the peripheral wones, creating a characleristic inverled hook-
shaped deformation profile. The displacement values range
between —(L054mm (maximum) and —0.1 mm {minimum).
Similar W the compressive loading scenario, the AF cap
demanstrates seven characteristic extremum points in its
direction displacement pattern under uplift loading, and the
positions of cach calremum poinl are the same as those ol the
T gap. Kotably, while the p-direction displacement distribu-
Livm al the cap's hase presenls an inverse paliern compared Lo
comprressive loading, the relative displacement magnitudes
hetween the cap's edge and central regioms remain comparable,
"I'his behavioral constslency confirms that the AF mainlains
superior mechanical sviunetry, demonstrating remackable
adaptability to vertical loading from diverse directional inputs
through ils coordinaled deformation mechanisms,

Figre 2} illustrates the horizontal displacement patterns at
the bottom edge of oth AF and CF caps under horiamnlal
loading, The analysis reveals distinet behavioval characteristics
hetween the two foundation types. For OF, the cast in situ

(fundation detnonstrates smooth horfzontal displacement dis-
tribution along the cap bottom edge. A minor displacement
reduction (2644 mm) is ohserved near the hase pile location.
The horizontal displaceinent values are -2,644 mun, indicaling
consistent load transter through the monolithic structure, Tor
AF hehavior in X-direclion, signilicanl displacernent amplifi-

calion occurs ab splice seams, reaching maximum values ol

2863 mm (C-1) and 2,735 mm {C-2), C-1 exhibits pronounced
paraholic deformation near Tase piles, exeeeding CFs displace-
ment by 8%, C-2 shows moderated displacement (3% greater
than CF) through prestressed tendon load transfer, For AF
behavior in Y-direclion, syiumetric parabolic displacement
torms near base piles with reduced magnitude compared to
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igl
g listribation for AF and CF uucker horizontal load, (2} Pressure distribution of conerete in AR (b Stress distribution of bars
recliom, () Stress distibution of connection in AT (d} Pressure disiribulion ol conerele in AT [e) Stress distribulion ol bars in AR
fum. {1} Slress distribution ol conneetion in AF, (g) Prossure distdbulion ol conerels m CF, (h) Stress dustdbulion of bars m CF, AF,
assembled micropils foundarion; CF, cast-in-sity pile foundation,
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X-direction. Central cap region demonstrates greater displace-
ment than X-direction counterparts, Maximum displacement
remaing helow X direction peak values. Subsequently, AFs
overal] horizonlal displacement matches CF perlomuance
within 3% variation, Effective load transfer mechanism was
achieved throvgh prestressed tendon-mediated load distribu-
tion from € 2 ta O | and comnector based load transmission
[rom C-1 Lo base piles,

This comparative study canfirms that the AF maintains
structural performance parily with traditional cast-in-silu sys-
Lemns while demonstirating anique delormalion characlerislics
attributable to its assembly configuration. Stress concentrations
at connector interfaces facilitate post-comshuction inspection
and replucement, demonstrating excellent repl Alily. Addi
Lionally, the load wansfer mechanism of the AL s well-defined.
and its structural performance is comparable to that of cast-in-
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Ficaa: 20: Horizontal displacement at the edge of the bottom of the
cap for AF and CF under horizontal load. AF, assembled micropile
feundation; Cl, cast-in-situ pile foundation.

sitw foundations, Therefore, it exhibits high reliability and
adaplallily in engineering applicalions

Tn summary, nnder combined vertical and horizantal load-
ing conditions, B nevel Ak demonsieales oplimized sleess and
displacement distribution characteristics, validating both its
mechanical performance and desipn viabilily, The advanlages
of this design are as follows:

4220 Sress Locolizalion and Mainlenance Advaniages.
Stress cancentrations are intentionally localized at connector
inlerluces, fucililating Lurpeled inspection and mainlenance
operations. This design strategy ensures enhanced component
replaceubilily, signilicanty improving lemg-leem seeviocabilily,

4.2.2.2, Load Transier Mechanisa The foundation axhibits a
well defined Toad transfer hierarchy: vertical/hortaontal firces
— prestressed tendans — bolted connectors — base piles. This
systernatic force transmission mimics the load path efficiency
of cast-in-sity systems.

4.2.23. Performane Benchmarking Stroctural displacement
and slress responses align closely willy casl-in-silu foundations,
showing deviations within 8% under equivalent loads, Compa-
rable structural perlonmance metrics conliem system reliabilily
while retaining precast advantages (eg, modular assembly,
qualily control}.

4,224 Engineering Applicabifity. Demonstrated stress
prodiclability and component accessililily enable rapid dam-
age diagnosis and localized repairs. The system demonstrates
superior structueal eeliabilily, This inlegraled assemlded solu-
tion successtully balances perfarmance equivalence to conven-
Livnal methods with the practical benelits of modular
construction technology.

4225 Heomomic wid Construction Cyele Advaniuges. Com
pared to conventional cast-in-situ foundations, the AT
emhances comstruclion elliciency by J0%—600F 10, 11, 49]
through factory-manutactured standardized components and
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dry connection techniques, The lightweight installation equip-
ment significantly rednces transpartation and construction
challenges in complex terrains {e.g., mountainous aceas ), Addi-
tiomally, factory production ensures quality consistency, miti
gates detect risks associated with on-site concrete placament,
and therehy lowers long term maintenance costs. Although the
initial prefabrication costs may be slightly higher, this technel-
oy demonstrates notable ecomomic viability and engineering
applicability potential,

5. Conclusions

This stody proposes a navel AT system designed for OTL
applicalions. Through comprehensive three-dimensional
numerical simulations and experimental investigations, the
hearing chara: o distribulion patlerns, and defor-
mation behavior of this innovative foundation system were
systemalically examined The principal Imdings are summa-
rized as tollows,

1. ‘The struclural conliguralion dermonstrales clear load
transter mechanisms with rational stress distribution
churacteristics. Yerbical loads are primarily Lransinitled
through connecting steel plates, while horizontal loads
are effeclively ranalerred via the mlerface betwaen the
connecting steel cylinder and base piles. Stress concen-
Lraticms are predominan Uy observed around conmeclor
elements and prestressed tendans, creating a
nuainlenance-riendly design thal Gedlitales component
inspection and replacement during service life.

. Under vatious verdeal loading conditions, the foundation
exlibits symmetrical stress and displacement distribu
Liotus, When subjected w hotieontal loads o dillerent
divections, the lateral displacement patterns of the assem-
bled svslemn show remarkable similavity 1o these of con-
ventional CHs, and there is only a 3% difference in the
displacement in difterent directions, which indicates
excellent directional adaptability and structural stahility.

[ =]

s

. Comparative analysis with cast-in-situ piles reveals com-
parable soil—foundation inleraction charactenistics for the
assetnbled system. The ultimate bearing capacity under
verlical and horieonlal Toads mainlained 93.0% and
92.6% of the pertormance o cast-in-sitn fonndations,
respeclively. While detmunstrating slightly higher deflor-
mation under equivalent load levels, this reduced stiffness
proves adhvantageous n prevenling brillle Gilure modes.

£

Although curvent findings are based on finite element
simulations and scaled modd ests, this rescarch estal-
lishes a fonmdation for funre imvestizations, Full-scale
cxperimental validalion and exploralion ol additional
assembled micropile configurations are recommmened
Lo further oplimize design parameters and advance
implementation in power infrastructure projects.
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