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Abstract

This study aims to investigate the load-bearing behavior of tunnels through small-scale
model testing combined with numerical analysis using the Finite Element Method (FEM). Various
tunnel cross-sectional geometries were examined, with particular focus on the horseshoe-shaped
tunnel. The study considers the influence of modifying the slenderness ratio of the tunnel opening
and the application of reinforcement techniques using shotcrete and rock bolts. Laboratory testing
results revealed that horseshoe-shaped tunnels with optimally proportioned opening heights can
efficiently withstand compressive loads while providing structural safety and adequate usable
space. Concurrently, numerical analyses using FEM exhibited results consistent with experimental
observations, particularly in terms of stress distribution and maximum total displacement of the
tunnel structure. The findings demonstrate that the integration of small-scale physical testing and
FEM analysis provides a reliable approach for evaluating tunnel stability and offers practical insights

for the structural design of reinforced tunnels

Keywords : Horseshoe-shaped tunnel, Small-scale model, Structural reinforcement, Finite Element
Method (FEM)
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g‘dﬁ 2 Qimﬁgﬂvmlﬁaﬂﬁ'l (Horseshoe Tunnel)
131: ITD-RT. (2020)

AN5AARY Rock Bol

3 (n) N1SNUABUNTA (Shotcrete)

3 (v)
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11 (n) (Sika Thailand. 2014) wag () (CAN Geotechnical Ltd. 2017)
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3.2 M3aszsinae3snluidduud (Finite Element Method)
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3.2.5 fvuanssnsyilunnfafunuunszaigaiiaue (Uniform Load) Wenit —1000 Alaila
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Agagnvealaseaine (Maximum Total Displacement) Lag3UWUUNITATEINEAIULAY (Stress
Distribution) aehawnzas fsguil 6

M19°99 2 WisfwesvesTanildlunsinseilnluiddwudlagldlusunsy Plaxis 2D

50 E (kN/m?) | Y (kN/m?) v WUUINABIIER)
AOUNINLINA (Q-CON) | 2.00x10° 5.88 0.25 Mohr Coulomb
Shotcrete 3.00x10’ 17.60 0.45 Mohr Coulomb

Rock Bolt 5.00x10" 21.57 0.25 Linear Elastic

Mesh 8.00x10° 20.00 0.23 Linear Elastic

4 _

_ |

Total displacements [u] (scaled up 20.0 times)
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Annsiadeusngsgauaslaseaiins (Maximum Total Displacement) wansegil 1.055x10°, 0.4029x10°
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Displacement) 8¢/l 0.8265x10°%, 1.074x10° uag 1.184x10° lums auddu usfin HS08 Faguil 8 ()
fiAmsiadouingegausAsULUUNINsEANEAIALAY (Stress Distribution) uamsu3tarnaangeadaluds
duvuvedlaseai fethgafiedeudilinssnudennuiunswesteulafedanmnsniunselda vosd
HS10 fagUfl 8 (3) waw HS12 fagudl 8 (@) willmsiadousmgeaniiinniudiiauinalndivveusuuy
vostondn Faduuinadileniafinnsioh snvusiaesadoatunanageufdssuiminvestaelnma
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annsnesugldnsiasuidide Shotcrete Wsseguienavtieaduia (Lining) wazsinAnuudauss
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fhmal,ﬂ?{auc?hqqqmaaimqa%w (Maximum Total Displacement) aaa<31n 0.4544x10° lag
0.1319x10° tns mud1ey Tunsdives HS10-SC fegudl 8 () Tdnwaznsidandeduguuuuilsifng
w@3uinds (HS10) usinisuaniniivinaivesonlnanas faaenndesiun1snszatsaaiu (Stress
Distribution) in1sanauduasuaznszaefoonanveutondanindu wansdessanininges
Shotcrete Tumsiaiufalassaiauazannisidosy Tudiuves HS10-SC-RB faguil 8 (v) Tanwaizn19ITh
AdeRUFULUUTINLN wiAuguLssessITRvSnafiivesteadnanatesdniau Tnefisuuuuns
N3E918AIBIAL (Stress Distribution) finseuaguinuulAwuing uansfennuamnsalunisanninde
sunuuRmMEye Jauansliiiufiaunuimues Rock Bolt Tumsauaumsaieussmelu ulfdidssnanas
ulunwsammaaiufindssng Shotcrete wag Rock Bolt SafufldiudWaysonisiiuaiosnwyeaglusd
FelunmafiRvanefemuuasnsefifisdueshaiifod iy

30.00 26.65  27.40
24.34
24.44 9317 HRC
25.00 22.26 :
) 21.21 90,70 B HC
<
¢ 2000 mEL
€.
i?;:
3§ 15.00 M HS08
z
2 B Hs10
% 10.00
3G
o M HS12
5.00
W HS10-SC
0.00 M HS10-SC-RB
wuuaeslusd (Model)
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8 (v) HC

8 (m) EL 8 (3) HS08
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8 (2) HS12

8 (%) HS10-SC 8 () HS10-SC-RB
Ul 8 nansilaszvisne FEM uazdnuwaizmsitiveselusdusasgunss

5. afusnenanazasunag
MnnsAnumensadeufdssuininvesglusddelunaruadnuas msiinszhidsiaay
e ABlludBAug wuhgUnsseseluadiiviwalasnssiongAnssunisutminuagsUuuuun1sioh
FsanansadienevinanmvaaeuluesufiRmstiunanisdaesldfgui o
defansanglusdsunsedivas (RO nuanuaeandeslngnmaionanisnagey fagud 9 (n)
M sitRvenesluuunfvhuuueseadn sunisisnanaenndeslagnsaiunanisiingzilu
U 9 (@) Tiuandliiiuinuinasuuwrestealniinisnszaisveaninuiu (Stress Distribution)
nMsinssiiTsBuduiuuuiaednlufsawudannsaiusduisezuualiun S0
voslassadlduasiidusunsaifipniugadouddgmilassaiaiidmareussaninmlunssutimin
Fenpfnssunmsiohtdmuludnensiindeadetiluglusdsunsedu q Afpniudmdszneu Tnsuanans
SuiuresimATRnnuinadindnogisine fmvazdeniinandlunanisisetnady

9 (n) drwugmIITRnMIegeuiduimtn 9 (1) sULUUNMINTEAEANALTSIluYIBALuA
JUT 9 uanadnuuen1TITRLAZIULUUNINSE AN LTIdonnderiy
HanegeuluiesuURnsmudn glasAsunsufiendh (HS10) HAmasTunsdnagi 24.34 ks

5999MNFUNTNT (EL) wiilvianuaugandnitluduainulaendevestentauarUseansamlunisldam
& 4 P a €Y aa caa 4 ¢ a4 v i - o
wunnely vuginanTliasginedsinluniddumd glusdsunsaiondn (HS10) uansAIn1sAioud?
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gsgaiian (1.074x10° wn3) wazdinsnszaeaundusgsdeifosnuunldsiuuuasggulasaiig
I#ognaiiuszanBnn uansfamumanzasiluiuaanasafonasUsyansnmyosmsldnuais
nsguiiguaNgavestondaserning HS08, HS10 uay HS12 wanalimiiudn HS10 fdadiu
Armgauasonlafiaugafign Inedifufiuuisuuazuuieiifismesronisldau uaraunsadoussasg
g1uldd Tuvnedl HS08 wifinruanunsnlunissuussdngean uaiuildaudite uay HS12 wiiifud
melunnuuisnsedousnduisiulusinadiondmaronulasnfsvesontn Selimngaly
QREISSRITERS
nsia3uindssig Shotcrete wag Rock Bolt luglusAsunsuienshdauansuaiivaaulunisiiia
anusiuastiiulassane Tng HS10-SC-RB TAn1siadoussi (0.1319x10° lun9) uazwiiindideiu
usadageanazanasannisiinanulisedesvedlasaine udusslovindrdgyfonginssunisivh
Hunuumilen (Ductile) snnulas Rock Bolt taeBawiertaglivhefurhllassadsannsadnwann
uaziadsnmlas il dwaliAuanuvaeadelunslinusiannddy
aiidoyatmunaenndastusUuuuglindanmenunsinnesinansenuandon (EA) 109
Tasamssalwmagiisnungiun-yaumisouudse FudenlisunsafonshanugsondelndiAssiuglusd
sunsafionsi (HS10) waefinaiadusnddludnuasifenty Budufeumngauvomanisfnilunig
ihluldlunudeassglusdluiiuiios
wnAnfiugulunsesnuuuglasdatiulufimsaivannassnitsanuudussedlassadiiouay
fuilduiifisoe eifiuaiosnmuaranauidsddunsgadniuiiauelas Clay uay Takacs
(1996) Tuvsunilgludgunsafonsildsunisseuivesnaniierng esindselnsnmidaseaied
ansanaulandaina1ilad MuITedeiavees Frank (2024) lidasiesiwagBuduitgunsaieni
a15nszeANUALlFAnI1FUNTNInauaras Jsdaalisziunnufugegalulassaiiesing
Tuvauzifieafun1s@nuives Mohammed wag Hrubesova (2018) Alddeaguiiaenadosiuingunss
Aendhliinisnszaismnuiduiar uuuunindesuiiaugaiian dafumafedliddnaueifniuiontsly
Tunavadnifedusunginssudnanuazuandifiuisussdnsameesninadufidadiae Shotcrete
uag Rock Bolt lumsifimadesamdadunisvensveunanuiuasidoyaidassdndiiansahly
Uszgnaldlunmsesnwuumaidenssulaasa

6. UolduBLUS

wan1sanuifannsalfidunumsdunisesnuuuglusdliiiafiosnimuintu Tasaweludu
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