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K2B1 BHO7
11.9 4.2 6.9 41 3 18 9.5 2 o 4 (o) &Y
Marl CL-CH SM- CL H.S Marl SM,SC,GM H.S e i
CPGM
40 25 12 17 0 40 12 0 ¢’ (kpa)
25 27 29 22 27 25 29 27 @'
65 29 16 21 10 65 16 10 Cu (kpa)
20 22 27 16 21 20 27 21 Qu
1.85 1.77 1.75 1.70  1.60 1.85 1.75 1.6 vd (gr/cm3)
2.20 2.02 2.01 190 185 2.2 2.01 1.85 ym (gr/cm3)
500 450 350 300 200 500 250 200 Em (kg/cm2)
F3BH3 BHO06
3.43 10.93 3.64 2 14.40 8.90 5.40 2 o 4 (Gos) 4Y
Marlstone SM CL H.S Marl  Siltstone SM-SC H.S i i
40 12 17 0 47 11 9 0 ¢’ (kpa)
25 29 22 27 28 27 29 29 o}
65 16 21 10 75 22 15 12 Cu (kpa)
20 27 16 21 22 24 27 22 Qu
1.85 1.75 1.7 1.6 1.85 1.75 1.75 1.60 va (gricm3)
2.2 2.01 1.9 185 225 2.10 2 1.90 ym (gr/cm3)
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D1 s jo 1) 30 o s (g5 (S8
aloS 4 by po Comwlus Jodxi gl piolyly —F Jgu

A8 4 by yo Comwlms Judoxi s yolyl -0 Jgo BHO07
BHO7
K2B1
K2B1 FIRST LAYER 0.5 3 55 0.005
(CREF)
First Layer (Cref) 0.5 3 55 0.13 FIRST LAYER 23 27 31 0.016
. . (PHI)
First Layer (Phi) 28 2zr 81 0002 FIRST LAYER 15000 2000 25000  0.008
First Layer (Eref) 15000 2000 25000 0 (EREF)
SECOND LAYER 7 12 17 0.103
Second Layer (Cref) 7 12 17 0.18 (CREF)
Second Layer (Phi) 25 29 33 0 (SFFF%())ND EAER . £ Ok
Second Layer (Eref) 25000 30000 35000 0 SECOND LAYER 20000 25000 3000 0.016
EREF
Third Layer (Phi) 36 40 44 0 (CREF)
THIRD LAYER 35 40 45 0
Third Layer (Eref) 30000 35000 40000 0 (PHI)
Fourth Layer (Cref) 20 25 30 029 z—El_;\)IEFD) LAYER 45000 50000 55000 0.751
Fourth Layer (Phi) 23 27 31 0
Fourth Layer (Eref) 40000 45000 50000 0 K2B1 ailof 4 bgs po g lis -0-Y-Y

536 K2BL aileS (59 » Sl Sl mli s az g b
b Canl oas 11T 9 1Y G 4 0 Jgos 5o aewanY!

WY) po Y Stz @leS (nl o mls ol @ axg

0 005 01 015 02 025 03 035 04 045 05 055 06 065 07 075 038

First Layer (Cref)
First Layer (Phi)
First Layer (Eref)
Second Layer (Cref)
Second Layer (Phi)

0.005462
0.016
0.008676
0.10337
0.099033
Second Layer (Eref)
Third Layer (Cref)
Third Layer (Phi)
Third Layer (Eref)

0.01643

0.75102

B Total Ralative Sensitivity

BHO7 ailoS—calizeo sl as¥ 50 yio)ly po g Sl 3007 jLatol jlogas -V JSib
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Input Result Sensitivity score
Run first layer first laper first layer  |Second layer|Second layer Second layer third layer | third layer | third layer Uy Uy
cref phi Eref cref phi Eref cref phi Eref Phase 3/Paint & Phase 3/Point A
[m] [m]
SA1 4
SA2 05 27 20000 12 29 25000 25 40 50000 0.017529 1.7750E-3
SA3 55 27 20000 12 29 25000 25 40 50000 0.017532 1.4278E-3
Shd 3 23 20000 12 29 25000 25 40 50000 0.017489 B.2421E-3
SA5 3 ]l 20000 12 29 25000 25 40 50000 0.017517 3.1455E-3
SAB 3 27 15000 12 29 25000 25 40 50000 0.017516 3.2643E-3
SA7 3 27 25000 12 29 25000 25 40 50000 0.017528 1.8234E-3
SAB 3 27 20000 7 29 25000 25 40 50000 0.017098 0.050867
SA3 3 27 20000 17 29 25000 25 40 50000 0.01763 9.7503€-3
SA10 3 27 20000 12 25 25000 25 40 50000 0.017154 0.044455
SA11 3 27 20000 12 ) 25000 25 40 50000 0.017664 0.013619
SA12 3 27 20000 12 29 20000 25 40 50000 0.01757 2.8960E-3
SA13 3 27 20000 12 29 30000 25 40 50000 0.017485 B.7387E-3
SA14 3 27 20000 12 29 25000 20 40 50000 0.017544 0
SA15 3 27 20000 12 29 25000 30 40 50000 0.017544 0
SA16 3 27 20000 12 29 25000 25 35 50000 0.017544 0
SA17 3 27 20000 12 29 25000 25 45 50000 0.017544 0
SA18 3 27 20000 12 29 25000 25 40 45000 0.01966 0.24126
SA13 3 27 20000 12 29 25000 25 40 55000 0.015797 019314
L ol yly Ol i 00 g g (6 35 jlel VY ST
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
First Layer (Cref) 0.13022
First Layer (Phi) 0.002075
First Layer (Eref) | 0.000006539
Second Layer (Cref) 0.18873
Second Layer (Phi) | 0
Second Layer (Eref) | 0
Third Layer (Cref) |1, .38736
Third Layer (Phi) | 0
Third Layer (Eref) | 0
Fourth Layer (Cref) |, 029161
Fourth Layer (Phi) | 0
Fourth Layer (Eref) | 0

M Total Ralative Sensitivity

K2B1 ailoS-cilizeo sl as¥ 10 yiosb p Cr Sl 2IUT jlatol jloges —1Y JSi
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Input I [ [ | | [ | Result [ Sensitivity score
Run firstlayer | first layer | first layer |Second layerS: d;  laper| third laper | third layer | third layer |Fourth Layer|Fourth Layer| Fourth Layer Uy Uy
cref phi Eref cref phi Eref cref phi Eref Phase [J/]F'oinl A Phase[3./]Pulnl A
M| m]
SA1
SA2 05 27 20000 12 29 30000 25 40 35000 25 27 45000 -4.3158E-3 0.028464
SA3 55 27 20000 12 29 30000 25 40 35000 25 27 45000 -4.2043E-3 0023931
Sad 3 23 20000 12 29 30000 25 40 35000 25 27 45000 -4.2570E-3 B.3503E-4
SAS 3 3 20000 12 29 30000 25 40 35000 25 27 45000 -4.2552E-3 1.5930E-7
SAB 3 27 15000 12 29 30000 25 40 35000 25 27 45000 -4.2652E-3 3.0816E-7
SAT 3 27 25000 12 29 30000 25 40 35000 25 27 45000 -4.2552E-3 2.3230E-6
SAB 3 27 20000 7 29 30000 25 40 35000 25 27 45000 -4.3414E-3 0040439
SA3 3 27 20000 17 29 30000 25 40 35000 25 27 45000 -4.1798E-3 0.035435
SA10 3 27 20000 12 25 30000 25 40 35000 25 27 45000 -4.2552E-3 0
SAT1 3 27 20000 12 3 30000 25 40 35000 25 27 45000 -4.2652E-3 [}
SA12 3 27 20000 12 29 25000 25 40 35000 25 27 45000 -4.2552E-3 o
SA13 3 27 20000 12 29 35000 25 40 35000 25 27 45000 -4.2552E-3 o
SA14 3 27 20000 12 29 30000 20 40 35000 25 27 45000 -4.4363E-3 0.085337
SA1S 3 27 20000 12 29 30000 30 40 35000 25 27 45000 -4.1053E-3 0.070454
SA1E 3 27 20000 12 29 30000 25 E 35000 25 27 45000 -4.2552E-3 o
SA17 3 27 20000 12 29 30000 25 44 35000 25 27 45000 -4.2552E-3 o
SA18 3 27 20000 12 29 30000 25 40 30000 25 27 45000 -4.2552E-3 o
SA13 3 27 20000 12 29 30000 25 40 40000 25 27 45000 -4.2552E-3 0
SA20 3 27 20000 12 29 30000 25 40 35000 20 27 45000 -4.3897E-3 0.063225
SA21 3 27 20000 12 29 30000 25 40 35000 a0 27 45000 -4.1401E-3 0.054104
SA22 3 27 20000 12 29 30000 25 40 35000 25 23 45000 -4.2552E-3 0
SAZ3 3 27 20000 12 29 30000 25 40 35000 25 A 45000 -4.2552E3 0
SA24 3 27 20000 12 23 30000 25 40 35000 25 27 40000 -4.2552E-3 0
SA25 3 2 20000 12 29 30000 25 40 35000 25 27 50000 -4.2552E-3 0
. = - - o & o R
K2B1 ailoS 4y bgy yo W 2ol )l Ol jondi 00900 9 (5 35 jlskol Jgus -V JSC&
o, Lo #
frigugifin,
S5E25E8°2¢g s 2 g Jq & .
s Esan e o4 9 wi_¥_VY_
R BH6 ailoS 4 bgs yo gl —Y-Y-0
2 =28 G ] =
IERREREEE R RN .
Eelisaffgfifgl 556 g BHOE alel (59, » comlus Jdw @l
Hg0PglEaoEse i T - "
&E&%g&é%&&%& JBMB(Jmlts‘)jédMMD)um)‘smfuLm
- 3 ) O 2
o o <o (=l ==]
o B . o . I
§I§§§ - ol ool SIIVD g VP JWCSl 5 £ Jgoz o atcwiwYl
g SRS
Ee BB H|S3
o G R &\ .o & .
239 oS slY) plez 5 pow AY  Saies 50 aleS pl (o
0 =} .
N = afe PO
25U ey (B8 (SBsd Y g0, 1,8 o 3l jo ks
= S i ) |
2 WS ey e s
[ &2 ) Ol 2 )
2
o
o S
s PHPCPO 2 = J s W - KES
= . LS a1 bgr po ol Joloni sl yiolyl —F Jgue
o 5
: BHO6
@,
E 2 BH06
=) Layer Min. Ref. Max. Total
p Sensitivity
1 (Cref) 0.5 3 5.5 0.002284
e 1 (Phi) 23 27 33 0.001292
1(Eref) 15000 2000 25000  0.0028059
g 2 (Cref) 4 9 14 0.038592
2 (Phi) 25 29 33 0.00004438
e 2 (Eref) 20000 25000 30000 0
3 (Cref) 6 11 17 0.16206
s ° 3 (Phi) 23 27 31 0.11907
w
g 3 (Eref) 35000 40000 45000 0.14357
e © 4 (Cref) 42 47 52 0.53029
. . . 6T L ; - 4 (Phi) 24 28 32 0
J° )M)la P g MLMO ).Jl)' )Lu.ﬁ' )'-55.0) -\f JS.M
? 4 (Eref) 45000 50000 55000 0
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1(Eref) 15000 2000 25000  0.001 Nil
2 (Cref) 14 17 20 0082 = weeeeeseseesesee - e iz
2 (Phi) 17 22 27 0 o
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3(Cref) 7 12 17 0.267 :
3(Phi) 24 29 34 0.095 R EER] | HEEEEEEEEE -
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Tunnel collapse, Excavation of metro tunnels in densely populated urban areas presents
Ground settlement, significant challenges, most notably maintaining ground stability during
Sensitivity analysis, tunneling operations and preventing unintended surface settlements. Ground

Geotechnical parameters,

’ . ; subsidence is a critical issue, especially in shallow tunnel constructions through
Two-dimensional modeling

soft soils. This phenomenon can have profound impacts on surrounding
infrastructures, underscoring the necessity for accurate estimation and
thorough analysis of contributing factors. While settlement predictions rely
heavily on geotechnical parameters, the inherent uncertainties within
geotechnical profiles can introduce notable errors in numerical models.

This study first investigates the impact of geotechnical uncertainty on ground settlement and potential collapses along
the eastern section of Tabriz Metro Line 2, currently under excavation in marlstone formations. In the second phase, the
influence of geotechnical parameters on settlement is analyzed using two-dimensional modeling in PLAXIS 2D software.
Results reveal that an undetected loose sandy layer above the tunnel caused over-excavation and subsequent surface
collapse within the affected zone. Sensitivity analysis further indicates that decreases in cohesion and internal friction
angle of the upper tunnel layer, along with increased elastic modulus of the excavated formation, significantly contribute
to settlement severity.

Introduction

Tunnel excavation, particularly within major infrastructure and urban transit projects such as metro systems, inherently
involves two fundamental challenges: ensuring the structural stability of underground constructions and preventing
unexpected ground collapses. Among the most pressing issues in shallow tunneling through urban, soft, and alluvial soils
is surface settlement induced by excavation activities. This phenomenon—often referred to as soil displacement due to
tunneling—becomes critically significant when tunnels are constructed near surface-level infrastructures and urban
utilities. In such contexts, surface subsidence can cause severe damage to buildings and public assets. Hence, precise
prediction of settlement and identification of its influencing factors are of paramount importance in urban tunneling
projects.

In general, tunneling and other underground constructions result in the removal of soil masses and cause substantial
changes in the surrounding stress field, leading to ground displacement around the tunnel. These deformations propagate
upward, ultimately manifesting as surface settlement. Several operational and geological parameters influence the extent
of ground settlement, including:

-Engineering geological conditions along the tunnel path (e.g., soil type, groundwater level);
-Excavation method and control of associated parameters such as face pressure, injection pressure (in mechanized

tunneling), and excavation steps (in conventional methods);
-Geometric factors such as tunnel depth, diameter, and cross-sectional shape;

-Construction practices, managerial factors, and the quality of equipment used.
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During the design phase, all geotechnical predictions are derived from limited data obtained through site-specific
investigations in soil mechanics, hydrogeology, and geology. Based on the project type and available geological
information, boreholes are typically drilled at intervals of 50 to 300 meters along the tunnel path, and the geotechnical
profile is extrapolated between these data points. If there are considerable variations in soil conditions or misestimations
in soil parameters, such uncertainties can significantly affect excavation predictions, potentially resulting in geohazards
such as surface settlement. Therefore, accurate estimation of soil stratigraphy and geotechnical characteristics is of
critical importance.

Conclusion
As the expansion of metro networks continues in major urban areas, tunnel excavation near surface structures has become
a critical engineering concern. Ground settlement poses significant technical and economic risks, particularly in soft
ground conditions commonly found in urban settings. This study focused on the eastern segment of Tabriz Metro Line
2 to evaluate the key factors contributing to ground settlement and collapse during mechanized tunneling in complex
geotechnical conditions.

Field data collected from the TBM revealed that, although face pressure and grout injection levels were within acceptable
limits during the collapse zones, undetected loose sandy layers above the tunnel crown, missed in preliminary
geotechnical investigations, played a pivotal role in the instability. These layers caused foam loss, poor soil conditioning,
increased cutterhead resistance, and eventually led to the formation of voids and surface collapses.

Furthermore, sensitivity analyses using PLAXIS 2D highlighted the critical influence of geotechnical parameters such
as elastic modulus, cohesion, and internal friction angle on ground settlement. Among the boreholes analyzed—BHO07,
K2B1, BH06, and F3BH3—it was consistently found that reduced cohesion in upper soil layers and a lower elastic
modulus in the tunnel-bearing strata significantly amplified settlement magnitudes.

Overall, this study underscores the importance of precise geotechnical characterization and the need to account for
uncertainty in subsurface conditions. Failure to do so can lead to inaccurate design assumptions and increased
geotechnical hazards. Sensitivity analysis, when integrated into the design process, serves as a powerful tool for
identifying critical parameters and enhancing the safety and reliability of tunneling projects. It is therefore recommended
that future urban tunneling endeavors incorporate rigorous numerical modeling, comprehensive sensitivity studies, and
continuous field validation to mitigate geotechnical risks effectively.




