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-m SBB CFF FFS Cone Penetration Test 09/12/2025
Summary
Cone Penetration Test Data Interpretation
Project: BG2025-004 Date: 09/12/2025 Author: 1234286 SBB I-NAT-BT-FB-UB
Place: Au ZH Line: L720 Chainage  km 19.842 to km 21.587
Comment:
- assumption: Backfill is considered stiff.
- GWT at lake elevation
Summary of results
T |d Thf |u CSR/CRR | CSR/CRR Vs10, Vs10, Soil Soft soil | Soft soil Tvpe of Critical Est. Stat. Est. Dyn.
CPT Chainage [ [ est. meas. est meas. Class thick. depth y:;" train speed | deflection deflection
[] [-] [m/s] [m/s] [m] [m] [km/h] [mm] [mm]
CPT1 | km 19.842| 44% 49% 158% 0% 93 721 N/A 2.01 0.42 |mineral | 300 km/h 0.06 0.06
CPT2 | km 20.109| 22% 45% 134% 100 N/A 9.76 1.74 |mineral| 115 km/h 2.30 2.97
CPT3 | km 20.253| 26% 27% 125% 59% 102 164 E 10.00 2.50 [mineral | 292 km/h 0.86 0.89
CPT4 | km 20.447| 17% 32% 58% 97 E 10.00 2.33 [ mineral | 135 km/h 2.22 2.61
CPT5 | km 20.708| 35% 29% 180% 102 E 10.00 4.00 |[mineral| 177 km/h 1.80 1.96
CPT6 | km 20.913| 19% 28% 84% 226% 96 190 F 8.68 3.00 |[mineral| 119 km/h 1.15 1.44
CPT7 | km 21.097| 16% 35% 72% 79 F 10.00 2.14 |[mineral| 96 km/h 2.81 412
CPT8 | km 21.368| 16% 39% 62% 79 F 10.00 4.50 |[mineral| 113 km/h 1.93 2.44
CPT9 | km 21.587| 36% 52% 176% 309% 152 223 N/A 2.50 2.00 [mineral| 162 km/h 0.82 0.91
Chainage
km 19.750 km 19.950 km 20.150 km 20.350 km 20.550 km 20.750 km 20.950 km 21.150 km 21.350 km 21.550 km 21.750
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—8— CPT ----@---- Critical train speed [km/h /20] - === Vtrain[km/h /200 = ==ece-- Embankment/cuttings
mineral soft soil organic soft soil Track bed CSR/CRR
Recommended max train speed Basis-Eins 100m GI. 100 Basis-Eins 100m Gl. 200
Recommended max train speed
Sect. [Chainage Vmax Comment
km 19.500 110 km/h : . . .
1 km 21.000 110 km/h Soft soil present, but satisfactory. +5 km/h speed increase possible.
km 21.000 90 km/h . .
2 km 21 500 90 km/h Track bed at maximum train speed
km 21.500 110 km/h . e . I . .
3 K 22000 170 km/h No soft soil, albeit limited risk for soil fatigue. +5 km/h speed increase possible.
4
5
6
7
8
9
10
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m SBB CFF FFS Cone Penetration Test 09/12/2025

Summary

DB Netz first-order cyclic verification
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Disclaimer

Automatic data interpretations and visualizations are generated by algorithms and may not capture all relevant context, uncertainty, or rare events. Some
data points can fall outside displayed diagrams or statistical boundaries, creating an illusion of safety. Do not rely solely on automated outputs for critical
decisions — review raw data, apply domain expertise, and consult appropriate stakeholders before acting.

The recommended maximum train speed is based solely on a dynamic criterion (v_crit = 0.625 min v_R within 3m depth) and is valid for tracks without
energy-damping subgrades. Cyclic-loading fatigue failure can thus occur reducing the life expectancy of the subgrade.

Schematic illustraion of energy wave diffusion in ground
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Cone Penetration Test
CPT1

Cone Penetration Test Data Interpretation

Normalised Friction Ratio Fr [%]

Au2/c'v0

Small-rigidity index Ig

Project BG2025-004 CPT No CPT1 Date 09/12/2025
Place Au ZH Coordinates 2690408.84 m O 1233889.95 m N Author u234286
Line L720 Elevation CP 408.71 masl SBB I-NAT-BT-FB-UB
Chainage km 19.842 Date Exe. 06.11.2025
Elevation Ti 409.119 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 281 m Net area ratio a = d2/D2 0.71 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 105.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 9.0 m friction sleeve top area Ast 1,500.0 mm2 1t parameter B = us / u 1.00 []
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 0.4 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.9 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 2,15 m Track width bottom 28 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 5.6 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 39.5 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 34 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) 5-7.5m (est.)
z>10m z2=7.5-10.0m z=5.0-75m z>10m z2=7.5-10.0m z=5.0-75m x 2.5-5m (est.) % 0-2.5m (est.) @ >10m (meas.)
x2=25-50m x2=0-2.5m x72=25-50m x72=0.0-25m [@7.5-10m (meas.) @5-7.5m (meas.) M 2.5-5m (meas.)
@ 0- 2.5m (meas.)
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IZE] SBB CFF FFS Cone Penetration Test 09/12/2025
CPT1

Cone Measurements & Stresses

Cone Meas. [-] Vertical Stresses [kPa] Shear Stresses [kPa] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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CPT1
State characteristics
Unit Weight [KN/m3] Relative Density [-] e[-]orGs[-] Permeability [m/s] Org. Content [] SPT N60 []
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Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
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2] SBB CFF FFS

Cone Penetration Test
CPT1

Cyclic and dynamic behaviour

CRRand CSR [ mob. = CSR/ CRR [ Post-Lig. Strgth ratio [ 0 \grgn/v Cr: . s Dyn. Rail Deflection (Powrie 2024)
0 02 04 0% 100% 200% 300% 0 01 02 03 0 ) ' ——y=1+0.01 exp (5.9 o Duley (2018)
0 \ 0 0 } 1 . % est O meas.
1 0004900 1 \” 1 ‘ 8.50 ; ;
2 | ) 2 | € T ol lud o ? | |
oo cop of o oo o o _ 3.00 ] i
E8toc-r-fsks | |E 8 fo-roofood E 8 to—doootae E O FE=a-EEE = | |
g, . s s 5 S 200 : |
2 g §° g g | |
26 s 6 s 6 £ © 150 ! !
é'% 7 § 7 él 7 8 7 % | :
£ 1.00 : =3
° ° ® ° S Eié ; 0.50 E i §
9 9 9 9 § i § ‘ static i Wnamic i §
10 10 10 1o LR 0.00 ' '
° CRR est. MCRR meas. © CSR o est. B meas. o Su(lig)/o'volth ~ © CSR Virain/Vs (est.) B Virain/Vs (meas.) 0.00 020 O'AOVMS;S\?R [_]0'80 1.00 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 44% @z =2.1 mwith 7/ffd,cs = 57%
Rayleigh wave velo. 0.9V 47 649 m/s Undrained shear strength mobilisation T u = 49% @z =0.9m 1/resju = 40%
Vtrain/ VR 0.62 0.04 [ Cyclic undrained shear strength mob.  CSR/CRR est. = 158% @z=1.8m
Ratio dyn./stat. deflection 1.38 1.01 [-] Target "x"th highest value 25 CSR/CRR meas. = No partial factors of safety.
Static deflection (3m) 2.75 0.06 mm Plate load constrained modulus (1m depth) Mel = 7 MPa Me2/Mel  3.639159
Dynamic deflection (3m) 3.79 0.06 mm Me2 = 25 MPa As=P/Mef 571 mm
Critical train speed (107) 1460  km/h
Analysis | Site Classification (SBB)
Automatic analysis: (to 2.1m depth ) di,2.1 [m Vs2, est = 93 my/s Class V70 th [m/s]  |\Vs30 th [my/s) Grouna:
- no organic soil detected 0.00 Vs2 meas. = 721 my/s A > 717100 > 7486 | Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 0.02 Vs1,2 est = 173 m/s B 1100 7486  |Rock
- weak clay-like soil detected (cu < 20 kPa) 0.80 (m37% Vs7,cs,2,est. = 202 my/s C 578 763 Soft rock
- no sensitive clay detected (St < 8) 0.00 B Projection Vs30,est = #N/A D 280 364 Stiff soil
- No extra sensitive clay detected (St < 16) 0.00 Projection Vs30,meas= #N/A E 740 178 Soft soil
- contractive soils detected (CD < 70) 0.12 F 115 146 Special soil
- no risk of undrained failure 0.00 Soil Class: NA reqression coefficients: a= #NA
- limited risk of flow liquefaction 0.00 (Boore, 2004) b = #N/A
- no risk of cyclic liquefaction 0.00 Automatic Comments
- no risk of cyclic mobility 0.00 - data needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no - CPT Is not deep enough.
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2] SBB CFF FFS

Cone Penetration Test
CPT1

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment

100 , 100 +
Mineral soils Organic soils Kayen et al. (2013) | Gabal & Robertson (2022)
‘ . ! z>10m est. z=7.5-10mest. % z=5-7.5m est.
8.0 + Not Critical 8.0 + Not Critical x 7=2,5-5m est. % z=0-2.5m est. B2>10m meas.
0z=7.5-10m meas. @ z=5-7.5m meas. B 7=2.5-5m meas.
'g‘ -g B 2z=0-2.5m meas.
GCJ 6.0 // g 6.0 ///// N 0.5 /I II
o
2 4.0 — B // o 04
g g 40 s
O / / L — 2 //
(@) ]
L — ® 03
2.0 2.0 0
- It
Critical Critical 5 0.2
0.0 | - 0.0 LJ S o
00 20 40 60 80 100 00 2.0 40 60 80 100 & o
Thickness [m] Thickness [m]
0.0
v =80 km/h v =120 km/h v =80 km/h v =120 km/h
0 75 150 225 300
v =160 km/h v =200 km/h v =160 km/h v =200 km/h Normalised Shear Wave Velocity Vs1 [m/s]
Soft layer mineral
Soft layer thickness 201 m
Soft layer depth 0.42 m
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Cone Penetration Test
CPT2

Cone Penetration Test Data Interpretation

z>10m z=75-100m Xxz=5.0-75m
xz2=25-50m xz=0-25m
1000 5 5
= I;D

Vi = P
L= 250,

,/V—“/
100

10

Normalised Cone Resistance Qtn

Normalised Friction Ratio Fr [%]

z=7.5-100m xz=5.0-75m
Xz=25-50m xz=0.0-25m

z>10m

x 2.5-5m (est.)
07.5-10m (meas.) @5-7.5m (meas.) M 2.5-5m (meas.)

Project BG2025-004 CPT No CPT2 Date 09/12/2025
Place Au ZH Coordinates 2690650.51 m O 1233776.38 m N Author u234286
Line L720 Elevation CP 407.56 masl| SBB I-NAT-BT-FB-UB
Chainage km 20.109 Date Exe. 06.11.2025
Elevation Ti 409.292 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 1.66 m Net area ratio a = d2/D2 0.75 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 105.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 99.0 m friction sleeve top area Ast 1,600.0 mm2 1t parameter B = us /U 1.00 [-]
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 7.7 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.9 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 99 m Track width bottom 356 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 9.2 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 24.0 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 34 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.)  x 5-7.5m (est.)

X 0-2.5m (est.) @>10m (meas.)

W O0- 2.5m (meas.)

1000 1000 s
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2] SBB CFF FFS

Cone Penetration Test

CPT2

Cone Measurements & Stresses

Cone Meas. [-] Vertical Stresses [kPal] Shear Stresses [kPal] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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Cone Penetration Test
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State characteristics
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Static shear parameters
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2] SBB CFF FFS

Cone Penetration Test
CPT2

Cyclic and dynamic behaviour

Vtrain/Verit [|

CRR and CSR [] mob. = CSR/ CRR [-] Post-Lig. Strgth ratio [-] 0 05 1 15 Dyn. Rail Deflection (Powrie 2024)
0 01 02 03 0% 100% 200% 300% 0 01 02 03 0 ' ——y=1+0.01 exp (5.9%) o Duley (2018)
0 0 ' 0 ‘ R est O meas.
1 1 1 1 : 3.50 ;
2 7 ooadeo @ 0% 8 ogg 2 o0 0 o 2 _ 3.00 |
Es i _J &, E3 V' . £ 3 E AT = 5
S 4 S 4 S 4 8 g% :
s 5 3 5 '; E S 2.00 i
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. c £ ® 5 g 150 |
g g g/ : =
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8 8 8 o |8 o : | 5
9 9 9 7:; % 050 Static i dynaimic i §
10 10 10 RIEES 0.00 ' '
° ORRest. WCRR meas. © OSR oest.  Mmeas. > SuligyoVOlth  © CSR Virain/Vs (est) ® Virain/Vs (mess. .00 0.20 0-40\/1 Qf\? []O-8O 100 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 22% @z =5.7 mwith 7/rfjd,cs = 20%
Rayleigh wave velo. 0.9V 51 m/s Undrained shear strength mobilisation T lu = 45% @z =3.3m 1/mresju = 100%
Vtrain/ VR 0.57 [-] Cyclic undrained shear strength mob.  CSR/CRR est. = 134% @z=4.1m
Ratio dyn./stat. deflection 1.29 [-] Target "x"th highest value 25 CSR/CRR meas. = #N/A No partial factors of safety.
Static deflection (3m) 2.30 mm Plate load constrained modulus (1m depth) Mel = 13 MPa Me2/Me1  2.782068
Dynamic deflection (3m) 2.97 mm Me2 = 36 MPa  As=P/Mef 1.84 mm
Critical train speed (115) km/h
Analysis | Site Classification (SBB)
Automatic analysis: (to 9.9m depth ) di,9.9 m Vs9, est= 100 m/s  Class V570 th [m/s]  |Vs30 th [m/s) Ground:
- organic soil detected (IRf| > 5% & K < 100 MPa) 0.08 _ Vs9, meas. = A > 1100 > 1486 | Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 1.92 [ 119% Vs1,9, est = 130 m/s B 1700 my/s 7486 | Rock
- weak clay-like soil detected (cu < 20 kPa) 1.27 [ 13% Vsi,cs,9est. = 157 m/s C 575 mys 763 Soft rock
- Sensitive clay detected (St > 8) 0.11 Projection Vs30,est = #N/A D 280 my/s 364 Stiff soil
- Extra sensitive clay detected (St > 16) 0.14 B Projection Vs30,meas= E 140 my/s 178 Soft soil
- contractive soils detected (CD < 70) 10.76  @F09% F 175 mys 146 | Special soil
- no risk of undrained failure 0.00 Soil Class: NA reqression coefficients: a= #NA
- limited risk of flow liquefaction 0.00 (Boore, 2004) b= #N/A
- risk of cyc. Lig. (CSR > CRR, Qtn,cs < 70, z < GWT) 2.07 (™21% Automatic Comments
- no risk of cyclic mobility 0.00 - data needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no
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2] SBB CFF FFS

Cone Penetration Test
CPT2

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment
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Cone Penetration Test
CPT3

Cone Penetration Test Data Interpretation

Project BG2025-004
Place Au ZH

CPT No CPT3
Coordinates 2690779.05 m O 1233710.28 m N

Date 09/12/2025
Author u234286

1=250m P ~

100 ~

10

Normalised Cone Resistance Qtn

Normalised Friction Ratio Fr [%]

100 2

10

Normalised Cone Resistance Qtn
Normalised Cone Resistance Qtn

-2 3 8 13 18
Au2/c'v0

100

Line L720 Elevation CP 407.96 masl SBB I-NAT-BT-FB-UB
Chainage km 20.253 Date Exe. 05.11.2025
Elevation Ti 409.355 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 2.06 m Net area ratio a = d2/D2 0.71 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed V 105.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb / as 0.07 []
Wheel diameter D 9.0 m friction sleeve top area Ast 1,000.0 mm2 ft parameter B = us /u 1.00 []
Length train I/t 200.0 m friction sleeve end arec Asb 1,000.0 mm2 Track static load 4471.5 kN
Track bed height hb 7.4 m friction sleeve surface A 15,000.0 mm2 Track dynamic load 443.9 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 2 m Track width bottom 33 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 8.2 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 26.9 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 34 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) % 5-7.5m (est.)
z>10m z=75-100m xz=5.0-75m z>10m 2=75-100m xz=5.0-75m X 2.5-5m (est.) % 0-2.5m (est.) @>10m (meas.)
x7=25-50m xz=0-2.5m xz=25-50m xz=0.0-25m [07.5-10m (meas.) @5-7.5m (meas.) M2.5-5m (meas.)
@ 0- 2.5m (meas.)
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Cone Penetration Test

2] SBB CFF FFS

CPT3

Cone Measurements & Stresses

SBTn (2016)
12345678910
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CPT3
State characteristics
Unit Weight [kN/m?] Relative Density [-] e[-]orGs[] Permeability [m/s] Org. Content [ SPTN6O [
1012 14 16 18 20 22 0% 30% 60% 90% 0.5 1.5 2.5 1.E-04 1.E-07 1.E-10 0% 30% 60% 90% 0 25 50
0 0 0 0 0 0 1
1
1 1 1 1 1 :
I3 1
L = -, <. !
] 2 2 "\ 2 2 | ' y 2 :
— . _ W | | Ll _ il 1 < ]
E E3 & £3 “&... 38 E T3 & T 3 i
6 % —————————— ~ = oo 3 -————E———— « Z- _______ Z‘ __JI. _______
S g4 3 g 4 é - < 4 8 S 4 S 4 .
= = = = '
z . = = '
IS g5 35 2 Q53 R 5 !
kel 3 [ <« ] o) ko) '
6 < e o )
< < c 6 o 6 o
s = S . ES c 6 c 6 1
3 & 3 - - 3 g 8 '
= o7 o7 = i 70 8 7 87 :
,,,,,,,,, 2 1
8 8 S '
° < ° 8 819!
px 1
o 9 9 k’f:’.: 0 9 9 :
10 10 ?) i, § '
1
loose med. dense 10 10 10 10 '
e *Gs
Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
0O 40 80 120 0 4 8 12 16 20 25 35 45 5 0 5 10 15 0 40 80 120 0 25 50 75
0 0 0 0 0
1 1 1 1 1
2 2 2
iy 21 4%
ES E E 3¢ E 3 [TTEEFEHER E 8 toodooo==< E S
X ~ « o = =
S 4 9 g 4 S 4 Sy g 4
= = = = = ';
é 5 (_% TOgJ 5 5 5 % 5 % 5
[0 D o]
S 6 = c 6 c 6 26 c 6
[o% B [oX B = o}
&7 & & 7 8 7 8 7 87
9 9 9 9 9
1 1 o G fil M ° GO (est.)
°su ° Sures " Ttot ° Geoprofie @rmax:  @es © Leoprofie ethmax eThcs - Tiot BGO (meas)  © Geoprofile

BG2025004_L720_km19500-22000_AuZH_sCPTu_V20251209.xIsx
C2 - Internal Copyright: SBB CFF FFS 2025 CPT3.16



2] SBB CFF FFS

Cone Penetration Test
CPT3

Cyclic and dynamic behaviour

CRR and CSR [ mob. = CSR/ CRR [ Post-Liq. Strgth ratio [-] 0 \grz”/v Cr: 0 s Dyn. Rail Deflection (Powrie 2024)
0 01 02 03 0% 100% 200% 300% 0 01 02 03 0 ) ' ——y=1+0.01 exp (5.9%) o Duley (2018)
0 0 : 0 ’ : % est O meas.
! 1 : 1 3.50 : :
2 2 ( | 2 2 500 i i
E 3 Esl g Eg ES = | |
g 4 S 4 e S g 4 g 2% ! !
s S " s E 5 i | |
39 3 5 - ’ g5 s £ 200 | |
3 6 8 6 '@ 3 6 ﬁ 6 E : :
;CE)_ _% & g 4% % 1.50 ! i
87 87 2% g7 o7 < 1.00 ! .
8 8 : 8 8 o § a ! ! §
9 9 : 9 9 E § 050 static \ cynamic §
10 10 & 10 10 SfIE 0.00 : :
© CRR est. BCRR meas. © CSR o ost. B meas. o Suflig)/ovolth  © CSR Virain/Vs (est) ® Virain/Vs (meas. 0.00 0.20 0.40\/I Q./(S\? []O.SO 1.00 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 26% @z =11.4 mwith 7/ifjd,cs = 27%
Rayleigh wave velo. 0.9V 60 130 m/s Undrained shear strength mobilisation T lu = 27% @z =5.4mri/fresju = 71%
Vtrain/ VR 0.49 0.23 [ Cyclic undrained shear strength mob.  CSR/CRR est. = 125% @z=33m
Ratio dyn./stat. deflection 1.18 1.04 [] Target "x"th highest value 25 CSR/CRR meas. = 59% @z=4.3m No partial factors of safety.
Static deflection (3m) 1.86 0.86 mm Plate load constrained modulus (1m depth) Mel = 14 MPa Me2/Me1 3.56377
Dynamic deflection (3m) 2.19 0.89 mm Me2 = 49 MPa  As=P/Me1 1.97 mm
Critical train speed (135) 292 km/h
Analysis | Site Classification (SBB)
Automatic analysis: (to 10m depth ) di,10 [m Vs10, est = 102 my/s Class V70 th [m/s]  |\Vs30 th [my/s) Grouna:
- no organic soil detected 0.00 Vs10, meas. = 164 mys A > 1100 > 1486 | Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 3.65 (m36% Vs1,70, est = 135 my/s B 1700 my/s 7486 | Rock
- weak clay-like soil detected (cu < 20 kPa) 0.67 i) Vs1,cs, 10.est. = 166 mys C 575 my/s 763 Soft rock
- Sensitive clay detected (St > 8) 0.02 Projection Vs30,est = 168 nmys D 280 m/s 364 Stiff soil
- No extra sensitive clay detected (St < 16) 0.00 o Projection Vs30,meas= 205 my/s E 140 mys 178 Soft soil
- contractive soils detected (CD < 70) 7.68 P 7% F 115 m/s 146 Special soil
- no risk of undrained failure 0.00 T Soil Class: E reqression coefficients: a= 0022
- limited risk of flow liquefaction 0.00 (Boore, 2004) b= 1034
- risk of cyc. Lig. (CSR > CRR, Qtn,cs < 70, z < GWT) 1.20 [ 12% Automatic Comments
- no risk of cyclic mobility 0.00 - data needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no
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Cone Penetration Test
CPT3

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment
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Kayen et al. (2013) | Cabal & Robertson (2022)
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Cone Penetration Test
CPT4

Cone Penetration Test Data Interpretation

Project BG2025-004 CPT No CPT4 Date 09/12/2025
Place Au ZH Coordinates 2690958.58 m O 1233646.73 m N Author u234286
Line L720 Elevation CP 407.32 masl! SBB I-NAT-BT-FB-UB
Chainage km 20.447 Date Exe. 05.11.2025
Elevation Ti 409.639 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 142 m Net area ratio a = d2/D2 0.75 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 105.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 99.0 m friction sleeve top area Ast 1,500.0 mm2 1t parameter B = us /U 1.00 [-]
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 23 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.9 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 11.6 m Track width bottom 38 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 77.1 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 719.9 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 34 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) < 5-7.5m (est.)
z>10m z=75-10.0m xz=50-75m z>10m 2=75-100m xz=50-75m X 2.5-5m (est.) % 0-2.5m (est.) @>10m (meas.)
%7225-50m x2=0-2.5m x2225-50m Xxz=0.0-25m 07.5-10m (meas.) @5-7.5m (meas.) M 2.5-5m (meas.)
W 0- 2.5m (meas.)
1000 . N 1000 1000
u i SD
= 300 . =
£ - SD = b=
of of (of
8 It qg
8100 £ 100 TC =7 E100
g g Bg=0.6 %
2 2 cc c
S 8 S
he} et CC. Bg=0.2 5
v 10 Y 10 g 10
© S © \
£ I € \\
S 5] !25 \\7’%\
- - [ RAY \\:3)0
1 1 1 (SN N
2 3 8 13 18 1 10 100 1000
Normalised Friction Ratio Fr [%] Au2/c'v0 Small-rigidityindex Ig
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IZE] SBB CFF FFS Cone Penetration Test 09/12/2025
CPT4
Cone Measurements & Stresses
Cone Meas. [-] Vertical Stresses [kPal] Shear Stresses [kPal] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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u2 [*100] o |Rf| o'v0 = gv,train OVs (meas.) @Vs1(meas.)
CPT Indices Soil Indices
Behaviour Index Ic [-] Behaviour Index IB [-] Index CD [-] State Parameter [-] KO [] OCR [1]
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IZE] SBB CFF FFS Cone Penetration Test 09/12/2025

CPT4
State characteristics
Unit Weight [kN/m3] Relative Density [-] e[-]orGs [ Permeability [m/s] Org. Content [ SPT NGO []
1012 14 16 18 20 22 0% 30% 60% 90% 05 15 25 1E04 1.E-07 1.E-10 0% 30% 60% 90% 0 25 50
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1
1 1 1 1 1 1 |
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Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
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Cone Penetration Test
CPT4

Cyclic and dynamic behaviour

Vtrain/Verit [|

CRR and CSR [] mob. = CSR/ CRR [-] Post-Lig. Strgth ratio [-] Dyn. Rail Deflection (Powrie 2024)
0 05 1 15
0 01 02 03 0% 100% 200% 300% 0 01 02 03 0 ——y=1+0.01 exp (5.9%) o Duley (2018)
0 0 ;
: 0 ; H R est O meas.
1 1 ! ’
| 1 ! 3.50 : ;
2 2 i 2 2 5 | |
: _ : 3.00 , i
E 3 E 3 ! € 3 £ 3 | — 1 1
X LMo e X ! < S Fo - ===~ = 250 | |
g 4 e~ S 4 Syt T S 4 g 4 : g = | |
= s ¢ = §o. = < E ° : :
g5 ¢ 2 5 Ay 35 3 5 ! £ 200 : :
3 3 | 3 2 | @ | |
S 6 2 g ! 2 6 c 6 : 3150 ' '
2 g . 3 & 5 2 : :
87 8 7 . 8 7 = j S . .
| E < 1.00 : i §
s 8 gg ! 8 ° o] 8 ~ oo | | g
8, ] H E .5 : T Q
° 5: 9 % ] 9 9 § . § % Static ! aynaimic i §
10 8P 10 & . 10 10 maas 0.00 ' '
° CRR est. @CRR meas. © CSR o est. B meas. o Suflig)/o'volth  © CSR Virain/Vs (est.) ® Vtrain/Vs (meas.. 0.00 0.20 0'40\/ 0/63 [ ]O'8O 1.00 1.20
train R[-
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 17% @z=7.8mwith 1/ifld,cs = 17%
Rayleigh wave velo. 0.9V 60 m/s Undrained shear strength mobilisation T lu = 32% @z =34 mri/fresju = 22%
Vtrain/ VR 0.49 [-] Cyclic undrained shear strength mob.  CSR/CRR est. = 58% @z=44m
Ratio dyn./stat. deflection 1.18 [-] Target "x"th highest value 25 CSR/CRR meas. = #N/A No partial factors of safety.
Static deflection (3m) 2.22 mm Plate load constrained modulus (1m depth) Mel = 8 MPa Me2/Mel  3.721747
Dynamic deflection (3m) 2.61 mm Me2 = 30 MPa  As=P/Mef 2.50 mm
Critical train speed (135) km/h
Analysis | Site Classification (SBB)

Automatic analysis: (to 10m depth )
- No organic soil detected

- weak clay-like soil detected (cu < 20 kPa)
- no sensitive clay detected (St < 8)

- No extra sensitive clay detected (St < 16)
- contractive soils detected (CD < 70)

- no risk of undrained failure

- limited risk of flow liquefaction

- no risk of cyclic liquefaction

- no risk of cyclic mobility

- no risk of local resonance (Vtrain < 0.9 Vs)

- weak clay-like soil detected (20 kPa < cu < 40 kPa)

- no global risk of resonance (Vtrain < 0.5Vs,10)

di,10 [m Vs10, est = 97 my/s Class V570 th [m/s]  |Vs30 th [m/s) Ground:
0.00 L Vs710, meas. = A > 1700 > 7486 | Hard rock
4.28 [Pp43% Vs1,70, est = 130 my/s B 1700 my/s 7486 | Rock
0.99 ) Vsi,cs, 10.est. = 167 m/s C 575 mys 763 Soft rock
0.00 Projection Vs30,est = 162 mys D 280 m/s 364 Stiff soll
0.00 o Projection Vs30,meas= E 140 my/s 178 Soft soil
9.42 $°4% F 115 mys 146 |Special soil
0.00 T Soil Class: E regression coefficients: a= 0022
0.00 (Boore, 2004) b= 1034
0.00 Automatic Comments
0.00 - data needs to be analysed by a specialist
0.00 - Ground Tailure detected

no
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SBB CFF FFS

Cone Penetration Test
CPT4

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment

100 — | , 10.0 —
Mineral soils Organic soils Kayen et al. (2013) | Gabal & Robertson (2022)
! ! z>10m est. z=7.5-10m est. % z=5-7.5m est.
8.0 +— Not Critical 8.0 + Not Critical % z=2.5-5m est. % z=0-2.5m est. B z>10m meas.
, ' 07z=7.5-10m meas. 8 7=5-7.5m meas. 8 7=2.5-5m meas.
'g' ‘ 'g' B 7=0-2.5m meas.
5 60 — < 60 ——— = 0% i ;
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0.0
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0 75 150 225 300
v =160 km/h v =200 km/h v =160 km/h v =200 km/h Normalised Shear Wave Velocity Vs1 [m/s]
Soft layer mineral
Soft layer thickness 10.00 m
Soft layer depth 2.33 m
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Cone Penetration Test
CPT5

Cone Penetration Test Data Interpretation

z>10m z=7.5-100m xz=5.0-75m
Xz=25-50m xz=0-25m
1000

e
100

Normalised Cone Resistance Qtn

Normalised Friction Ratio Fr [%]

z>10m z=75-100m xz=5.0-75m
Xxz=25-50m xz=0.0-25m
1000
£
g
19}
o
c
8100
%]
‘»
9]
o
o
c
[e}
o
gl
2 10
©
£
o
=

1

-2 3 8 13 18

Au2/0'v0

Project BG2025-004 CPT No CPT5 Date 09/12/2025
Place Au ZH Coordinates 2691216.41 m O 1233612.41 m N Author u234286
Line L720 Elevation CP 409.07 masl! SBB I-NAT-BT-FB-UB
Chainage km 20.708 Date Exe.  04.11.2025
Elevation Ti 409.86 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 317 m Net area ratio a = d2/D2 0.75 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 105.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 9.0 m friction sleeve top area Ast 1,500.0 mm2 1t parameter B = us / u 1.00 []
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 0.8 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.9 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 1045 m Track width bottom 30 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 6.6 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 33.8 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 34 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) < 5-7.5m (est.)

x 2.5-5m (est.) x 0-2.5m (est.) @ >10m (meas.)
[@7.5-10m (meas.) @5-7.5m (meas.) MW 2.5-5m (meas.)
M O0- 2.5m (meas.)

1000

100

10

Normalised Cone Resistance Qtn

1 10 100 1000
Small-rigidityindex Ig
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2] SBB CFF FFS

Cone Penetration Test

CPT5
Cone Measurements & Stresses
Cone Meas. [-] Vertical Stresses [kPa] Shear Stresses [kPa] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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0 0 0 0 0+ 0
1 Hee 1 1 1 141 1 A
| "I
2 2 2 2 2 44 2 ' L
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qc [MPa] fs [100] uo ovO| c.ut off s Tearth o ATmax (cyc) © T tot o Qtn,cs ° Qtn s (est.) s1 (est.)
u2 [*29] o |Rf| o'v0 = ov,train OVs (meas) @Vsl (meas.)
CPT Indices Soil Indices
Behaviour Index Ic [-] Behaviour Index IB [-] Index CD [] State Parameter [-] KO [-] OCR []
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2] SBB CFF FFS

Cone Penetration Test
CPT5

State characteristics
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Unit Weight [KN/mg] Relative Density [-] e[-]orGs[-] Permeability [m/s] Org. Content [-] SPT N60 []
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Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
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Cone Penetration Test
CPT5

Cyclic and dynamic behaviour

CRR and CSR [ mob. = CSR / CRR [ Post-Liq. Strgth ratio [] 0 \gfz”/v C”1t 0 s Dyn. Rail Deflection (Powrie 2024)
. 0 01 02 03 0% 100% 200% 300% 0 01 02 03 0 : ' ——y =1+ 0.01 exp (5.9%) o Duley (2018)
0 : 0 ‘ ] E % est O meas.
1 1 1 5 3.50 - -
2 2 :’}E:B 2 2 j i i
£ R c £old s s
g, 5 . L“’m = S 4 PR BEERE 5 250 | i
£ g =~ g = | S | |
g5 5 5 : N g 5 E £ 200 : :
I3 o} [ D 8 : % ! !
c 6 c 6 ' c 6 s 6 : 3150 ; |
& o3 g 2 s 2 ' ;
;87 g7 ’ g7 o 7 : o i |
E ¢ 1.00 ! i Qg’
9 9 9 9 %% . g % . static i aynamic i §
10 10 4 10 10 L 0.00 ' '
o CRR est. BCRR meas. © CSR o est. B meas. o Su(lig)/a'vOlth o CSR Virain/Vs (est.) ® Vitrain/Vs (meas., 000 020 0'40\/1 ‘O'/6\(/) [ ]0'80 1.00 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 35% @z =31mwith 7/rfld,cs = 37%
Rayleigh wave velo. 0.9V 79 m/s Undrained shear strength mobilisation T lu = 29% @z=25mri/freslu = 35%
Vtrain/ VR 0.37 [-] Cyclic undrained shear strength mob.  CSR/CRR est. = 180% @z=3m
Ratio dyn./stat. deflection  1.09 [-] Target "x"th highest value 25 CSR/CRR meas. = #N/A No partial factors of safety.
Static deflection (3m) 1.80 mm Plate load constrained modulus (1m depth) Mel = 21 MPa Me2/Mel  2.708598
Dynamic deflection (3m) 1.96 mm Me2 = 58 MPa  As=P/Me 1.57 mm
Critical train speed (77 km/h
Analysis Site Classification (SBB)
Automatic analysis: (to 10m depth ) di,10 [m Vs10, est = 102 my/s Class V70 th [m/s]  |\Vs30 th [my/s) Grouna:
- organic soil detected (|Rf| > 5% & K < 100 MPa) 0.06 Vs10, meas. = A > 7100 > 1486 |Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 6.46 P64% Vs1,70, est = 129 my/s B 1700 my/s 7486 | Rock
- weak clay-like soil detected (cu < 20 kPa) 0.02 i) Vs1,cs, 10.est. = 164 mys C 575 my/s 763 Soft rock
- Sensitive clay detected (St > 8) 0.17 Projection Vs30,est = 164 mys D 280 m/s 364 Stiff soil
- Extra sensitive clay detected (St > 16) 0.14 o Projection Vs30,meas= E 140 mys 178 Soft soil
- contractive soils detected (CD < 70) 1.70 (7% F 175 my/s 146 | Special soil
- no risk of undrained failure 0.00 T Soil Class: E reqression coefficients: a= 0042
- limited risk of flow liquefaction 0.00 (Boore, 2004) b= 1029
- risk of cyc. Lig. (CSR > CRR, Qtn,cs < 70, z < GWT) 0.28 Automatic Comments
- risk of cyc. Mob. (CSR > CRR, Qtn,cs > 70, z < GWT) 1.561  (15% |- gata needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no
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Cone Penetration Test
CPT5

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment
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Soft layer mineral
Soft layer thickness 10.00 m
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Kayen et al. (2013) | Cabal & Robertson (2022)
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% z=0-2.5m est.
B7=5-7.5m meas.

% 7=5-7.5m est.
8z>10m meas.

z>10m est.
X z=2.5-5m est.
0z=7.5-10m meas.
8 7=0-2.5m meas.
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Cyclic Shear Stress Ratio CSR [-]
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Normalised Shear Wave Velocity Vs1 [m/s]
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Cone Penetration Test
CPT6

Cone Penetration Test Data Interpretation

Project BG2025-004

Place Au ZH

Line L720

Chainage km 20.913
Elevation Ti 409.757 masl

CPT No CPT6

Coordinates 2691419.91 m O 233590.36 m N
Elevation CP  407.94 masl

Date Exe. 05.11.2025

Date 09/12/2025
Author u234286

SBB I-NAT-BT-FB-UB

Xz=25-50m Xxz=0-2.5m

1000

(ae
100

Normalised Cone Resistance Qtn

Normalised Friction Ratio Fr [%]

xz=25-50m xz=0.0-25m

0 7.5-10m (meas.) E5-7.5m (meas.)

M 0- 2.5m (meas.)

1000 1000 \
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@ 9] .
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‘© 4 © E
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S S N
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1 1 RN \
-2 3 8 13 18 1 10 100

Au2/c'v0

Small-rigidity index Ig

Input
Number of tracks Nb 2 [] Water table depth CPT GWT 2.04 m Net area ratio a = d2/D2 0.71 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 105.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 99.0 m friction sleeve top area Ast 1,000.0 mm2 1t parameter B = us /U 1.00 [-]
Length train I/t 200.0 m friction sleeve end arec Asb 1,000.0 mm2 Track static load 4471.5 kN
Track bed height hb 7.8 m friction sleeve surface A 15,000.0 mm2 Track adynamic load 443.9 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 1047 m Track width bottom 356 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 9.5 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 28.4 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 34 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) 5-7.5m (est.)
z>10m z=7.5-10.0m 2=50-75m z>10m 2=75-100m »xz=50-7.5m x 2.5-5m (est.) % 0-2.5m (est.) @ >10m (meas.)

W 2.5-5m (meas.)

1000

BG2025004_L720_km19500-22000_AuZH_sCPTu_V20251209.xIsx

C2 — Internal

Copyright: SBB CFF FFS 2025

09/12/2025

CPT6.29



09/12/2025

Cone Penetration Test

2] SBB CFF FFS

CPT6

Cone Measurements & Stresses

SBTn (2016)
12345678910
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IZE] SBB CFF FFS Cone Penetration Test 09/12/2025

CPT6
State characteristics
Unit Weight [kN/m?] Relative Density [-] e[]orGs[] Permeability [m/s] Org. Content [ SPT NGO [
10 12 14 16 18 20 22 0% 30% 60% 90% 05 15 25 1E-04 1.E07 1E-10 0% 30% 60% 90% 0 25 50
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E ° T E3 £3 3 E T 3 2338 o = 3§ !
5 ol & 5, Ll LlZbLllL x x < < !
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e °Gs
Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
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2] SBB CFF FFS

Cone Penetration Test

CPT6
Cyclic and dynamic behaviour
CRR and CSR [ mob. = CSR / CRR [] Post-Liq. Strgth ratio [ 0 \grzn/v Cr: 0 s Dyn. Rail Deflection (Powrie 2024)
0 01 02 03 0% 100% 200% 300% 0 01 02 03 0 ) ' ——y=1+0.01 exp (5.9%) o Duley (2018)
0 0 : 0 ’ . 8 est. O meas.
1 1 ; 1 ; 3.50 ;
[ 2 : i
2 oonsg 2 My 2 . xS 3.00 :
ES3 E 3 ' ES E S : T |
E ] '; +\ 2 ' A ; 5 I S 2.00 i
§° §° ) o : | P :
So f) ™ L ¥ e O [ 5150 5
g7 u g 7 : g7 87 " § 1.00 ! "
8 - s B 8 R I 8 | B
o I 1 1
9 u 9 | 9 9 g . g § 050 static \ dynamic §
10 . L 10 [ 1o Ll SEEE 0.00 : :
°CRR est. BCRR meas. © CSR o est. B meas. o Su(lig)/o'vOlth  ° CSR Virain/Vs (est.) ® Vitrain/Vis (meas.] 0.00 020 0'40\/1 ‘O'/6\(/) [ ]O'SO 100 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 19% @z =2.6 mwith 7/ifld,cs = 22%
Rayleigh wave velo. 0.9V 65 53 m/s Undrained shear strength mobilisation T lu = 28% @z=28mri/freslu = 23%
Vtrain/ VR 0.45 0.55 [ Cyclic undrained shear strength mob.  CSR/CRR est. = 84% @z=38m
Ratio dyn./stat. deflection  1.14 1.26 [ Target "x"th highest value 25 CSR/CRR meas. = 226% @z=38m No partial factors of safety.
Static deflection (3m) 1.83 1.15  mm Plate load constrained modulus (1m depth) Mel = 16 MPa Me2/Me1  2.619305
Dynamic deflection (3m) 2.09 1.44  mm Me2 = 42 MPa  As=P/Me1 1.45 mm
Critical train speed (146) 119 km/h
Analysis | Site Classification (SBB)
Automatic analysis: (to 10m depth ) di,10 [m Vs10, est = 96 my/s Class V70 th [m/s]  |\Vs30 th [my/s) Grouna:
- organic soil detected (|Rf| > 5% & K < 100 MPa) 039 V810, meas. = 190 ny/s A > 1100 > 7486 | Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 6.69 P67 % Vs1,10, est = 127 my/s B 1700 my/s 7486 | Rock
- weak clay-like soil detected (cu < 20 kPa) 1.18 [ 12% Vs1,cs, 10.est. = 168 my/s C 575 my/s 763 Soft rock
- Sensitive clay detected (St > 8) 0.06 ) Projection Vs30,est = 161 mys D 280 nmys 364 Stift soil
- No extra sensitive clay detected (St < 16) 0.00 L Projection Vs30,meas= 244 my/s E 140 my/s 178 Soft soil
- contractive soils detected (CD < 70) 1.22 [12% F 175 my/s 146 | Special soil
- no risk of undrained failure 0.00 T Soil Class: F reqression coefficients: a= 0042
- limited risk of flow liquefaction 0.00 (Boore, 2004) b= 1.029
- risk of cyc. Lig. (CSR > CRR, Qtn,cs < 70, z < GWT) 0.13 Automatic Comments
- no risk of cyclic mobility 0.00 - data needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no
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2] SBB CFF FFS

Cone Penetration Test
CPT6

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment

100 + , 100 T
Mineral soils Organic soils Kayen et al. (2013) | Cabal & Robertson (2022)
! ! z>10m est. z=7.5-10m est. % z=5-7.5m est.
8.0 + Not Critical 8.0 + Not Critical x 7=2,5-5m est. x z=0-2.5m est. B2>10m meas.
' 07z=7.5-10m meas. B 7z=5-7.5m meas. 8 7=2.5-5m meas.
'g‘ -g ®z=0-2.5m meas.
60 —— < 6.0 — = 09 [ /
/ [0} ' / o
g // '9 //// 8 ,l ,l
S
$ 4.0 — ] $ 4.0 L — g o4 S /I §
= / o - K s IR !
O @ 3 () 2 N NS s
| 8 03 9 )
2.0 2.0 3 g /& |8
e 11y SR AN
Critical Critical &5 0.2 s S
0.0 S 0.0 ‘ 2 f s s
s 1 !
00 20 40 60 80 100 00 20 40 60 80 100 & b8 S
!
Thickness [m] Thickness [m] 'a iy
00 If. =
v =80 km/h v =120 km/h v = 80 km/h v =120 km/h '
_ _ 0 75 150 225 300
v =160 km/h v =200 km/h v =160 km/h v =200 km/h Normalised Shear Wave Velocity Vs1 [m/s]
Soft layer mineral
Soft layer thickness 8.68 m
Soft layer depth 3.00 m
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2] SBB CFF FFS

Cone Penetration Test
CPT7

Cone Penetration Test Data Interpretation

Project BG2025-004 CPT No CPT7 Date 09/12/2025
Place Au ZH Coordinates 2691602.80 m O 1233559.37 m N Author u234286
Line L720 Elevation CP  407.53 masl SBB I-NAT-BT-FB-UB
Chainage km 21.097 Date Exe.  04.11.2025
Elevation Ti 409.664 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 1.63 m Net area ratio a = d2/D2 0.75 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 100.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 9.0 m friction sleeve top area Ast 1,500.0 mm2 1t parameter B = us / u 1.00 []
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 27 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.8 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 11.4 m Track width bottom 3.7 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 10.6 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 21.1 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 3.6 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) 5-7.5m (est.)
z>10m 2=7.5-100m xz=5.0-75m z>10m 2=75-100m xz=50-75m X 2.5-5m (est.) x 0-2.5m (est.) @>10m (meas.)
x2=25-50m xz=0-2.5m xz=25-50m %xz=0.0-2.5m 07.5-10m (meas.) @5-7.5m (meas.) M 2.5-5m (meas.)
W 0- 2.5m (meas.)
1000 1000 1000
SD
S S S
o] g (o]
ol [ g g
é 100 4§ 100 e i é 100
7 7 2
o o Bq=0.6 [
g e cc e
o o o
S 2 ces Ba-02| |
2 10 2 10 2 10
= ® ; ©
£ £ £
@] ] / @]
=2 =4 =2
1 1 1
) 3 8 13 18 1 10 100 1000
Normalised Friction Ratio Fr [%] Au2/c'v0 Small-rigidityindex Ig
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2] SBB CFF FFS

Cone Penetration Test
CPT7

Cone Measurements & Stresses

Cone Meas. [-] Vertical Stresses [kPa] Shear Stresses [kPa] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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CPT Indices Soil Indices
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Cone Penetration Test

CPT7
State characteristics
Unit Weight [kN/m?] Relative Density [-] e[]orGs[] Permeability [my/s] Org. Content [] SPT N60 []
10 12 14 16 18 20 22 0% 30% 60% 90% 0.5 1.5 25 1E-04 1.E-07 1.E-10 0% 30% 60% 90% 0 o5 50
0 0 0 0 0 0 1
1
1 1 1 1 ’ 1 :
1
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2 2
_ 1 | B 2 S 24
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s s S |8 - :
o 5 % 5 25 5 2 = 2 5 1
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g g 2 g g B8 !
/0 a7 a7 7 Q0 g 7 a7 '
1
8 8 8 8 8 8 i
1
9 9 9 9 9 9 i
1
10 10 1
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e °Gs
Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
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0 0 0 0 0 0
1 1 1 1 1 1
2 2 2 2 2 2
— _ I o .«/ _ \ ,'
ES E 3 E 3 E S E 3| E 3
X .. X >  LLLLLLLLiEl. x (e = ~x e ______
g 4 g 4 g8 4 9 g 4 e Sadw g 4Pt
. F S = = ( = 1
é 5 35 é 5 £ 5 5 2 5
[0 [0} o) 3
c 6 £ 6 e s 6 S 6 £ 6
g g g ¢ g g 2
a7 a7 a 7% 8 7 L 7 a 7
]
8 8 8 8 8 8
9 9 9 9 9 9 ‘
10 ‘Ba€v 0 10 10 10 1& ) o
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Cone Penetration Test
CPT7

Cyclic and dynamic behaviour

CRR and CSR [ mob. = CSR / CRR [] Post-Liq. Strgth ratio [ 0 \ng'”N Cr: 0 s Dyn. Rail Deflection (Powrie 2024)
. 0 01 02 03 . 0% 100% 200% 300% . 0 01 02 03 0 .: . —— vy =1+0.01 exp (5.9%) o Duley (2018)
T i
| ! 8 est. O meas.
1 1 : 1 1 3.50 ; ;
2 2+ 2 2 : : :
= = ﬁ — = 3 r 3.00 : !
E3 T 3 ‘ ! £ 3 £ i — ! :
Sar PR Rttt S 4 S 4T 8T g 2% i i
;s o} 2o | = |
3 s : g ° 2 e 8- : :
c 6 c 6% c 6 g 6 3150 | |
g7 g | g R 3 i |
| : £ 100 : —3
° a0 : Tl e 8 - | B
9 9 : 9 9 § . g § 050 static i dynamic i §
10 0 8 10 [ 10 Lol SR 0.00 : :
o CRR est. BCRR meas. © CSR o st B meas. > Sullig)/ovolth = CSR Virain/Vs (est) @ Virain/Vs (meas. 0.00 0.20 0.40\/1 ‘O./6\(/) []O.8O 1.00 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 16% @z =4 m with 1/1f/d,cs = 17%
Rayleigh wave velo. 0.9V 43 m/s Undrained shear strength mobilisation T lu = 35% @z=35mri/fresju = 63%
Vtrain/ VR 0.65 [-] Cyclic undrained shear strength mob.  CSR/CRR est. = 2% @z=4m
Ratio dyn./stat. deflection 1.46 [-] Target "x"th highest value 25 CSR/CRR meas. = #N/A No partial factors of safety.
Static deflection (3m) 2.81 mm Plate load constrained modulus (1m depth) Mel = 6 MPa Me2/Mel  3.294075
Dynamic deflection (3m) 412 mm Me2 = 19 MPa  As=P/Mef 3.66 mm
Critical train speed (96) km/h
Analysis | Site Classification (SBB)
Automatic analysis: (to 10m depth ) di,10 [m Vs10, est = 79 my/s Class V70 th [m/s]  |\Vs30 th [my/s) Grouna:
- organic soil detected (|Rf| > 5% & K < 100 MPa) 0.06 Vs10, meas. = A > 7100 > 1486 |Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 7.45 ?74% Vs7,70, est = 105 my/s B 1100 my/s 7486  |Rock
- weak clay-like soil detected (cu < 20 kPa) 2.11 (m21% Vs1,cs, 10.est. = 159 my/s C 575 my/s 763 Soft rock
- no sensitive clay detected (St < 8) 0.00 ) Projection Vs30,est = 130 mys D 280 m/s 364 Stiff soil
- No extra sensitive clay detected (St < 16) 0.00 L Projection Vs30,meas= E 140 my/s 178 Soft soil
- contractive soils detected (CD < 70) 1.46 15% F 175 mys 746 | Special soil
- no risk of undrained failure 0.00 T Soil Class: F reqression coefficients: a= 0022
- limited risk of flow liquefaction 0.00 (Boore, 2004) b= 1034
- no risk of cyclic liquefaction 0.00 Automatic Comments
- no risk of cyclic mobility 0.00 - gata needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no
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2] SBB CFF FFS

Cone Penetration Test
CPT7

DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment

100 + | , 10.0 +
Mineral soils Organic soils Kayen et al. (2013) | Cabal & Robertson (2022)
! ! z>10m est. z=7.5-10m est. % z=5-7.5m est.
8.0 + Not Critical 8.0 | Not Critical X z=2.5-5m est. x z=0-2.5m est. B z>10m meas.
' 0z=7.5-10m meas. @ z=5-7.5m meas. B z=2.5-5m meas.
'g' 'E‘ B7=0-2.5m meas.
560 500 e — o AR
g // ° //// % ,I ,/
S
240 ] 3 1 — S 04 T
S 4, S 4.0 5 s /8
= / > o é’ 9]
© // © / 8 03 o RS / N
[0} N ~
2.0 @ 2.0 ) = S 8 ) 8
/ < D IR PN
/ 3 TR ! g’
Critical Critical & 0.2 — &
0.0 R 0.0 p— © ;&S
00 20 40 6.0 80 100 00 20 40 60 80 100 & o ; N ;S
. ’ 1 1
Thickness [m] Thickness [m] r 1
0.0
v =80 km/h v =120 km/h v = 80 km/h v =120 km/h
0 75 150 225 300
v =160 km/h v =200 km/h v =160 km/h v =200 km/h Normalised Shear Wave Velocity Vs1 [m/s]
Soft layer mineral
Soft layer thickness 10.00 m
Soft layer depth 214 m

BG2025004_L720_km19500-22000_AuZH_sCPTu_V20251209.xIsx

C2 — Internal

Copyright: SBB CFF FFS 2025

09/12/2025

CPT7.38



2] SBB CFF FFS

Cone Penetration Test
CPT8

Cone Penetration Test Data Interpretation

,/V/’ v
100

Normalised Cone Resistance Qtn

Normalised Friction Ratio Fr [%)]

10

Normalised Cone Resistance Qtn

-2 3 8 13 18
Au2/c'v0

Project BG2025-004 CPT No CPT8 Date 09/12/2025
Place Au ZH Coordinates 2691851.46 m O 1233444.81 m N Author u234286
Line L720 Elevation CP  407.22 masl SBB I-NAT-BT-FB-UB
Chainage km 21.368 Date Exe.  04.11.2025
Elevation Ti 409.333 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 1.32m Net area ratio a = d2/D2 0.75 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 100.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 9.0 m friction sleeve top area Ast 1,500.0 mm2 1t parameter B = us / u 1.00 []
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 27 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.8 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 11.9 m Track width bottom 3.7 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 10.4 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 21.2 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 3.6 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.)  x 5-7.5m (est.)
z>10m 2=75-100m xz=50-75m z>10m 2=75-100m xz=50-75m x 2.5-5m (est.) x 0-2.5m (est.) @ >10m (meas.)
x7=2.5-50m xz2=0-2.5m x7=25-50m %xz=0.0-2.5m 07.5-10m (meas.) @5-7.5m (meas.) M 2.5-5m (meas.)
M 0- 2.5m (meas.)
1000 1000 1000

100

10

Normalised Cone Resistance Qtn

1 10 100 1000
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Cone Penetration Test

CPT8
Cone Measurements & Stresses
Cone Meas. [-] Vertical Stresses [kPa] Shear Stresses [kPal] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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CPT8
State characteristics
Unit Weight [KN/m?3)] Relative Density [-] e[-]orGs[-] Permeability [m/s] Org. Content [-] SPT N60 [-]
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Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
0O 40 80 120 0 4 8 12 16 20 25 35 45 5 0 5 10 15 0 40 80 120 0 25 50 75
0 0 0 0 0 0
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Cone Penetration Test
CPT8

Cyclic and dynamic behaviour

CRR and CSR [ mob. = CSR / CRR [] Post-Liq. Strgth ratio [ 0 \ng'”N Cr: 0 s Dyn. Rail Deflection (Powrie 2024)
. 0 01 02 03 . 0% 100% 200% 300% . 0 01 02 03 0 .: . —— vy =1+0.01 exp (5.9%) o Duley (2018)
T i
| ] E % est. O meas.
1 1 : 1 | 3.50 : ;
| ] |
2 BB ot SF 3 2 _ ; 3.00 : |
E?3 E 3 €y E 3 £ = | |
By P % f’,; ““““ 5 8 é g% ; ;
E ; S s 2 8 2.00 ; :
$° s et g 8 : 5" : :
c 6 26 : o6 £ ; 2 150 : :
o) 7 g 7 ! % 7 é% 7 : 3 : i
e = p | = ¢ € 1.00 : —3
; A : T fig] s } i E
° 9 : 9 9 % . g § 050 static " dynamic | §
10 0 ¥ 10 RN B 0.00 : :
o CRR est. BCRR meas. © CSR o st B meas. > Sullig)/ovolth = CSR Virain/Vs (est) ® Virain/Vs (meas. 0.00 0.20 0.40\/1 ‘O./G\(/) []O.8O 1.00 1.20
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 16% @z =3.5mwith 7/rfld,cs = 20%
Rayleigh wave velo. 0.9V 50 m/s Undrained shear strength mobilisation T lu = 39% @z=37mri/freslu = 37%
Vtrain/ VR 0.56 [-] Cyclic undrained shear strength mob.  CSR/CRR est. = 62% @z=33m
Ratio dyn./stat. deflection 1.26 [-] Target "x"th highest value 25 CSR/CRR meas. = #N/A No partial factors of safety.
Static deflection (3m) 1.93 mm Plate load constrained modulus (1m depth) Mel = 9 MPa Me2/Mel  3.007221
Dynamic deflection (3m) 2.44 mm Me2 = 28 MPa  As=P/Me 2.29 mm
Critical train speed (113) km/h
Analysis Site Classification (SBB)
Automatic analysis: (to 10m depth ) di,10 [m Vs10, est = 79 my/s Class V70 th [m/s]  |\Vs30 th [my/s) Grouna:
- No organic soil detected 0.00 V5710, meas. = A > 1100 > 1486 | Hard rock
- weak clay-like soil detected (20 kPa < cu < 40 kPa) 3.68 (W37% Vs1,70, est = 109 m/s B 1700 my/s 7486 | Rock
- weak clay-like soil detected (cu < 20 kPa) 4.58 P46% Vs1,cs, 10.est. = 161 my/s C 575 mys 763 Soft rock
- Sensitive clay detected (St > 8) 0.04 T Projection Vs30.est = 135 mys D 280 my/s 364 Stiff soil
- No extra sensitive clay detected (St < 16) 0.00 Projection Vs30,meas= E 140 my/s 178 Soft soil
- contractive soils detected (CD < 70) 0.34 F 115 my/s 146 Special soil
- no risk of undrained failure 0.00 Soil Class: F regression coefficients. a= 0022
- limited risk of flow liquefaction 0.00 (Boore, 2004) b= 1034
- no risk of cyclic liquefaction 0.00 Automatic Comments
- no risk of cyclic mobility 0.00 - gata needs to be analysed by a specialist
- no risk of local resonance (Virain < 0.9 Vs) 0.00 - Ground failure detected
- no global risk of resonance (Vtrain < 0.5Vs,10) no
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CPT8
DB NETZ (2018) Simple sssessment for cyclic deformation accumulation Seismic Assessment
100 + | , 10.0 +
Mineral soils Organic soils Kayen et al. (2013) | Cabal & Robertson (2022)
! z>10m est. z=7.5-10m est. % z=5-7.5m est.
8.0 + Not Critical 8.0 | Not Critical X z=2.5-5m est. x z=0-2.5m est. B z>10m meas.
. o o zi7.5-1 Om meas. @ z=5-7.5m meas. B z=2.5-5m meas.
é i(- é =] 2—062;3”1 meas.
g / L T -g / / ] —— 8 II II
g / - T g ,l "'C‘T ,l
L g n S
/ | _— qe; / g 0s ;&) 1 "S\ 1 §
2.0 2.0 & S PRI JOS
- i1y : S IS8
Critical Critical £ 02 s 8
0.0 R 0.0 a— © HEE AN
00 20 40 6.0 80 100 00 20 40 60 80 100 & o ; N ;S
Thickness [m] Thickness [m] l )
0.0
v =80 km/h v =120 km/h v = 80 km/h v =120 km/h
0 75 150 225 300
v =160 km/h v =200 km/h v =160 km/h v =200 km/h Normalised Shear Wave Velocity Vs1 [m/s]
Soft layer mineral
Soft layer thickness 10.00 m
Soft layer depth 450 m
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Cone Penetration Test
CPT9

Cone Penetration Test Data Interpretation

100 | -

10

Normalised Cone Resistance Qtn

Normalised Friction Ratio Fr [%]

10

Normalised Cone Resistance Qtn
Normalised Cone Resistance Qtn

-2 3 8 13 18
Au2/c'v0

100

10

Project BG2025-004 CPT No CPT9 Date 09/12/2025
Place Au ZH Coordinates 2692038.4 m O 1233329.5 m N Author u234286
Line L720 Elevation CP  408.64 masl| SBB I-NAT-BT-FB-UB
Chainage km 21.587 Date Exe. 05.11.2025
Elevation Ti 409.104 masl
Input
Number of tracks Nb 2 [] Water table depth CPT GWT 2.74 m Net area ratio a = d2/D2 0.75 []
Axle tonnage w 225t cone diamter D mm ft parameter b = Ast / Asb 1.00 []
Train speed v 100.0 km/h load cell diameter ad mm 1t parameter ¢ = Asb /as 0.07 []
Wheel diameter D 9.0 m friction sleeve top area Ast 1,500.0 mm2 1t parameter B = us / u 1.00 []
Length train I/t 200.0 m friction sleeve end arec Asb 1,500.0 mm2 Track static load 4471.5 kN
Track bed height hb 0.5 m friction sleeve surface A 22,500.0 mm2 Track adynamic load 443.8 kN
Sleeper length (bed width) /s 26m Max. Depth Z max 44 m Track width bottom 28 m
Sleeper spacing as 0.6 m Assumptions: Hyadrostatic pore water pressure profile Track bed surface 5.8 m?
Unit weight of ballast yb 18.0 kN/m3 load over 3 sleepers (25% | 50% | 25%) Pressure under track bed 38.6 kPa
Earth press. coef. ballast. KO 0.75 [] only vertical loads are considered Loadling time 3.6 s
Soil Behaviour Charts
>10m (est.) 7.5-10 m (est.) < 5-7.5m (est.)
z>10m 2=75-100m xz=5.0-75m z>10m 2=7.5-100m xz=5.0-7.5m X 2.5-5m (est.) % 0-2.5m (est.) @ >10m (meas.)
x7225-50m xz=0-2.5m xz=25-50m %xz=0.0-25m 07.5-10m (meas.) @5-7.5m (meas.) M 2.5-5m (meas.)
W 0- 2.5m (meas.)
1000 1000 1000

1 10 100 1000
Small-rigidity index Ig
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Cone Penetration Test

CPT9
Cone Measurements & Stresses
Cone Meas. [-] Vertical Stresses [kPal] Shear Stresses [kPal] Norm. Cone Resist. [-] Shear Wave Velo. [m/s] SBTn (2016)
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u2 [*100] o |Rf| o'v0 = gv,train OVs (meas.) @Vs1(meas.)
CPT Indices Soil Indices
Behaviour Index Ic [-] Behaviour Index 1B [-] Index CD [-] State Parameter [-] KO [-] OCR [1]
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CPT9
State characteristics
Unit Weight [kN/m?] Relative Density [-] e[-]orGs[] Permeability [m/s] Org. Content [ SPT N60 [
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Static shear parameters
Undrained Strgth [kPa] Sensitivity [-] Friction Angle [Deg] Dilation Angle [Deg] Drained Strgth [kPa] Modulus [MPa]
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Cyclic and dynamic behaviour

CRR and CSR [ mob. = CSR/ CRR [ Post-Lig. Strgth ratio [] 0 \grzi”/v Cr: i s Dyn. Rail Deflection (Powrie 2024)
0 01 02 03 . 0% 100% 200% 300% 0 01 02 03 0 ) ' ——y=1+0.01 exp (5.9%) o Duley (2018)
T 0 :
| ’ E % est. O meas.
1 M 1 3.50 : :
“%;g, 2 : | |
2 2 | |
B I _ ' 3.00 ; :
£ E 3 _ﬁb ______ £ 3 % St = : |
3 AP ! %ﬁ g 4 g 4 g% : :
; 8o 0 §0 /00 00 = %mo = ; 5 E ! :
E HE HE - § 200 : |
g g e @ | |
s £ 6 2 6 £ © o 150 5 :
g 5] 7 g 7 87 S -u——u—""/o/ e |
e e = € 1.00 R SN -
8 8 ° T8 ° : | 2
|8 0.50 ! [
9 9 9 9 § i % static i dynamic i &8
10 10 10 10 7 AR 0.00 . .
° ORR est. WCRR meas. © CSR cest.  mmeas. > SuligyoVOlth  © CSR Virain/Vs (est) ® Virain/Vs (meas. 0.000.20 0-40\/ 0-/63 []0-80 100 1.20
train R[-
Dynamic behaviour Static behaviour
over 5m track depih est. meas. Drained shear strength mobilisation I d = 36% @z =1.3mwith 1/rf/d,cs = 41%
Rayleigh wave velo. 0.9V 73 72 m/s Undrained shear strength mobilisation T lu = 52% @z=22mri/freslu = 47%
Vtrain/ VR 0.38 0.39 [ Cyclic undrained shear strength mob.  CSR/CRR est. = 176% @z=25m
Ratio dyn./stat. deflection  1.09 1.10 [] Target "x"th highest value 25 CSR/CRR meas. = 309% @z=2.4m No partial factors of safety.
Static deflection (3m) 1.42 0.82 mm Plate load constrained modulus (1m depth) Mel = 27 MPa Me2/Mel1  2.441942
Dynamic deflection (3m) 1.56 0.91  mm Me2 = 66 MPa  As=P/Me1 1.42 mm
Critical train speed (164) 162 km/h
Analysis Site Classification (SBB)

Automatic analysis: (to 4.4m depth )

- organic soil detected (|Rf| > 5% & K < 100 MPa)
- weak clay-like soil detected (20 kPa < cu < 40 kPa)
- weak clay-like soil detected (cu < 20 kPa)

- no sensitive clay detected (St < 8)

- No extra sensitive clay detected (St < 16)

- contractive soils detected (CD < 70)

- no risk of undrained failure

- limited risk of flow liquefaction

- no risk of cyclic liquefaction

- no risk of cyclic mobility

- no risk of local resonance (Vtrain < 0.9 Vs)

- no global risk of resonance (Vtrain < 0.5Vs,10)

di,4.4 [m
0.05
0.13
0.20
0.00
0.00
0.12
0.00
0.00
0.00
0.00
0.00

no

Ground:
Hard rock
Rock

Soft rock
Stiff soil
Soft soil
Special soil
#N/A

= #N/A

Vs4, est = 152 my/s Class V570 th [m/s] (V30 th [m/s
Vs4, meas. = 223 my/s A > 71700 > 7486
V51,4, est = 212 m/s B 1700 mys 1486
Vs7,cs,4,est. = 196 my/s C 5756 my/s 763
Projection Vs30,est = #N/A D 280 m/s 364
Projection Vs30,meas= #N/A E 140 my/s 178
F 115 my/s 146
Soil Class: NA reqression coefficients: a=
(Boore, 2004) b=
Automatic Comments
- data needs to be analysed by a specialist
- Ground Tailure detected
- CPT Js not deep enough.
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DB NETZ (2018) Simple sssessment for cyclic deformation accumulation

Seismic Assessment
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BG2025-017

Assessing railway subsoil conditions

Introduction

There are different ways in which soil failures result in ground
deformations changing the track capacity and affecting mainte-
nance costs and tack safety. The different railway-related failure
modes are reviewed in this paper and vulnerable track bed sub-
soils are defined. A site classification system is then proposed. It
facilitates communication with asset managers and defines the
extent of ground investigations and design work required in ac-
cordance with the Eurocodes (prEN 1997 2023).

Figure 1 illustrates the most common deformation patterns
with ground densification, bearing capacity loss and embankment
slumping being the most common. However, other mechanisms
such as boil ejecta have been observed in the recent years in the
Swiss railway network. There is a long-lasting culture to assess
track safety with visual inspections and deformation patterns, but
different failure mechanisms can cause similar deformation pat-
terns making the identification of the most prevailing failure
mechanism difficult. Moreover, this approach does not permit
foreseeing high-risk, fast developing and catastrophic failures of
the subsoil nor can it anticipate degrading situations due to traffic
increase.

Ground densification & lateral movement

W=}

— S

Global rotational displacement Slumping

2} =

Bearing capacity loss

drain

Figure 1: Subsoil failure modes of track beds.

Methodology

An assessment process was developed to assess old railway
networks and appreciate the geotechnical risks (Figure 2). Old
railway networks differ from new ones by the limited available
geotechnical information, the progressive increase in ground
loading and a history of events and maintenance.

The first step is the preliminary screening, which determines
the likelihood of having vulnerable soils, which are defined later
in this paper. If the likelihood is low with little changes in ex-
pected traffic and low maintenance, the geotechnical risk is con-
sidered low and acceptable. However, if the likelihood is high and
insufficient data is available, field investigations are necessary.
This follows the principles of the geotechnical complexity class
and geotechnical class of the new Eurocode (prEN 1997 2023).
Railway tracks are low-cost constructions per unit length but
cover large areas and, thus, geotechnical investigations must also
be low cost. Preliminary screening of sites is necessary to control
investigation costs. This is done by using geological and geotech-
nical maps. Track bed performance and maintenance analyses can
sometimes identify already-failed grounds, but the screening
must not be limited to history of events and must consider future
traffic. The shear wave velocity of the ground vy appears to be a
good measurand to assess the geotechnical risk as it can be meas-
ured using conventional techniques (e.g., seismic piezocones, ge-
ophysics) or new technology such as distributed acoustic sensing
using existing dark fibres along the track bed(Ajo-Franklin et al.
2019; Obando Hernandez et al. 2023).

NAT-BT-FB-UB

Appendix: Technical explanations
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START

1. Vulnerable soil
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Figure 2: Assessment flow chart.

If vulnerable soils are identified, the ground mobilisation
must be verified. If these soils have sufficient strength and stiff-
ness, then the geotechnical risk can be considered low and ac-
ceptable. However, if plastic deformation is expected then the
post-failure behaviour must be analysed. These tasks fall outside
the scope of the first-order assessment.

Vulnerable soils are soils that can potentially undergo exces-
sive, difficult-to-predict or uncontrollable deformations for a
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given railway traffic. This includes soils that can undergo signif-
icant strength or stiffness loss, both in static and cyclic loading
schemes. A given subsoil can be satisfactory for a certain railway
traffic, but it can become vulnerable with higher train speed, axle
load, train length, or train passages. The train length increases the
duration of a given cyclic load and causes a greater build-up of
excess pore pressure. The number of trains influences the time
between two train passages and hence the available time for ex-
cess pore pressure dissipation.

Loads and stresses

Determining whether a given soil can fail with one or the
other mechanisms requires knowing the loads and the stress state
under the track. Li et al. (2016) suggested a simple relationship
(Eq. (1)), which considers the train speed.

0.0052 v
pd=<1+—D )mg 1)
where p, is the pseudo-static load, v the train speed, D the wheel diame-
ter, m the axle load and g the gravity. p, is used to assess the current state
(serviceability) of the track and not for design purposes.

The first-order assessment only considers vertical loads. The
load is spread over 3 sleepers with 50% on the centre sleeper and
25% on the neighbouring. A homogeneous spreading of the load
is assumed through the subgrade and applied on the subsoil. The
total stress profiles are then computed using the (double) strip-
load diffusion theory of Boussinesq and given in Eq. (2). It thus
assumes half-space elastic and homogeneous medium with no
other loads

[B(a—sinacos 2B) 0 ESinotcos 2B ]
n m
P
o= | oy ==V 0 | 2)
P
[ sym. - (a — sina cos Zﬁ)J

with v the Poisson ratio and P the strip load.

The Poisson ratio is assumed to be v = 0.3 for all soils. Elas-
ticity permits superimposing loads and thus modelling a double
track as a superimposed load. A parametric analysis of the loads
showed that the error introduced by this approach is minimal at
depth. Despite its simplicity, the results are similar to those com-
puted by Powrie et al. (2007) and measured by Cui et al. (2023)
and SBB. The presence of a second track increases the depth and
width of influence without significantly changing the magnitude.

The train-induced cyclic stress is defined with Eq. (3) and by
seeking for the area with the maximum shear stress.
At

CSR = — 3
0 y,stat ®

where A is the cyclic stress and o, 4, the static vertical effective stress.
The water pressure is assumed to be hydrostatic (no flow) and is defined
for each CPT.

Two types of cyclic loading exist. (1) The first is when the
cyclic load is bigger than the earth load causing a negative shear
stress and causing a stress reversal situation (AT > Tgq¢). (2) The
second is without stress reversal (AT < Tg¢q¢). The stress reversal
situation is observed typically down to a depth of Sm for a double
track load after which the cyclic loading is without any stress re-
versal. For a single track, the transition depth is typically around
3m depth. The cyclic effect becomes residual (At < 10%7Tszqt)
at around 18 m and 10 m for single and double tracks. The cyclic
stress ratio CSR is critical between 0.5 m depth down to 8m; the
soil is vulnerable to cyclic liquefaction and mobility when CSR >
0.10 (Jefferies and Been 2016).

Vulnerable soils

Table 1 lists the different failure modes alongside post-fail-
ure behaviour descriptions and identification criteria and permits
identifying vulnerable soil and appreciating the associated risk.
The shear wave velocity vg appears to be a good measurand for
preliminary investigations as it can be directly measured in the
field and is a function of the small-strain shear modulus G, and
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soil density p (Eq.(4)) when used in conjunction with other
sources of information.

Go=p vsz “4)
The shear wave velocity can also be estimated for remouled and
normally structured soils using Eq. (5); CPT variables are ex-
plained later in the document.

an

Vs = avsa (5)

with a,, = 10%%51*165 [m /5] a conversion coefficient.

The following soils are considered vulnerable soils for the me-

dium-high speed (Virain < 240 km/h) railway networks:

e Weak soils have little shear strength irrespective of the fail-
ure mode. These tend to be normally or lightly overconsoli-
dated soils. They tend to fail in undrained conditions because
the undrained shear strength c,, is smaller than their drained
shear strength and can undergo post-failure strength/stiff-
ness losses. Undrained failures are particularly problematic
because they are associated with a short-term nil-volume-
change condition and, thus, no track deformation. The post-
failure behaviour is controlled by the post-peak shear
strength, which can decrease substantially. Weak soils tend
to be loose and of high plasticity, albeit not exclusively. ISO
14688-2 (2017) defines weak soils as ¢, < 40 kPa and very
weak as ¢, < 20 kPa, though the wording changes depend-
ing on the language of the standard. These thresholds are
sometimes set according to 50 and 25 kPa, respectively
(ASTM D653 2022). Very weak soils are vulnerable to rail-
way traffic as the induced shear stress is in the range of 15
to 20 kPa. L’Heureux and Long (2017) reviewed the rela-
tionship between the shear wave velocity and the undrained
strength (Eq. (6)) and suggest vg < 120 m/s as an identifi-
cation threshold.

vy = 13.32 ¢,%72 6)
The undrained strength profile can be easily obtained with
CPTs (Robertson 2012) using Eq. (7).

Qen .
Cy = N_kt with N, =105+ 7log F, (7
where Ny, is a conversion factor.

e Sensitive soils have a significantly lower residual shear
strength ¢y than peak strength. They can undergo flow lig-
uefaction, which is uncontrollable. ISO 14688-2 (2017) de-
fines medium-high sensitive soils as 8 < S; < 30 and
highly sensitive as S; > 30 whilst Skempton (1954) refers
to these two classes as extra-sensitive soils and quick clays.
Quick-clays are not present in the Alps but lake chalk, an
extra sensitive lacustrine soil, is locally present (Huder
1963). Lake chalk is formed by the precipitation of calcium
hydroxide and forms an open structure.

The sensitivity can be directly obtained from the CPT re-
sults (Eq. (8)) or computed as ratio as in the assessment.
Cu 7
S Cres th"';M Fr ®)

The residual strength is estimated with Eq. (9) and is a func-
tion of the vertical effective stress g, (Lunne et al. 1997).

EQu
Cres ® 100 Ou0 (9)

The strong microstructure of sensitive soil infers higher
shear wave velocities (e.g., Lontzetidis et al. 2022) and can
be misleading. However, the sensitivity becomes apparent
when using seismic piezocones (sCPTu) because it can esti-
mate both the small and large strain behaviour, and differ-
ences emerge between the estimated and measured values
(vsest « pmeasy,
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Table 1. Failure modes of track bed subsoil for medium-high speed railways.
Failure mode Soil type Post-failure behaviour Identification Danger
Monotonic/static:
Drained shear Dilative soils Brittle with softening v, > 120 m/s Low
Special Brittle for metastable soils pEst # pmeas High
Undrained shear Saturated contractive, Mostly progressive v, < 120 m/s Med-high
Sensitive/special soils Can evolve into flow liquefaction (s)CPTu High
Primary compres- ~ Mostly soft org. soils & some clays Progressive vs < 145m/s Med.-high to
sion extreme
Secondary com- Mostly org. soils & some clays Progressive & continuous (s)CPTu Low to
pression med.-high
Monotonic/static or dynamic/cyclic:
Collapse Any metastable structure Brittle. Can evolve into flow liquefac- vt « pimeas Med.-high to
tion when saturated. high
Complex Interbedded soils or with strong micro- Variable (s)CPTu Low to ex-
structure treme
Flow liquefaction  Any metastable saturated soil, contrac- Brittle & fast. large displacements de- vs < 150 m/s
tive silts & sands, extra-sensitive clays pending on kinematic conditions. Unsta-  Liquefied: v, > 0  High to ex-
ble post-event. Significant softening for treme
contractive soils
Dynamic/cyclic:
Cyclic liquefac- Almost all saturated sands with limited Progressive to brittle. Significant defor- sCPTu
tion deformation in clays. Occurs faster in mation during loading cycle but stable at Med.-high
contractive soils post-failure
Cyclic mobility Mostly clayey soils with limited defor- Progressive. Limited deformation but re- sCPTu L
. . o : P . ow
mations. Contractive & dilative soils sults in high maintenance.
Dynamic Mostly soft soils Brittle & fast, depends on damping ca- Verain < 0.62 vg Extreme

pacity of track bed

with vp = 0.9 vg

NAT-BT-FB-UB

e Collapsible soils have metastable microstructures that can

undergo a sudden and abrupt reduction in volume in drained
conditions or a massive increase in excess pore pressure in
undrained conditions. Collapsible soils are characterised by
a high void ratio, an inherent low intergranular bond strength
and tend to be extra-sensitive (Jefferson and Rogers 2012).
The identification of collapsible soil is difficult for the same
reasons as for sensitive soils but possible with sCPTu as
shown by Robertson (2016). They have unusually high
small-strain stiffness (K; > 100) whilst exhibiting contrac-
tive-like behaviours (CD < 70). In other words, the un-
drained strength is low whilst exhibiting high stiffness or
shear wave velocity.
Soft soils deform significantly upon the design load resulting
in unacceptable displacements. Compressible soils undergo
significant volume reduction upon loading. Unlike collapsi-
ble soils, soft soils tend to have a stable soil structure, and
the deformations tend to be progressive. This changes the
post-failure behaviour and the associated geotechnical risk.
Soft soils tend to be young soils (Holocene epoch) such as
delta, lacustrine or organic soils and are an important part of
glacial geology. There is no universal criterion to define soft
soils as it depends on the maximum acceptable deformation.
Li et al. (2016) define soft track bed subsoil with a resili-
ent stiffness of E;; < 28 MPa, which relates the Swiss fed-
eral regulations for new railways with a minimum con-
strained modulus of M > 14 MPa. However, Swiss regula-
tions distinguish new tracks from existing ones for which
M > 6 MPa is required. According to L’Heureux and Long
(2017), this relates to vy = 145 m/s (Eq. (10)).

M = 0.0001 v 2212 (10)

Deformation can also occur through shearing processes and
more deformation occurs with contractive soils. ISO 14688-
2 (2017) defines soft soils as soils with a consistency index
of I. < 0.5 but this index refers to its states rather than its
ability to contract (Schofield 1980). Loose sands are defined
with a relative density index of I, < 35%. Other indices
such as the state parameter with 1 < 0.1 as a conservative

© SBB CFF FFS 2025

threshold when assessing field data (Jefferies and Been
2016) or with the contractive-dilative index CD < 70 (Rob-
ertson 2016) and shown in the SBTn chart (Figure 3). For
the same reasons, the shear wave velocity has to be normal-
ised to be used as a proxy (Kayen et al. 2013) and given in
Eq. (11).

Us1 = vs(pa/o.‘;)O.ZS (11
where vg; is the normalised shear wave velocity, p, the reference
pressure of 100 kPa and o, the vertical effective stress.

The normalised shear wave velocity can be plotted in the
SBTn chart (Robertson and Cabal 2022) (Figure 3) with
CD = 70 line occurring around vg; = 175 m/s, which re-
lates to vs = 150 m/s at 2-3m depth and relates to weak
soils. CPT variables shall be defined later in this document.

The constrained modulus can be obtained from the CPT
measurements using Eq.(12), and is the incorrectly writing
Mp in the Swiss regulations.

M' ~ ay(q: — 0vo) (12)
where ay = Qp, < 14 for I, > 2.2 and a,, = 0.03 - 10055/c+1.68
for I, < 2.2.

The secant effective stress Young’s modulus E and shear
modulus G can be obtained in an equivalent way (Eq. (13)).

E'=2(1+v)G = ag(q; — 0y0) (13)

where az = 0.015 x 10055/c+1.68

The plate load test estimates an average constrained modulus
for a depth of approximately 1m. Hence, a rough estimate
can be obtained from the CPT and used to compute the static
rail deflection induced by the ground conditions; the track is
considered as a rigid body. An estimation of the unloading
constrained modulus (“Mg,”) is carried out using the small-
strain modulus.

Liquefiable soil can fail by an increase in pore water pressure
and thus a decrease in mean effective stress. It can result in
strength/stiffness loss allowing the soil to behave like a fluid
but differs in the way energy is dissipated; granular soils dis-
sipate energy through intergranular friction but fluids
through viscosity. Different types of liquefaction exist.
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Figure 3: Normalised soil behaviour trend (SBTn) chart -
S stands for sand-like, C clay-like, T transitional (silt-like),
D dilative, C contractive et S sensitive.

Flow liquefaction is characterised by an unstable post-
failure configuration allowing the soil to behave as a fluid.
It happens mostly in contractive soils for which the reduction
in pore space associated with the stress-dilatancy response is
greater than the corresponding work hardening of the skele-
ton to support the increased stress. The soil is then liquified
in the post-failure state with a near-to-nil stiffness and thus
a very small shear wave velocity (vs = 0). Several cases
have been observed in the network and can cause boil ejecta.

The cyclic resistance ratio (CRR) can be estimated using
sCPTu. It is however known that loose soils at low confining
pressures are the most likely to liquefy and these tend to have
vs < 150 to 200 m/s (Andrus and Stokoe 2000). Both cy-
clic liquefaction and cyclic mobility are fatigue-like failures,
which have been observed throughout the network. The
number of cases is expected to increase due to the ageing
network and a substantial increase in train traffic.

A rough estimation of the cyclic undrained shear strength
Cy,cyc can be achieved by assuming a reduction of the static
undrained shear strength ¢, srq¢ (Eq. (14)).

Cu,cyc ~ 0'65 Cu,stat (14)
The identification of liquefiable soils is carried out using the
equivalent normalized cone resistance for clean sand Q. ¢s
(Eq. (15)), which basically transforms the resistance of non-
sandy soils to sandy ones.

Qtnes = KcQen

I[.<164: K.=10
(15)

I.>164: K.= —04031*+ 55811°
—21.631.2+33.751, —17.88
where K_ is a conversion coefficient.

The equivalent normalized cone resistance Qg (s i
equivalent to the state parameter ¥ but specifically designed
for cyclic problems (Robertson 2022). Soils are unlikely to
liquefy when Qs > 70 (dilatative behaviours) and sus-
ceptible when Q¢ .s < 70 (contractive behaviours).

Robertson (2021) suggests replacing the contractive-dila-
tive division (CD = 70) (Robertson 2016) with liquefaction
division (Q¢ncs = 70) in the SBTn chart. This approach
gives similar boundaries for liquefaction susceptibility as
given by Robertson and Wride (1998) and (Robertson
2004)Robertson (2004) which are shown with blue lines in
the SBTn chart and clearly shows contractive sand-like soil
with a strong liquefaction susceptibility.

Robertson (2022) suggested a relationship to estimate the
liquified undrained strength c,, ;4 for sand (Eq. (18)).
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The liquified undrained shear strength of clay-like soils is
the residual undrained shear strength ¢, ..

Cyclic liquefaction is triggered by cyclic loading and is
characterised by a stable post-failure configuration, which
implies that the deformation ceases upon load removal. The
volumetric strain is caused by the compression brought by
the load. All soils can be subject to cyclic liquefaction, but
low-plasticity soils tend to be more sensitive as the limiting
strain threshold yy, is lower (Vucetic 1994). This threshold
is typically yy, = 10™* for sands and silts but can increase
10 folds for high-plasticity clays, and even 100-fold for fi-
brous peats (Zwanenburg et al. 2020).

The minimum cyclic resistance of soil is expressed in
terms of cyclic resistance ratio CRR and can be estimated
using Eq. (17) (Schneider et al. 2008; Schneider and Moss
2011).

0.5
min CRR % Ky (Qen)®?® (P_,a> (17
%0
where y,y, is the threshold shear strain with y,, = 0.01% (SBTn =
4 to 7) and clay-like soils have y;;, = 0.02% (SBTn =1 to 3).
The maximum mobilisation of the soil mob,, is defined
by Eq. (18) with the cyclic stress ratio.

CSR

CRR (18)
Cyclic mobility occurs when the excess pore pressure is gen-
erated at the location of higher stress and migrates. It can
cause strength and stiffness loss elsewhere. It occurs more
often in higher-plasticity soils. This is well known in railway
engineering and results in ballast.

Soil fatigue refers to the stiffness and strength degradation

of soil caused by cyclic loading and induces shorter life ex-
pectancy of the infrastructure. The amount of degradation is
obtained by comparing the secant shear modulus with the
small-strain one; note that the shear modulus is identical
when expressed in terms of total and effective stresses. The
small-strain shear modulus G, can be obtained directly from
sCPTu or estimated from CPTu.
Dynamic failures result in uncontrolled and fast degradation
of the subsoil, and it is amplified when reaching resonance.
These failures occur when the train speed coincides with the
critical speed (Norén-Cosgriff et al. 2018). This relates to the
Rayleigh wave velocity for single-strata subsoil (Madshus
and Kaynia 2000). Although resonance is a fast developing
failure mechanism, it is less catastrophic for soils than built
structures (Kramer 1996). Yang et al. (2009) showed that the
dynamic effects become noticeable as of 10% of the Ray-
leigh wave velocity vg and significant as of 50%. Duley
(2018) reviewed several cases which can be modelled with
Eq. (19).

Aden

moby. =

:1+Aexp(8%) (19)

Asgtat R

with Asgyy and Asg,, the dynamic and static rail displacement, and
A = 0.01 and B = 5.9 two model parameters.

Eq. (19) masks the fact that the rail displacement in the
static deflection alone can be unacceptable for compressible
soils (Powrie 2024). It also masks the fact that the transition
from the static to the dynamic regimes is brittle for soft soils
Conay et al. (2024) suggests setting a deflection ratio thresh-
old at Asgyn/ASstac = 0.625 and defining the minimum re-
quired ground velocity (Figure 4). Note that this approach
only considers ground-surface direct waves and neglects site
effects where reflections become important. It is also as-
sumed that the dynamic effects take place within the first 3m
of soil because soil can damp energy waves. Hence, the min-
imum Rayleigh wave velocity between 1m and 3m depth is
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considered in the analyses. It is thus possible to express both
the cyclic and dynamic behaviour in a single diagram (Fig-
ure 5). The acceptable cyclic mobilisation is set at 200% be-
cause the model mostly assumes two trains simultaneously
on the tracks whilst this case is mostly transitional.
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Figure 4: Static to dynamic track behaviour.
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Figure 5: Cyclic and dynamic behaviour of the track bed.

e Special soils refer to soil units composed of different types
of soil and/or with distinct bedding or microstructure for
which complex and combined failure mechanisms take
place. Varved soils are complex interbedded soils of glacial
origin with a strong interaction between each layer of silt and
clay. There is no unique criterion to identify such soils.

e Expansive soils, acid soils and soluble grounds are not cov-
ered in this paper. Creep, shakedown and ratcheting failure
mechanisms are also excluded from this study because of the
smaller induced deformation.

Organic soils
Most organic soils present an engineering challenge because they
tend to be soft, compressible and can be sensitive to secondary
consolidation. There is no universal classification system for or-
ganic soils and the rules of division are diffuse. ISO 14688-2
(2017) defines organic clays and silts with 2% < 0C < 20%.
Peat and dy typically have organic contents OC > 20%. They
differ from one another by the type of organic compounds and
decaying mechanism. Gyttja results from the decay of remains in
oligotrophic environments and has 0C < 14% (Larsson 1990).
Dy is seldom found as a soil layer. It is often contained within
other soils such as gyttja.

Peat is characterized by a high porosity making it very com-
pressible to primary loading. However, fibrous peat exhibits a
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surprisingly good behaviour when subjected to cyclic loading be-
cause the fibres provide additional resistance (Zwanenburg et al.
2020). Therefore, peat is not necessarily problematic for existing
railways, which have already consolidated, but becomes problem-
atic with train speed and weight increase. Peat can be identified
with the sCPTu as it has a friction ratio Fr > 4%. Whilst dy
shares many similarities with peat, it is seldom found as a soil
layer but more often within gyttja. Gyttja is difficult to identify as
it maps in the SBTn as soft clay-like soil and can be sensitive.
These three types of organic soils have a very low shear wave
velocity (vs < 100 m/s) and are problematic when located at
shallow depth.

Organic soils, although soft, can sometimes be acceptable as
a track bed subsoil and have a shear wave velocity in the range of
100 m/s. Whilst the identification of peat is straightforward, it
significantly more difficult to identify organic sand, silt and clays.
Lengkeek and Brinkgreve (2022) suggested a correlation between
the ash content N (Eq. (20)) and the unit weight y (Eq. (21)),
which permits assessing whether organic components might be
present in the soil.

- (20.78)% (20)
¥
—_— [ 0.27log (100 5—3) +0.361og (%) + 1.236] @1
t a

where p,, is the density.
The specific gravity G, can be obtained using Eq. (22) and,
subsequently, the void ratio can be computed.

G, = 2.881 - 0.147 R, (22)

Site classification

Understanding and identifying the prevailing failure mechanism
of a given soil layer is of importance but it is the depth and inter-
actions with other soil layers and the railway infrastructure which
define whether a given vulnerable soil is critical or not.

Three stress regions can be defined when studying the stress
diffusion of railway traffic in the ground and considering a track
bed pressure of 40 kPa. The first is the cyclic stress reversal re-
gion which goes down to a depth of approximately 2 to 3m. Vul-
nerable soils at those depths are mostly critical. The second region
is still significantly affected by the cyclic stress but without stress
reversal and goes down to 5 to 6m. The third region is dominated
by the static loads with a small cyclic stress and goes down to
approximately 10m. This depth corresponds to the ideal field in-
vestigation depth and relates to depth suggested by Costa et al.
(2020). However, the critical depth can vary from case to case and
should ideally go down to the stiff layer, typically the bed rock or
the moraine. The track stiffness is often used in railway design
(e.g., Selig and Waters 1994) and represents the different infra-
structure and subsoil stiffnesses as a single spring. Because the
shear wave velocity relates directly to the small-strain stiffness,
an equivalent shear wave velocity vg (Eq. (23))

jlz:zcrit
Vs;d;
z= y =4 23)
i=0 :

where vg; is the shear wave velocity of a given soil layer, d; its thickness
and z; the critical depth.

The determination of the critical depth to be considered in the
assessment is difficult. It is typically 10m for a homogeneous,
isotropic and infinitely deep soil stratum and is denoted vgqo by
analogy to NEHRP vg3,. However, it can also be significantly
shallower when a thin and soft layer rests on a stiff ground be-
cause the stiff layer will significantly increase the equivalent
shear wave velocity and mask the presence of the critical soft
layer.

Table 2 gives the site classification, which includes both sys-
tem and specific layer criteria. The classification is based on a
default depth of 10m. vg14 can be converted to vg3q with the work
of Boore (2004). The thresholds of vulnerable soils relate well
with those of the NEHRP system. Class E and F relating to critical
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sites. According to the Eurocode (prEN 1997 2023), these corre-
spond to geotechnical complexity class GCC2 and GCC3, respec-
tively. Network Rail (2020) and the Eurocode (EN 1998 2004)
qualify these classes as critical and tracks require specific design.
Class A to D sites only require additional verification if damage
to the infrastructure relating to possible subsoil failure is ob-
served.

The establishment of a site classification system permits de-
fining the level of design required and facilitates communication
of critical tracks. The compatibility of the NEHRP system also
permits using existing maps to identify potentially critical tracks
where no field data is available. The classification system defines
weather a site is critical or not. The class E threshold of 140 m/s
relates to the Swiss Federal Office for Transportation (FOT) cri-
terion for subsoil stiffness of M > 6 MPa.

Table 2. Site classification for medium-high speed railway tracks.
Us10 Us3o Cy
Class [ms] [m/s] [kPa]
A >1100 > 1500
B 575 - 1100 760 — 1500 > 100
C 280575 360 — 760
D 140 - 280 180 — 360 40— 100
115140 145 - 180 20 - 40
or high-plasticity (I, > 20%), loose (I; < 0.5, I, <
E 35%), weak (¢, < 40 kPa) or organic (2% < OC <
20%) soils with a thickness of d; > 0.5 m and within
10 m depth.
<115 <145 <20

or liquefied/liquefiable, with a strong microstructure, very
sensitive (S, > 8), very organic (OC > 20%) or very

F weak (¢, < 20 kPa) soils with with a thickness of d; >
0.5 m within 10 m depth, or Class E with a thickness d; >
8 m by 10 m depth, or with vy, > 0.9 v;) over a thick-
ness of d; > 0.5 m.

DB Netz assessment

The DB Netz (2018a; b) verification for dynamic stability is based
on the work Vucetic (1994) and verifies the accumulation of plas-
tic shear strain with cyclic loading by means of numerical analy-
sis. It also has criteria for the relationship between the maximum
train speed and the Rayleigh wave velocity using a single equiv-
alent spring system. DB Netz proposes a first-order verification
charts for a simple greenfield track bed for respectively organic
and inorganic soft layers.

Although the use of the DB Netz charts appears at first sight
simple, they are difficult to use in practice because field condi-
tions rarely have a single soft layer and the distinction between
inorganic and organic soils is diffuse. Moreover, there a numer-
ous type of soft soil with variable degrees of softness. The expe-
rience gained at SBB on the use of these charts suggests that they
are overconservative and misleading as the distance between a
given point to the threshold line is not proportional of vulnerabil-
ity of the soil.

A major challenge with this method is that it is designed for
a single layer of soft soil. It is hence necessary to manually define
which is the critical layers. The automatic data processing defines
the soft layer from the first soft point to the last ones.

Fundamental CPT variables

The CPT data has to be processed in order to be use for soil
behaviour identification and estimate mechanical parameters and
indices (Robertson 1990). The measured variables are first cor-
rected, and these are the cone tip resistance g, (Eq. (24)), the total
stress sleeve friction f; (Eq. (25)), the friction ratio Ry (Eq. (26))
and the pore pressure parameter ratio B, (Eq. (26)).

24
(25)

qG=q.+1—-a)u
fe=fs— (@A —pBb)cu
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Ry = 100£ (26)
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Figure 6: DB Netz assessment charts.
B _ u _uo 27
1 qt — Oyo ( )

with a ~ d?/D? the net cone area, d the sensor diameter, D the cone di-
ameter, u the measured pore pressure, a = Ag/Ag, , ¢ = Agy/As and
B = us/u. A, are model parameters with Ay, the end area of friction
sleeve at top, Ay, the end area of friction sleeve at bottom, A, the outside
surface area of friction sleeve, ug the pore pressure at top of friction
sleeve, u the measured pore pressure, u, the equilibrium pore pressure
and g, the vertical total stress.

The cone variables are then normalized with the stress pro-
files (Egs. (28) to (32)).

qt — Oyo
Q= —— 28
t o (28)
fs
Fr=—=—100 29
K qt — Oyo ( )
n
Qen = 220 (p—> (30)
Pa Opo
_ Tyo
n=03811;+0.052-015 <1.0 (31)
a
Ic =+ (347 —log Q)% + (log F. + 1.22)? (32)

where gy, is the vertical effective stress, p, the atmospheric pressure, n
is the CPT exponent and I, a CPT behaviour index (Jefferies and Davies
1993; Robertson 2010) which is used for soil identification with I, < 2.60
for sand-like, 2.60 < I, < 2.95 for silt-like and I, > 2.60 for clay-like
behaviour. Highly organic soils and peat are characterized by I. > 2.60
and Ry > 5 and as well as with low stiffness moduli.

Soil behaviour trend normalised (SBTn)
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Robertson (2009) introduced a new CPT behaviour index Ip

Eq. (33)) for a better soil behaviour identification and a dilatancy

index CD (Eq. (34)) to identify the mechanical behaviour and re-

lates to a critical state line (Roscoe et al. 1958).
100(Qrr — 11)

B 770 + QunFr (33)

CD = (Qun — 11)(1 + 0.06F)17 (34)

with Iy > 32 for sand-like soils, 32 > [ > 22 for silt-like soils, Iy < 22
for clay-like soils and Q,,, < 10 for soft or sensitive clays, and CD > 70
dfor dilative soils and CD < 70 for contractive.

The combination of the different indices and variables per-
mits identifying the soil behaviours. Robertson (2016) updated
the classification and suggested using the normalized Soil Behav-
iour Type (SBTn). It classifies the soil in 7 groups and described
in the SBTn profile.

Small-strain stiffness index

Naturel soils distinguish themselves from laboratory (remouled)
soils by the presence of a microstructure which can be pro-
nounced and influences the mechanical behaviour. The micro-
structure causes high small-strain stiffness without increasing the
cone tip resistance. Two types of microstructures are of im-
portance, glacial varved and open-structured soils. Varved soils
are liquefiable because the water in the silt interbeds cannot dis-
sipate excess pore pressure, and the open-structure soils are col-
lapsible. Schneider et al. (2008) suggested identifying the soil be-
haviour by comparing the evolution of the excess pore pressure
with the cone resistance. Soils with strong microstructure show a
trail of points ranging from sand-like to clay-like because of the
inability to dissipate excess pore pressure.

The characterization is carried out by comparing the small-
strain stiffness with the normalized cone resistance and it is
achieved using an empirical parameter K; (Rix and Stokoe 1996;
Robertson 2016; Schneider and Moss 2011) (Eq. (35)).

Ke =15 Q" (35)

where I; = Gy/qy, is the small-strain stiffness index with G, = pV,? the
small-strain shear modulus with p the bulk density and V; the shear wave.

State indices
The relative density I can be estimated (Kulhawy and Mayne
1990) by using Eq. (36).

tn tn
~ Q ~ Q =67 36
I, = 305 0.00cn ~ I35 for SBTn =6, (36)

where Q., Qocr, @ correction coefficients with @, = 0.9 to 1.1 for com-
pressibility, Qucg = OCR®*® for consolidation ratio, Q, = 1.2+
0.05 log(t/100) for the age with t = 11’000 years for Holocoen soils
(K& < 350) and t = 2'000'000 years for Pleistocene soils (K; >
350).

The state index ¥ (Been and Jefferies 1985) can be estimated
using Eq. (37) (Robertson 2009).

¥~ 0.56 — 0.3310g Qin cs (37)

where Q.5 is the equivalent normalized tip resistance for clean sand and
is explained later. Soils with ¥ < 0 are dilative and with ¥ > 0 contrac-
tive. Soils with ¥ > —0.8 are susceptible to cyclic liquefaction (Jefferies
and Been 2016).

The earth pressure coefficient K, can be computed using
Jacky’s rule with a dependency to the consolidation ratio
(Eq. (38)Error! Reference source not found.).

Ky = (1 —sin (p’)OCRSi""” (3%)

where ¢’ is the (peak) effective stress ratio which can be estimated as
further in the document.

Soil static strength
The effective stress friction angle @4, 0f uncemented sands with
round grains can be estimated (Kulhawy and Mayne 1990) using
Eq. (39).

Omax = 17.6 +111l0og Q¢ 39)
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The dilatancy angle Y can be obtained from the state parameter
Y (Eq. (40)) (Robertson 2012).

Y =—-60¥ (40)
The critical state effective stress friction angle ¢ can be ob-
tained from stress-dilatancy relationship (Eq. (41)).

(pc’s = go'r,nax - 0.8y 41)
Other parameters
The horizontal hydraulic conductivity kj is obtained from the
consolidation coefficient ¢, (Eq. (42)).
Cn¥w

M
where ¥, is the unit weight of water and M the constrained modulus.

The consolidation coefficient ¢y, is obtained by carrying out a
pressure dissipation measurement (Eq. (43)).

cp = (1.67 x 1070)1017199 50 [m? /5]

where ts is the time to half the excess pore pressure.
It is also possible to have first-order estimation of the hydrau-
lic conductivity in absence of dissipation measurement (Eq. (44).

100952-304lc  for @, < 3.27

107*52-137  for Q. > 3.27
The corrected and normalised SPT blow counts Ny are also esti-
mated (Eq. (45)) and can be used to calibrate the estimations with
field data, albeit these need to be corrected.

khz

(42)

(43)

ky = (44)

Ngo = aneo(qr — 0yo) (45)

with aygo = (%) . 10—028171+11268
t
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Die Bauherrschaft fordert geotechnische Untersuchungen entlang der Linie L720, zwischen Km 19.900 und
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Zur erweiterten Abklarung der lokalen Baugrundverhaltnisse wurde Geoprofile GmbH vom Auftraggeber
beauftragt, 9 elektrische Drucksondierungen bis in Tiefen von ca. 10 m abzuteufen.

Der vorliegende Bericht dokumentiert die folgenden Leistungen :

1. Abteufen von 9 elektrischen Drucksondierungen mit einer Lange von insgesamt 83.37 m, inklusive Messung
des Porenwasseriiberdrucks (SCPTU 1 bis SCPTU - DPSH 9) ;

2. Abteufen von 1 superschwere Rammsondierung mit einer Lange von insgesamt 0.3 m (DPSH 9) ;
Auswertung der Messdaten ;
Geotechnische Interpretation der elektrischen Drucksondierungen und Herleitung von geotechnischen

Kennwerten ;
5. Bestimmung der Scherwellengeschwindigkeit als Funktion der Tiefe (SCPTU 1, SCPTU 3, SCPTU 6 und
SCPTU 9).
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AUSFUHRUNGSPRAXIS DER ELEKTRISCHEN DRUCKSONDIERUNG

TESTSTEUERUNG - PENETRATION

Generelle Testablauf: Siehe Anhang 1, "Elektrische Drucksondierung (CPT)
(GEO/APP/001)
Vorbereitungsphase: — Bestimmung der Sondierstandorte durch Auftraggeber

— Auswahl der Messsonde durch Geoprofile GmbH

— Vorherige Sattigung des Filter-Elementes durch Vakuum-
Lagerung in biologisch abbaubarem Ol wahrend 24 Stunden

— Nachsattigung vor Ort vor jeder Priifung
Einmessen und Nivellement: — Einmessen der Sondierstandorte durch Auftraggeber
— Nivellement durch Geoprofile GmbH

Testphase: Keine projektspezifischen Vorkehrungen

Testabbruch: Siehe Anhang 1, "Elektrische Drucksondierung (CPT)
(GEO/APP/001)

Zusatzliche Messungen: DPSH-B

Vorbohren: Nein

SONDIERGERAT

Schubvorrichtung: Hydraulische Schubeinheit mit einem maximalen Druck von

150 kN und einem Hub von T m

Aufbau der Schubvorrichtung : Allein stehend

Reaktionsmasse Sondierlastwagen 18t

Schubgestange: 36/54 mm A.D.

Schutzverrohrung: Nicht zutreffend

Reibungsminderer Integriert in der Messsonde

Penetrometer: — Typ DP10-CFTPxy (SCPTU 1, 3, 6 und 9), Typ DP15-CFTPxy

(CPTU 2,4, 5,7 und 8)

— Unabhangige Messung des Spitzenwiderstands qc, lokale
Mantelreibung fs, Porenwasseriberdruck u,, Abweichung von
der Vertikale in X- und Y-Richtung (ix und iy)

- Spitzenquerschnitt 10 cm? (SCPTU 1, 3, 6 und 9), 15 cm?
(CPTU 2,4, 5,7 und 8)

—  Oberflache des Reibungsmantels 150 cm? (SCPTU 1, 3, 6 und
9),225cm? (CPTU 2,4, 5,7 und 8)

—  Netto Flachenverhéltnis a: 0.71 (SCPTU 1, 3, 6 und 9), 0.75
(CPTU 2,4, 5,7 und 8)

DATENAUFZEICHNUNG UND -BEARBEITUNG:
Datenaufzeichnung: Digitale Aufzeichnung, 1 Messung pro cm Eindringung

Tiefenkorrektur: Korrektur der Sondiertiefe fiir die Abweichung von der Vertikale

Bericht Nr.: 3266 / 1 Beilage A1
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BEILAGE B
ELEKTRISCHE DRUCKSONDIERUNG - MESSDATEN

INHALT Beilage
Elektrische Drucksondierung SCPTU 1 B1
Elektrische Drucksondierung CPTU 2 B2
Elektrische Drucksondierung SCPTU 3 B3
Elektrische Drucksondierung CPTU 4 B4
Elektrische Drucksondierung CPTU 5 B5
Elektrische Drucksondierung SCPTU 6 B6
Elektrische Drucksondierung CPTU 7 B7
Elektrische Drucksondierung CPTU 8 B8
Elektrische Drucksondierung SCPTU - DPSH 9 B9
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lokale Mantelreibung f,[MN/m?]

0,0 0,04 0,08 0,12 0,16 0,20 0,24 0,28 0,32
L | | | 1 | | |
= _ Spitzenwiderstand qc[MN/mz] Porenwasserdruck u, [MN/m? Reibungsverhaltnis R [%0] Porenwasserdruckverhaltnis B, [-]
16 20 24 28 32-0.4 0.0 0.4 0.8 1.2 0 4 8 -1 0 1
=
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Ausfiihrungsdatum 06.11.2025 Koordinaten : 2690408.84 m O Messsonde - DP15-CFTPxy Sondierung: SCPTU 1
Ansatzpunkt 408.71 m . M. 1233889.95 m N Spitzenquerschnitt: 15 cm? ELEKTRISCHE DRUCKSONDIERUNG
Wasser m ab OK Terrain Messdaten

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

Bericht Nr.: 60-3266

Beilage B1



Geoprofile GmbH - Ebikonerstrasse 75 6043 Adligenswil - Tel 041 240 3612 - www.geoprofile.ch

"=~ lokale Mantelreibung f,[MN/m?|

SBB Linie L720 km 19.900-21.800, 8804 Au ZH
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‘Z’ Ausfuhrungsdatum : 06.11.2025 Koordinaten : 2690650.51 m O Messsonde : DP15-CFTPxy Sondlerung: CPTU 2
g Ansatzpunkt 40756 m . M. 1233776.38 m N Spitzenquerschnitt: 15 cm? ELEKTRISCHE DRUCKSONDIERUNG
2 Wasser : mab OK Terrain Messdaten
8
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Bericht Nr.: 60-3266 Beilage B2
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absolute Hohe [m 4. M.]

lokale Mantelreibung f,[MN/m?]
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= _ Spitzenwiderstand qc[MN/mz] Porenwasserdruck u, [MN/m? Reibungsverhaltnis R [%0] Porenwasserdruckverhaltnis B, [-]
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Ausfuhrungsdatum 05.11.2025 Koordinaten : 2690779.05 m O Messsonde : DP10-CFTPxy Sondierung: SCPTU 3
Ansatzpunkt 407.96 m . M. 1233710.28 mN Spitzenquerschnitt: 10 cm? ELEKTRISCHE DRUCKSONDIERUNG
Wasser m ab OK Terrain Messdaten

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

Bericht Nr.: 60-3266
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absolute Hohe [m 4. M.]

"=~ lokale Mantelreibung f,[MN/m?]
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L | | | 1 | | |
= _ Spitzenwiderstand qc[MN/mz] Porenwasserdruck u, [MN/m? Reibungsverhaltnis R [%0] Porenwasserdruckverhaltnis B, [-]
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Ausfiihrungsdatum 05.11.2025 Koordinaten : 2690958.58 m O Messsonde - DP15-CFTPxy Sondierung: CPTU 4
Ansatzpunkt 407.32m . M. 1233646.73 m N Spitzenquerschnitt: 15 cm? ELEKTRISCHE DRUCKSONDIERUNG
Wasser m ab OK Terrain Messdaten

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

Bericht Nr.: 60-3266
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absolute Hohe [m 4. M.]

lokale Mantelreibung f,[MN/m?]
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= _ Spitzenwiderstand qc[MN/mz] Porenwasserdruck u, [MN/m? Reibungsverhaltnis R [%0] Porenwasserdruckverhaltnis B, [-]
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Ausfiihrungsdatum 04.11.2025 Koordinaten : 2691216.41 m O Messsonde - DP15-CFTPxy Sondierung: CPTU5
Ansatzpunkt 409.07 m . M. 1233612.41 mN Spitzenquerschnitt: 15 cm? ELEKTRISCHE DRUCKSONDIERUNG
Wasser m ab OK Terrain Messdaten

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

Bericht Nr.: 60-3266
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absolute Hohe [m 4. M.]

"=~ lokale Mantelreibung f,[MN/m?|
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Ausfiihrungsdatum
Ansatzpunkt
Wasser

05.11.2025
407.94 m 4. M.
m ab OK Terrain

Koordinaten :

2691419.91 mO
1233590.36 m N

Messsonde

: DP10-CFTPxy

Spitzenquerschnitt: 10 cm?

Messdaten

ELEKTRISCHE DRUCKSONDIERUNG

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

Sondierung: SCPTU 6

Bericht Nr.: 60-3266
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absolute Hohe [m 4. M.]

"=~ lokale Mantelreibung f,[MN/m?|
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Ausfiihrungsdatum 04.11.2025 Koordinaten : 2691602.80 m O Messsonde - DP15-CFTPxy Sondierung: CPTU 7
Ansatzpunkt 407.53 m . M. 1233559.37 m N Spitzenquerschnitt: 15 cm? ELEKTRISCHE DRUCKSONDIERUNG
Wasser m ab OK Terrain Messdaten

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

Bericht Nr.: 60-3266

Beilage B7
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"=~ lokale Mantelreibung f,[MN/m?]
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BEILAGE C
SUPERSCHWERE RAMMSONDIERUNG - MESSDATEN

INHALT Beilage

Superschwere Rammsondierung DPSH 9 C1

Bericht Nr.: 3266 / 1
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dynamischer Spitzenwiderstand gg [MN/m?]

Schlagzahl pro 10 cm Eindringung [-]

80

60

40

20

80

60

40

20

63.5kg
75 cm

ewicht:
Ohe:

Fallg

Fallh

20 cm?

Sondenflache:

J91USNL MUPUSH :Ma1|[011uoY

ueinq s||dukrey :1@uydlezabh

Sondierung: DPSH 9

05.11.2025 Koordinaten: 2692038 m O

Ausfihrungsdatum:

Ansatzpunkt:

1233329 m N

408.64 m G.M.

RAMMPROTOKOLL
Superschwere Rammsondierung DPSH-B gemass EN 22476-2:2005

SBB Linie L720 km 19.900-21.800, 8804 Au ZH

PGI€G:9T/S202 TT'2T / $ANVNITIH%S$ / waishs-uidoe

Beilage C1

Projekt Nr.: 60-3266



) cEorroFILE

BEILAGE D
ELEKTRISCHE DRUCKSONDIERUNG - INTERPRETATION

INHALT Beilage
Elektrische Drucksondierung SCPTU 1 D1
Elektrische Drucksondierung CPTU 2 D2
Elektrische Drucksondierung SCPTU 3 D3
Elektrische Drucksondierung CPTU 4 D4
Elektrische Drucksondierung CPTU 5 D5
Elektrische Drucksondierung SCPTU 6 D6
Elektrische Drucksondierung CPTU 7 D7
Elektrische Drucksondierung CPTU 8 D8
Elektrische Drucksondierung SCPTU - DPSH 9 D9

Bericht Nr.: 3266 / 1
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effektiver innerer Reibungswinkel ¢ [
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X
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undrainierte Scherfestigkeit ¢ ,[kN/m3
Sensitivitat S; [-]

+
o

geotechnische Beschreibung
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SCPTU 1

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Sondierung:

ELEKTRISCHE DRUCKSONDIERUNG
Interpretierte geotechnische Erwartungswerte
SBB Linie L720 km 19.900-21.800, 8804 Au ZH

1233889.95 m N

Koordinaten: 2690408.84 m O

06.11.2025
408.71 m u. M.

52.8 MPa)

Erreichen der Hochstleistung der Messsensoren

diinnen Zwischenschichten aus Sand und Ton
(qc

0.00 m: TOREF, tonig, sehr weich, mit diinnen
2.10 m: KIES

Zwischenschichten aus Ton
1.00 m: SILT, tonig, mittelsteif bis steif, mit

Abbruchkriterien CPTU (2.15 m):

Ausfiihrungsdatum

Ansatzpunkt

['w n w]aygH ainjosae

[w] uressal MO ge 8411

J19JUBNL YUPUSH LBNIONUOY  GZOZ'TT'ZT :wnjed  ueinq djldukieiy :18uyolazah 0v:LE:0T/S20Z TT'TZ / $FNVYNI 4% / WasAS-uia0e9

Beilage D1

Bericht Nr.: 60-3266
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undrainierte Scherfestigkeit
10

undrainierte Scherfestigkeit ¢,[kN/m3
Sensitivitat S; [-]

+
o

geotechnische Beschreibung
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Beilage D2
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SCPTU 3

Sondierung:

FaCATANN A ?f
o N Y

ELEKTRISCHE DRUCKSONDIERUNG
Interpretierte geotechnische Erwartungswerte
SBB Linie L720 km 19.900-21.800, 8804 Au ZH

1233710.28 m N

Koordinaten: 2690779.05 m O

407.96 m u. M.

gelagert, mit diinnen Zwischenschichten aus Silt
05.11.2025

11.10 m: SILT, sandig, tonig, steif bis hart, mit

dunnen Zwischenschichten aus Sand

8.25 m: TON, siltig, weich bis mittelsteif, mit
11.85 m: KIES

0.00 m: TORF, weich bis mittelsteif, mit
Zwischenschichten aus Ton und Silt

1.40 m: SILT, sandig, mittelsteif, mit
Zwischenschichten aus Ton und Sand

3.45 m: TON, siltig, weich, mit

6.20 m: SAND, locker bis mitteldicht

dinnen Zwischenschichten aus Silt und Sand
Abbruchkriterium CPTU (11.91 m):

Erreichen der gewlinschten Eindringtiefe

Zwischenschichten aus Silt

Ausfiihrungsdatum

Ansatzpunkt
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