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== Normal Fit - FPI along tunnel alignment (except fault zones)
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bedding planes or schistosity.

25<RQD<50 |50<RQD<75 | 75<RQD<90 [90<RQD<100

DISINTIGRATED:
Poorly interlocked, heavily
broken rock mass with mixture

nf angular and rounded rock flf‘ // @‘c’(\
pieces. ¥ ; O
A | £
LAMINATED/SHEARED: o S &
Lack of blockiness due to close =4 e
spacing of weak schistosity or ™

shear planes.

Rock Mass Boreability Mod. [ ¢ ¢
Prediction Chart Weak Strong trong Very Strong
<25 |25-50 50-101 -15 150-200 >200
Rock Mass Structure 100 TS l i I
INTACT OR MASSIVE: $ﬂ\
Massive rocks with few widely ‘.S‘ 00\\ Class: B-0
spaced discontinuities. o‘) 0\"\(\ cy& FPI>70
o ‘\,\‘0
\)
2 Class: B-I <
: P o
BLOCKY: A 40<FPI<70 Qo 4
Well interlocked undisturbed %};. A &
rock mass sisting of cubical (¢
ey bk 4 Class:pit 8
discontinuity sets. 6‘9 25<FPI<40 $\° 4
2% .
% O
VERY BLOCKY: % &

)

&

W
S
R> Class: B-IV
7<FPI<15 s
7 \\‘\\,'\9 VC"

Class: B-111
15<FPI<25

$

" o
Class: B-V
FPI<7 kN/c/mm/rev

Ol oA (o2 y28 Jio 50 (S gladigy CurBye 9 6500 i CobilB -7 UL

ay



S S0 4y it

v so3ap 30 TBM o ,Sloc g gy o> 25l p Glmf sbayy it Ll

ol silebiss slaojgn (Ghame Sloja K03 som
Jolse plo doasgs ol oV (5535 505 3925 L a5 000 0
Sl jop 4 e Slge (B p 50 Fhe (wlidins)
Gl s Satd iy G cits g ol peme i
azlge o) sy 5 536 L) 6 )li> Slles g 03,8
als (LS glaargy S o e blie o sl sl
S9rie T Ot w290 $O)lge 0 aSL 009 jlu JSine
00SS Cpnd i lid, Sl (ol el 0nls Hla> dile
2L (Sielgtd Aoz Sl wlidiine; oyl ple
5 S ol co)lig, £ )] (S og yu gl (S 25
2l s b s Jigh shcel & cond (] (oo 51T
Siwosg 55lnb g i lojed Jolod gezes 5
@ 0ilSe (giluigi 1o (ol (Fy908 (S slodigy 5
2,5 610 lsrear wilgico FPL (asli 5 99,00 jlad
ool (sjlwatgn relo bl slaaigy (ololis ol
Sloodsn (539042 9 el Gl 5 Sy RalS (g la>

0,8 1,8 solatul 050 050580 g5l g

Sy azi -0

4 el Cad g pal) selb b cuS 5 0 o594 (FPI)
Jelos sl olazel LB 5 550 o)l < (Tq/Th) Jl) 595
sleaiy o Fg i dle o See L35l g s 0>
P QT Sl Slawe slaosls Jdow guli .cwl JuS
Slobos jsbay LT sloag, o FPI asls jolis
S SiFe sl i e slagit o )| e
dalora VY Ll (LS sloaigy o asls cpl (Sl
A 5l S QT Slade Losls aus,e YO [0 aS cuwl ouls
) lew L)"‘ 6]*5)‘)3 )ilLu 5§J‘ L)"‘ ol 00 3)5.“).!
y (B-1V) w53 jl b (B-V) Jlo 5pdy o> slooo,
Sloaryy 0 FPI alS 0oy (ol pogdle oS o ol
UJLC o)'Lg aS Cewl ol Q)ﬁ")‘.’ M)Q Yo Y- O ‘51.“5
D0 )18 as 0 FO L O cogae 0 0 Slae ials
clizee sbassedaid o FPI azLli &l s pl 1 0938
ob}g OML{;‘..A JJL‘) C}.@ji} LDUT o..\.‘))ff).g).) ‘51.“5 6L®4—~QA 9
SelS 5 o Siwsnl (o515 (( Sado 5 lie 51 650 5
ol e ol o Swossi cwglae

bacw -F

1. Hassanpour, J. and J. Rostami. Predicting TBM performance in second lot of karaj water
conveyance tunnel (KWCT). in ISRM EUROCK. 2009. ISRM.

2. Hassanpour, J., et al., TBM performance analysis in pyroclastic rocks: a case history of Karaj
water conveyance tunnel. Rock mechanics and rock engineering, 2010. 43: p. 427-445.

3. Hassanpour, J., J. Rostami, and J. Zhao, 4 new hard rock TBM performance prediction model for
project planning. Tunnelling and Underground Space Technology, 2011. 26(5): p. 595-603.

4. Goodarzi, S., et al., Predicting TBM performance in soft sedimentary rocks, case study of Zagros
mountains water tunnel projects. Tunnelling and Underground Space Technology, 2021. 109: p.
103705.

5. Pourhashemi, S.M., et al., TBM performance analysis in very strong and massive rocks; case

study: Kerman water conveyance tunnel project, Iran. Geomechanics and Geoengineering, 2022.

17(4): p. 1110-1122.

6. Hassanpour, J., et al., Investigating the relationships between rock mass classification systems
based on data from mechanized tunneling projects in Iran. Bulletin of Engineering Geology and

the Environment, 2022. 81(4): p. 147.

7. Alp, M. and A. Apaydin, Assessment of the factors affecting the advance rate of the Tunnel
Gerede, the longest and one of the most problematic water transmission tunnels of Turkey.
Tunnelling and Underground Space Technology, 2019. 89: p. 157-169.

8. Bilgin, N. and M. Algan, The performance of a TBM in a squeezing ground at Uluabat, Turkey.
Tunnelling and Underground Space Technology, 2012. 32: p. 58-65.
9. Dalgig, S., Tunneling in fault zones, Tuzla tunnel, Turkey. Tunnelling and Underground Space

Technology, 2003. 18(5): p. 453-465.

¥



JOURNAL OF ROCK MECHANICS

ISRM

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Diwakar, K., et al., Challenges in tunneling in the Himalayas: A survey of several prominent
excavation projects in the Himalayan Mountain Range of South Asia. Geotechnics, 2022. 2(4): p.
802-824.

Goel, R., Experiences and lessons from the use of TBM in the Himalaya—A review. Tunnelling and
Underground Space Technology, 2016. 57: p. 277-283.

Paltrinieri, E., Analysis of TBM tunnelling performance in faulted and highly fractured rocks.
2015, EPFL.

Paltrinieri, E., et al., Probabilistic simulations of TBM tunnelling in highly fractured and faulted
rocks. Tunnelling and Underground Space Technology, 2016a. 57: p. 183-194.

Paltrinieri, E., F. Sandrone, and J. Zhao, Analysis and estimation of gripper TBM performances in
highly fractured and faulted rocks. Tunnelling and Underground Space Technology, 2016b. 52: p.
44-61.

Panthi, K. Appropriateness of open TBM tunnelling in the Himalaya—A case study. in ISRM
EUROCK. 2009. ISRM.

Taherian, A., TBM tunneling hazards identification and mitigation methods through subterranean
rivers: an evaluation of nowsud tunnel in the Iran. Geotechnical and Geological Engineering,
2023. 41(2): p. 1673-1687.

Shayan, F., A. Uromeie, and J. Hassanpour, Classification of fault zones in mechanized tunneling
projects, in Expanding Underground-Knowledge and Passion to Make a Positive Impact on the
World. 2023, CRC Press. p. 2245-2252.

Shayan, F., A. Uromeihy, and J. Hassanpour, Classification framework for engineering geological
challenges in fault zones during TBM tunneling: Insights from mechanized projects in Iran.
Engineering Geology, 2025. 358: p. 108382.

Barton, N., TBM tunnelling in jointed and fractured rock. AA Balkema, Rotterdam, Netherlands,
2000.

Klein, S., M. Schmoll, and T. Avery. TBM performance at four hard rock tunnels in California.
in Proceedings of the rapid excavation and tunneling conference. 1995. SOCIETY FOR MINING,
METALLOGY & EXPLORATION, INC.

i\



JOURNAL OF ROCK MECHANICS

ISRM

Analysis of the Effects of Fault Zones on the Boreability Index and TBM
Performance in Tunneling Projects (Case Study: Karaj, Ghmroud, Nowsoud,
and Kerman Water Conveyance Tunnels)

Fatemeh Shayan'; Ali Uromeihy?; Jafar Hassanpour 3*

1- Department of Engineering Geology, Faculty of Basic Science, Tarbiat Modares University, Tehran, Iran.
2- Department of Engineering Geology, Faculty of Basic Science, Tarbiat Modares University, Tehran, Iran.
3- School of Geology, College of Science, University of Tehran, Tehran, Iran.

Received: 04. October. 2025 Accepted: 20. December. 2025
(*Corresponding author: hassanpour@ut.ac.ir)

Keywords Final English Extended Abstract

FPI Index Summary

TBM performance This study investigates the impact of fault zones on tunnel boring
Boreability machine (TBM) performance using the Field Penetration Index (FPI) and
Fault zone the torque-to-thrust ratio (Tq/Th). Operational data from several

mechanized tunnel projects in Iran, including Karaj, Ghomroud,
Nowsoud, and Kerman tunnels, were collected and organized into a
unified database. Fault zones along the tunnel alignments were identified
and delineated based on detailed geological interpretations and project
documentation.

Boreability was assessed using the Tehran University TBM performance

model, in which FPI is derived from TBM operating parameters. FPI
values were calculated along the tunnel drives and statistically analyzed using histograms, normal distribution
functions, and descriptive measures such as mean, median, standard deviation, and coefficient of variation. The
relationship between FPI and Tq/Th was also examined to improve interpretation of TBM responses in faulted
sections.

Results show clear differences between faulted and non-faulted ground. Fault zones generally have lower FPI
values, reflecting higher rock mass fragmentation, increased discontinuity density, and reduced rock strength.
Despite favorable boreability, some fault zones were associated with operational challenges including
instability, groundwater inflow, and squeezing, while others improved TBM advance rates without major
geotechnical issues. These findings indicate that FPI, when considered alongside other geological and
operational parameters, provides a reliable measure of TBM performance in faulted ground.

Overall, the combined analysis of FPI and ground stability offers a robust framework for performance assessment,
risk management, and optimization of tunneling operations in fault zones. Quantitative evaluation of faulted
sections enables safer planning, enhanced efficiency, and informed decision-making in mechanized tunneling
projects.

Introduction

Mechanized tunneling in complex geological conditions remains a major challenge in underground construction.
Fault zones, characterized by intense fracturing, reduced rock strength, and variable hydrogeological
conditions, can significantly affect TBM performance. While such zones often provide favorable conditions
for cutter penetration, they may simultaneously introduce serious geotechnical risks such as face instability,
squeezing, and water ingress. Therefore, a reliable and simple index capable of reflecting both penetration
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behavior and ground conditions is essential. The Field Penetration Index (FPI), derived from thrust force and
penetration rate, has been widely used to evaluate rock boreability. However, its behavior in fault zones and its
integration with operational parameters require further investigation. This study aims to analyze the variation
of FPI in faulted and non-faulted tunnel sections and assess its effectiveness for performance evaluation in
mechanized tunneling.

Methodology and Approaches

In this research, operational and geological data from several TBM-driven tunnel projects were collected and
compiled into a unified database. Fault zones along the tunnel alignments were identified and delineated based
on detailed geological interpretations and project documentation.

Boreability was evaluated using the Tehran University TBM performance model, in which the Field Penetration
Index (FPI) is derived from TBM operating parameters. FPI values were calculated along the tunnel drives and
statistically analyzed using histograms and normal distribution functions. Descriptive statistical measures were
employed to compare boreability characteristics under faulted and non-faulted ground conditions. In addition,
the relationship between FPI and the torque-to-thrust ratio (Tq/Th) was analyzed to improve the interpretation
of TBM operational behavior in fault zones.

Results and Conclusions

The results indicate a clear distinction between faulted and non-faulted sections in terms of FPI behavior. Fault
zones generally exhibit significantly lower FPI values, with mean values mostly below 10, corresponding to
very good to excellent boreability classes. These low values reflect high degrees of rock mass fragmentation,
increased discontinuity density, and reduced rock strength. However, despite favorable boreability conditions,
several fault zones were associated with operational difficulties due to instability, groundwater inflow, and
squeezing behavior. Conversely, in some cases, fault zones contributed to improved TBM penetration rates
without inducing major geotechnical problems. These observations emphasize that boreability, when evaluated
alongside other geological and operational parameters, provides a more reliable interpretation of TBM
performance in faulted ground. Overall, the study demonstrates that a combined analysis of FPI and ground
stability offers a robust framework for TBM performance assessment, risk management, and operational
optimization in fault zones.
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