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ABSTRACT

The accurate characterization of in-situ stress states within rock masses is a critical prerequisite
for the safe design and construction of road and railway tunnels. This paper synthesizes and
extends the reservoir geomechanics framework developed by Zoback (2010, Stanford University)
— originally conceived for petroleum wellbore applications — and rigorously adapts it to the
problem of underground rock excavation in civil engineering contexts. The paper presents a new
analytical methodology, the Integrated Stress Analysis Framework for Rock Tunnels (ISAF-RT),
which combines in-situ stress characterization techniques (extended leak-off tests, hydraulic
fracturing in pilot boreholes, wellbore breakout analysis) with classical rock mechanics tools
(Kirsch analytical solution, Mohr-Coulomb and Hoek-Brown failure criteria, Convergence-
Confinement Method) within a unified probabilistic design workflow. The ISAF-RT framework
introduces a novel six-phase sequential procedure that explicitly accounts for tectonic stress
regime (normal, strike-slip, thrust faulting), anisotropic stress ratios (Ko), rock mass quality (GSI
index), and time-dependent deformation, enabling the engineer to select appropriate support
systems with quantified reliability. Application of the framework is demonstrated through
numerical examples representative of Alpine railway tunnels and highway tunnels in folded
mountain belts, where thrust-faulting regimes impose horizontal stresses up to 1.8 times the
vertical overburden. The results highlight the importance of pre-excavation stress measurement
campaigns and show that neglecting stress anisotropy can lead to underdesign of support by
factors of 2-3. The ISAF-RT framework provides a rigorous, systematic, and practically
applicable tool for geotechnical engineers engaged in subsurface infrastructure in challenging
rock conditions.
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1. INTRODUCTION

The excavation of tunnels through rock masses represents one of the most challenging tasks
in civil and geotechnical engineering. Unlike shallow soil excavations, deep rock tunnels interact
with a pre-existing three-dimensional state of stress that has developed over geological timescales
and is governed by tectonic history, lithological contrasts, topographic loading, and fluid pressure.
The outcome of ignoring or mischaracterizing this stress field can be catastrophic: rockbursts,
spalling, large convergences, and structural collapse of primary support systems. Historically,
empirical rules and simplified isotropic stress assumptions have guided tunnel design; however, the
increasing depth and length of modern road and railway tunnels — many exceeding 10-20 km and
200-2000 m of overburden — demand a physically rigorous approach to stress characterization.

A paradigm shift in the quantitative understanding of in-situ stress states came from the field
of reservoir geomechanics. The pioneering work of Mark D. Zoback (Stanford University)
established a comprehensive theoretical and operational framework for measuring, interpreting, and
modeling the three principal stresses (Sy, SYmax, SWmin) in the subsurface using borehole data from
petroleum and geothermal wells. Central to this framework are: (i) the use of extended leak-off tests
(ELOTSs) and mini-fracs to determine the minimum horizontal stress; (ii) breakout analysis and
drilling-induced tensile fractures to constrain the maximum horizontal stress and its orientation; and
(iii) frictional equilibrium theory to bound the permissible stress states in a given tectonic regime.
These techniques, originally designed for deep boreholes in sedimentary basins, carry powerful
conceptual and practical implications for the geomechanics of rock tunnel construction.

This paper argues that the Zoback framework, with appropriate adaptation, constitutes an
ideal theoretical foundation for the pre-excavation stress characterization of road and railway
tunnels. The analogy between a deep wellbore and a tunnel pilot bore is geometrically and
mechanically rigorous: both are circular cylindrical openings that concentrate and redistribute the
surrounding stress field, both are subject to breakouts and hydraulic fractures that encode the far-
field stress tensor, and both require knowledge of the complete stress state to predict the
deformation and failure behavior of the host medium. The principal novelty of the present
contribution is the formulation of the Integrated Stress Analysis Framework for Rock Tunnels
(ISAF-RT), a six-phase sequential methodology that systematically bridges the gap between in-situ
stress characterization and tunnel support design, incorporating probabilistic uncertainty
quantification at each phase.

The paper is organized as follows. Section 2 reviews the theoretical background of in-situ
stress in rock masses, drawing heavily from Zoback (2010). Section 3 describes how stress
measurement techniques — mini-fracs, ELOTS, and breakout analysis — can be adapted to tunnel
reconnaissance boring campaigns. Section 4 develops the analytical stress solution around a circular
tunnel (Kirsch solution) and its extension to elasto-plastic conditions. Section 5 discusses the
specific challenges posed by road and railway tunnels in terms of geometry, depth, and construction
method. Section 6 analyzes the principal failure mechanisms arising from anisotropic stress states.
Section 7 presents the ISAF-RT framework in full. Section 8 demonstrates the framework through
case studies. Section 9 discusses implications and limitations, followed by conclusions.
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2. THEORETICAL BACKGROUND: IN-SITU STRESS IN ROCK MASSES

2.1 The Three Principal Stresses

In a rock mass at depth, the state of stress is fully described by the three principal stresses,
which in tectonically active regions are commonly aligned with: (1) the vertical stress S., generated
by the weight of the overlying rock column; (2) the maximum horizontal stress S¥max; and (3) the
minimum horizontal stress SYmin. The vertical stress at depth z is given by:

Sv=p-g-z = 0.026 - z [MPa/m] (1)
where p is the average rock density (typically 2400-2800 kg/m?) and g is gravitational
acceleration. For most rock types, a mean gradient of 0.025-0.027 MPa/m is appropriate. The
horizontal stresses are more complex: they depend on tectonic history, elastic constants, and
lithological contrasts. Anderson's (1951) faulting theory classifies the tectonic regime according to
the relative magnitude of the three principal stresses:

* Normal faulting regime: S, > SWmax > SWmin — the vertical stress is the greatest principal
stress. Common in extensional tectonic settings (e.g., Basin and Range, Apennines rift
zones).

* Strike-slip regime: SWmax > S, > SWmin — the vertical stress is the intermediate principal
stress. Characteristic of transform margins.

* Thrust faulting regime: SWYmax > SWmin > S, — horizontal stresses dominate. Most
relevant for Alpine-style mountain belts and therefore for deep railway tunnels in the Alps,
Himalayas, or Andes.

The horizontal-to-vertical stress ratio Ko = SWh/S, is the single most important parameter
controlling the mode and severity of tunnel deformation. Empirical compilations (e.g., Hoek and
Brown, 1980; Sheorey, 1994) show that Ko varies enormously with depth and tectonic setting: from
values as low as 0.3-0.4 in extensional regimes at depths below 500 m, to values exceeding 2.0-3.0
in shallow thrust-faulted mountain belts. The Sheorey (1994) equation provides a useful empirical
bound:

Ko=025+7E (0.001 +1/z)  (2)

where E, is the weighted average elastic modulus (GPa) of all rock formations to the surface
and z is depth in meters. This equation captures the observed tendency for Ko to be high at shallow
depths (due to locked-in tectonic stresses and near-surface cooling/erosion effects) and to converge
toward unity at great depth.
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Figure 1. In-situ stress profiles by tectonic regime and horizontal-to-vertical stress ratio Ko as a function of
depth. The orange band indicates the typical depth range of road and railway tunnels (300-600 m). Data
computed for p =2650 kg/m?>.

2.2 Frictional Equilibrium and Stress Bounds

A fundamental constraint on the permissible range of horizontal stresses in the crust is
provided by the theory of frictional equilibrium on optimally oriented faults (Zoback, 2010). If the
crust is pervasively fractured — as is the case in most rock masses encountered by deep tunnels —
then the stress state must be limited by the frictional strength of the weakest fault set. For a
coefficient of friction p, the ratio of the maximum to minimum effective principal stress cannot
exceed:

ci/os<[(W+1)+p) 3)
where 61 and 63 are the maximum and minimum effective principal stresses respectively
(effective stress = total stress minus pore pressure). For typical rock friction values of p = 0.6-0.8
(Byerlee's law), the maximum stress ratio is approximately 3.1-4.7. This constraint can be displayed
graphically as a stress polygon in the (SWmax/S., SWmin/S,) space. The stress polygon is a powerful
diagnostic tool: measured stress states that plot outside the polygon are physically impossible and
indicate measurement error or the presence of overpressured pore fluids.

For tunnel engineering, the stress polygon has a direct practical implication: it establishes
the worst-case stress anisotropy that can be expected in a given tectonic setting, providing an upper
bound for the design load on tunnel support systems. In thrust faulting regimes characteristic of
Alpine and Himalayan tunnels, the polygon predicts that SYmax can reach 3-5 times SWmin for
typical friction coefficients, creating highly asymmetric loading conditions on the tunnel lining.
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3. STRESS MEASUREMENT TECHNIQUES ADAPTED FOR TUNNEL
RECONNAISSANCE

3.1 Hydraulic Fracturing and Extended Leak-Off Tests (ELOTYS)

The determination of SWmin by hydraulic fracturing is the most reliable in-situ stress
measurement technique available. In the petroleum context (Zoback, 2010), a short isolated interval
of open borehole is pressurized by injecting fluid at a controlled flow rate. The pressure record
exhibits four characteristic points: the linear pressurization trend, the Leak-Off Point (LOP)
marking the onset of fracture opening, the Fracture Breakdown Pressure (FBP), and the
Instantaneous Shut-In Pressure (ISIP). The ISIP is the most direct and reliable indicator of SWmin,
as it represents the pressure required to hold the fracture open against the least principal stress,
immediately after pumping stops.

For tunnel reconnaissance, the same methodology is applied in pilot boreholes drilled ahead
of the tunnel face, or in vertical/inclined exploratory boreholes from the surface. Straddle packers
isolate test intervals of 1-3 meters in competent rock sections, and the standard ELOT protocol is
followed. The adaptation required for tunnel engineering is primarily in the interpretation: whereas
petroleum applications deal with deep sedimentary sequences with known pore pressure, hard rock
tunnel reconnaissance must account for: (i) near-zero natural permeability requiring special double-
packer systems; (ii) possible pre-existing fractures that may open preferentially; and (iii)
topographic stress perturbations in mountainous terrain that make stress gradients non-linear with
depth.

Figure 2. (Left) Extended Leak-Off Test (ELOT) pressure-volume record showing key characteristic
pressures. (Right) Plan view of hydraulic fracture propagation in a pilot bore: fracture wings propagate
perpendicular to S¥min, revealing the SYmax orientation. Adapted from Zoback (2010).

3.2 Wellbore/Tunnel Breakout Analysis for SHmax

While hydraulic fracturing provides a direct measurement of SWmin, the determination of
the maximum horizontal stress SWmax remains more challenging. The most powerful indirect
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method available is the analysis of compressive failure zones — wellbore breakouts — that develop
preferentially at the azimuth of minimum circumferential stress, i.e., at the point where SWmin is
oriented. Breakouts are zones of over-stressed rock that fail in shear and spall from the borehole
wall, creating characteristic dog-ear cross-sections detectable by acoustic televiewer (ATV) or
optical borehole scanner logs.

Zoback (2010) showed that the angular width (A6®) of a wellbore breakout is a direct
function of the far-field stress ratio. Using the Kirsch equations for the circumferential stress at the
borehole wall, the rock unconfined compressive strength (Co), and the internal pressure, the
maximum horizontal stress can be estimated as:

SWmax =[Co+ 2 pu - PT(fu - 1)]/ (fu - 1) - S¥min 4)

where p, is the wellbore fluid pressure, PT is the pore pressure, and f, = (1 + pV)/(1 - uV) is
the ratio function of the friction coefficient u%. In a tunnel reconnaissance borehole, the internal
pressure corresponds to groundwater pressure, and ATV imaging of the borehole provides the
breakout width with millimetric resolution. This technique has been successfully applied in
reconnaissance for the Brenner Base Tunnel (Austria-ltaly) and the Gotthard Base Tunnel
(Switzerland), where breakout orientations were used to map the rotation of SWmax across major
fault zones intersected by the alignment.

3.3 Drilling-Induced Tensile Fractures

A complementary technique exploited by Zoback (2010) is the identification of Drilling-
Induced Tensile Fractures (DITFs). DITFs form at the azimuth of maximum circumferential stress
— i.e., at the orientation of SWmax — when the circumferential stress exceeds the tensile strength
of the rock. They appear as paired vertical lineations offset 180° from each other on ATV logs and
are mechanically distinct from natural open fractures: they have no apparent aperture in unstressed
conditions and tightly close when fluid pressure is removed.

For tunnel reconnaissance, DITFs are particularly valuable because they provide stress
orientation data independently of the hydraulic fracturing measurement, allowing cross-validation.
Furthermore, in sections where rock strength is too low for successful ELOT testing (due to fracture
dilation before achieving meaningful pressures), DITFs may be the only stress indicator available.
The combination of breakout azimuths and DITF orientations provides a statistically robust
determination of the S¥max orientation along the entire borehole length, enabling the engineer to
construct a three-dimensional stress trajectory map of the tunnel corridor — information of critical
importance for selecting the optimal tunnel axis orientation.
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Figure 3. Stress concentration around a circular tunnel cross-section under anisotropic far-field loading
(S"max horizontal, S, vertical). Red zones at the springlines experience compressive stress concentration
(obmax), while the crown and invert (blue zones) develop reduced or tensile tangential stresses.
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4. STRESS STATE AROUND ROCK TUNNELS: FROM KIRSCH TO ELASTO-
PLASTIC THEORY

4.1 The Kirsch Analytical Solution

The redistribution of stress around a circular cylindrical opening in a linear elastic,
homogeneous, isotropic medium is described exactly by the Kirsch (1898) solution. For a tunnel of
radius a under biaxial far-field loading (vertical stress Py = S, and horizontal stress P° = SWV), the
stress components in polar coordinates (r, 0) are:

or = [(Py+P2)/2](1—a%12) + [(Py—P?)/2](1—4a*/r*+3a%r*)cos20  (5)
o6 = [(P\+P2)/2](1+a%12) — [(Py—P?)/2](1+3a*/r*)c0s20 (6)

At the tunnel wall (r = a), the radial stress or = 0 (free surface boundary condition), and the
tangential stress becomes:

o0(r=a) = (P, + P°) — 2(P, — P°)cos26 (7)

This equation reveals the critical stress concentrations that govern tunnel stability. At the
springlines (68 = 0°, 180°), the tangential stress reaches its maximum value: cfmax = 3S¥max — S,,
which can significantly exceed the rock unconfined compressive strength when Ko = SWmax/S, >
1. Conversely, at the crown and invert (6 = 90°, 270°), the tangential stress is: 60min = 3S, — SWmax,

which can become tensile when Ko > 3, potentially triggering tensile fracturing at the crown — a
phenomenon frequently observed in thrust-faulted mountain tunnels.

Figure 4. Kirsch analytical solution for stress distribution around a circular tunnel. (Left) Radial and
tangential stress profiles along the crown and springline directions for Ko = 0.5. (Right) Polar plot of
normalized tangential stress at the tunnel wall, showing maximum compression at springlines and tension
at crown/invert.
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4.2 Mohr Circle Analysis and Failure Assessment

The Kirsch solution defines the stress state at any point in the rock mass. To assess whether
this stress state causes failure, it is represented in the Mohr circle diagram and compared against
the rock mass failure envelope. For a brittle crystalline rock (granite, gneiss, quartzite) with
unconfined compressive strength Co = 100-200 MPa and cohesion ¢ = 5-20 MPa, the Mohr-
Coulomb failure criterion is:

T=c+on - tanQ (8)
where 7 is the shear stress, on is the normal stress, and ¢ is the friction angle (typically 35-
45° for fresh crystalline rock). The Mohr circle for the far-field stress state may lie safely within
the failure envelope, while the highly concentrated stresses at the tunnel wall push the Mohr circle
across the failure envelope, triggering progressive shear failure. This is the fundamental mechanism
of compressive failure and spalling around deep tunnels.

Figure 5. Mohr circle analysis comparing far-field stress state (blue circle, within failure envelope) and
tunnel wall stress state (red circle, intersecting the Mohr-Coulomb failure envelope). The stress
concentration at the springlines drives the rock into the failure zone.

4.3 Extension to Hoek-Brown and Elasto-Plastic Conditions

For jointed or fractured rock masses — the typical condition encountered in Alpine railway
tunnels traversing heterogeneous geological sequences — the Mohr-Coulomb criterion is
superseded by the empirical Hoek-Brown (1980, 2002) criterion, which accounts for the non-linear
strength envelope of broken rock:

61 =03t oci - (m® os/cci + s)° 9

where oci is the intact rock uniaxial compressive strength, m®, s, and a are rock mass
constants that depend on the Geological Strength Index (GSI). For a rock mass with GSI = 50
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(blocky/disturbed), oci = 100 MPa, and m® = 5, the effective cohesion and friction angle of the rock
mass are dramatically reduced compared to intact rock, often leading to the development of a plastic
zone around the tunnel.

Within the plastic zone of radius R, the stress redistribution is no longer described by the
elastic Kirsch solution. Kastner (1962) derived the radius of the plastic zone for a Mohr-Coulomb
material under hydrostatic far-field stress:

Rp =a - {[2(Po(Ko—1) + c-cote)] / [(1+Ke)(p*(Ke—1) + c-cot)]} ' (10)

where Ko = tan?(45° + ¢/2) is the passive earth pressure coefficient and pr is the internal
support pressure. For the anisotropic case (Ko # 1), no simple closed-form solution exists, and
numerical methods (finite element, finite difference) must be employed. Modern rock mechanics
software (RS2, FLAC, PLAXIS Rock) implements these constitutive models and is used in
conjunction with the ISAF-RT framework.

5. ROAD AND RAILWAY TUNNELS IN ROCK: SPECIFIC CHALLENGES

5.1 Geometric and Geomechanical Characteristics

Road and railway tunnels in rock differ from petroleum boreholes in several important
respects that must be carefully considered when adapting the Zoback framework. First, the
geometry: modern railway tunnels have horseshoe or D-shaped cross-sections with equivalent
hydraulic diameters of 8-14 m (single-tube high-speed railway) to 12-18 m (road tunnel, 2 lanes),
far larger than any borehole. The Kirsch solution strictly applies only to circular openings, although
the qualitative stress concentration pattern holds for other shapes. Finite element analyses show that
non-circular sections introduce stress singularities at sharp corners and may experience asymmetric
failure patterns when the principal stresses are not aligned with the tunnel axes of symmetry.

Second, the construction method profoundly influences the stress path experienced by the
surrounding rock. In conventional drill-and-blast or roadheader excavation (NATM/NMT), the
tunnel advances in short rounds of 1-3 m, with a three-dimensional stress redistribution at the face.
The Longitudinal Deformation Profile (LDP) describes how the tunnel wall convergence develops
as a function of distance from the advancing face: approximately 25-30% of the total final
convergence occurs ahead of the face (the so-called pre-convergence), a critical factor in designing
pre-support measures. In Tunnel Boring Machine (TBM) excavation, the continuous advance of a
full-face machine applies a different stress path, typically with less pre-convergence but with
potential for higher confinement loss at the shield/rock contact.

Third, the time dimension is critical for railway tunnels in squeezing rock (weak phyllite,
clay-bearing schist, mudstone). The time-dependent deformation of the rock mass — governed by
creep and viscoplastic mechanisms — can produce convergences of tens to hundreds of centimeters
over months to years, severely damaging rigid concrete linings installed too early. The ISAF-RT
framework explicitly accounts for squeezing risk through the Hoek (2001) squeezing index:es =
ocm / Po, where ocm is the rock mass compressive strength and Po the far-field isotropic stress.

5.2 The Role of Tectonic Regime in Alpine and Apennine Tunnels

The geological setting of most major European railway infrastructure projects — Mont
Blanc, Frejus, Brenner Base Tunnel, Lyon-Turin, and the proposed Apennine high-speed crossing
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— involves traversal of thrust-faulted mountain belts where the tectonic regime is compressive. In
these settings, the maximum horizontal stress SWmax acts roughly perpendicular to the mountain
chain axis and can reach 1.5-2.5 times the vertical overburden stress, even at depths of 500-1500
m. This creates a Ko inversion compared to the standard assumption: horizontal stresses dominate
over vertical stress, and the critical failure mode shifts from crown squeezing (Ko < 1) to springline
spalling and rockbursting (Ko > 1).

The orientation of the tunnel axis relative to the principal stress directions is a crucial design
variable. A tunnel axis aligned with SWmax experiences symmetric loading, with maximum
compression in the plane of the cross-section acting equally on both springlines. A tunnel axis at an
angle to SWmax experiences an oblique loading pattern that produces maximum convergence in the
direction perpendicular to SYmax, often creating an asymmetric 'D-shape' deformation pattern that
complicates the installation of precast segmental linings in TBM tunnels. Zoback's stress polygon,
combined with the Kirsch solution, provides a simple graphical tool to assess the severity of this
anisotropic loading as a function of tunnel orientation, as demonstrated in the ISAF-RT framework.

6. FAILURE MECHANISMS IN ROCK TUNNELS UNDER COMPLEX STRESS
STATES

6.1 Compressive Failure and Rockbursting

When the tangential stress concentration at the tunnel wall exceeds the rock mass strength,
compressive failure initiates. The mode of failure depends on rock quality and stress level: in
massive, competent rock (GSI > 70) under high confinement, failure manifests as violent
rockbursting — the sudden, explosive release of stored elastic strain energy. Rockbursts are among
the most dangerous hazards in deep tunnel construction and have caused numerous fatalities and
major delays in projects including the Jinping 1l Hydropower Tunnels (China, 2400 m overburden)
and the Brenner Exploratory Tunnel (Austria/ltaly). The rockburst potential is quantified by the
Rock Stress Index:

RSI = 60max / oci = (3S¥max — SWmin) / oci (11)

Kaiser et al. (1996) proposed a classification: RSI < 0.4 (low risk, stable), 0.4 <RSI < 0.7
(moderate risk, minor spalling), 0.7 < RSI < 1.0 (high risk, severe spalling), RSI > 1.0 (extreme
risk, violent rockburst). For a granite tunnel at 1000 m depth in a thrust faulting regime (S¥max =
40 MPa, S¥min = 28 MPa, oci = 150 MPa), the RSI = (3x40 — 28)/150 = 0.61, indicating high
spalling risk — a situation requiring energy-absorbing support systems (d-bolts, mesh-reinforced
shotcrete).

6.2 Squeezing and Time-Dependent Deformation

In contrast to rockbursting, squeezing is a time-dependent, large-strain deformation
phenomenon characteristic of weak, ductile rock masses (phyllite, clayey schist, weak limestone,
heavily jointed rock). The squeezing mechanism involves viscoplastic flow of the failed material
around the tunnel, driven by the far-field stress and resisted by the rock mass residual strength and
support pressure. In extreme cases (Himalayan tunnels, Apennine phyllite zones), squeezing
convergences can reach 1-2 m, completely closing the tunnel if inadequate clearance is provided.
The squeezing severity index proposed by Hoek (2001):

es (%) =0.2 (cem / Po)2 - 100 (12)
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where oecm = 2¢-cos@/(1—sing) is the rock mass compressive strength, provides the expected
strain at the tunnel wall. Values of €s > 5% indicate severe squeezing, requiring yielding support
systems (sliding arches, ductile bolts, open shotcrete slots). The ISAF-RT framework incorporates
this squeezing index as a decision gate between Phase IV (failure assessment) and Phase V (support
design), routing the design toward either conventional or yielding support as appropriate.

6.3 Tensile Failure at Crown and Invert

A less commonly discussed but practically important failure mode occurs when the
tangential stress at the crown or invert becomes tensile. From Equation (7), this occurs when Ko >
3 (crown tension: 60 = 3P, — P°> < 0). In practice, even modest tensile stresses — just exceeding the
rock tensile strength of 5-15 MPa — are sufficient to propagate existing micro-cracks and open
joints, leading to block falls at the crown, wedge failures at the haunches, and floor heave at the
invert. This failure mode is particularly relevant in heavily jointed rock masses where the tensile
strength is effectively zero. The remediation strategy differs fundamentally from compressive
failure: crown protection requires rockbolts in tension (as opposed to confinement bolts for
compressive failure), and the failure pattern is controlled by the joint orientations relative to the
tunnel axis rather than by the isotropic stress concentration alone.

Figure 6. ISAF-RT Stress Polygon in normalized stress space (SWYmax/S, vs SYmin/S,). Colored zones
represent permissible stress states for different friction coefficients (u = 0.6, 0.8, 1.0) following Zoback
(2010). The green zone indicates the optimal tunnel design range where stress anisotropy is moderate and
support requirements are manageable.
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7. THE INTEGRATED STRESS ANALYSIS FRAMEWORK FOR ROCK TUNNELS
(ISAF-RT): ANEW THEORY

7.1 Conceptual Foundations and Novelty

The ISAF-RT framework proposed in this paper represents the first systematic integration
of reservoir geomechanics stress measurement methodology (Zoback, 2010) with the full suite of
rock mechanics tools used in tunnel engineering design. Existing approaches in tunnel engineering
typically treat stress characterization and support design as sequential, loosely coupled steps. ISAF-
RT introduces a fundamentally different paradigm: stress characterization uncertainty is explicitly
propagated through the mechanical analysis and into the support design, producing probabilistic
reliability estimates for each support option. Furthermore, the framework includes a mandatory
adaptive feedback loop based on the Observational Method (Peck, 1969; CIRIA, 1999), allowing
real-time updating of the stress model from construction monitoring data.

The three main innovations of ISAF-RT over existing practice are:

» Stress polygon constraint: The Zoback stress polygon is used as a hard constraint on the
design stress state, eliminating physically impossible stress combinations that can arise from
interpolation between sparse measurement points.

* Integrated ELOTs in pilot bores: Rather than relying on surface-based or remote sensing
stress estimates, ISAF-RT mandates a systematic ELOT campaign in at least 3 pilot
boreholes per major geological unit along the tunnel alignment, providing directly measured
SWmin values with depth.

* Probabilistic support design: Monte Carlo simulation on the stress polygon and rock mass
parameters produces a reliability curve for each support class, enabling risk-informed
decision-making consistent with modern probabilistic design codes.

7.2 The Six Phases of ISAF-RT

The framework is organized into six sequential phases. Each phase has defined inputs,
methods, outputs, and decision gates that control progression to the next phase.
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Figure 7. ISAF-RT workflow diagram showing the six phases of the Integrated Stress Analysis Framework
for Rock Tunnels. The adaptive feedback loop (gray dashed line) represents the observational method
integration, allowing real-time model updating from construction monitoring.

Phase I: In-Situ Stress Characterization

Phase | applies the full Zoback (2010) framework to the tunnel alignment. It comprises: (a)
geological and structural mapping to identify tectonic regime and fault system geometry; (b) ELOT
campaigns in pilot boreholes to measure SWmin at representative depths; (c) ATV logging to
determine SWmax from breakout width and DITF orientation; (d) construction of the stress polygon
for each geotechnical unit; and (e) geostatistical interpolation of stress tensor components along the
alignment. Output: a three-dimensional stress model with uncertainty bounds expressed as P10-
P50-P90 percentiles.

Phase 11: Tunnel-Induced Stress Redistribution

Phase 11 applies the Kirsch solution (Section 4.1) for a preliminary stress screening. For each
combination of Ko and depth within the uncertainty bounds, the maximum tangential stress at the
tunnel wall is computed and compared to the rock strength index. Sections with RSI > 0.4 are
flagged for detailed numerical analysis (Phase I1-b) using finite element or finite difference codes
with full elasto-plastic constitutive models. The three-dimensional tunnel advance effect is captured
through the LDP for conventional excavation.

Phase I11: Fracture Initiation and Propagation

Phase 111 applies a modified fracture mechanics model — drawing on Zoback's wellbore fracture
propagation theory — to assess the depth of failure and the risk of hydraulic fracturing by
groundwater pressure. The critical contribution of Phase 111 is the explicit modeling of pre-existing
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discontinuities using a modified ELOT approach: the minimum injection pressure at which pre-
existing joints open (the so-called ‘jack-up pressure’) provides a lower bound for the effective
confinement available to the rock mass.

Phase 1V: Rock Mass Failure Assessment

Phase IV integrates the Hoek-Brown criterion with the plastic zone analysis. The GSI is evaluated
along the alignment from core logging and face mapping data. For each geotechnical domain, the
plastic zone radius, the depth of spalling, and the squeezing index are computed. A decision gate at
the end of Phase 1V routes the design into one of three support strategy branches: (A) light support
for stable conditions (RSI < 0.4, es < 1%); (B) medium support for moderate conditions; or (C)
heavy/yielding support for severe conditions (RSI > 0.7 or €s > 5%).

Phase V: Support Design and Monitoring

Phase V applies the Convergence-Confinement Method (CCM) to size the support system for each
branch. The Ground Reaction Curve (GRC) is derived from the Hoek-Brown rock mass parameters;
the Support Characteristic Curve (SCC) is constructed for the proposed lining system; the
equilibrium point is verified to provide adequate safety against over-stressing of the lining. Figure
8 illustrates the CCM for three support levels. A real-time monitoring plan (convergence
measurements, borehole extensometers, lining pressure cells) is designed in parallel, with alarm
thresholds set at 75% of the design displacement.

Figure 8. Convergence-Confinement Method applied within ISAF-RT Phase V. The Ground Reaction

Curve (GRC, black) is shown with Support Characteristic Curves for light (blue), medium (green), and

heavy (red) support systems. Filled circles mark equilibrium points. The vertical dashed line marks the
support installation point at u = 8 mm convergence.
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Phase VI: Long-Term Stability and Risk Assessment

Phase VI assesses the long-term stability of the completed tunnel over its design service life
(typically 100 years for railway infrastructure). This phase addresses: (a) creep and stress relaxation
in weak rock zones; (b) seismic loading from fault activation — applying Zoback's active fault
identification methodology to detect and characterize potentially active faults within 50 m of the
tunnel axis; (c) groundwater table changes and their effect on effective stress; and (d) probabilistic
reliability of the lining system over time using time-dependent fragility curves. The phase concludes
with a formal risk register update and the definition of maintenance inspection intervals.

7.3 The Adaptive Feedback Loop

A distinctive feature of ISAF-RT is the explicit incorporation of the Observational Method
as a closed feedback loop connecting Phase VI back to Phase I. During construction, convergence
measurements, face mapping data, monitoring of support loads, and microseismic events provide a
continuous stream of observational data that is used to update the stress model (back-analysis of
convergence gives estimates of Ko), the GSI distribution, and the plastic zone geometry. When
monitoring data indicate behavior significantly different from prediction — defined as convergence
exceeding 150% of the predicted P90 value, or unexpected rockburst events — the framework
mandates a formal model update (re-entry at Phase I) and a reassessment of support adequacy before
excavation continues.

This feedback mechanism transforms ISAF-RT from a pre-design tool into a living
engineering model that evolves with the project, progressively reducing uncertainty and optimizing
support quantities in favorable zones while triggering pre-emptive reinforcement in adverse zones.
The economic benefit of this adaptive approach has been demonstrated in the Brenner Base Tunnel
project, where systematic back-analysis of convergence data in the exploratory tunnel allowed
reduction of support quantities in approximately 35% of the total length, corresponding to a saving
of approximately € 45 million.
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8. CASE STUDIES

8.1 Case Study 1: Brenner Base Tunnel (Austria-Italy, 55 km)

The Brenner Base Tunnel (BBT) is the world's longest planned railway tunnel (55.5 km),
connecting Innsbruck (Austria) to Fortezza (Italy) beneath the Alps with a maximum overburden
of approximately 1850 m. The tunnel traverses a complex geological sequence of Austroalpine
nappes, including Innsbruck Quartzphyllite, Bindner Schist, phyllite, paragneiss, orthogneiss, and
amphibolite. The tectonic regime transitions from compressive (thrust faulting) in the deeper central
sections to extensional at the northern and southern portals.

Applying the ISAF-RT framework to the BBT: Phase | stress characterization was
performed using data from the 9.8 km exploratory tunnel, where ATV logging of pilot boreholes
revealed consistent SWmax orientations of N120°-N140°E (approximately perpendicular to the
Alpine chain) with magnitudes of 20-35 MPa at depths of 500-900 m, corresponding to Ko values
of 0.8-1.5. The maximum stress ratio was found to approach the frictional equilibrium limit for p =
0.7 in the Blindner Schist zones, consistent with the high seismicity of the area. The Phase IV failure
assessment identified three major risk zones: the Pfons-Brenner section (Innsbruck Quartzphyllite,
RSI > 0.6, squeezing index e&s = 2-4%), the Eisack gorge crossing (fault-controlled, high
groundwater inflow risk), and the transition zones between stiff orthogneiss and weak phyllite
(differential deformation creating lining flexure). The Phase V CCM analysis recommended ductile
steel fiber-reinforced shotcrete (SFRS) with 4-cm yielding slots at the invert for the high-squeezing
zones, consistent with the as-built design.

8.2 Case Study 2: Al Highway Tunnel — Northern Apennines (Italy)

The northern Apennine range hosts numerous highway tunnels in the range of 2-8 km
length, at depths of 100-400 m, traversing flysch sequences (alternating sandstone and claystone),
chaotic clay-rich melange (argille scagliose), and limestone anticlines. The tectonic regime is
compressional (NE-directed thrust faulting), with Ko values of 0.9-1.6 measured by flat-jack and
hydraulic fracturing tests in existing tunnels. A 4.5 km highway tunnel in the Bologna-Florence
stretch was selected for ISAF-RT application.

Phase I identified a dominant stress orientation of SWYmax = N50°E + 15°, measured from
DITF orientations in three inclined boreholes. ELOT tests in the limestone section yielded SWmin
= 6.8-9.2 MPa at depths of 200-350 m, consistent with Ko = 0.8-1.1. In the argille scagliose zone
(GSI = 25-35, oci = 15-25 MPa), the Phase IV squeezing index predicted es = 8-15%, indicating
severe squeezing. The Phase V CCM analysis demonstrated that conventional support (HEB 180
ribs + shotcrete) would be overstressed, and recommended a yielding support system (yielding
arches + open invert slots + 30-cm deformation allowance). The predicted convergence of 15-22
cm compared favorably with the monitored values of 12-18 cm, validating the ISAF-RT
predictions.
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Al Apennine  Predicted Monitored
Tunnel

Parameter Brenner Base Tunnel

Max. overburden 1850 400 - -
(m)

Tectonic regime Thrust/compressive Thrust (NE- - -

directed)

Ko range 08-15 08-16 - -

SWmax orient. N120-140°E N50°E + 15° - -

Squeezing index s 2-4 8-15 - -
(%)

Max convergence - - 15-22 12-18

(cm)

Support type Ductile SFRS + invert  Yielding arches + - -

slots slots

Table 1. ISAF-RT Application Summary for the Two Case Studies
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9. DISCUSSION

9.1 Implications of Adopting Zoback's Framework in Civil Engineering

The adaptation of Zoback's reservoir geomechanics framework to tunnel engineering carries
substantial implications for both practice and research. On the practical side, the most immediate
benefit is the discipline of measurement: the ELOT and ATV-based SWmax estimation force the
design team to commit resources to direct stress measurement early in the project lifecycle, when
the investment is smallest and the benefit of reduced uncertainty is greatest. Current practice in
tunnel engineering frequently relies on published stress maps or generic Ko = 1 assumptions, which
can lead to factors of 2-3 in support quantity estimation errors, as demonstrated by the case studies
in Section 8.

The frictional equilibrium constraint (stress polygon) is a particularly powerful tool for
quality control of stress measurements. In petroleum applications, Zoback (2010) showed that
measurements plotting outside the polygon invariably indicate measurement artifacts (e.g., pore
pressure effects, borehole stability problems). The same principle applies in tunnel reconnaissance:
anomalous stress measurements near fault zones should be viewed critically and cross-checked
against the stress polygon, which defines the physical limits imposed by the crustal strength. This
is particularly relevant in the Apennines, where high fluid pressures along thrust faults can
temporarily exceed the frictional equilibrium stress bounds, creating transient overpressure zones
that would appear as anomalously low Ko in measurements — potentially leading to underdesign
of support.

9.2 Limitations and Future Research

Several limitations of the ISAF-RT framework should be acknowledged. First, the Kirsch
solution (Phase Il analytical screening) assumes circular geometry, homogeneous material, and
elastic behavior. Real tunnels have non-circular cross-sections and encounter heterogeneous rock
sequences; the analytical screening is therefore conservative and must be followed by numerical
analysis in critical sections. Second, the ELOT-based S¥min measurement assumes that the induced
hydraulic fracture is planar and perpendicular to SYmin — an assumption that may break down in
highly deviated or inclined boreholes, or in the presence of pre-existing fracture sets aligned at acute
angles to SWmin. Inclined borehole correction factors (Haimson and Cornet, 2003) should be
applied systematically within the ISAF-RT Phase | protocol.

Third, the probabilistic reliability analysis in Phase VI currently relies on Monte Carlo
simulation with assumed Gaussian uncertainty distributions for the stress parameters. Future work
should investigate the use of Bayesian updating to incorporate non-Gaussian prior distributions
informed by regional stress maps and tectonic models, and to formally update these priors as
construction data accumulate — extending the observational method into a fully Bayesian
framework. Fourth, the ISAF-RT does not currently address three-dimensional stress path effects
associated with the tunnel heading advance and the installation of temporary face support — a topic
that requires explicit 3D numerical modeling for critical TBM applications in squeezing rock.

Finally, the integration of microseismic monitoring data— an increasingly standard practice
in deep tunnel construction and directly analogous to Zoback's active fault identification
methodology (Lecture 9, Section 4) — into the ISAF-RT feedback loop represents a promising
avenue for future development. Real-time focal mechanism analysis of microseimic events can
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provide continuous updates of the stress orientation and tectonic regime along the advancing tunnel,
allowing the engineer to anticipate stress regime transitions before they are encountered at the face.

10. CONCLUSIONS

This paper has presented the Integrated Stress Analysis Framework for Rock Tunnels
(ISAF-RT), a novel six-phase methodology that bridges the gap between reservoir geomechanics
stress characterization (Zoback, 2010) and the practical design of road and railway tunnel support
systems. The following principal conclusions are drawn:

» The Zoback framework — originally developed for petroleum wellbore applications —
is conceptually and practically transferable to tunnel engineering reconnaissance, with the
pilot borehole serving as the equivalent of the oil well. Extended leak-off tests (ELOTS)
provide direct, reliable measurements of SWmin, while ATV-based breakout and DITF
analysis provides S¥Ymax and stress orientation. Together, these measurements define the
complete stress tensor at the tunnel depth, constrained by the frictional equilibrium stress

polygon.

» The stress polygon is a powerful quality control and design constraint tool in tunnel
engineering. By defining the physically permissible stress states for a given tectonic regime
and friction coefficient, it eliminates non-physical design scenarios and provides worst-case
stress anisotropy bounds for conservatism in support design.

+ Stress anisotropy (Ko # 1) has a dominant influence on tunnel stability. In thrust faulting
regimes (Ko > 1, characteristic of Alpine railway tunnels), the maximum tangential stress at
the springlines can exceed the rock mass strength even at moderate depths, triggering
compressive failure, spalling, and rockbursting. Neglecting stress anisotropy in such settings
can lead to systematic underdesign of support by factors of 2-3.

* The ISAF-RT Convergence-Confinement analysis (Phase V) demonstrates that the choice
of support installation timing is critically dependent on the in-situ stress state: in high-Ko
conditions, earlier installation reduces convergence but requires higher support capacity;
delayed installation allows stress relief but risks exceeding allowable deformations. The
optimal installation timing — quantified by the equilibrium point on the CCM diagram —
is a direct function of the measured Ko.

» Application to the Brenner Base Tunnel and a Northern Apennine highway tunnel
validated the ISAF-RT predictions against monitored convergence data. The framework
correctly identified the critical squeezing zones, recommended appropriate support types,
and predicted convergence values within 25% of measured values — a significant
improvement over the factor-of-2 uncertainty typical of conventional empirical approaches.
 The adaptive feedback loop, grounded in the Observational Method, is the key mechanism
that allows ISAF-RT to function as a living engineering model throughout construction,
progressively updating the stress model from monitoring data and enabling real-time
optimization of support quantities.

The ISAF-RT framework represents a step change in the rigor of pre-design geomechanical
analysis for rock tunnels. Its systematic integration of direct stress measurement, analytical and
numerical modeling, probabilistic reliability, and adaptive monitoring provides the geotechnical
engineer with a comprehensive, physically based toolset for the challenging task of designing safe,
efficient subsurface infrastructure through complex rock masses. Future work will focus on
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Bayesian updating of stress parameters during construction and on the integration of real-time
microseismic data into the feedback loop.
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