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ABSTRACT

The most common aspect of water conveyance tunnel construction is the use of horizontal and sub-horizontal explo-
ration drilling of headings of a tunnel to predict geology and groundwater conditions. The instability of boreholes, extreme
loss of circulation, and high-head inflow are also common in fractured strata, which often inhibit completion of probe holes
and the reliability of coring, packer testing, and grouting tests. Casing, consequently, is a significant enabling technology
to stabilize fractured intervals and has a hydraulic isolation under coupled mechanical and hydrogeological disturbances.
The review is a synthesis of research and engineering experience on methods of casing to be used in horizontal drilling
of fractured rock masses used in the exploration of water conveyance tunnels. The geological and working environment
is initially outlined with a focus on fracture-adaptable instability processes and the special goings on of underground
drilling, such as the restricted workspace, cuttings difficult to move, and fast movement of the competent and crushed
regions. Types of casing systems are then listed, including both standard threaded steel strings and telescopic programs,
and more specialized casing system types, including expandable casing, swellable sealing elements, and external casing
packers. Special focus is made on the sealing of annulus in horizontal holes, wherein slurry loss, gravity segregation, and
non-uniform borehole geometry usually worsen isolation. Lastly, the article suggests adaptive choice of strategy accord-
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ing to real-time drilling reaction, and research priorities, such as tunnel-specific performance measurements, coupled

hydro-mechanical modelling, and field trials of sophisticated sealing material and data-driven choice making.

Keywords: Horizontal Exploration Drilling; Fractured Strata; Casing Techniques; Annulus Sealing; Water Conveyance

Tunnel

1. Introduction

Water conveyance tunnels are important for hy-
dropower generation, irrigation, inter-basin water transfer,
and urban water supply projects, infrastructures{!?. The
geological and hydrogeological environment that is expe-
rienced along the alignment is a strong determinant of the
safety and performance of these tunnels in the long term[3].
Unexpected water inflow, instability, and deformation are
some of the most important causes of construction risks, es-
pecially in complex rock masses such as fractured, faulted, or
crushed strata. This has led to the development of further ge-
ological investigation of the tunnel headings into becoming
a common and essential part of the contemporary practice in
tunnel engineering.

Horizontal or sub-horizontal drilling, which is under-
taken using tunnel faces, admits, or shafts, is currently a pop-
ular exploration and forecasting method*!. Through such
drilling, the mass structure of the rocks, the development
of fractures, as well as the conditions of the underground
water and the possibility of the existence of undesirable ge-
ological conditions in the future of excavation are known
directly. Horizontal exploration drilling through tunnels is
more advantageous than surface-based boreholes or indirect
geophysical techniques with regard to its spatial relevance,
resolution, and promptness. The success of such exploration
boreholes is, however, limited by the stability of the borehole
itself, particularly when the drilling is conducted through
fractured strata under high-pressure groundwater.

Fractured rock masses provide a blend of mechanical
and hydraulic hindrances to horizontal drilling. Joints, bed-
ding planes, faults, and shear zones are discontinuities that
lower the mass integrity of rocks and provide preferential
ways through which groundwater moves. In drilling, such
characteristics can cause drastic circulation loss, fracture
infill erosion, borehole expansion, and local collapse. Water
influx may also occur abruptly in fractured areas of water,
which are likely to cause additional instability of the bore-

hole and risk the process of tunneling. By comparison with
vertical boreholes, horizontal and sub-horizontal holes are
highly prone to instability because decomposition of cuttings
is not easily facilitated, the maintenance of the drilling fluids
is not balanced, and the blockage of the material is more
likely to occur along the axis of the borehole ™%,

In order to overcome these hurdles, casing processes
are also commonly used when drilling vertical waterways
horizontally during the exploration of water tunnels. Casing
in this context means laying down steel or composite tubu-
lar components into the borehole to stabilize any fractured
part of the borehole, isolate any permeable section, control
inflow of groundwater, and even create a solid and depend-
able medium through which future activities of the borehole,
such as coring, packer tests, or grouting, could be carried
out!”l. Well-modeled and rigorously fitted casing systems
are capable of adding a great deal of success to the outcome
of drilling, improving the quality of data, and decreasing the
hazards of constructing the tunnel face. On the contrary, poor
casing plans can lead to stuck equipment, tests not passing,
poor geological interpretation, and wastage.

The practical significance notwithstanding, horizontal
drilling casing methods in fractured strata vary significantly
from the usual casing methods in vertical boreholes or oil

and gas wells 31,

Exploration that is tunnel-based is car-
ried out in the narrow underground conditions that may be
limited in space and equipment size, and there are stringent
safety conditions that are bound to water control and ven-
tilation. Boreholes of short length usually cross over very
heterogeneous geological conditions within a short distance.
Moreover, casing is commonly placed as a short-term so-
lution, but it should be capable of surviving complicated
redistribution of in-situ stress and groundwater pressure, as
well as mechanical contact with the fractured rock. The
mentioned factors require solid, flexible, and tunnel-specific
casing solutions.

An extensive collection of casing systems and installa-

tion procedures has been used in fractured rock environments
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10111 " The near-face zones and

over the last few decades!
faulted intervals are usually stabilized using conventional
threaded steel casing, telescopic casing programs, liners, and
conductor casings. Under even more adverse circumstances,
specialized industry technologies have been brought forward,
like expandable casing, external casing packers, swellable
liners, and chemical or microfine cement sealing. Simultane-
ously, the installation methods, such as casing advancement
methods, annulus sealing methods, and real-time monitoring
in the course of drilling, have been developing. Nevertheless,
the available literature and reports of the engineers tend to be
interspersed in the records of the cases of particular tunnels,
the practice of a specific region, or the publications devoted
to the concrete project to extract the generalized conclusions
or general design principles.

The present studies of the casing methods in the ex-
ploration drilling in tunnels also depict a number of limita-
tions. Numerous published materials highlight successful
implementations but do not give much quantitative analysis
of casing performance or failure modes. The relationship
between fractured rock mass properties, groundwater condi-
tions, and casing behavior is one that is not understood fully,
especially when conditions are coupled between hydro and
mechanical'?]. In addition, the introduction of technologies
that are carried out in the oil and gas horizontal wells has
been taking place at a much higher rate than the thorough
evaluation of the technologies in underground construction,
where boundary conditions and operation limitations vary
greatly.

In this regard, it is high time that a review of the meth-
ods of casing the horizontal drilling technique of the fractured
strata in the exploration of the water conveyance tunnel is
conducted. This review can serve to solidify the available
knowledge, bring out the applicability and limitations of the
various casing systems, and offer a step-by-step methodol-
ogy of choosing and applying casing strategies in different
geological and hydrogeological settings. The synthesis of
results of field case studies, lab tests, and numerical mod-
els can be used to identify typical failure modes, mitigation
strategies, and parameters that can control the performance
of casing.

This review has threefold goals. To begin with, it will
provide a summary of the geological and operational cir-

cumstances that require the use of casing in the exploration

drilling (horizontal) of water tunnels through fractured strata
and the effects on the groundwater. Second, it attempts to
categorize the types of casing systems, methods of installa-
tion, and methods of sealing, their strengths, weaknesses, and
their common uses. Third, it determines research gaps and
emergent trends, such as the possibility of adaptive casing
strategies, new materials, and data-driven support in further
practice of tunnel exploration[1%13-14],

Offering a tunnel-oriented and integrated view, this re-
view is meant to provide service to both researchers and work-
ing engineers undertaking underground water conveyance
projects. Hopefully, this synthesis can serve to make tunnels
safe, predict geological forecasting with more confidence,
and further the exploration drilling technology under com-
plicated fracture geology. To explain the exploration envi-
ronment in the tunnel and the functions that casing should
play in fractured, water-bearing environments, a conceptual
schematic has been given in Figure 1.

4 )

Water Conveyance Tunnel

i Fractured Rock Mass
« Excavation face - ’_ « Joints and fractures
« Stress relief zone i « Fault / shear zone

« Limited workspace « Crushed rock bands
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Horizontal Exploration Boreholes Groundwater System

* Probe drilling ahead of face - ’_ « Fracture-controlled flow

* Geological forecasting « High hydraulic head

* Hydrogeological investigation « Potential inflow to tunnel

v

\
Casing Functions
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* Hydraulic isolation of water-bearing zones
« Provision for packer testing and grouting /

Figure 1. Conceptual schematic of tunnel-based horizontal explo-
ration drilling in fractured strata and the primary functions of casing,
including borehole stabilization, hydraulic isolation, and enabling
subsequent testing or grouting operations.

2. Geological and Operational Set-
ting for Horizontal Drilling in Frac-
tured Strata

The tunneling exploration in terms of horizontal and
sub-horizontal drilling is performed in a geological and
functional environment that is fundamentally different from

the drilling operations on the surface and the vertical bore-
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holes!!3]. Their contact with fractured rock masses, the state
of groundwater, and the process of drilling impose a leading
control over the stability of boreholes and, to a larger extent,
the need, time, and efficiency of casing installation. It is thus
necessary to have a clear picture of such conditions to be
able to design the casing methods used in the exploration of

the water conveyance tunnels rationally.

2.1. Characteristics of Fractured Strata in Wa-
ter Conveyance Tunnel Alignments

The fractured strata that are usually found along con-
veyance tunnel alignments are jointed rock masses, fault
and shear zones, crushed belts, and locally developed frac-
ture networks in relation to tectonic activity or lithological

(16,17 The rock masses are defined as having low

contrasts
structural integrity and sharp, short spatial heterogeneity.
There can be a large range of fracture spacing, persistence,
aperture, and orientation in a single exploration borehole,
and so there are alternating intervals of relatively competent
rock and seriously weakened material.

Engineering-wise, both mechanical stability and hy-
draulic behavior are controlled by the level of fracturing.
Fractures that are spaced close to each other or are very per-
sistent decrease the self-supporting capacity of the borehole
wall, especially when stress relief occurs around the tunnel
excavations. The types of fractures that are particularly sus-
ceptible to erosion and washout during the drilling process
include fractures that may contain clay, gouge, or weathered
material, but fractures that are open or partially open may be

a source of inflow of groundwater. These fractured areas in

water conveyance tunnels are usually accompanied by high
hydraulic gradients, since tunnels cross regional groundwater
flow systems or confined aquifers with high head!'®],

The geological description of fractured strata in the
exploration of the tunnel is based on a synchronism of the
mapping of tunnel faces, probe drilling feedback, core log-
ging, and hydrogeological observations!'>!°1. Nevertheless,
the existing geological information is usually incomplete or
questionable due to the small diameter and length of horizon-
tal exploration holes, and a high number of circulation losses.
Such uncertainty exerts more requirements on casing strate-
gies that need to be flexible enough to deal with the rapidly
varying ground conditions. In order to unify the scope of
fractured-rock situations pertinent to tunnel exploration, as
well as to refer them directly to stability and casing concerns,

characteristic situations are summarized in Table 1.

2.2. Borehole Instability Mechanisms in Hori-
zontal Drilling through Fractured Rock

Borehole instability in fractured strata has been caused
by both the effects of mechanical failure and hydraulic distur-

bancel!%20

1. These mechanisms are enhanced by the effect of
gravity and closeness of the tunnel excavation in horizontal
and sub-horizontal boreholes, which disturbs the stress field
locally. Symptoms of mechanical instability are often block-
ing detachment along intersection fractures, slabbing of the
wall of the borehole, or the gradual widening of the borehole
as a result of the controlled breakout along fractures. The
borehole can lose all its geometry and become partially or

wholly collapsed in highly fractured or crushed areas.

Table 1. Typical geological and hydrogeological conditions encountered in tunnel-based horizontal exploration drilling and their

implications for borehole stability and casing needs.

Geological Fracture Typical Groundwater Main Drilling and Implications for Casin
Condition Characteristics Behavior Stability Issues P g
Moderately jointed Dlscret.ej oints, limited Low to moderate Localized sloughing, Short casing or liner near
persistence, small . . .
rock mass seepage minor circulation loss tunnel face
apertures
Closely spaced,

Intensely fractured
rock

intersecting fractures,
variable aperture

Distributed inflow,
pressure-dependent loss

Borehole enlargement,
progressive collapse

Early casing installation,
staged isolation

Fault or shear zone

Crushed rock,
gouge-filled fractures

Concentrated high
inflow, high head

Sudden collapse, severe
loss of circulation

Telescopic casing,
aggressive sealing

Karstified or
open-fracture zones

Large apertures, high
connectivity

Rapid inflow, unstable
pressure response

Washout, loss of
borehole geometry

Robust casing with
enhanced annulus sealing
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Instability is further caused by hydraulic processes .
Under conditions of drilling, the circulation fluid can tend
to flow more through permeable fractures, which leads to
partial or complete circulation loss. The resulting decrease
in the fluid support pressure facilitates fracture expansion
and relaxation of infill materials. Uncontrolled inflow of
groundwater in water-bearing fractured zones can erode thin
fillings in the fractures, carry fine particles into the borehole,
and cause rapid collapse. The latter are especially trouble-
some in horizontal boreholes, where collapsed material is
likely to be located along the borehole axis and block further
drilling or casing.

Fractured strata are characterized by the coupling of
mechanical with hydraulic instability'?]. The mechanical
collapse usually follows the circulation loss, and the loss and
inflow are respectively worsened by the collapse. Once this
feedback loop is achieved, it becomes harder to take remedial
actions, which is why installing casing in time is essential
to segregate unstable or permeable areas. The relationship
between mechanical degradation and hydraulic disturbance
depends in a systematic way on the fracture architecture and
groundwater regime; common cases and the implications of
these cases in the stability of boreholes are summarized in

Figure 2.

Moderately Fractured Rock Intensely Fractured Rock Fault / Shear Zone

« Discrete joints * Closely spaced fractures * Crushed rock and gouge

« Limited aperture « High connectivity + Very high permeability

* Moderate groundwater inflow « Distributed inflow + Concentrated inflow

Response: Response: Response:

* Localized deformation « Circulation loss * Sudden collapse

+ Generally stable borehole + Borehole enlargement + Severe water inrush

+ Progressive collapse

l

Coupled Hydro-Mechanical Instability

« Fluid loss reduces borehole support
« Collapse increases permeability

« Feedback loop accelerates failure

Figure 2. Representative geological and hydrogeological scenarios
affecting horizontal borehole stability in fractured strata, illustrating
fracture-controlled deformation, circulation loss, and groundwater
inflow mechanisms.

2.3. Influence of Drilling Methods and Fluids
on Casing Requirements

The type of drilling adopted has a serious impact on
the borehole condition and consequently on casing perfor-

mance %), Rotary drilling, wireline coring, or down-the-hole

hammer technology is often used in horizontal exploration
drilling in tunnels, depending on the strength of the rock, the
goals of the investigation, and drilling equipment limitations.
Coring techniques offer good geological data, but normally
create smaller annular openings and are also more prone to
borehole deformation. Non-coring can also progress faster
through fractured areas and, in most cases, provide inferior
information on fracture features.

Drilling fluids play a total role in borehole stabilization
and disturbance. Fluids based on water are often employed in
tunnel conditions because they are easy and environmentally
friendly, but have low capacity to block cracks or hold cut-
tings in horizontal sections. They include polymer-enhanced
fluids, foams, and systems that are based on bentonite, which
can enhance the transport of the cuttings and lessen loss, yet
this is strongly dependent on the aperture and connectivity
of the fracture. Even the most sophisticated drilling fluids
cannot be counted on to hold boreholes intact in an extremely
fractured formation, and mechanical stabilization through
casing has become inevitable >3],

The relationship between the method of drilling, fluid
Type, and the behavior of the fractured rock is connected
to casing strategy directly>¥. Steady development without
proper stabilization will lead to a possibility of snowballing
collapse before casing can be laid in, and over-conservative
drilling parameters will decrease efficiency with no certainty
of stabilizing the earth. As a result, casing requirements
should be considered together with drilling technology and
not as a separate consideration of design.

2.4. Functional Requirements of Casing in Tun-
nel Exploration Drilling

Casing serves a wide variety of purposes, in addition to
mere borehole support, in the context of exploring water con-

[25] Tts main action is to stabilize fractured

veyance tunnels
intervals and hold a useful borehole geometry throughout the
investigation and undertaking activities. This stabilization
is necessary when it comes to the reliability of further oper-
ations like coring, borehole imaging, permeability testing,
and grouting trials.

The hydraulic action of casing is also important. Casing
makes it possible to test the conditions of the groundwater in
a controlled manner through the isolation of water-bearing

fractures or fault zones and to prevent the uncontrolled inflow
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to the tunnel face. Casing can also serve as a protective mea-
sure in a high-head situation, as the chances of sudden water
inrush occurrence during drilling are minimized. Moreover,
correctly sealed casing systems will offer a set limit on packer
testing and grouting, enhancing the test result interpretability
and remediation [2¢],

Casing in exploration drilling is not permanent like
permanent tunnel linings or support systems in that case.
However, it should be able to resist intricate loading situa-
tions, such as when in contact with irregular borehole walls,
contact with dissimilar groundwater pressure, and stress re-
distribution caused by excavation of the tunnels. These func-
tional demands make high demands in the design of casing,
the quality of its installation, and the sealing performance,
especially in fractured strata, where geological conditions
are extremely diverse and unpredictable?],

Overall, the geological and operational environment of
horizontal drilling in fractured strata poses a difficult scenario
where the instability of boreholes, the interaction between
boreholes and groundwater, as well as equipment constraints,
merge. Knowledge of these conditions gives the basis on
which the current casing techniques can be assessed and
more successful measures can be devised that meet the re-

quirements of the water conveyance tunnel exploration?®],

3. Casing System Types and Strategy
Selection

The casing systems implemented in horizontal drilling
to explore tunnels in water have developed in line with
the complicated mechanical and hydraulic environments in
fractured stratal?’l. In contrast to standardized casing pro-
grammed in vertical wells, tunnel-based exploration drilling
normally entails flexible, condition-dependent solutions that
can be changed as the drilling goes on. Choosing a suitable
casing system is thus a strategic move that incorporates geo-
logical knowledge, drilling technique, investigation purpose,

and risk tolerance.

3.1. Design Philosophy for Casing in Fractured
Strata

The principal design philosophy of the casing in the
fractured rock is not remedial but preventive in nature(!!l,

Since borehole instability in the fractured areas is rather quick

and progressive, casing can be used with the best effect when
it is installed before the severe collapse or an uncontrolled
inflow of water takes place. This necessitates that casing de-
cisions are made based on the perceived problems in drilling
as well as the perceived geology ahead of the tunnel face.

The main design factors are the extent of fracturing, the
probability of cross-fault or shear zone, anticipated pressure
of groundwater, and the functionality needed by the bore-
hole once the casing is installed*”). Casing must, in many
cases, be used in exploration drilling to achieve more than
one function at the same time, such as stabilization, hydraulic
isolation, and access to test and grouting. Due to this, the
casing design has been more inclined towards reliability and
flexibility rather than using the minimum possible amount
of material. In seriously fractured or water-bearing strata,
where the effects of casing failure are extreme, conservative
design methods are often used.

The other characteristic property of the casing design
in the exploration of tunnels is the fact that once instability
occurs, there is minimal margin to improve the situation3',
Lack of working space and operational limitations in tunnels
imply that the complex remedial operations cannot be easily
carried out. This fact confirms the need to choose casing
systems that are sturdy in times of uncertainty and can be
installed quickly.

3.2. Conventional Casing Systems and Their
Application

The most common solution currently utilized in the
stabilization of horizontal exploration boreholes in fractured
(321 Standard or flush

jointed, threaded steel pipes are widely used because they

strata is conventional steel casing

are available, mechanically strong, and can be used together
with the existing drilling equipment. In fractured rock of
moderate fracture, casing systems may usually suffice to
prevent collapse and isolate localized permeable zones.
Telescopic casing set-ups are commonly used in geolog-
ical situations where the geological conditions become poor
with the depth or distance of the face of the tunnel 33, In
these instances, a bigger-diameter casing is laid close to the
collar to stabilize the very disturbed area affected by tunnel
excavation, and which is succeeded with smaller-diameter
casing strings in deeper fractured ranges. The staged method

enables the drilling to continue gradually, as well as keep the
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boreholes intact, and reduces the chances of total failure.

In exploration holes, where temporary stabilization is
the aim as well as the isolation, liner-type casing is some-
times used without being cemented in place throughout its
length. Although liners have the benefit of installation with
less friction and easy deployment, they have a low sealing
capacity unless such is supplemented by other measures. The
conventional casing systems, therefore, are most efficient in
cases where the geological conditions are moderately frac-

tured, and the groundwater pressures are manageable 2341,

3.3. Specialized Casing Technologies for Com-
plex Fractured Zones

At the highly permeable or severely fractured strata,
the traditional casing solutions might fail to meet expecta-
tions 331, Table 2 will present a systematic categorization of
the types of casing systems and their general areas of use.
In order to overcome these circumstances, various specially
developed casing technologies have been implemented in
the practice of tunnel exploration. First designed to meet

the needs of oil and gas services, expandable casing systems

have gained growing popularity because they can be used
in irregular borehole geometry and minimize annular clear-
ance. These systems are able to enhance hydraulic isolation
of fractured areas through expansion into the borehole wall
to increase mechanical support.

Another example of a specialized solution can be

(23], These systems have

swellable casing and liner systems
materials that grow when in contact with water, thus clos-
ing any fractures and annular voids without the actions of
complicated cementing processes. The swellable elements
may also be used in fractured strata where there is active
groundwater flow, where they may be the quickest and most
efficient method to offer isolation, though their durability
under different pressure conditions is a subject of research.

Isolating discrete intervals in a borehole is also done
by external casing packers and mechanically forced sealing
devices!3]l. The technologies are especially useful in cases
where selective testing or stage grouting must be applied.
The issue with successful application, however, is their ef-
fective placement and consistent activation, which may be
difficult in long horizontal holes due to varying borehole

conditions.

Table 2. Classification of casing system types used for horizontal exploration drilling in fractured strata, including structural principles,

advantages, limitations, and typical application conditions.

Casing System Type Structural Principle Main Advantages Limitations Typical App.l ication
Scenarios
Conventional Rigid mechanical High strength, Limited sealing without Moderately fractured
threaded steel casing support availability, simplicity cement strata
Telescopic casing Staged diameter Adaptable to variable Reduced final borehole ~ Long probe holes with
program reduction geology diameter worsening ground

Liner casing

Partial support without
full cementing

Easier installation,
reduced drag

Poor hydraulic isolation

Temporary stabilization

Expandable casing

Radial expansion

Conforms to irregular

Cost, limited tunnel

Highly fractured,

against borehole wall holes experience irregular boreholes
Swellable liner/packer Water-activated Rapid sealing, no Performance Water-bearing fractured
systems expansion cement uncertainty zones

3.4. Annulus Sealing and Casing—Rock Inter-
action

The efficiency of a casing system is highly determined
by the way the annulus between the casing and the borehole
wall is treated, regardless of the type of casing*”). This annu-
lar space is not usually homogeneous in specimen fractured

strata, and it commonly contains enlarged cavities, open frac-

tures, and areas of weak infill. The features can weaken the
mechanical stability and hydraulic isolation when untreated.

The cementing is the most popular form of annulus seal-
ing, which, however, in a horizontal exploration hole, is not

k(38391 Segregation due to gravity, slurry being

an easy tas
lost prematurely in fractures, and not being displaced en-
tirely by the drilling fluid is a persistent problem. In order to

counter the problems, lightweight, thixotropic, or microfine
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cement formulations are frequently used, occasionally with
staged injection methods. Chemical grouts or resin materials
can also be employed in highly permeable areas in order to
get rapid setting and minimize washout.

The three factors that control the overall performance
of the system are the interaction between casing, sealing ma-
terial, and fractured rock mass™%l. A high stiffness contrast
between the casing and the rock surrounding might cause a
localization of stress and a deformation of the casing, but on
the other hand, inadequate bonding might create a leakage
pathway along the casing. This interaction is therefore the

key to successful casing strategy selection.

3.5. Strategy Selection under Geological Uncer-
tainty

Among the characteristic issues faced in the exploration
drilling of a tunnel is the fact that the geological uncertainty
levels are very high in front of the excavation face. Conse-
quently, casing strategies should be dynamic, as opposed to
being fixed. Early casing schedules are normally based on
the available geological models and past exploration data,
and such schedules are often updated in accordance with
the real-time drilling conditions, including penetration rates,
torque variations, and circulation losses!'!].

The choice of adaptive strategy can frequently be the
trade-off between the risks associated with installing casing
beforehand and the implications of the delay*!!. Premature
casing can lead to a decrease in the efficiency of exploration
and the inability to collect data, and delaying casing can lead
to an irreversible borehole collapse or uncontrolled influx of
water. Practiced professionals, then, use already established
decision thresholds, based on both the geological indicators
and operational parameters, to make decisions on casing
deployment.

Conservative and flexural casing approaches are typ-
ically preferred in fractured strata in relation to water con-
veyance tunnels. The strategies focus on the initial stabi-
lization of high-risk areas, employment of staged systems or
telescopic systems, and the combination of casing decisions
with drilling and testing goals. Working to ensure that the
choice of the casing system is consistent with the current de-
veloping knowledge of the ground conditions, the engineers
can make the process of horizontal exploration drilling in

the complicated fractured areas safer and more efficient37).

3.6. Hydro-Mechanical Coupling in Casing Per-
formance

The long-term integrity of a casing system in fractured
strata is governed by the coupled hydro-mechanical (HM)
interaction between the tubular string, the annular sealant,
and the surrounding rock mass. As drilling progresses, the
redistribution of in-situ stresses and changes in pore water
pressure within the fracture network can lead to non-uniform
loading on the casing. Numerical modeling studies, particu-
larly those employing the Discrete Element Method (DEM)
or Finite Element Analysis (FEA), have shown that high-
head groundwater inflow can erode fracture infills, leading
to localized loss of support and subsequent casing defor-
mation or “buckling”. Conversely, the casing provides a
mechanical boundary that resists fracture dilation and main-
tains hydraulic isolation. Understanding these interactions
is critical for selecting sealant materials that can accommo-
date mechanical strain while maintaining a low-permeability

barrier against high-pressure seepage.

4. Installation Techniques, Perfor-
mance Evaluation, and Failure Mit-
igation

The success of a casing system in fractured strata does
not depend only on the type and design of a casing system, but
also on how it is installed, verified, and the future risk man-
agement[*?], The installation activity in horizontal drilling
to explore the water conveyance tunnels is performed under
difficult conditions in the underground and in most cases on
unstable ground. Casing deployment is a risk-sensitive and
technical procedure. Performance appraisal and mitigation
of failure are thus part and parcel of casing practice and not

a consideration of post-installation.

4.1. Installation Techniques for Horizontal Cas-
ing in Tunnel Environments

Modern casing strategies increasingly rely on real-time
data acquisition systems that monitor drilling parameters
such as torque, rate of penetration (ROP), and circulation
loss to identify instability precursors. Sensor technologies,
including high-frequency surface measurements and down-
hole “Measurement While Drilling” (MWD) tools, provide

161



Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

the granular data necessary for adaptive decision-making.
Recent research has demonstrated the potential of machine
learning (ML) algorithms, such as random forests and neural
networks, to predict “stuck pipe” events or severe circula-
tion loss by analyzing these parameter trends. For instance,
case studies in complex strata have shown that ML-based
predictive models can improve casing success rates by trig-
gering early deployment before irreversible collapse occurs.
However, a significant gap remains in miniaturizing these
technologies for the small-diameter, short-range horizontal
holes typical of tunnel exploration, where space and cost con-
straints often limit high-end sensor deployment. Borehole
irregularities and localized collapse are common in fractured
strata and greatly increase drag, increasing the chances of
poor installation or casing deformation[*3.

Boreholes are frequently reamed to a diameter size in
excess of the outer diameter of the casing in order to allow
installation with a reasonable margin of allowable deviation

and debris. Nevertheless, over-reaming can widen broken
areas and destabilize the rock, especially in weak or water-
bearing rock. Consequently, the art of reaming has to be
weighed against an installation clearance requirement. In
other applications, casing is installed as the drilling goes
on to minimize the unsupported borehole and exposure to
collapse.

Tunnels create operational constraints that make instal-
lation more difficult'*¥]. The casing is limited by the working
space, which curtails casing handling and makes-up work,
and the casing alignment is important to avoid buckling in
the long horizontal setting. Such difficulties require a high
level of control of drilling path and casing orientation, and
the close interaction of drilling and installation teams. Since
the isolation performance is usually governed by annulus
treating instead of the casing strength itself, the main sealing
methods and their capabilities in the fractured formations
can be compared in Table 3.

Table 3. Annulus sealing methods for casing in horizontal boreholes intersecting fractured rock, comparing material characteristics,
operational advantages, typical challenges, and suitability across permeability regimes.

Material

Sealing Method Characteristics

Advantages

Suitability for

Main Challenges Fractured Strata

Ordinary cement

grout High strength, low cost

Structural bonding

Low to moderate
permeability

Loss into fractures,
segregation

Microfine cement Fine particle size

Improved penetration

Longer setting time Fine-fractured zones

Thixotropic/

lightweight cement Controlled rheology

Reduced segregation

Mix sensitivity Horizontal holes

Rapid setting, low

Chemical/resin grout . .
VISCOSIty

Effective in high-flow
fractures

Cost, environmental

. Fault zones, high inflow
constraints

Mechanical

packers/seals Physical isolation

Precise zonal control

Selective testing and

Installation complexity .
grouting

4.2. Annulus Sealing and Completion Practices

The leading factor of hydraulic isolation and long-term
stability once casing is installed is annulus sealing!®]. In
fractured strata, sealing operations have to deal with irregular
annular geometries, non-uniform fracture apertures, and ac-
tive groundwater flow. The most common one is cementing,
although the technique of its successful implementation in
horizontal exploration holes is not an ordinary phenomenon.

The position of the horizontal cement depends on the
status of the segregation of the heavy particles, where the

ones with a greater mass will be layered at the bottom of the

borehole and may form a channel along the upper section 46,

Besides, the cement slurry flowing into open fractures may
result in partial sealing and bond weakness. In order to over-
come these challenges, modified formulations of cement of
low density, high thixotropy, or small particle size are typi-
cally utilized. Several methods are also applied to enhance
control on placements in highly fractured areas; these include
staged cementing techniques, where sealing is actually done
in several stages.

Situations where cementing has become impractical or
ineffective are dealt with by the use of other sealing materials,

such as chemical grouts or resin systems. These materials
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are able to fill small fractures and cure in a short time, which
means they are applicable in high-flow conditions. Their
application should, however, be done with consideration of
compatibility with groundwater chemistry, environmental

constraints, and tunnel safety requirements.

4.3. Performance Evaluation and Quality Con-
trol

The assessment of casing systems in the exploration
drilling of tunnels has its own challenges[*’). Vertical wells
typically use direct inspection techniques that are impractical,
and the transitory nature of exploration casing constrains the
extent of post-installation testing. However, performance
assessment is necessary to ensure that casing goals have been
attained as well as to guide further drilling and testing.

Qualitative data is collected by looking at operational
indicators realized during and after installation. The pres-
ence of abnormal torque or resistance during drilling outside
the casing shoe can be an indication of bad stabilization or
non-sealing of the casing. Equally, changes in the rate of
inflow or pressure response of the packer during packer tests
that are not expected can indicate leakage along the casing
or via poorly closed fractures. Isolation effectiveness is de-
termined through pressure tests that are performed on the top
and bottom of the casing shoe, where possible.

Borehole imaging equipment is used in certain projects
to determine casing placement, deformation, or the condition
of the annulus“3#°, Though a few can be used in horizon-
tal holes, they can be valuable in understanding the mecha-
nisms of failures and inform remedial actions. The process of

systematically determining which parameters to install and

which indicators to show is becoming a significant part of

the quality control and project-to-project knowledge transfer.

4.4. Common Failure Modes in Fractured
Strata

Casing systems in fractured beds are sensitive to mul-
tiple modes of failure, despite careful design and installa-
tion[®%, Casing buckling, opalization, or connection damage
based on too much installation forces or on contact with ir-
regular borehole walls are examples of mechanical failures.
Cumulative friction can cause localized stress concentrations
and deformation, especially of thin-walled casing in long
horizontal holes.

Hydraulic failures are also very common and, in most
cases, they are harder to notice®!!. Poor sealing of the annu-
lus can lead to leakage systems along the casing, and this can
lead to bypass of isolation zones by groundwater. Fracture
reactivation of fracture seals may occur in highly fragmented
rock when it experiences the drilling or testing pressure. In
extreme situations, water inflow cannot be controlled, and as
such, it can undermine both the borehole and the tunnel face.

The next critical scenario of failure is when the casing
becomes trapped during the installation process, and it is ei-
ther by the borehole collapsing or by over-friction*”). Stuck
casing not only inhibits completion of the exploration hole,
but it can also block the future drilling or testing, requiring
abandonment or expensive clean-up efforts. In order to con-
nect the observed failure modes to real-life response and to
assist in risk-based casing planning, the mitigation measures
and failure modes representative of these are summarized in
Table 4.

Table 4. Common casing failure modes in fractured strata during tunnel-based horizontal exploration drilling, diagnostic indicators,
consequences for investigation quality and safety, and representative mitigation measures.

Failure Mode

Primary Causes

Typical Indicators

Consequences

Mitigation Measures

Borehole collapse
before casing

Intense fracturing,
fluid loss

Sudden torque
increase, stuck tools

Abandoned hole

Early casing, reduced
open-hole length

Stuck casing during
installation

Excessive friction,
debris

Incomplete run-in

Loss of borehole
function

Reaming control, staged
installation

Poor annulus sealing

Slurry loss, irregular
geometry

Leakage during
testing

Invalid test results

Staged grouting, alternative
sealants

Casing deformation

High thrust, uneven
contact

Increased drag
post-installation

Restricted access

Stronger casing, alignment
control

Seal degradation

Fracture reactivation,
pressure cycling

Delayed inflow

Reduced isolation

Adaptive pressure
management
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4.5. Mitigation Strategies and Adaptive Man-
agement

A successful management of casing-related risks in
fractured strata depends on the proactive and responsive man-
agement during the drilling operation?. The possibility of
sudden instability before the installation of the casing can
be mitigated by pre-stabilization (use of controlled drilling
parameters and purposeful usage of loss control materials).
In high-risk zones, pre-grouting before the borehole face
may be used to enhance the integrity of the mass of rocks
and to make them less permeable.

In the course of installation, real-time control of the
torque, thrust, and circulation behavior allows identifying the
appearance of issues early and making a timely intervention.

Casing plans commonly include contingency plans such as

Geological Anticipation

* Geological model

stepwise installation, partial withdrawal, or changes in seal-
ing materials, which are necessary to adapt to unforeseen
circumstances 2],

In a wider context, improvement policies have the ad-
vantage of a combined mechanism that connects geological
forecasts, drilling monitoring, and casing effectiveness >3,
The experience gained from casing failures, where these ex-
periences are systematically collected and examined, can be
very useful in the correction of design requirements and instal-
lation procedures. Fractured strata around water conveyance
tunnels necessitate such adaptive management in sustaining
borehole functionality, data reliability, and security of tunnel
construction operations in the conditions of high uncertainty
of the ground. Figure 3 offers an adaptive workflow based on
this review, and it links the drilling observations with casing

decision thresholds and their verification steps.

* Fracture prediction

* Groundwater regime

Real-Time Drilling Response
* Penetration rate
* Torque and drag
* Circulation loss

» Water inflow

A

Decision Thresholds
* Loss rate

» Stability indicators
* Safety limits

N N

Casing Installation Actions

* Set casing

« Extend telescopic string

« Seal annulus

* Modify drilling strategy

Verification and Feedback

* Pressure testing

* Packer tests
* Grouting trials

* Update geological model

Figure 3. Integrated workflow for adaptive casing strategy selection in tunnel exploration drilling, linking geological anticipation,
real-time drilling response, intervention thresholds, installation actions, and verification feedback.

5. Conclusions

Horizontal and sub-horizontal exploration drilling con-
stitutes a vital part of geological prediction and risk manage-
ment during the construction of water conveyance tunnels,

although its performance in the fractured formations is of-

ten hampered by borehole unsteadiness, drill age severity,
and inflow of the groundwater. In such a context, casing
is not only a key protective device but a fundamental facil-
itating technology that makes or breaks the completion of
drilling, interpretation of hydrogeological tests, and the con-
trol and safety of unfavorable zones immediately before the

164



Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

tunnel route. The literature sources reviewed in this paper
all point to the fact that effective casing practice in fractured
rock relies on the coordination of casing design, the tim-
ing of installation, and the sealing of the annulus upon the
mechanical-hydraulic behavior of the rock mass, not making
casing a standardized, one-size-fits-all intervention.

One of the key lessons learned during the course of pre-
vious research and during the commission of the project is
that fractured strata can place extremely nonuniform bound-
ary conditions on horizontal boreholes. The fracture inten-
sity, aperture, and infill properties and connectivity change
at short distances and respond strongly to the regimes of
groundwater pressure. These are the factors that determine
the likelihood as well as the rate at which instability will de-
velop. In line with this, the best casing strategies are both pre-
ventive and adaptive. The preventive measures are applied
by focusing on constraining open-hole exposure during high-
jurisdictional intervals, stabilizing the near-face disturbed
zone at its initial stage, and isolating permeable features
before the increase of the circulation loss into progressive
collapse. Adaptive strategies acknowledge that pre-drill geo-
logical models are hardly adequate on a tunnel scale and thus
incorporate real-time drilling feedback, including loss be-
haviour, torque evaluation, penetration-rate anomalies, and
water-inflow indicators, into the decision-making rule on
when to set casing, whether to extend telescopic strings, and
what sealing control to use.

In general, in casing systems, threaded steel casing that
is conventional and staged/telescopic programs are the most
popular due to their mechanical stability, accessibility, and
familiarity in terms of operation in underground construc-
tion. Nevertheless, the review also notes that in specific
circumstances, application of specialized technologies, i.e.,
expandable casing, swellable sealing elements, and external
casing packers, provides significant benefits, in particular, in
the case of irregular borehole geometry, highly conductive
fractures, or the necessity to isolate intervals selectively to
conduct tests and grout. Their wider use in the exploration
of tunnels, though, is limited by their inadequate field vali-
dation, poor performance under the cycling of groundwater
chemistry and pressure, and practical limitations of their
operation in constrained underground conditions. This is
the reason why technology selection must be viewed as a
risk-related decision that considers both the extent of the

fractured zone and the aftermath of failure in operation, as
opposed to a change in technology to a conventional casing.

The hydraulic integrity of most casing systems in frac-
tured strata turns out to be determined by annulus sealing.
The successful installation of casing may still allow leak-
age to occur through incomplete sealing because of loss of
slurry to fractures, gravity division in the horizontal position-
ing, or inadequate displacement, which can lead to leakage
pathways that disrupt the aims of isolation and invalidate the
dependability of the packer tests, inflow testing, and grouting
tests. The analyzed evidence indicates that enhanced sealing
performances relate to the customization of grout and cement
formulations to fracture conditions, embracing the staged
sealing activities when the permeability is excessive and in-
cluding some activities that surpass the installation finishes.
Practically, the casing performance would be evaluated by
the ability to provide functional isolation and serviceable
access to the desired investigation work, and not just by the
ability of the casing string to reach its target depth.

Modes of failure reported in fractured strata, such as
stuck casing, long run deformation or buckling, shoe leakage,
micro-annulus flow, and seal degradation due to fracture re-
activation, support the necessity of integrated planning and
contingency design. The mitigation is effective, as defined
by early stabilization; the thresholds of intervention in high-
head areas are conservative, and recovery pathways under
the conditions of tunnel constraints. Notably, most failures
can be explained by interrelated series: loss of circulation
decreases the borehole support, instability encourages drag
and hinders installation, and lack of full sealing permits con-
tinued inflow that continues to worsen conditions of the
borehole and adjacent tunnel. The control of such coupled
sequences involves the need to incorporate casing decisions
into a more general observational scheme involving geology,
drilling response, and water control.

There are various gaps and development priorities in
research. To begin with, the field does not have coherent and
tunnel-specific measures of casing performance and isola-
tion quality sufficient to compare across projects and make
evidence-based choices. Second, coupled hydro-mechanical
models explicitly modelling the fractured rock, groundwater
head, development of borehole enlargements, and casing-
seal interaction are not yet developed for tunnel exploration

geometries and severely restrict predictive ability. Third, the
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long-term action of sealing systems in response to variations
in pressure, chemical assault, and repeated testing/grouting
intervals is not adequately recorded despite the fact that such
actions are prevalent in water conveyance endeavors. Lastly,
new strategies, including real-time decision support streams
via drilling data streams, enhanced borehole imaging of hor-
izontal holes, and new sealant materials with thixotropic,
microfine, or self-healing capabilities, need to be method-
ically verified with a well-designed field experiment and
published.

In the future, innovation in the casing of horizontal
drilling in fractured strata will probably be led by a move to
a less experience-based approach to practice, to a more data-
driven, performance-proven design. This involves coming
up with standard reporting procedures that will record geo-
logical characteristics, drill age parameters, loss and inflow
behavior, casing setup, covering material, and positioning
techniques, and after installation confirmations. It also in-
volves factoring in casing planning with tunnel geological
forecasting and water control measures, such that, rather
than casing being an isolated operational process, casing is
implemented as a constituent of a consistent risk manage-
ment procedure. This review will contribute to the safer,
more reliable, and more efficient exploration drilling of wa-
ter conveyance tunneling in fractured ground applications
by consolidating existing information and the relationship
between fractured ground behavior, casing technology, and

the practice of installation.

Funding

This work received no external funding.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

All data and information supporting the paper are avail-
able in all publicly accessible domains.

Conflicts of Interest

The authors declare no conflict of interest.

References

[1] Ye, X., Wang, Y., Guo, A, et al., 2023. Optimal oper-
ation of inter basin water transfer under the form of
water sources interconnection with connected tunnel.
Journal of Hydrology: Regional Studies. 45, 101320.
DOI: https://doi.org/10.1016/j.ejrh.2023.101320
Nyingi, R.W., 2024. The Dynamics of Inter-basin Water
Transfer under Increasing Water Demands and Climate
variability: A Case of Water Transfer from Upper Tana
Basin to Athi Basin [PhD Thesis]. Jomo Kenyatta Uni-
versity of Agriculture and Technology: Juja, Kenya.
Ou, X., Ouyang, L., Zheng, X., et al., 2024. Hydrogeo-
logical analysis and remediation strategies for water in-
rush hazards in highway karst tunnels. Tunnelling and
Underground Space Technology. 152, 105929. DOI:
https://doi.org/10.1016/j.tust.2024.105929

Bennett, R.D., 1985. State-of-the-Art Construction
Technology for Deep Tunnels and Shafts in Rock. De-
partment of the Army: The Pentagon, Arlington County,
VA, USA.

Kelany, M., Alsayed, N.A., Nouh, A.Z., 2025. A Re-
view of the Effect of Drilling Technique and Fluid Type
on Borehole Stability. Journal of Petroleum and Mining
Engineering. 27(1), 51-61. DOI: https://doi.org/10.2
1608/jpme.2025.390876.1233

Xu, Z., Song, X., Sun, Y., et al., 2025. Comprehen-
sive review of cuttings transport in wellbore drilling:
Mechanisms, challenges, and future directions. Inter-
national Journal of Fluid Engineering. 2(3), 030601.
DOI: https://doi.org/10.1063/5.0209756

Maliva, R.G., 2016. Borehole Drilling and Well Con-
struction. In Aquifer Characterization Techniques,
Springer Hydrogeology. Springer International Pub-
lishing: Cham, Switzerland. pp. 127-170. DOI: https:
//doi.org/10.1007/978-3-319-32137-0_6
Mohammed, A.l., 2021. An Investigation of Casing
Structural Integrity in Shale Gas Horizontal Wells Dur-
ing Hydraulic Fracturing Using FEA and Machine
Learning Algorithms [PhD Thesis]. Robert Gordon Uni-
versity: Aberdeen, Scotland. DOI: https://doi.org/10.4
8526/RGU-WT-1603216

Patel, D., Thakar, V., Pandian, S., et al., 2019. A
review on casing while drilling technology for oil
and gas production with well control model and eco-
nomical analysis. Petroleum. 5(1), 1-12. DOI: https:
//doi.org/10.1016/j.petlm.2018.12.003

Kerunwa, A., Anyadiegwu, C., 2015. Overview of the
Advances in Casing Drilling Technology. Petroleum &
Coal. 57(6), 661-675.

(3]

(4]

(3]

(6]

(7]

(9]

[10]

166


https://doi.org/10.1016/j.ejrh.2023.101320
https://doi.org/10.1016/j.tust.2024.105929
https://doi.org/10.21608/jpme.2025.390876.1233
https://doi.org/10.21608/jpme.2025.390876.1233
https://doi.org/10.1063/5.0209756
https://doi.org/10.1007/978-3-319-32137-0_6
https://doi.org/10.1007/978-3-319-32137-0_6
https://doi.org/10.48526/RGU-WT-1603216
https://doi.org/10.48526/RGU-WT-1603216
https://doi.org/10.1016/j.petlm.2018.12.003
https://doi.org/10.1016/j.petlm.2018.12.003

Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

[21]

[22]

Howard, J.A., Trevisan, R., McSpadden, A., et al.,
2021. History, Evolution, and Future of Casing De-
sign Theory and Practice. In Proceedings of the SPE
Annual Technical Conference and Exhibition, Dubali,
UAE, 15 September 2021; p. D022S087R002. DOI:
https://doi.org/10.2118/206183-MS

Rutqvist, J., Stephansson, O., 2003. The role of hy-
dromechanical coupling in fractured rock engineer-
ing. Hydrogeology Journal. 11(1), 7-40. DOI: https:
//doi.org/10.1007/s10040-002-0241-5

Sander, P., 2007. Lineaments in groundwater explo-
ration: A review of applications and limitations. Hy-
drogeology Journal. 15(1), 71-74. DOLI: https://doi.or
2/10.1007/s10040-006-0138-9

Nikolakopoulos, G., Koval, A., Fumagalli, M., et
al., 2025. Autonomous Drilling and the Idea of Next-
Generation Deep Mineral Exploration. Sensors. 25(13),
3953. DOL: https://doi.org/10.3390/s25133953

Soldo, L., Vendramini, M., Eusebio, A., 2019. Tun-
nels design and geological studies. Tunnelling and Un-
derground Space Technology. 84, 82-98. DOI: https:
//doi.org/10.1016/j.tust.2018.10.013

Singhal, B.B.S., Gupta, R.P.,, 2010. Fractures and Dis-
continuities. In Applied Hydrogeology of Fractured
Rocks. Springer: Dordrecht, The Netherlands. pp.
13-33. DOI: https://doi.org/10.1007/978-90-481
-8799-7 2

Jalali, M., 2018. Tunnel Rehabilitation in Fault Zone
Using Sequential Joints Method- Case Study: Karaj
Water Conveyance Tunnel. Int. Journal of Mining &
Geo-Engineering. 52(1). DOI: https://doi.org/10.220
59/ijmge.2018.66155

Lipponen, A., Airo, M., 2006. Linking regional-scale
lineaments to local-scale fracturing and groundwater
inflow into the Pdijinne water-conveyance tunnel, Fin-
land. Near Surface Geophysics. 4(2), 97—-111. DOI:
https://doi.org/10.3997/1873-0604.2005036

Cao, G., Liu, H., 2023. Three-Dimensional Advanced
Prediction Technology for Tunnel Geological Structure.
In Three-Dimensional Exploration Technology of Tun-
nel Geology, Key Technologies for Tunnel Construc-
tion under Complex Geological and Environmental
Conditions. Springer Nature: Singapore. pp. 29-153.
DOI: https://doi.org/10.1007/978-981-16-9225-3 3
Weijermars, R., Wang, J., Pham, T., 2022. Borehole
Failure Mechanisms in Naturally Fractured Forma-
tions. Rock Mechanics and Rock Engineering. 55(5),
3001-3022. DOI: https://doi.org/10.1007/s00603-021
-02678-7

Pasi¢, B., Gaurina Medimurec, N., Matanovi¢, D.,
2007. Wellbore instability: Causes and consequences.
Rudarsko-geolosko-naftni zbornik. 19(1), 87-98.

Liu, C., Zheng, X., Shahani, N.M., et al., 2021. An
experimental investigation into the borehole drilling
and strata characteristics. PLOS ONE. 16(7), €0253663.

(23]

(24]

[25]

(28]

[29]

[30]

[31]

[32]

[34]

167

DOI: https://doi.org/10.1371/journal.pone.0253663
Growcock, F., 2009. Wellbore stability, stabilization
and strengthening. In Proceedings of the Offshore
Mediterranean Conference and Exhibition (OMC),
Ravenna, Italy, 25-27 March 2009.

Yan, W., Zou, L., Li, H,, et al., 2017. Investigation
of casing deformation during hydraulic fracturing in
high geo-stress shale gas play. Journal of Petroleum
Science and Engineering. 150, 22-29. DOI: https:
//doi.org/10.1016/j.petrol.2016.11.007

Byrom, T.G., 2007. Casing Design Performance. In
Casing and Liners for Drilling and Completion. Else-
vier: London, UK. pp. 261-311. DOI: https://doi.org/
10.1016/B978-1-933762-06-7.50013-4

Pavkovic, B., Bizjak, R., Petrovic, B., 2016. Review of
casing while drilling technology. Podzemni radovi. 29,
11-32. DOI: https://doi.org/10.5937/podrad1629011P
McLellan, P., Hawkes, C., 2001. Borehole Stability
Analysis for Underbalanced Drilling. Journal of Cana-
dian Petroleum Technology. 40(5). DOI: https://doi.or
2/10.2118/01-05-01

Bose, E.E.E., 2025. Review on the Analysis of Specific
Instability Mechanisms: Borehole Breakout, Borehole
Collapse, and Shale Swelling. South Asian Research
Journal of Engineering and Technology. 7(1), 1-10.
DOIL: https://doi.org/10.36346/sarjet.2025.v07101.001
Best, D.A., Cordell, G.M., Haston, J.A., 1987. Un-
derground Test Facility: Shaft and Tunnel Laboratory
for Horizontal Well Technology (includes associated
papers 17469 and 17654). Journal of Petroleum Tech-
nology. 39(5), 603—612. DOLI: https://doi.org/10.2118/
14333-PA

Richards, D., Williams, A., Perry, D., 2010. Thoughts
on fault zone characterization for tunneling. In Pro-
ceedings of the 44th US Rock Mechanics Symposium
and 5th US Canada Rock Mechanics Symposium, Salt
Lake City, UT, USA, 27-30 June 2010.

Zhang, W., Tang, X., Yang, W., et al., 2024. Review
of tunnels and tunnelling under unfavourable geologi-
cal conditions. Geological Journal. 59(9), 2668-2689.
DOI: https://doi.org/10.1002/gj.4937

Zhang, J., Geng, D., Zhao, X., et al., 2024. Impact
of fully rotating steel casing bored pile on adjacent
tunnels. Open Geosciences. 16(1), 20220600. DOI:
https://doi.org/10.1515/geo-2022-0600

Shepard, S.F., Reiley, R.H., Warren, T.M., 2002. Cas-
ing Drilling: An Emerging Technology. SPE Drilling
& Completion. 17(1), 4—14. DOL: https://doi.org/10.2
118/76640-PA

Grant, T.P., Bullock, M.D., 2002. Deepwater Ex-
pandable Openhole Liner Case Histories: Learnings
Through Field Applications. In Proceedings of the
2002 Offshore Technology Conference, Houston, TX,
USA, 6 May 2002; p. OTC-14218-MS. DOI: https:
//doi.org/10.4043/14218-MS


https://doi.org/10.2118/206183-MS
https://doi.org/10.1007/s10040-002-0241-5
https://doi.org/10.1007/s10040-002-0241-5
https://doi.org/10.1007/s10040-006-0138-9
https://doi.org/10.1007/s10040-006-0138-9
https://doi.org/10.3390/s25133953
https://doi.org/10.1016/j.tust.2018.10.013
https://doi.org/10.1016/j.tust.2018.10.013
https://doi.org/10.1007/978-90-481-8799-7_2
https://doi.org/10.1007/978-90-481-8799-7_2
https://doi.org/10.22059/ijmge.2018.66155
https://doi.org/10.22059/ijmge.2018.66155
https://doi.org/10.3997/1873-0604.2005036
https://doi.org/10.1007/978-981-16-9225-3_3
https://doi.org/10.1007/s00603-021-02678-7
https://doi.org/10.1007/s00603-021-02678-7
https://doi.org/10.1371/journal.pone.0253663
https://doi.org/10.1016/j.petrol.2016.11.007
https://doi.org/10.1016/j.petrol.2016.11.007
https://doi.org/10.1016/B978-1-933762-06-7.50013-4
https://doi.org/10.1016/B978-1-933762-06-7.50013-4
https://doi.org/10.5937/podrad1629011P
https://doi.org/10.2118/01-05-01
https://doi.org/10.2118/01-05-01
https://doi.org/10.36346/sarjet.2025.v07i01.001
https://doi.org/10.2118/14333-PA
https://doi.org/10.2118/14333-PA
https://doi.org/10.1002/gj.4937
https://doi.org/10.1515/geo-2022-0600
https://doi.org/10.2118/76640-PA
https://doi.org/10.2118/76640-PA
https://doi.org/10.4043/14218-MS
https://doi.org/10.4043/14218-MS

Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Lian, Z., Yu, H., Lin, T., et al., 2015. A study on cas-
ing deformation failure during multi-stage hydraulic
fracturing for the stimulated reservoir volume of hori-
zontal shale wells. Journal of Natural Gas Science and
Engineering. 23, 538-546. DOLI: https://doi.org/10.101
6/j.jngse.2015.02.028

Fuenkajorn, K., Daemen, J.J.K. (Eds.), 1996. Seal-
ing of Boreholes and Underground Excavations in
Rock. Springer: Dordrecht, The Netherlands. DOI:
https://doi.org/10.1007/978-94-009-1505-3

Duan, K., Zhang, G., Sun, H., 2023. Construction
practice of water conveyance tunnel among complex
geotechnical conditions: A case study. Scientific Re-
ports. 13(1), 15037. DOI: https://doi.org/10.1038/s415
98-023-42192-0

Bagal, J., Onadeko, G., Hazel, P., et al., 2016. An-
nular Barrier as an Alternative to Squeezes in Chal-
lenging Wells: Technology Review and Case Histo-
ries. In Proceedings of the SPE/AAPG Africa Energy
and Technology Conference, Nairobi City, Kenya, 5
December 2016; p. SPE-AFRC-2583084-MS. DOI:
https://doi.org/10.2118/AFRC-2583084-MS

Guan, Z., Chen, T., Liao, H., 2021. Well Cementing
and Completion. In Theory and Technology of Drilling
Engineering. Springer: Singapore. pp. 379-507. DOI:
https://doi.org/10.1007/978-981-15-9327-7 7
Dusseault, M.B., Bruno, M.S., Barrera, J., 2001. Casing
Shear: Causes, Cases, Cures. SPE Drilling & Comple-
tion. 16(02), 98—107. DOI: https://doi.org/10.2118/72
060-PA

Sugden, C., Bacon, W., Gabaldon, O., etal., 2014. Real-
Time Casing-Design Optimization: A Case Study in
the Use of Managed-Pressure Drilling To Develop an
Adaptive Well Design and Eliminate Casing Strings on
a Deepwater Exploration Well. SPE Drilling & Com-
pletion. 29(04), 386—404. DOI: https://doi.org/10.211
8/168028-PA

Wang, Q., Zhang, L., Hu, J., 2018. Real-time risk as-
sessment of casing-failure incidents in a whole fractur-
ing process. Process Safety and Environmental Protec-
tion. 120, 206-214. DOI: https://doi.org/10.1016/j.ps
ep.2018.06.039

Okland, D., Cook, J.M., 1998. Bedding-Related Bore-
hole Instability in High-Angle Wells. In Proceedings
of the SPE/ISRM Rock Mechanics in Petroleum En-
gineering, Trondheim, Norway, 8 July 1998; p. SPE-
47285-MS. DOL: https://doi.org/10.2118/47285-MS

[44]

[45]

[46]

[47]

(48]

[52]

[53]

168

Hemphill, G.B., 2012. Practical Tunnel Construction,
Ist ed. Wiley: London, UK. DOI: https://doi.org/10.1
002/9781118350270

Beazer, D., Butcher, S., Ellery, S., et al., 2025. Case
Study: Annular Isolation Using A Hydro-Mechanical
Expansion Plug & Perforator. In Proceedings of
the 2025 ADIPEC Exhibition & Conference, Abu
Dhabi, United Arab Emirates, 3 November 2025; p.
D031S084R008. DOI: https://doi.org/10.2118/228993
-MS

Pourbakhtiar, A., 2012. Pilot Study of Method for
Constructing Concrete Seals and Fracture Grouts in
Deep Boreholes, and Cementitious Backfills in Tun-
nels, Drifts and Shafts in Crystalline Rock: Theoretical
Modeling and Experimental Study [Master’s Thesis].
Lulea University of Technology: Luled, Sweden.

Lu, Q., Hannahs, D., Wu, J., et al., 2008. Connection
Performance Evaluation for Casing-Drilling Applica-
tion. SPE Drilling & Completion. 23(02), 184—189.
DOI: https://doi.org/10.2118/118805-PA

Prensky, S.E., 1999. Advances in borehole imaging
technology and applications. Geological Society, Lon-
don, Special Publications. 159(1), 1-43. DOI: https:
//doi.org/10.1144/GSL.SP.1999.159.01.01

Zohreh, M., Junin, R., Jeffreys, P., 2014. Evaluate the
borehole condition to reduce drilling risk and avoid po-
tential well bore damages by using image logs. Journal
of Petroleum Science and Engineering. 122, 318-330.
DOI: https://doi.org/10.1016/j.petrol.2014.07.029
Chen, L., Kong, D., Li, L., et al., 2024. Analysis of the
impact of key strata failure on overlying strata and sur-
face transport patterns. Engineering Failure Analysis.
163, 108532. DOI: https://doi.org/10.1016/j.engfailana
1.2024.108532

Ardeshir, A., Amiri, M., Ghasemi, Y., et al., 2014.
Risk assessment of construction projects for water con-
veyance tunnels using fuzzy fault tree analysis. Inter-
national Journal of Civil Engineering. 2(4), 396-412.
Zhou, X., Duan, Y., Sang, Y., et al., 2024. Induced Cas-
ing Deformation in Hydraulically Fractured Shale Gas
Wells: Risk Assessment, Early Warning, and Mitiga-
tion. Processes. 12(9), 2057. DOI: https://doi.org/10.3
390/pr12092057

Du, S., Huang, C., Ma, X, et al., 2024. A Review
of Data-Driven Intelligent Monitoring for Geologi-
cal Drilling Processes. Processes. 12(11), 2478. DOLI:
https://doi.org/10.3390/pr12112478


https://doi.org/10.1016/j.jngse.2015.02.028
https://doi.org/10.1016/j.jngse.2015.02.028
https://doi.org/10.1007/978-94-009-1505-3
https://doi.org/10.1038/s41598-023-42192-0
https://doi.org/10.1038/s41598-023-42192-0
https://doi.org/10.2118/AFRC-2583084-MS
https://doi.org/10.1007/978-981-15-9327-7_7
https://doi.org/10.2118/72060-PA
https://doi.org/10.2118/72060-PA
https://doi.org/10.2118/168028-PA
https://doi.org/10.2118/168028-PA
https://doi.org/10.1016/j.psep.2018.06.039
https://doi.org/10.1016/j.psep.2018.06.039
https://doi.org/10.2118/47285-MS
https://doi.org/10.1002/9781118350270
https://doi.org/10.1002/9781118350270
https://doi.org/10.2118/228993-MS
https://doi.org/10.2118/228993-MS
https://doi.org/10.2118/118805-PA
https://doi.org/10.1144/GSL.SP.1999.159.01.01
https://doi.org/10.1144/GSL.SP.1999.159.01.01
https://doi.org/10.1016/j.petrol.2014.07.029
https://doi.org/10.1016/j.engfailanal.2024.108532
https://doi.org/10.1016/j.engfailanal.2024.108532
https://doi.org/10.3390/pr12092057
https://doi.org/10.3390/pr12092057
https://doi.org/10.3390/pr12112478

	Introduction
	Geological and Operational Setting for Horizontal Drilling in Fractured Strata
	Characteristics of Fractured Strata in Water Conveyance Tunnel Alignments
	Borehole Instability Mechanisms in Horizontal Drilling through Fractured Rock
	Influence of Drilling Methods and Fluids on Casing Requirements
	Functional Requirements of Casing in Tunnel Exploration Drilling

	Casing System Types and Strategy Selection
	Design Philosophy for Casing in Fractured Strata
	Conventional Casing Systems and Their Application
	Specialized Casing Technologies for Complex Fractured Zones
	Annulus Sealing and Casing–Rock Interaction
	Strategy Selection under Geological Uncertainty
	Hydro-Mechanical Coupling in Casing Performance

	Installation Techniques, Performance Evaluation, and Failure Mitigation
	Installation Techniques for Horizontal Casing in Tunnel Environments
	Annulus Sealing and Completion Practices
	Performance Evaluation and Quality Control
	Common Failure Modes in Fractured Strata
	Mitigation Strategies and Adaptive Management

	Conclusions

