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The hydroelectric industry has unfortunately experienced several tunnel failures over
recent years. The risks and challenges for the successful design and construction of
hydroelectric tunnels are highly elevated in comparison to other types of tunnels, as
hydroelectric tunnels are subjected to internal dynamic operating conditions that are not
always fully known prior to operation. Many hydroelectric tunnels have been designed
and constructed as unlined tunnels, incorporating shotcrete lining only in limited areas
based on technical assessments performed during, and at the later stages of construction.
The technical assessment can however be subject to limited access, limited data collection
from mapping, concealed instability of a tunnel boring machine excavated tunnels, and the
misunderstanding of internal dynamic hydraulic operations. The main risks associated
with the design and construction of hydroelectric tunnels along with causes of recent
collapses are presented and explained along with suggestions for improved industry
practice.
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INTRODUCTION

The design and construction of hydroelectric tunnels is based on significantly different design criteria
and practices in comparison to other tunnels for civil and mining infrastructure. Hydroelectric tunnels
are subjected to internal and dynamic loading conditions during operations, and the performance of a
tunnel can only be regularly monitored by pressure instrumentation. Physical inspections of
hydroelectric tunnels to confirm their structural integrity require an outage of operations with
dewatering of the tunnel that results in the loss of generation and associated revenue and may also
cause an impact on the integrity of the tunnel.

A number of hydroelectric tunnel failures occurred in the 1950s and 1960s, including those at Kemano
and Snowy Mountains (Jacobs, 1975). These same types of failures continue to plague recent and current
practice in the industry. An alarming number of failures of hydroelectric tunnels have occurred in recent
years, many of which occurred shortly after commissioning, and the reasons for which have some
similarities. Figure 1 presents a summary of a database of collapsed hydropower tunnels. The risks
associated with the design and construction of hydroelectric tunnels are presented along with causes of
collapse.
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Hydroelectric tunnel planning

The success of hydroelectric tunnel planning and design depends significantly on adequate geotechnical
information, as it has been demonstrated that cost and schedule overruns have been caused by a lack
thereof (Hoek and Palmieri, 1998). Brox (2017a) presents the typical requirements for geotechnical
investigations for hydroelectric tunnels. The planning and design for hydroelectric tunnels should
adopt the well-established design principles and criteria, including the prevention of aeration and
leakage with adequate in situ confinement from the surrounding rock, the inclusion of a surge facility,
adequate initial tunnel supports and final linings subject to the anticipated long-term behaviour of the
geological conditions, provision of a rock trap for predominantly unlined tunnels, and steel lining
sections where inadequate in situ stresses are present (EPRI, 1987).
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Fiqure 1. Hydropower tunnel collapses.

Typical project layouts including high elevation low gradient tunnels with connection shafts or inclined
tunnels to underground powerhouses are presented by Benson (1989), and important geological and
geotechnical considerations for the design of pressure tunnels including design criteria for the
identification of lining types are presented by Merritt (1999), both of which that should be fully
respected in order not to compromise the design for future operations.

Hydroelectric tunnels planned to be located within young and active geological environments including
mixed and disturbed volcanic bedrock of the Andes, sedimentary and metamorphic bedrock of the
Himalayas, and disturbed bedrock in the proximity of tectonic plate margins such as in regions of Chile,
Georgia, Greece, Turkey and Taiwan are considered representative of high-risk geological
environments, and should adopt special considerations for the understanding of the long-term
behaviour and durability of the rock units. Other noted geological risks include the presence of karst,
gypsum and/or anhydrite, as well as zeolites/laumontite within basalts, hydrothermal alteration
within intrusive bedrock and thermal springs with gases. The presence of karst is commonly associated
with very high permeability, and therefore can prevent full pressure filling during commissioning of
unlined or partially lined tunnels, and can also result in excessive exfiltration including surficial
landslides during operations. Figure 2 presents a global graphic of high-risk geological regions for
hydroelectric tunnels.
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The acceptability of an unlined hydroelectric tunnel is a major design decision that, while it is
associated with lower construction costs, warrants a very careful and thorough evaluation of the
anticipated geological conditions, the long-term durability behaviour, as well as the risks associated
with the most applicable and safe construction methodology.
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Fiqure 2. High-risk geological regions.

Hydroelectric tunnel design

Design for future operating conditions

The design of a hydroelectric tunnel should be thoroughly based on the consideration of the proposed
or possible worst-case future operating conditions. Reservoir project schemes typically maintain
constant pressures applied to tunnels, whereas run-of-river schemes are typically subjected to seasonal
fluctuations of run-off with associated significant pressure variations. Finally, projects that are designed
based on multiple intakes within a large watershed area with variable hydrology, can be expected to
result in significant pressure oscillations within a tunnel.

Design during construction

For predominantly unlined hydroelectric tunnels, the final design of the tunnel is only completed after
a thorough evaluation of the encountered conditions and the design of a series of final linings to be
constructed at each relevant section. It is therefore important to recognise that hydroelectric tunnels
cannot be completely designed before construction, and project developers should expect to incur
additional costs associated with design modifications and scope increases during construction.

Tunnel lining designs

Hydraulic tunnels require special support designs for geological faults and other zones of weakness or
moisture sensitivity. Standard designs of shotcrete for the final lining are not appropriate as shotcrete
is of variable quality and permeability and allows saturation of the surrounding rock - quickly resulting
in deterioration, possibly with swelling, and increased loading upon the shotcrete lining that causes
collapse. Only concrete linings should be considered for long-term support at geological faults. The
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length of special tunnel linings should be carefully evaluated and designed to be constructed over an
extended length of the intersection or exposure of the zones of weakness.

Diversion tunnel design

Diversion tunnels are required for the construction of dams and some large weirs, and their
performance and integrity must be ensured during the entire construction duration for all possible
circumstances. As such, it is common practice that diversion tunnels are fully concrete-lined to prevent
any impact that may occur during the construction of a dam, such as increased flooding upstream and
associated pressure flow through the diversion tunnels. Shotcrete lining for diversion tunnels should
not be considered as a schedule or cost saving measure, particularly for diversion tunnels sited in fair
or poor-quality rock conditions which are common at shallow depths along the lower slopes of major
valleys where they are typically constructed. Figure 3 presents the largest diversion tunnels of 24 m
width that have been constructed to date as part of the 4320 MW Dasu hydroelectric dam in Pakistan.

Fiqure 3. Very large diversion tunnel.

Project delivery methods

EPC design-build

Engineering-procurement-construction (EPC) or design-build (DB) project delivery methods are not
considered to be appropriate for hydraulic tunnels. EPC commonly results in the contractor placing
pressure on the design team to develop aggressive and non-conservative designs that do not follow
good industry practice and minimise construction quality which can result in defects.

EPC may be desired by clients thinking that there are project schedule savings to be realised when they
themselves are under time pressure to generate and deliver power based on their power purchase
agreements with other third parties. The client can simply pass on the scheduled demands to the EPC
contractor, which can also force the designer to adopt an inappropriate shotcrete tunnel lining design if
or when the rock conditions are not suitable or favourable such as occurred at the Rio Esti project in
Panama where a shotcrete lining design was used for a large span tunnel in low strength young volcanic
rock units that were subjected to first time saturation and multiple collapses after nine years of operation
in 2011.

86



EPC is typically adopted by clients who wish to shed, rather than share, geotechnical risks and also
require fixed prices even when limited pre-construction investigations have been completed. The often-
used phrase “design as you go” does not lend itself for good application for EPC fixed price contracts
as the contractor prefers to build a tunnel lining design based only on shotcrete that is easy and faster
to complete as he is under pressure to complete the project and not face penalties.

DB hydroelectric tunnel projects have commonly been executed to attempt to achieve schedule savings
in order to start power generation as soon as possible. DB approaches have however commonly been
based on very limited geotechnical investigations that require the successful DB team to perform their
own additional investigations within a very limited time period in order to submit an acceptable design.
However, most of these projects do not allocate adequate time to perform comprehensive geotechnical
investigations, and rather proceed to construction and experience significant unexpected site
conditions. In some cases, the actual site conditions have been so different from what was originally
expected that the construction methodologies are no longer suitable, or at least, will not achieve the
expected production rates as expected in the project schedule and typically results in disputes between
the DB team and the project developer.

A DB approach that separates the design liability between the initial and final tunnel support is also
considered to be unwise as the design responsibility and liability can be uncertain - both during
construction and future operations. This approach incentivises a contractor to minimise the amount of
tunnel support to be installed in order to maximise production, thereby jeopardising the overall safety
of the works, which is not considered prudent.

DB can also result in a contractor not following the instructions of his designer in terms of tunnel
support and take a chance on minimising support in order to attempt to improve production when
efficiency is lacking from the construction team. Overall, the EPC or DB is not considered a good
approach for the construction of hydroelectric tunnels. The reason that EPC design-build with allocated
geotechnical risk to the tunnel contractor has been used in the past is due to the requirements of
financiers for cost certainty. However, it is claimed that much better cost certainty can be achieved
through comprehensive geotechnical investigations, characterisation and risk identification based on
competent industry practice.

Finally, the selection of the design-build project delivery method should not rely on project wide
insurance to address shortcomings in executing good industry practice as expected by the International
Tunnel Insurance Group (ITIG, 2012).

Design bid build

Design-bid-build (DBB) is considered to be the most appropriate method of project delivery for
hydroelectric tunnels that allows for design modifications during construction without significant cost
increases when unit rate prices are included in the contract. With this project delivery method the client
retains total control over the design and changes or modifications during construction in order to
construct a low risk tunnel with appropriate tunnel linings.

Hydroelectric tunnel construction

Excavation methodology
Drill and blast excavation is typically adopted for the construction of hydroelectric tunnels when:

J Length is generally short (< 4 km).

J Multiple access adits possible for long tunnels (> 4 km).

. Good drill and blast experience available from local labour, and

J Moderate to high-risk geological conditions are anticipated over an appreciable amount of the

tunnel alignment, typically >20%.

In some cases it may be appropriate to consider high speed drill and blast methods including the Rowa
Hanging Conveyor System or the Jacob’s Sliding Floor (Petrofsky, 1987) for long tunnels, if available
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funds are insufficient ,prior to project approval for the procurement of major equipment [e.g. a tunnel
boring machine (TBM)].

Long and deep hydroelectric tunnels with homogenous and low risk geological conditions typically
warrant the use of a TBM. If fair to good quality rock conditions are anticipated along most of the tunnel
alignment, with limited sections of poor quality rock conditions, an open gripper TBM able to install
rock support with follow up shotcrete final lining may be appropriate. However, since 1995 the
hydroelectric industry has enjoyed over 300 km of successful construction of long, low-pressure tunnels
using mainly double shield TBMs in conjunction with pre-cast concrete segmental linings with no
reported problems to date (Brox, 2021). Where there exists the risk of squeezing rock conditions it may
be more appropriate to adopt a single shield TBM. These approaches have achieved very good rates of
production as well as provided greater safety against risks associated with variable and difficult
geological conditions, including fault zones as well as overstressing, including rockbursts for deep
tunnels. Figure 4 presents a pre-cast concrete segmental lining for a hydroelectric tunnel.

Fiqure 4. Precast concrete segmental lining.

Correct and total backfilling of precast concrete segments is critical for the long-term success and
operations of these tunnel linings. The most appropriate type of TBM to use should be based on a
thorough risk evaluation considering adequate geotechnical information. It is important to recognise
that TBM viability is just not the ability to complete the construction of a tunnel, but to complete it
efficiently; achieving and sustaining good rates of production, which is only possible if there is a limited
amount of poor-quality conditions. Factory acceptance testing of a TBM must be entirely completed
prior to approval by the project developer for transport to the project site.

It is however important that no matter how extensively geotechnical investigations have been
performed, the project developer should refrain from specifying the means and methods of tunnel
construction and leave this decision and associated risks to the tunnel contractor.

Long-term access requirements

Wherever possible the design of long hydroelectric tunnels should be planned to include multiple access
locations, providing future access for inspections and maintenance. Intermediate access adits used for
drill and blast construction serve this function. For long tunnels constructed using TBMs it is important
to incorporate practical access facilities such as adequately sized openings within the downstream surge
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shaft and the upstream gate slot in order to facilitate possible future inspection using remote operated
vehicles (ROVs).

Hydroelectric tunnel operations

Information for Design

During the early stages of design it is particularly important that the client confirm the intended mode
oof operations especially for design-build in order to understand future operational procedures to
incorporate and consider for final design of tunnel linings.

Internal Operating Pressures

The internal operating pressure is an important aspect to consider for the design of pressure tunnels.
Static, and in particular dynamic internal pressures should be carefully evaluated and understood by
the design team. Hydraulic transient analyses should be performed by the hydraulic designers to
confirm the magnitude and variation in the internal operating pressures to be expected during normal
and special or exceptional operating periods.

The Norwegian cover criteria can be used for the preliminary design of the minimum length of steel
lining sections typically required along the downstream end of tunnels. However, it is important to
consider more detailed analyses especially if a tunnel is aligned parallel to a major valley with limited
side confinement or there exists other irregular topography along the tunnel alignment where leakage
could occur. Geological faults are commonly associated with gullies and topographic depressions that
typically represent zones of potential leakage that should be evaluated.

Finally, instrumentation monitoring with multiple points of data collection along the tunnel should
form part of the permanent operations for pressure tunnels. The monitoring of tunnel pressure
provides critical information to confirm acceptable operations or detection of headlosses that may
occur over the life of a tunnel.

Operational Function of Rock Traps

Rock traps are an essential component of predominantly unlined or shotcrete lined tunnels to prevent
minor rock debris and fragments from damaging the mechanical equipment. Brox (2016) presents the
design and functional requirements for rock traps for hydroelectric tunnels. The inclusion of a rock trap,
including any conservative design capacity, should not be considered as an alternative to completing
adequate shotcrete and/or concrete linings for all sections of poor-quality rock conditions since rock
traps eventually fill up and must be cleaned. A full trap that has not been cleaned poses a serious risk
to ongoing operations. The fill volume of rock traps should be inspected at any outage opportunity
during operations and cleaned accordingly.

Historical and recent collapses

Historical tunnel collapses

Notable historical hydroelectric tunnel collapses occurred in the 1950s and 1960s at the Kemano project
in Canada, at the Snowy Mountain Project in Australia, and at the Lemonthyme Project in Tasmania.
The of collapse at Kemano occurred after three years of operations and included a large 25,000 m3
collapse. A total of three collapses occurred at Snowy Mountain after four years of operations and
included a total volume of about 3,000 m3. The collapse at the Lemonthyme tunnel occurred after five
months of operations, and involved about 1,500 m?3.

All of these collapses were similar in nature in that they occurred at geological faults or fracture/shear
zones that were not supported as part of the original construction, and serve to confirm the difficulty in
the design of tunnel support and linings for weak zones. All these tunnels were mainly supported with
thin (19 mm) layers of gunite as was the practice at the time. It is interestingly noted that the repairs in
each of these cases did not include bypass tunnels but rather re-excavation through the collapsed zones
and re-support of the tunnels.
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Recent tunnel collapses

The following hydroelectric tunnel collapses have occurred within the last decade, as presented in Table
I. Insurance investigations were performed and legal proceedings resulted for most of the tunnel
collapses owing to the large costs involved with the required repairs, and the loss of power generation
revenue.

Table 1. Hydroelectric tunnel collapses

Project Year Size, m Length, km Collapse time after start,
years

Glendoe 2009 5 8 0.5

Rio Esti 2010 10 5 7

La Higuera 2011 6 16 0.8

Kargi 2016 9 12 1

Shuakhevi 2017 5 18 0.5

Ituango 2018 16 2.5 During construction

Glendoe, Scotland

The 100 MW Glendoe hydroelectric station is located above the southwest side of Loch Ness and
includes an 8 km, 5 m power tunnel that was excavated using an open gripper TBM. The total internal
operating pressure is 600 m and flow capacity is about 18.6 m3/s. The tunnel was constructed at an
upward gradient of 12%.

The project was constructed under a design-build contract with a design life of 75 years. The
hydroelectric plant was to be operated intermittently as a stop-restart system subject to reservoir water
supply availability, thus causing highly variable internal pressures to the tunnel.

A major regional geological fault, the Connaglean Fault, was present and intersected by the tunnel along
the upper third section of the tunnel. Geology along the tunnel mainly comprised quartz mica schist.
An intake shaft was originally planned to be sited within the fault. A geotechnical drillhole completed
into this area prior to construction confirmed highly fractured conditions including clay infillings. In
addition, and most relevant to serve as a red flag, was that a raisebore pilot hole was unsuccessfully
completed into the fault during construction and cancelling of the intake shaft at this location. This
critically important geotechnical information appears to have been overlooked by the project teams.

The fault was considered to be stable following TBM excavation and therefore no high-capacity rock
support was considered necessary to be installed for hydraulic operations. In hindsight the stability of
regional geological fault zone was masked or concealed by TBM excavation with no disturbance during
excavation. Drill and blast excavation through the fault would have likely resulted in collapse during
excavation and then a correct design for this section for long term operations. The headrace tunnel
operated for about eight months prior to collapse and shutdown. Figure 5 illustrates the failed rock

fragments within the tunnel after the collapse that generated a volume of about 20,000 m? (Palmstrom
and Broch, 2017).
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Fiqure 5. TBM tunnel collapse.

An approximately 600 m long access as well as a 600 m long bypass tunnel around the fault zone were
constructed along with additional shotcrete lining of newly identified non-durable rock sections over
about 50% of the tunnel alignment. The total outage for the tunnel repairs was about 36 months.

Rio Esti, Panama

The 120 MW Rio Esti hydroelectric project is located in Chiriqui Province of western Panama about 30
km north of the city of David at an elevation of about 220 m. The scheme comprises the Chiriqui and
Barrigon dams and reservoirs, a 6.5 km canal, a 4.8 km, 10 m size headrace tunnel, and a surface
powerhouse. The total head is 112 m with a flow capacity of 118 m3/s.

The project was required to be constructed under an extremely compressed design-build contract within
33 months to meet the deadline for a power purchase agreement for generation. The headrace tunnel
was designed and constructed as a near-fully shotcrete lined tunnel since there was inadequate time in
the project schedule for concrete lining even via multiple access adits. The geology along the tunnel
comprised horizontally bedded volcanic sedimentary rock including mudstones, andesites, tuffs, and
agglomerates with a depressed groundwater table below the tunnel alignment. The vertical alignment
of the tunnel was varied as much as possible to avoid intersection of the tuffs.

The headrace tunnel started operations in 2003 and continued adequately until early 2010 before a
headloss was detected. The hydroelectric plant was continued to be operated until mid-2011 when the
headloss increased further and the scheme was finally shutdown for an unwatered inspection of the
tunnel. Numerous collapses were observed along the entire tunnel alignment upon dewatering of the
entire tunnel.

The failure of this hydroelectric tunnel is believed to be due to the first-time saturation of the weak

volcanic sedimentary rocks that increased the loading conditions on the shotcrete lining at various
locations. The acceptable operation of the hydroelectric tunnel of nearly seven years is remarkable given
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this design. The repair of the tunnel comprised re-profiling with the installation of steel ribs and 100%
concrete lining for the entire 4.8 km. The total outage for the repairs was about 23 months. Figure 6
presents a major collapse of nearly total blockage of the tunnel that occurred near the surge shaft with
an estimated volume of 14,000 m3.

Figure 6. Major collapse area.

La Higuera, Chile

The 155 MW La Higuera hydroelectric project is a run-of-river scheme located within the Tinquirirca
valley about 150 km south of Santiago. The headrace tunnel has a length of 16 km and forms part of the
downstream component of a three-project cascade scheme. The tunnel was constructed under an EPC
contract using drill and blast methods from multiple access adits at a relatively low gradient and
included shotcrete final linings throughout most of the tunnel.

A prominent geological fault was intersected along the most downstream section of the tunnel where
nominal tunnel support comprising rock bolts, mesh, and shotcrete were installed as final support. An
inferred weak geological formation/layer can be identified on the surface using Google Earth near the
location of the collapse. The headrace tunnel operated for about nine months prior to collapse.

Tunnel repairs comprised the construction of a 240 m long bypass tunnel. The total outage for tunnel

repairs was about 21 months. Figure 7 presents the weathered rock associated with the geological fault
at the collapse location with a volume of about 12,000 m3 (Palmstrom and Broch, 2017).
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Fiqure 7. Weathered rock at collapse.

Kargi, Turkey

The Kargi hydroelectric project is a 120 MW run-of-river project located in north-central Turkey in the
Anatolian region that is known for difficult geology. Unusual conditions of muddy water and a pressure
reduction were observed after a year of operations and an unwatered inspection was performed using
a remote operated vehicle (ROV). A total of three main collapses were confirmed to have occurred
during the first year of operations with a total volume of about 2000 m? including a single collapse that
resulted in nearly 75% blockage of the tunnel, and with one of the collapses extending 34 m in height as
a chimney. The collapses were repaired using traditional tunnel support and backfilling with concrete
which required a period of 18 months (Hilar and Nosek, 2019). Figure 8 presents one of the large
collapses that occurred at the Kargi hydroelectric project.

93



Figure 8. Large collapse at Kargi.

Shuakhevi, Georgia

The 181 MW Shuakhevi hydro power plant is a run-of-the-river plant located in southwest Georgia and
includes over 35 km of tunnels, two dams and two surface powerhouses. Construction of the tunnels
commenced in 2013 using drill and blast methods with multiple intermediate access adits. Georgia is
associated with complex and disturbed geology due to its location between the Eurasian and Africa-
Arabian tectonic plates with continental collision. The rock types noted along the tunnels comprised
highly disturbed basaltic andesites, conglomerates and volcanoclastic sandstones as part of a major
geological syncline-oriented sub-parallel to the downstream headrace tunnel.

Operations commenced in mid-2017, and after about two months of operation multiple collapses and
other damage occurred in the main 19 km downstream tunnel. Most of the multiple collapses were
reported to have nearly fully blocked the tunnel. The total volume of the multiple collapses is estimated
to be about 100,000 m3.

The repairs of the tunnel were planned to include the construction of a 250 long bypass tunnel at one of
the major collapse areas and shotcrete repairs at the other smaller collapse areas. The total outage for
the repairs was expected to be about a minimum of 18 months. Figure 9 presents one of the large
collapses that occurred along the headrace tunnel.
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Fiqure 9. Large collapse at Shuakhevi.

Ituango, Colombia

The 2400 MW Ituango Hydroelectric Power project is under construction along the Cauca River in
northwest Colombia and comprises a 225 m high gravity dam, an underground powerhouse, and
multiple power, access and diversion tunnels.

Construction of the project commenced in 2011 and initial power generation was planned for late 2018.
A unique feature of the project is that a third diversion tunnel was introduced as part of a design change.
In January 2018 with the project nearly 90% complete, the two main parallel 1.0 km, 14 m size diversion
tunnels were plugged with concrete in preparation for the filling of the reservoir and the third diversion
tunnel of slightly greater length and 16 m size, was utilised for the passing of all river flows during the
annual rainy season. In late April 2018, during heavy precipitation and filling of the reservoir, a collapse
occurred near the portal area of the third diversion tunnel. However, it is believed that the third
diversion tunnel was not concrete lined as per typical industry practice and was associated with large
overbreak.

Figure 10 presents the geotechnical conditions associated with the collapse of the portal area of the third
diversion tunnel that was located about 200 m upstream from the portals of the parallel main diversion
tunnels and within a topographic depression commonly associated with deep soils along the right bank
of the Cauca river. This location clearly shows the deep soil conditions and very limited bedrock above
the tunnel which, in conjunction with the tunnel operating as a pressure tunnel since under
submergence during reservoir filling, represents very high-risk operating conditions for an unlined
tunnel.
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Figure 10. Crater collapse at portal.

Root causes of collapses

General

The design life of hydroelectric tunnels is subject to whether they have been maintained and repaired.
The majority of hydroelectric tunnels are not inspected and maintained as are other hydroelectric
components, and therefore their design lives are limited. Brox (2017b) presents historical failures of
hydroelectric tunnels from which can be inferred a typical design life of less than 30-40 years.

A number of past examples exist where failure occurred sooner but can be attributed to inadequate
designs and lack of repairs.

Errors in Design Practice

common misconception in the hydroelectric industry is that hydraulic tunnels are not recognised and
respected as engineering structures but rather as geological anomalies. Accordingly, the hydroelectric
industry has often assigned the responsibility, or relied upon the judgement of geologists to make the
final design decisions with regards to the final lining designs to be constructed to address any poor
quality and weak geological zones along a tunnel without regard to the nature of future hydraulic
operations and imposed loadings for the tunnel. In addition, as per other significant and critical
engineering structures like bridges and important buildings, there appears to be no independent
checking of the final tunnel lining designs by another engineering practitioner.

This practice appears to have been associated with most of the recent hydroelectric collapses where
there was a lack of or limited input from design engineers. The practice is not considered to be the
prudent practice for future projects and hydroelectric developers should take note of the shortcomings
that have resulted in the industry through such past practice.

Inadequate Tunnel Support at Weak Zones

The occurrence of collapses in hydraulic tunnels has typically been due to the incomplete identification
of weak geological zones such as medium to large faults as well as minor fracture zones containing
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dissolvable minerals including clays, anhydrite and gypsum. Communication of these important
conditions to the tunnel design team, and correct high capacity tunnel lining design wouldl effectively
protect and stabilise these conditions during future operations.

Weak zones may undergo swelling and/or deterioration even with saturation through thick shotcrete
linings. The orientation and thickness of geological fault zones may not be mapped correctly and
therefore the tunnel support would be insufficient in terms of coverage and capacity, as occurred at
Glendoe, La Higuera, and suspected at Shuakhevi.

Inadequate Tunnel Lining Design

Weak geological formations that may be subjected to elevated levels of overstress during tunnel
excavation and undergo significant failure, and/or are sensitive to moisture and undergo first time
saturation will lose strength and impose unexpectedly large loadings on shotcrete tunnel linings as
occurred at Rio Esti. Shotcrete linings are not typically designed with significant thicknesses for large
structural loadings from the surrounding rock. It should also be recognised that the integrity of
shotcrete tunnel linings is entirely dependent on construction quality with the application of shotcrete
where deficiencies can occur more easily in comparison to cast-in-place or segmental concrete linings.
Finally, some project schedule demands from owners may limit the design and construction approaches
that can be adopted for a project for a given geological environment such as occurred at the Rio Esti
project.

Typical repair of tunnel collapses

Re-excavation and supporting of collapse

The repair of a tunnel collapse by re-excavation and support is a high-risk work process with greater
risks than the original tunnel excavation. A tunnel collapse area is typically unstable and material
usually has to be removed in order to install new rock support. The work has to be planned carefully
and may require the use of remote operated equipment for scaling and mucking out of the failed
material as well as for the installation of new rock support.

Bypass tunnel

The most common and safe method for the repair of a tunnel collapse of limited extent is with the
construction of a bypass tunnel and plugging off of the original tunnel between the bypass. The design
and construction of a bypass tunnel requires careful planning for the safe excavation and support of
passing through the same collapse area. Bypass tunnel excavation typically involves extensive probe
drilling to clearly define the geometry of the unstable zone, and possibly a small size pilot drift to
excavate through the unstable area safely without resulting in a further collapse.

Tunnel linings for collapses

The repair of a tunnel collapse either in the form of a geological fault of limited extent or multiple
collapse areas commonly requires the installation of a new concrete lining in order to provide adequate
support for long term operations. Concrete plugs of large volumes/sizes are also required for the
sealing off of the original tunnel section in which the collapse occurred.

Challenges and risks

Common Misconception of Stability

The main misconception by engineering geologists and tunnel engineers with experience of standard
civil infrastructure tunnels is that a hydroelectric tunnel that is stable during and/or at the end of
construction will remain stable during future operations even when subjected to dynamic water
pressures. This is completely false.

Mainly drill and blast tunnels but also possibly TBM tunnels that encounter poor quality ground usually
apply shotcrete as initial support to stabilise the area, sometimes even before mapping has been
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performed, therefore the details of such conditions are masked in terms of their risk of collapse during
future operations. TBM excavated tunnels, without the disturbance to the surrounding rock, can present
themselves as being stable during and at the end of construction, only to become unstable when
subjected to contact with water due to the presence of erodible or swelling materials, and/or become
unstable at geological faults when subjected to dynamic operating pressures that scour and
continuously lubricate fault material, resulting in fallout with a self-perpetuating caving type of process.

The dynamic pressures that are typically imposed on an operating hydroelectric tunnel oscillate, in
some cases as much as +/- 10s of bars of pressure which represents cyclic loading of the surrounding
rock or tunnel lining. These oscillating pressures do not allow for the complete depressurisation of the
groundwater within the near-field rock fractures or annulus voids around a tunnel lining, and therefore
contribute to the deterioration of the tunnel.

Shortcomings of industry practice - design responsibility

From a review of the recent and historical collapses it appears that the responsibility for the design of
the final tunnel support and linings has been delegated to geologists or engineering geologists during
the late stages of construction. The design of final tunnel support and linings should rather be a team-
based process involving tunnel engineers familiar with structural analyses that may be warranted in
order to fully evaluate the long-term loading conditions imposed by future hydraulic operations to be
able to correctly design adequate tunnel linings. A number of the historical tunnel collapses involved
failure of shotcrete linings and coatings that were specified to limit scour and erosion rather than for
structural support of weak zones.

The design of final tunnel support and linings should include multiple visits by the design team to the
project site during tunnel construction to recognise the encountered conditions and confirm that all
weak zones have been adequately identified and documented. Project designers and clients should not
assume that it is appropriate to simply delegate the design responsibility of final support and linings to
the construction team based at the project site in order to reduce project costs. Clients must demand that
well experienced design tunnel engineers are part of the final design team during construction who are
tasked with the responsibility to regularly review the geological mapping and plan for additional final
support as necessary.

Schedule demands from owners

Many hydroelectric tunnels fall behind schedule during construction, resulting in pressure from the
owner not to add additional work comprising final lining after the completion of excavation. In
addition, the pressure of schedule delays is typically associated with cost overruns. Schedule delays
may also result in the selection of inappropriate additional equipment that may be readily available to
minimise the overall delay such as an extra TBM to initiate construction from another tunnel front.

Owners need to refrain from transfer of schedule risk to tunnel contractor due to power generation
agreement deadline and rather include adequate contingencies and recognise delays to be expected,
particularly if geotechnical information is limited.

Detailed mapping of weak zones

Geologists must be given the opportunity to perform detailed mapping when poor zones are
encountered, to document relevant information with photos, and take samples to confirm possible clay
and swelling properties in order to provide this important information to the final design team that
should comprise tunnel engineers who are well experienced in the design of hydroelectric tunnels, and
recognise the anticipated future hydraulic operations.

In addition, while it is appropriate to use the well recognised rock mass classification systems for
standard tunnel mapping, it is critical to adopt a site-specific system for the detailed descriptions of
suspected weak zones that may be prone to scour and erosion. It is critically important that all
potentially significant weak zones are well documented in terms of the geotechnical conditions and
geometry and presented for the evaluation of stability and the design of adequate final lining.
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Adequate tunnel linings

The acceptability of predominantly unlined or shotcrete lined tunnels requires a comprehensive
assessment during tunnel construction. The structural capacity of shotcrete is limited as its nature is
subject to quality control and tunnel geometry and shotcrete is also permeable.

The loading conditions imposed by oscillating internal pressures typical of many hydroelectric plants
on hydroelectric tunnels suggests that shotcrete linings are inadequate for major zones of weakness
such as geological faults and fracture/shear zones, and should be limited to small zones where massive,
non-durable rock is present that may be at risk of scour and erosion. It is considered prudent to only
adopt concrete linings for the support of major zones of weakness such as geological faults and
fracture/shear zones.

Fair and good contract practice
The success of the construction of hydroelectric tunnels is based on important aspects to be considered
and incorporated for fair and good contract practice for execution to include:

J Design-bid-build project delivery

e  Adequate geotechnical information

e  Good characterisation of design

e  Regular risk workshops with updating of risk register

e  Appropriate risk allocation and risk sharing

e  Preparation of Geotechnical Baseline Report consistent with risk register

e  Re-measurement type of contract with lump sums for fixed scope of work and unit rates for
variable scope of work including tunnel rock support and final linings with bill of quantities
consistent with geotechnical characterisation

e  Time adjustments in the contract for excavation classes and rock support classes to be implemented
if actual conditions are different from the originally anticipated conditions, and

e  Good and fair/appropriate contractual definition of differing site condition that is not linked to
excavation production.

Re-measured contracts are more appropriate for hydroelectric tunnels where the client is allocated the
risk of the total quantities of tunnel support to prevent the contractor from minimising initial tunnel
support and final linings even if warranty requirements exist. However, it must be recognised that
tunnel construction advance rates for either drill and blast or TBM excavation methods represent the
greatest risk for a tunnel contractor to prepare and present a tender, as these values represent the
efficiency at which a tunnel contractor is expected to work, and are entirely dependent on the
anticipated geological conditions. In the event that the encountered geological conditions are different
from that anticipated at the time of tender, a fair contract should allow for the adjustment of the unit
rates for excavation and tunnel support. It appears that many practitioners in the industry responsible
for preparing contract documents do not full appreciate this aspect.

Risk evaluation of hydroelectric tunnels

A quantitative risk evaluation of operating and aging hydroelectric tunnels is possible using the method
of Rosen (2005) that is based on accumulating the probabilities of failures due to identified instability or
failure mechanisms that are deemed plausible based on consideration of the following key information:

e  Tunnel history, geology, and support installed during original construction.

¢ Information from previous inspection reports and repairs.

e Identification of areas of concern based on tunnel mapping records, and

e  Review of case histories of other hydroelectric tunnel failures in similar geology.

The annualised probability of a tunnel collapse, Pa is defined as follows:

Pa =P, x (Ngs x Pc) [1]
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where P. is the annual probability of an initiating event, Ngs is the number of risk sites or locations
where failure is deemed to be possible, and Pc is the conditional probability of failure at each of the risk
sites.

This quantitative risk assessment can be performed assuming both optimistic and pessimistic values
and with consideration of actual historical data from the original construction, and any repair records
associated with past failures or problems of a tunnel to provide estimates on the range of remaining
years before a collapse may occur.

In addition, Brox (2018) developed a simplified quantitative risk assessment for the insurability of
tunnels based on five key technical aspects that are assigned with weighted risk ratings to allow for a
technical risk evaluation as well as a comparative evaluation with other tunnel projects.

Inspection and maintenance requirements

Unwatered Inspections
Hydroelectric tunnels are as critically important to maintain as other hydroelectric components and
should therefore be regularly inspected and maintained with repairs as deemed necessary.

Technological advances with ROVs allow for the inspection of long and deep tunnels with the capturing
of high-resolution data using sonar and video/still photos to provide important information for a
comprehensive evaluation of the structural condition of a tunnel. Brox (2020) provides
recommendations for the frequency of unwatered inspections, particularly for aging tunnels, to be
based on consideration of historical operations, and if any problems as well as the mode of operations
in order to allow a comparison of previous information to evaluate scour and erosion or changes to the
tunnel profile, the distribution and volume of any debris, the conditions of shotcrete and concrete
linings in terms of the distribution of cracks, and the fill volume within a rock trap. Annual unwatered
tunnel inspections have been required by insurers for some hydroelectric tunnels that have experienced
historical collapses. Figure 11 presents the recommended frequency of inspections for aging
hydroelectric tunnels.

Inspection Frequency, years
Operating Conditions History | Operations | Initial | Secondary| Tertiary

Without Historical Problems Non-Pe-akmg
Peaking
With Historical Problems Non—Pe'akmg 5 3 2
Peaking

Note:

Secondary and Tertiary inspection frequencies refer to additional time after initial inspection

Fiqure 11. Recommended frequency of inspections.

Manual inspections

The dewatering of hydroelectric tunnels for manual inspections is recognised as imposing risks by
causing fallouts and possible collapses and therefore should only be considered in the event that the
findings of an unwatered inspection indicate serious concerns. The dewatering of hydroelectric tunnels
needs to be carefully planned and performed in a very controlled and slow manner to depressurise the
groundwater pressures within the surrounding rock in order to limit instability. Benson (1986) provides
guidelines for rates of dewatering which are a function of rock quality.
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Manual inspections of hydroelectric tunnels should be expected to be time consuming and should be
performed with multiple teams of experienced engineers and geologists to carefully document all
relevant observations (Fippen et al., 2018).

Current and future high-risk projects

Several long and deep hydroelectric tunnels are currently underway either in design stage or under
construction that are considered to be associated with elevated risks of possible future collapses or
damage.

One of the main perceived risks attributed to these projects are associated with the first time use of
precast concrete segmental lining and quality control issues relating to washout and instability of the
tunnel lining under future internal operating pressures. Full backfill grouting of the annulus of pre-cast
concrete segmental linings without voids can lead to asymmetrical loading and failure of the tunnel
lining.

Furthermore, the adoption of predominantly unlined or shotcrete lined tunnel linings is associated with
the future potential of scour/erosion of non-durable rock conditions leading to tunnel instability, and
eventual collapse as has occurred on several historical hydroelectric tunnels. Finally, there is also the
risk of the non-recognition and under support design of a tunnel lining of a major geological fault as is
present within a parallel historical tunnel.

Additional hydroelectric tunnels that are considered to be of elevated risk are those that experienced
problems during commissioning, including the inability to be fully pressurised, that were constructed
in karst conditions where dissolution of the karst may continue to occur adjacent to the tunnel and result
in excessive exfiltration.

New tunnel design standards

The use of shotcrete for the long-term stability and support of major geological faults within
hydroelectric tunnels is not considered to be acceptable, particularly for peaking power plants and
where highly variable internal pressure oscillations are normal that can result in preferential erosion,
saturation, and deterioration of such final linings.

New tunnel support design standards comprising the use of concrete linings are considered necessary
for the long-term stability and support of major geological faults within hydroelectric tunnels and for
an overall improved design practice for the hydroelectric industry.

CONCLUSIONS AND LESSONS LEARNED

The following conclusions are considered to be applicable to the occurrence of the recent hydroelectric
tunnel failures:

e  Hydroelectric project developers should take note of the root causes and lessons learned from the
recent series of tunnel collapses in order to prevent future occurrences.

e  Root causes of failure are associated with inadequate tunnel support for the prevailing geological
conditions commonly comprising a geological fault or non-durable rocks.

e Adequate geotechnical information should form the basis for a coherent design and for contract
information including a Geotechnical Baseline Report prepared in accordance with the ITIG.

e  Realistic tunnel construction schedules should be prepared that are site-specific for constructability
and not subjected to power generation agreement deadlines.

e  EPC or design-build approaches should be avoided to allow total design control by the client to
prevent any compromising of design and construction quality.

e  Appropriate tunnel mapping should be performed with detailed descriptions of suspect weak
zones with frequent senior field review.
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e Final tunnel support and linings should not be based solely on the application of rock mass
classifications but also industry experience and lessons learned about historical collapses.

e  Appropriate tunnel linings should be carefully designed for all suspect weak zones.

e  Hydroelectric tunnel operations should be terminated immediately at the onset of any detectable
headloss to prevent further damage, and

e Independent external technical reviews (panel of experts) should form part of the design and
construction of hydroelectric tunnels with due respect given by the project client and designer to
the expert opinions as per other critical infrastructure.
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