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The Lesotho Highlands Water Project (LHWP) is a multi-billion dollar bi-national project
which includes large scale civil engineering, socio-economic and environmental
components. The LHWP will harness the water resources of the highlands of Lesotho
through the construction of a series of dams and tunnels for the mutual benefit of Lesotho
and the Republic of South Africa. The first phase (Phase I) of the four-phased project was
completed in 2003, including the Katse and Mohale dams and the ‘Muela hydropower
station, with over 100 km of tunnels. The second phase (Phase II) is currently under way.
This includes the 165 m Polihali CFRD and the 38km Polihali Transfer Tunnel.

This paper gives a brief overview of the Lesotho Highlands Project and Phase 1II, then
focuses on the Polihali Transfer Tunnel which is one of the two Main Works contracts on
the project. The feasibility study was completed in 2008 and the engineer MSKC was
appointed in December 2017. The tender documents were issued for tender in May 2021.
The paper addresses the matters to be considered to take the project from initial concept to
a fully detailed tender design and tender document. The issues include geology,
alignment, construction methodology, lining and support design, function and operational
control, risk management, contractual approach, lifetime costing and community and
environmental impacts. The specifics of each issue are particular to this contract, but the
principles involved are applicable to most tunnelling contracts.

INTRODUCTION

The Lesotho Highlands Water Project (LHWP) is a multi-phased project to provide water to the Gauteng
region of South Africa and to generate hydro-electricity for Lesotho. The project entails harnessing the
waters of the Senqu/Orange River and its tributaries in the Lesotho highlands through the construction
of a series of dams, tunnels and associated infrastructure. Phase I of the LHWP, consisting of the 185 m
high Katse arch dam, the 135 m high Mohale CFRD, the Muela hydropower station and dam, Matsoku
diversion weir and tunnel, over 100 km of water delivery tunnels, and all associated infrastructure, was
inaugurated in 2004. Phase I is generally seen as highly successful technically, but it is generally
accepted that the social mitigation measures required for project affected people did not yield the
desired results. Furthermore, the project was tainted by corruption during procurement of some of the
major contracts. This led to conviction of some project officials and involved companies were also found
guilty and debarred by the World Bank. The implementation of Phase II of the project is now in progress.
Phase II comprises a Water Transfer component and a Hydropower component. The Water Transfer
component includes an approximately 165 m high concrete faced rockfill dam (CFRD) at Polihali,
downstream of the confluence of Khubelu and Senqu (Orange) Rivers, and an approximately 38 km
long gravity water transfer tunnel which connects Polihali Reservoir to Katse Reservoir. See the project
layout in figure 1 below. Other Phase Il activities include advance infrastructure (roads, bridges, camps,
power line, telecommunication, etc.), feeder roads to reinstate access cut by the new reservoir and the
implementation of environmental, social and public health mitigation measures. The Phase II
hydropower component comprises the new Oxbow hydropower station.
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The advance infrastructure construction contracts are approaching completion during 2022 and 2023. The
procurement of the Polihali Dam and the Polihali Transfer Tunnel is planned for completion during 2022, with
construction underway by early 2023. Phase Il is expected to be substantially completed during 2028.
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Fiqure 1. Project location showing completed Phase I and planned Phase I main works.

Project Implementation

The LHWP is implemented under a series of treaties, protocols and agreements between the governments of
South Africa and Lesotho. These establish the governance structures which include the Lesotho Highlands
Water Commission (LHWC) which represents the two governments, the Lesotho Highlands Development
Authority (LHDA) which implements the LHWP within Lesotho, and the Phase II Project Management Unit

(PMU) which is established specifically to implement the development of Phase II and which will be
disbanded on completion.

The PMU manages the procurement and contract administration of a wide range of contracts for services in
engineering, environmental management, socio-economic development, resettlement, public health and

related activities. The engineering works are implemented under a number of engineering consultancies,
overseeing a number of construction contractors.

The engineer for the Polihali Transfer Tunnel (PTT) is the Metsi a Senqu-Khubelu Consultants Joint Venture
(MSKC), consisting of four South African based enterprises and one Lesotho based enterprise, with further
sub-consultants.  Their scope includes a review of previous studies, management of geotechnical

investigations, preliminary design, tender design, contractor procurement, site supervision and contract
administration, commissioning and handover.

Polihali Transfer Tunnel
The Polihali Transfer Tunnel works as defined by the feasibility study comprise:
e Intake works and gate shaft at the Polihali Reservoir



e  Water transfer tunnel, approximately 38 km long and 5 m diameter

e Ventilation and dewatering shafts

e Outlet works and gate shaft at the existing Katse Reservoir, with underwater connection to the lake

e Access adits to the waterway

e Associated construction infrastructure including local site access roads, quarries, plant yards, labour
accommodation and other works areas.

The tunnelling is in basalt and will be by both drill and blast and by tunnel boring machine (TBM) construction.
The feasibility study was completed in 2008 and identified the basic requirements for the PTT, in particular
that the tunnel should exit Polihali Reservoir and enter the existing Katse Reservoir below minimum operating
level for each reservoir. However, a number of design issues were not finalised at feasibility, so the terms of
reference for MSKC included a thorough review of the key issues including horizontal alignment, vertical
alignment, access adits, ventilation shafts, intake and outlets with associated gates and shafts, tunnel lining,
construction infrastructure including camps, work areas, quarries, crushing and batching plants. A number
of factors, both technical and non-technical, influenced the design and these are discussed below. Key factors
include the durability of the basalt when exposed to air and water, the impact on the local communities of
construction works in close proximity to their dwellings, constructability to achieve the most efficient means
of constructing the tunnel and lessons learned by LHDA operations staff from over two decades of operation
and maintenance of the Phase I works.

Horizontal alignment

During Phase I provision was made for future development of Phase II and tunnel outlet structures were
constructed within Katse reservoir to accommodate both the Phase 1B Mohale tunnel and the then planned
Phase II Mashai tunnel. Subsequent optimisation of Phase II led to the current Polihali Dam and Transfer
Tunnel which are in a completely different location to the planned Mashai scheme. The feasibility study
assessed a number of route options for PTT, and concluded with three potential routes. Two routes involve
passing underneath the Malibamatso river, or the Katse Reservoir on that river, in order to connect to existing
terminal structures. The alternative route emerges directly into Katse Reservoir, below minimum operating
level, by use of a ‘lake tap’. This essentially involves tunnelling towards the reservoir until very close, creating
a sump to catch the blasted material from the final blast, then blasting through to the reservoir. This exercise
clearly requires considerable skill and care but has good precedent. Since no option is risk-free and the lake
tap is significantly shorter with fewer unknowns, this approach was adopted, which fixed the horizontal
alignment.
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Fiqure 2. Katse lake tap general arrangement.
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Figure 3. Katse lake tap section and final lining arrangement.

Tunnel lining and design

During construction of the Phase I tunnels extensive weathering of the basalt was observed. Only a proportion
of the basalt is subject to significant weathering, but the horizontally stratified geology meant that at most
points in the tunnels some part of the exposed surface was subject to significant weathering, threatening the
integrity of the tunnel. The decision was therefore taken to line all waterways in basalt in Phase I. The Phase
II Feasibility Study proposed unlined tunnels for Phase II on the basis of lowest initial expenditure and the
assumption that local remedial works would be carried out as required during operation. This was reviewed
at Preliminary Design, following detailed investigations, and in view of the practical disruption caused by any
tunnel outage, and an assessment of whole-life cost, it was decided that a full concrete lining was required.
With long TBM drives the use of shotcrete is impractical, an in situ lining requires a separate activity after
completion of excavation, with significant programme impact, but a precast segmental lining can be placed
during the TBM drive with minimum disruption to progress. This approach had already been successfully
adopted on two of the Phase I tunnels, so was also adopted for the PTT.

The type of segmental lining adopted is trapezoidal, which in contrast to the hexagonal segment lining used
on the Mohale tunnel, is easier to install and less prone to ring-build problems. Reinforcement is provided by
steel fibres to simplify segment manufacture and reduce the risk of corrosion of the segments, which are
designed to have a minimum concrete strength of 60 MPa.

Fiqure 4. Polihali water transfer tunnel TBM precast concrete lining.

The one potential problem identified from Phase I was the method of filling the gap between the excavated
surface and the extrados of the precast concrete segments (typically in the order of 15 centimetres wide). The
grouted pea gravel method used in the Mohale tunnel lining was only partially successful, so a two-component



grouting system injected through the tail shield of the TBM has been specified for the PTT. Grouting works
must be fully completed within two km of the TBM, which will result in a timely completion of all pending
works once the TBM has broken through, unlike some other projects, where lineament grouting works
commence after the TBM is removed.

Tunnel Boring Machines (TBMs)

The TBMs for the unlined Phase I tunnels were open gripper machines, with provision for installing rock
support behind the cutter head. The adoption of the segmental lining removes any requirement for the
disruptive installation of rock support during excavation, as the lining is erected inside the tail shield of the
TBM. With a single shield TBM the advance stops while the segment ring is installed. With a double shield
TBM the introduction of an independent telescopic shield and gripper shield allows the machine to safely
continue advancing while the segmental lining is installed in the tail shield. This configuration combines the
benefits of gripper and single shield TBMs, providing for high rates of advance in stable rock conditions. As
such, they are ideally suited to long tunnels such as the PTT where stable conditions are expected for the
majority of the tunnel length. In the event that adverse conditions are encountered and gripping is not
effective, the telescopic shield can be retracted and the TBM effectively operates as a single shield TBM with
the activities of TBM advance and erection of the segmental lining no longer simultaneous. In this
configuration the TBM is able to advance through difficult conditions in a safer environment. Furthermore, to
reduce the risks of the TBMs getting trapped in zones of heavily fractured rock, the specifications prescribe
very strong TBMs, allowing them to overcome collapses of the face or the crown and sidewalls. The
requirement of 19-inch disc cutters will, in addition, result in faster excavation rates. The tender documents
gave the tenderers the option to utilize single or double shield TBMs, but all tenderers opted for double shield
TBMs. A typical configuration of a double shield TBM is shown in Figure 5 below.

Fiqure 5. Double Shield TBM - typical configuration

Vertical alignment and ventilation shafts

It is preferable to drive tunnels uphill where practical, for ease of drainage and security against flooding.
During the construction of Mohale Tunnel in Phase I, a downhill drive was flooded leading to significant delay
and contractual claims. Hence the Feasibility Study indicated two uphill drives meeting midway, with a
ventilation shaft required to relieve the airlock at the high point. In the Lesotho Highlands the topography
dictated a 600m deep ventilation shaft, which either had to be a blind sink, or a raise-bore which could only
be constructed after the tunnel had reached that position. Furthermore, it fixed the intersection point,
removing any flexibility in drive length between East and West drives, and put the shaft on the critical path,
adding additional construction time to the programme. The Engineer reviewed the design and noted that the
incident at Mohale was compounded by a power grid failure coinciding with the TBM encountering a water
bearing zone. The issue has been addressed by rigorous specification of the drainage and power supply
systems, permitting realignment to a single continuous gradient, driven from each end, eliminating the need
for the shaft and permitting flexibility in programming. Requirements to mitigate flooding risks include a
minimum spare capacity of the dewatering system of 100 1/sec to cater for unforeseen groundwater inflows
and long overlapping probe drillings along the entire tunnel length.

Access adits and gate shafts

In operation the waterway is below the water level at both the Polihali Intake and the Katse Outlet. For
maintenance purposes safe access is required to each end of the tunnel, which must be from a point above the
reservoir water level. Hence each end of the tunnel is provided with a gate shaft and control gates which both
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permits isolation and dewatering of the tunnel for inspection, and permits regulation of the flow during
operation. Due to the size of the reservoirs the reservoir water levels can be regulated simply by having the
gates open or closed for the required time period, with no need for partially open “flow regulation” conditions.
During construction access is required to the waterway for tunnelling while the gate shafts are under
construction. Access adits are therefore provided from ground surface above reservoir level down to the
waterway, which provide access for construction and mucking during excavation, and for inspection and
maintenance during the operational life. The feasibility study design provided access at each end of the PTT,
plus intermediate access where the tunnel passes below the Matsoku valley. This is located about 5km from
the Katse Reservoir and was used to shorten the TBM drive, with the 5km length being driven by Drill and
Blast (D&B) method. Hence the waterway was to be driven with two TBM headings and two D&B headings

(see figure 5 below).
LEGEND
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Fiqure 6 Feasibility Study Tunnel Layout Schematic (not to scale)

The change to a fully lined tunnel, with precast segmental lining, strongly favours the maximum use of the
TBM for the waterway. In particular TBM excavation and lining is much quicker than D&B tunnelling
followed by insitu lining. Hence the revised design removed the intermediate access from Matsoku, to a
simple layout with the waterway driven by a TBM at each end of the tunnel, meeting in the middle. The
modest increase in TBM tunnel construction was readily offset by the removal of the intermediate access and
the associated complications.

Although the Lesotho Highlands are remote there is a significant population living in the vicinity of the
project. The feasibility layout located all the works associated with the Polihali Intake works adjacent to the
gate shaft, on a convenient plateau. However, this is immediately adjacent to villages and a population of
several hundred would be directly affected by the works. Although the gate shaft position is fixed, the access
tunnel portal and most of the site establishment facilities have been moved away from the households,
significantly reducing the community impact. The tunnel layout of the feasibility study was revised, as shown
in Figure 7 below and further improved during tender design.
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Fiqure 7. Tender Design Tunnel Layout Schematic (not to scale)

The Polihali Gate Shaft also has provision for dewatering the tunnel for inspection and maintenance. The
dewatering system was developed following ‘lessons learned” workshops with the LHDA operations staff.
Similarly, since the tunnel is below the water level of both reservoirs, which may have significantly different
water levels, the gate design provides maximum flexibility for safe operation under all load conditions, from
either direction.

Construction infrastructure
The Feasibility Study identified proposed locations for the site establishment adjacent to each portal and
identified a single quarry for all contracts in the Polihali area (dam, tunnels, infrastructure, bridges, buildings)
and a single quarry in the Matsoku area for all works in the vicinity of Katse Reservoir. The design review
identified several constraints:
e Community impacts, including both the village noted above, a school built on one quarry site,
aggregate haulage through a village and disruption of a community racecourse.
e Limitations on the quarries with inadequate quantities and potential difficulties with multiple users.
e Increased areas required for stockpiling of quarried rock and processed aggregates, plus the precast
segment factory.

Based on these issues, separate quarries at new locations were identified for use by the PTT contractor. The
site establishment areas and the tunnel portal locations were reviewed to reduce impact on the communities.
These changes give a slightly more complex layout, but significantly reduce interface risks both with other
contractors and with the communities.

Geotechnical investigations

The PTT is below elevation 2 000m and passes below a mountain range rising above 3 000m altitude. Most of
the alignment has a cover of more than 500m and some sections approach 1 000m cover. In addition the
location of the tunnel exit into the Katse Reservoir is permanently under water. Frequent borehole
investigation along the 38km length is therefore impracticable. However, some investigations were carried
out at feasibility study, supplemented with LHD A-initiated further investigations on commencement of Phase
IT and the Engineer specifying additional investigations once the tunnel alignment and design was fixed.
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These investigations focussed on the assessment of durability for tunnel design, geotechnical conditions at
tunnel portals, investigation of major structural features, survey of the Lake Tap area and identification of
alternative quarry sites. Results were incorporated into the design and the tender documents as they became
available, with the final factual reports provided to the tenderer prior to award of the construction contract.
An expansive database of geotechnical information is available from the more than 100km of tunnel excavation
during Phase 1. The available information was thoroughly assessed and incorporated in the geotechnical
assessment of the expected ground conditions. During Phase II site investigation, approximately 2 000m of
deep boreholes (up to 450m) were drilled on the tunnel alignment, at the tunnel portals and Lake Tap/shafts
area and over 30 shallow boreholes drilled at the quarries. A large number of cores were prepared and
transferred to the laboratories in RSA and SINTEF in Norway. The SINTEF tests were performed to obtain
specific TBM-related parameters. A significant number of laboratory tests from material strength tests to
physical properties tests, durability, swelling, etc., were performed on the selected cores. In addition to
common in-situ geotechnical tests in boreholes, a set of stress measurement tests (hydrofracture) was carried
out to obtain a better estimate on the in-situ stress conditions at a critical tunnel location with shallow cover.
Other geotechnical investigations included down-the-hole geophysics, bathymetric and bottom profile of
Katse Reservoir and surface geophysics at lake tap, tunnel portals and quarries. In accordance with current
good practice a Geotechnical Baseline Report was included in the tender documents as the reference point for
construction contract administration.

Engineering analysis and design
The information above gives the “big picture” overview of key decisions taken in the development of the PTT
design. In order to take those decisions and complete the designs a wide range of engineering studies were
needed. Particular topics include:

e Topographic survey (Lidar and terrestrial)

e Hydrology

e Sedimentation

¢ Geological & Geotechnical investigations

e Hydraulics

e Structural design

e Infrastructure

e Tunnelling and shaft sinking

e Lake Tap

e Constructability

e Hydro-mechanical equipment

e Concrete mix design

e Risk management, Health & Safety and

Environmental
e Programme
e Cost estimate.



Tender documents and contractor procurement.

The form of contract used is the 2010 edition of the FIDIC ‘Condition of Contracts for Construction,
MDB Harmonised Edition” (the 'Pink Book’), with additional clauses introduced in the Particular
Conditions, amending clauses in the General Conditions. Given that the ground conditions and their
distribution along the tunnel alignment can only be assumed during the tender stage based on available
geological and geotechnical information, a remeasurement contract such as the Pink Book is considered
a fair approach to risk sharing between the Employer and the Contractor.

Furthermore, in the Pink Book the balance of risk between the parties is that risks associated with
‘Foreseeable” physical conditions rest with the Contractor and the risks associated with “Unforseeable’
physical conditions (defined as ‘not reasonably foreseeable by an experienced contractor at the Base
Date”) rest with the Employer. In the event of changing physical conditions in tunnel contracts, it is not
unknown for disputes to arise about whether such conditions should have been foreseen by the
Contractor. In relation to subsurface physical conditions, to better define what is forseeable and
therefore what is unforeseeable, a Geotechnical Baseline Report (GBR) is used. Any subsurface physical
conditions encountered that are addressed in the GBR are considered in the contract to be forseeable
and therefore the Contractor’s risk. Any conditions encountered that are not addressed in the GBR are,
by definition, the Employer’s risk.

This approach to the allocation of risk has been adopted from the 2019 FIDIC ‘Conditions of Contract
for Underground Works (the ‘Emerald Book’). Unfortunately, the Emerald Book was published too late
to adopt as the form of contract for the PTT. As recommended in the “Notes’ to the Emerald Book, the
tenderers were given sufficient time to prepare their proposals with a tender period of 22 weeks. In
addition to the GBR defining foreseeable subsurface physical conditions, specific payment clauses for
both the Drill & Blast (D&B) and TBM excavation works were incorporated to provide a clear and
transparent mechanism to compensate the Contractor for both foreseen and unforeseen ground
conditions. The time required to overcome certain ground conditions drives the cost of personnel and
equipment deployed underground and therefore a method compensating the Contractor fairly for his
personnel and equipment input is incorporated in the contract. This includes Fixed Charges and Time
Related Charges for mobilization and deployment of personnel and equipment on one hand and
Quantity Proportional Charges for plant and material on the other hand. The D&B excavation works
are divided into several excavation and support classes. The tenderers were required to provide binding
advance rates for each support class. Each class covers a pre-defined ‘area’, which means that in the
event that limited changes to the rock support are required, the respective support class does not
change. A mechanism is prescribed to determine support classes beyond what is given in the tender
documents, resulting in the determination of advance rates and unit rates in an agreed and transparent
manner. The TBM excavation works are also divided into various classes, defined as Penetration
Classes, with each class determined by the average penetration rate the TBM achieves under prescribed
thrust conditions. The tenderers were required to provide their binding advance rates for each
Penetration Class. TBM data will be used to determine these classes. In case blocky ground is
encountered at the face or loose material rests on the TBM shield, the TBM data will fall out of a
predefined bandwidth and the Contractor will be compensated for the actual time required to overcome
these ground conditions. The combination of the binding tendered advance rates for the D&B/TBM and
the anticipated lengths of support and penetration classes is used by the tenderers to develop their
tender programme and will ultimately form the basis of the construction programme submitted by the
successful tender after contract award.

Concluding remarks

The existing Phase I of the Lesotho Highlands Project, largely constructed in similar conditions,
provided technical data, precedent experience and lessons learned which gave significant information
to the Engineer, who involved several key staff from the earlier contracts in his team. In particular,
specifying very strong TBMs, executing overlapping probe drillings along the entire tunnel, drawing
on the experience from Phase I tunnels in basalt and lineaments encountered there, specifying
considerable excess pumping capacity and concrete lining the entire waterway tunnel are considered



key factors to mitigate technical problems experienced on Phase I. The innovative payment mechanisms
for both TBM and D&B tunnelling are considered key to fair compensation of the Contractor, and at the
same time leave limited room for the Contractor to successfully issue claims based on “Unforeseen
Ground Conditions”. In addition to the technical issues the optimisation of the design addressed
significant potential impacts on the local community. The particulars of this contract are specific to the
Lesotho Highlands, but the general principles involved apply to most major construction projects:
taking many factors into account to develop the optimum scheme requires a “big picture” perspective,
followed up by detailed technical studies.
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