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ABSTRACT: The paper describes the main aspects of the design of the Power-waterways of
Gibe III Hpp (Ethiopia). The plant includes a 250 m high RCC gravity dam, two 11 m diameter
and 1,2 km long power waterways excavated in the left bank of the river. The project commenced in 2006, the dam was impounded in 2015. At present the plant is completed and in operation. The maximum reservoir level reached at date is 215 m over the foundation (90% of
maximum head). The design was challenging in reason of the huge size of the works, to their
complexity and considering that these power waterways operate with heads up to 210 m of water column, with a total discharge up to 950 m3/s. The tunnel lining was one of the main topics
of design, especially in relation to the control of leakage and potential risk of rock mass hydrofracturing and hydro-jacking.

1 POWERWATERWAYS LAYOUT
1.1 General
The general layout of the waterways is illustrated in the Figure 1. The waterway system includes
two separate lines (named PTR and PTL) on the left abutment, each one feeding five turbines,
comprising the following structures:
 intake with trashracks (Anet = 330 m2)
 wet gate shaft (D=14 m, H=120 m) controlled by No. 2 bulkhead and No. 2 wheel gates
(4.5 x 11 m)
 a large headrace tunnel (L = ~1 km, D = 11 m, flow section A=95 m2, slope s=0.5%)
 a surge shaft (H = 147 m, D = 18 m)
 penstocks shaft (D = 7.7 m, L= 250 m)
 manifolds with 5 branches (D= variable from 7.7 to 4.2 m. L ~ 65 m)
The power waterways are designed to safely conduct water from reservoir to Power House
units, and to cope with internal water pressure (depending from water reservoir levels) and possible external ground/water pressure, in both full and empty conditions.
1.2 Intake towers
The intake towers are designed in order to:
 guarantee a minimum submergence of the Power Tunnel in any operating condition;
 minimize head losses at the tunnel entrance, providing a smooth transition for the water
velocity at the inlet and a water velocity through the trash racks of no more than 3 m/s;

 provide a sustain to a trash rack to prevent entrance inside the tunnel of large elements
transported by the waters;
 protect and sustain the portal of the tunnels;
 provide possibility, in emergency conditions and with reduced water reservoir levels, to
close by means of stoplogs the first stretch of tunnel.
Each tower has a maximum height of 18 m, a width of about 30 m and a depth of about 25 m.
The shape of the transition downstream of the bell mouth is designed in order to have a gradual
variation of the water velocity. Trashracks at the entrance prevent accidental entrance of large
submerged debris that could damage turbine parts, which is however unlikely because of the
submergence always higher than 50 m during the operational life of the plant. There is also a
predisposition for insertion of stoplogs downstream of the trash racks slots, to close exceptionally for inspection also the first stretch of tunnel upstream of the gates shafts.
1.3 Gate shafts
The gate shafts are designed in order to allow closure of each Power Tunnel by operating gates
in wet conditions, and gates maintenance in dry area above el. 892 m a.s.l., where a control
building is located. The closure of the power tunnel, for extraordinary maintenance, is possible
by means of two sets of two gates (bulkhead and wheel, both 4.5 x 11 m) operated through the
shafts. Shafts have height of about 118 m and internal diameter of 17 m, include the air vent
pipes for aeration during tunnels emptying or opening of the wheel gates. The excavation of the
upper portion of the shaft has been conceived with a telescopic enlargement of the excavation to
allow to build a concentric stepped concrete wall acting as temporary support of excavation in a
zone interested by alluvium and ignimbrite.

Figure 1. Power Tunnels general layout.

1.4 Power tunnels
The key features of the two power tunnels are:
 total length of about 1000 m, each;
 a longitudinal slope of approximately 0.5%;
 circular section with 11 m internal diameter;
 normal flow velocities up to about 4 m/s, exceptionally up to 5.4 m/s.
 internal water pressure up to about 1.1 MPa, with an exceptional maximum of 1.4 MPa
nearby surge shaft
The main design topics, including geotechnical assessment, static design and construction issues
of power tunnels are described in detail in the next paragraph of the paper.
1.5 Surge shafts
Cylindrical Surge shafts, one for each line, are envisaged to control the hydraulic transient
dampening the water oscillations and reducing maximum pressures on power tunnels and penstocks caused by turbines manoeuvres, in order to prevent a water overflow in the shaft and air
entrance in the penstocks. The dimensions and shape of the 5.8 m throttle orifice connecting to
the Power Tunnels improve the dampening effect of the shaft while limiting the overpressure in
the tunnel, at the base of the orifice, and controlling the potential cavitation risk. The shaft diameter was reduced from the initial value of 24 m to 18m, to minimize geo-mechanical and
structural problems of the associated excavation, compatibly with the hydraulic requirements.
The main dimensions of the left surge shaft are:
 18 m Shaft internal diameter
 1-1.5 m Reinforced concrete lining thickness
 892.0 m a.s.l. Normal = Maximum Operating level
 781.17 m a.s.l. Throttle axis elevation
 5.80 m Throttle diameter
 150 m Total height of Surge Shaft (out of which about 40m above ground)
1.6 Penstocks
The steel lined penstocks, with an internal diameter variable from 11 to 7.7 m together with relevant manifolds complete the power waterways system feeding the ten turbines in the powerhouse. The penstocks diameter has been selected to maintain maximum flow velocity in the
range of about 10 m/s. The steel lining thickness ranges between 34 and 40 mm.
At the lower end of each penstocks a manifold is envisaged with five branches of diameter
variable from 7.7 to 4.2 m, intercepted by butterfly valves, feeding the generating units.
Diameter gradually decreases to ensure maximum design velocities always in the range of 10
m/s, thus minimizing head losses in the bifurcations while maintaining a smooth hydraulic flow
and controlling potential vibration and cavitation phenomena.
Penstocks are also equipped with a ∅1600 mm ecological discharge pipe.
2 GEOLOGICAL AND GEOTECHNICAL SETTINGS
2.1 Geological settings
The power waterways were excavated through the rock mass which outcrops on the left bank of
the Omo River. The stratigraphy of the area is characterized by the presence of a sequence of
volcanic and volcano-sedimentary rocks, which comprises, from top to bottom: Columnar Basalts, layer of pyroclastic rocks and Trachytic body, formed of:
 Slightly weathered Trachyte: porphyric, grey to yellow coloured, fine grained, often
fractured and weathered, locally characterized by solution cavities;
 Unweathered Trachyte: light grey and dark grey trachyte flows).
The excavation of the power tunnels crosses for almost its entire length the unweathered and
slightly weathered trachyte, classified as a strong or very strong rock. Locally worst rock conditions (about 100 m on a total length of about 2 km), presence of brecciated trachyte, have been
found along the left and right power tunnels.

2.2 Geotechnical settings
The mechanical behaviour of the trachytic rock mass is modelled by the generalized Hoek–
Brown criterion and Hoek-Diederichs equation, based on of the mechanical parameters of intact
rock, the quality of the rock mass and disturbance induced by excavation. The geotechnical parameters of the intact rock, summarized in Table 1, were assessed based on extensive laboratory
tests, including uniaxial and triaxial tests.
Table 1. Intact rock geotechnical parameters.
Rock type

kN/m3
24.5
23.9

Uniaxial compressive strength
MPa
98
65

Young’s
modulus
GPa
25
22

Hoek-Brown
parameter mi
14
20

24.5

50

20

19

Unit weight

Unweathered Trachyte
Slightly Weathered Trachyte
Moderately weathered trachyte
Trachytic breccia

The mechanical quality of rock mass was evaluated using the GSI, estimated during the power tunnels excavation (Figure 1).
As described in the next paragraph, the tunnels excavation was executed using the standard
heading-and-bench partial-face drill & blast method. A thickness of about 3 m of disturbed zone
(D=0.5) is considered in the geotechnical model and in the stability calculations in order to take
into account the disturbance due to the blasting operation. Moreover, extensive campaign of in
situ tests, including dilatometer, plate load and flat jack tests, were performed to assess the deformability of the rock mass and the in-situ stress state and calibrate the deformability parameters estimated by the empirical method suggested in bibliography.
The identification of joint sets in the rock mass surrounding the power tunnels was performed
from the geological mapping made during the tunnel excavation. The trachytic rock mass along
the power tunnels, but in general at the Gibe III site, is characterized by the presence of three
main joint sets:
 two joint sets (named K1 and K2) with medium to high dip (from 60 to 90°) and high
persistence, oriented respectively parallel and orthogonal to the Omo river;
 one joint set (named J1) with medium to low dip (< 45°) and low persistence.
Joint sets were generally moderately/widely spaced with high persistence, with joint surface
generally slightly rough, slightly weathered, tight to partly open (0.1÷1 mm) and filled with soft
gouge.
2.3 Hydro-fracturing assessment
The rock mass geological conditions and particularly the orientation of the main joints sets,
combined with the high water pressure in the tunnel and its parietal position (i.e. close to the
deep valley slopes) caused a significant hydro-fracturing risk. A test program was carried out
included No. 47 hydro-fracturing tests (Figure 2). Results showed in situ stresses in the range of
1-1.2 MPa, slightly lower than the water pressure inside the tunnels normally up to 1.1 MPa and
exceptionally up to 1.4 MPa. Consequently, in case of water leakages from the tunnel lining, the
hydro-fracturing risk along the left bank is significant. The Don Deere geomorphological criterion was applied to individuate the tunnel stretches with higher risk of hydro-fracturing. As a
safety factor, upon Client’s request, we have used the empirical geometrical criterion known as
“Norwegian Rule”, as reported in USACE manual “Tunnel and Shafts in Rock”. The trend of
relevant computed safety factors for the two tunnels, with water level at maximum operating
conditions, is shown in Figure 3. The safety factor is obviously lower for the right tunnel (PTR)
closer to the valley slope surface with a minimum in correspondence of the middle small valley,
which provides less rock cover to the tunnel. This analysis is of course indicative and may be
applied for a preliminary study only, since it considers just the geometric aspects without taking
into account neither the rock mass nor the joints sets characteristics. The strictly application of
such “rule” would result in an excessively conservatively approach, not justifying an extension
of the tunnel steel lining.

Figure 2. Tunnel stretches with potential risk of hydro-fracturing (in red)

Figure 3. Hydro-fracturing safety factors along the power tunnels.

3 POWER TUNNELS EXCAVATION AND TEMPORARY LINING
3.1 Excavation method
The Power tunnels excavation has been executed using the standard heading-and-bench partialface drill & blast method. The cross-section has a modified horseshoe shape with a variable
height ranging from 12.3 and 13.4 m and a maximum width ranging from 12.2 to 13.2 m, depending on the tunnel stretch and rock-mass quality. The excavation cycle included:
 drilling of 51 mm blasting holes using a fully computerized Jumbo (Tamrock Axera T12
Data) that guaranteed the precise execution of the memorized hole’s pattern by means
of a Laser Beam control system.
 loading of the blast holes with explosive cartridges and electric detonators;
 connecting all the detonators with the firing cable;
 checking of all the wirings and connecting the fire cable with exploder;
 detonating the blast;
 ventilating to remove blast fumes by means of a fan line plastic duct, blowing air inside
tunnel at a position approximately 50 to 75 m to the front;
 scaling crown and walls to remove loosened pieces of rock;

 mucking and loading on dump truck using also lateral niches excavated approximately
every 150 m along the tunnel for reverse and manoeuvre of vehicles.
Soon after mucking the following activities were carried out:
 topographical survey of the excavated section;
 geological mapping of the excavation front area;
 protection and support of the exposed rock, according to the results of the geological
mapping and as per the design drawings;
3.2 Temporary lining
Design of temporary lining was based on the geotechnical data from the available boreholes,
geo-structural stations, laboratory tests and field inspections carried out in the inlet/outlet areas
and in the adjoining temporary access tunnels.
Since the conditions encountered during the excavation could locally differ from the ones assumed in the design, it was decided to apply the so-called “observational method”, performing
systematically a detailed geological and geotechnical mapping of the excavation front after each
blasting activity. The geotechnical team, devoted to this mapping activity, was charged to evaluate the geo-mechanical characteristics of the rock-mass, identify the supports to apply and, if
necessary, adapt and integrate the systematic support system as needed.
The stability analysis of the Power Tunnels, for the definition of the temporary support and
lining, comprised general stability of the excavated section, analysing the possible development
of plastic zones around the opening and structurally controlled stability of the crown and sidewalls, resulting from the development of wedges.
The general stability and temporary support system has been preliminary assessed with the
“Q” method and the “characteristic lines” method. A more detailed analysis have been performed through a bi-dimensional finite element model which allow to take into account also the
shape of the tunnel, the excavation sequence and the in situ field stress (and in particular the
possible interaction between the two parallel tunnels).
The wedge analysis has been assessed by modelling the shear strength of rock discontinuities
using the classical Barton-Bandis or Mohr failure empirical criterion.
Depending on the GSI class the temporary lining and support works illustrated in Table 2
were prescribed. In all the section types spot bolting were applied, where required, in order to
control the specific local structural instabilities identified during the mapping. Generally, a thin
layer of shotcrete was always prescribed as protection against rock weathering and / or local
ravelling phenomena. Where required by site conditions (wet or dripping conditions), drain
holes (∅ 60 mm, 2 to 5 m long; spaced at 2/3 m) where drilled after the shotcrete application.
Table 2. Power Tunnels, Temporary supports system
Section
type
A

Grey-trachyte

GSI
range
> 70

B

Grey-trachyte

56…70

C

Lithology

Grey-trachyte

36…55

Grey-trachyte

23…35

Trachytic breccia

33…46

D

E

Trachytic breccia

23…32

Shotcrete

Bolts

Steel Sets

Min. 10 cm thickness, reinforced with welded mesh 
5 mm @ 10x10 cm
Min.15 cm thickness, reinforced with welded mesh 
5 mm @ 10x10 cm
Min. 25 cm thickness, reinforced with welded mesh 
5 mm @ 10x10 cm
two layers with minimum
thickness of 5 and 25 cm,
each one reinforced with
welded mesh  5 mm @
10x10 cm

No. 14 25, L
= 6 m, @ 2.5 m

-

No. 23 25, L
= 6 m, @ 1.8 m

-

No. 23 25, L
= 6 m, @ 1.5 m

-

-

Steel sets type
HEB 180 @ 1.0 m
(installed after the
first shotcrete layer)

4 POWER TUNNELS FINAL LINING
4.1 General
Based on the results of geological assessment and the hydro-fracturing risk analysis, described
in the previous paragraph, the tunnel lining was carefully designed in order to provide three
lines of defence to control the risk of leakages: 1) reinforced concrete or steel lining, 2) systematic consolidation grouting and 3) drainage tunnels.
4.2 Tunnels lining
The final lining of the power tunnels is constituted by a reinforced concrete ring for the entire
length of the left tunnel and for the first stretch (600 m long) of the right tunnel. The steel lining
was adopted only for a limited stretch of right power tunnel (about 300 m upstream of surge
shaft) where higher risk of hydro-fracturing is present.
The reinforced concrete, with thickness ranging from 50 to 70 cm, was designed to withstand
internal and external water pressures (Figure 4), tailored stretch by stretch based on rock characteristics, expected water loads, and local risk of hydro-fracturing. This steel lining, 36 mm thick
and backfilled with concrete, was designed to be self-standing against internal and external
loads.
The design criteria required a crack width below of 0.1 mm, under normal operating conditions, and 0.2 mm under exceptional conditions. This required a heavy reinforcement, which
caused construction challenges during bars installation and subsequent concrete pouring. Applying standard procedures for the crack analysis, in order to maintain the crack width below the
limits, the steel bars would had worked well below the allowable tensile stresses and the calculated lining deformation was not compatible with the expected deformation of rock mass-lining
system. Moreover, the required reinforcement could have caused locally bars congestion and
consequent difficulties in concrete pouring and vibration, highly increasing the risk of local lining defects. Therefore, it was applied the design approach proposed by Hendron et al., controlling bars design by crack analysis, reducing the total amount of steel bars of about 20%.
The placement of reinforcing steel in the tunnel was carried out by hand and using a special
scaffold on wheels, based on that used for lining erection support. The tunnel was lined in two
stages, starting with the invert first, that had a flat floor to facilitate the movement of formwork
and scaffolding on wheels. Despite the measures adopted by the designer, the problem of steel
congestion could not be completely avoided. This issue was faced by taking special care during
concrete placing and vibration. Additional external vibrators were applied to the metal formwork in the sidewalls and crown of the tunnel, and even though some repairs of the lining surface had to be carried out after removing the formwork, the final result was consistently satisfying throughout the tunnel.
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Figure 4. Typical lining sections. Left: Reinforced concrete section, Right: Steel lining section

Figure 5. Typical lining layout (right tunnel) and design criteria

Figure 6. Reinforcement and concrete placement.

All longitudinal and transversal construction joints were provided with external PVC waterstops
(200 mm wide, 2 mm thick) housed in preformed shallow trenches, bolted and sealed with
epoxy resins (Figure 7)

Figure 7. Power tunnels, details of longitudinal and transversal joints

4.3 Consolidation grouting
Consolidation grouting was done systematically all along the tunnel, after placing the final lining. The main purposes of consolidation grouting work were:
 improve the quality and resistance of rock disturbed by blasting operations;
 filling and classing possible open joints around the tunnel, with benefit impact in contrasting the possible passage of water and the possible instable wedges formation.
The radial injections were made in two stages: 1) contact: low pressure (0.5 bars) grouting to fill
the possible gap between the final lining and the rock mass 2) consolidation: high pressure (10
Bars) and deep grounding to improve the rock mass characteristics around the tunnel.
The holes spacing has been chosen in according with the spacing of main persistent subvertical joint sets. Sleeve pipes were inserted inside the lining to avoid perforation of the reinforced concrete at the moment of the grout works. Where the steel lining was adopted phase 2
was omitted with the exception of the first 25 m after concrete lining section
4.4 Drainage galleries
A special drainage gallery system (Figure 8) was added parallel to the right tunnel, closer to the
slope, in order to protect the valley slope, in case of leakages, against the risk of hydrofracturing and slope instabilities caused by seepages (especially on the cliff above the Power
House and Plunge Pool). Along these tunnels there are deep drainage holes (n.4-5 drainages per
section, L=12m,  = 51 mm, s = 2 m spacing along tunnel direction). The Figure 9 shows the
leakages measured along the drains and in the V-notches installed along the drainages galleries
during impounding (almost completed). We can observe that the total leakage flow is very low,
about 2.0 l/s. Moreover, leakages from the galleries appear to be influenced by the tunnels opening and/or by the raising of the reservoir water level above the elevation of the drain gallery invert.
5 CONCLUSIONS
The design of the Power waterways of Gibe III Hydroelectric Plant was challenging in reason of
the huge size of the works, the construction/operation constraints and the site characteristics (the
geomorphology of the valley and rock-mass characteristics).
Such difficulties required to adapt the project during the construction by implementing specific countermeasures (including portals relocation, large drainage and lining works, etc.) for the
successful completion of the works. The monitoring of project performance during its first years
of operation indicates the soundness of the design solutions.

Figure. 8. Drainage tunnels layout.

Figure 9. Power tunnel drain gallery, leakages
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