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Most of the existing roughness estimation methods for water tunnels are related to either unlined or
concrete/steel-lined tunnels. With the improvement in shotcrete technology, advancement in tunneling
equipment and cost and time effectiveness, future water tunnels built for hydropower projects will
consist of rock support with the extensive use of shotcrete lining in combination with systematic bolting
and concrete lining in the tunnel invert. However, very little research has been performed to find out
tunnel surface roughness for shotcrete-lined tunnels with invert concrete, which is important in
calculating overall head loss along the waterway system to achieve an optimum and economic hydro-
power plant design. Hence, the main aim of this article is to review prevailing methods available to
calculate tunnel wall roughness, and to use existing methods of head loss calculation to back-calculate
roughness of the shotcrete-lined tunnels with invert concrete by exploiting measured head loss and
actual cross-sectional profiles of two headrace tunnels from Nepal. Furthermore, the article aims to
establish a link between the Manning coefficient and the physical roughness of the shotcrete-lined
tunnel with invert concrete and to establish a link between over-break thickness and physical rough-
ness. Attempts are also made to find a correlation between over-break thickness and rock mass quality
described by Q-system and discussions are conducted on the potential cost savings that can be made if
concrete lining is replaced by shotcrete lining with invert concrete.
� 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The waterway tunnels represent the most significant source of
construction cost for hydropower projects, especially for run-of-
the-river plants. Reducing and optimizing the cost of waterway
systems is therefore a major issue to make hydropower projects
financially attractive. One of the economic solutions is to use un-
lined or shotcrete-lined pressure tunnels or combination of both for
the waterway system if the rock mass and applied shotcrete and/or
systematic bolting guarantee long-term stability and safety (Panthi,
2015). Originally, the application of unlined shafts and tunnels as
waterway systems came in practice in Norway with the philosophy
that accepts minor falls of rock blocks during the operation period
provided that head loss is within permissible limits (Broch, 1982).
The basic criteria to be satisfied for unlined or shotcrete-lined
net).
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pressure shafts and tunnels are safety against hydraulic splitting,
hydraulic efficiency (frictional head loss) and long-term stability
(Brekke and Ripley, 1987; Benson, 1989). Frictional head loss de-
pends on both cross-sectional area and roughness of tunnel pe-
riphery in consideration (Rahm,1958), because rougher tunnel wall
surfaces will result in higher head loss and larger cross-sectional
areas result in smaller head loss. An alternative way to reduce the
head loss can be the use of concrete or steel lining to make the
tunnel surfaces smoother without increasing tunnel size. However,
lining a tunnel with concrete or steel will demand considerable
additional cost (Huval, 1969; Westfall, 1996).

Tunnel shape also influences hydraulic efficiency of the water
tunnel. In tunnel boring machine (TBM) tunneling, the tunnel
cross-section is circular (i.e. hydraulically ideal shape) with smooth
rock surfaces. However, it is not always feasible to use TBM as an
excavation method since the success of TBM application is largely
dependent on the geological conditions and length of the tunnel to
be excavated. Hence, the drill-and-blast method of tunnel excava-
tion is popular and extensively used due to flexibility in making
decisions if unforeseen geological conditions arise and it can be
. Production and hosting by Elsevier B.V. This is an open access article under the
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used in any length of tunnel to be excavated, provided that venti-
lation requirements during construction are met. However, tunnel
walls excavated using drill-and-blast method have an undulating
surface of varying smoothness and the shape of tunnel will be
determined mostly by construction necessities and easiness (Lysne
et al., 2003). The most practical tunnel shapes in drill-and-blast
tunneling are inverted D and horse-shoe (Cuesta, 1988; Panthi,
2015). In waterway tunnels, excavated tunnel profiles may either
be left unlined or shotcrete-lined or concrete/steel-lined (or a
combination of different linings). The shotcrete-lined tunnels end
up more or less with the excavated shape and surface as shown in
Fig. 1.

As seen in Fig.1, there are undulations in the contour surface in a
tunnel excavated using the drill-and-blast method due to the
presence of grooves and projections. The frequency distribution
and amplitude of these undulations signify resistance towater flow
and are defined by the term surface/physical roughness. These
undulations are the result of over-break of the rock mass beyond
the designed tunnel profile (Maerz et al., 1996). The larger the over-
break area is, the more the tunnel surface will be undulated and
rough. Hence, over-break is the key parameter to define roughness
of the tunnel surface. According to various researches, over-break in
drill-and-blast tunnels is the result of look-out and deviation in
contour holes, blasting energy, rock mass condition and in situ
stress situation (Nilsen and Thidemann, 1993; Mandal and Singh,
2009; Kim and Bruland, 2015). Longer blast rounds develop
greater longitudinal over-break leading to an increase in roughness
of the tunnel surface. Similarly, the rock mass condition influences
over-break intensity and roughness. In Fig. 2a, the blasted tunnel
surface is relatively smooth in the case of a homogeneous rock
mass, whereas, if rock mass is jointed, the surface roughness is
partially determined by the jointing pattern (Fig. 2b). In addition,
there might be some localized enlarged over-break due to the
presence of faults or weakness zones (Figs. 1b and 2c), which will
further increase the roughness. Fig. 2a is seldom achieved in the
jointed rock mass, thus Fig. 2b and c represents the most common
contour profile types in blasted tunnels. Over-break in Fig. 2a and b
may be defined as normal over-break, whereas localized enlarged
area in Fig. 2c may be expressed as excessive over-break. Such
localized enlarged areas may also be formed due to stress induced
rock spalling and bursting in hard rock (Panthi, 2012).

Now the question arises as how the physical roughness can be
used to calculate frictional head loss along the waterway tunnel.
Both the DarcyeWeisbach and Manning formulae use coefficient of
Fig. 1. Tunnel contour quality aft
resistance, known as hydraulic roughness, in order to calculate
frictional head loss. However, the hydraulic roughness in the
equations is not equivalent to the physical roughness directly
measured from the tunnel surface. Before 1980, according to
Bishwakarma (2012), it was a common practice to calculate hy-
draulic roughness from the relative variation of cross-sectional area
along the tunnel length using different methods proposed by Rahm
(1958), Priha (1969), Reinius (1970),Wright (1971) and others. Later
in the 1990s, the concept was updated with the introduction of
physical roughness of the tunnel, which is related to both surface
undulations and area variation (Bruland and Solvik, 1987; Ronn and
Skog, 1997), and the physical roughness was converted to the hy-
draulic roughness in order to fit into the head loss equations. It is a
common practice to calculate hydraulic roughness using the rela-
tionship proposed by Colebrook (1958) considering physical
roughness as equivalent sand roughness. Bruland and Solvik (1987)
extended their research and proposed a new relationship between
physical roughness and hydraulic roughness where the physical
roughness in their definition does not correspond to the sand
roughness. On the other hand, the total physical roughness defined
by Ronn and Skog (1997) corresponds to the sand roughness and
fits into Colebrook (1958)’s equation. More recently, attempts have
also been made to relate measured physical roughness to hydraulic
roughness for bored tunnels (Pegram and Pennington, 1998;
Hákonardóttir et al., 2009). Regardless of the type of method
used, a correct definition of physical roughness and its relationwith
hydraulic roughness are the key issues to define unlined or
shotcrete-lined tunnel hydraulics.

Existing methods of estimating tunnel roughness are used only
after the tunnel is excavated and the geometrical data of actual
tunnel surface are available. In parallel to these methods, attempts
have also been made to predict tunnel roughness before tunnel
excavation based on over-break in tunnels (Colebrook, 1958; Huval,
1969; Priha, 1969; Kim, 2009), even though it is difficult to define
over-break intensity and its relation to physical roughness. In this
perspective, this article attempts to establish a new relationship
between physical roughness and over-break thickness by analyzing
actual tunnel profiles of the shotcrete-lined headrace tunnel of the
Chilime hydropower project (CHP) in Nepal. Similarly, the article
also attempts to establish a correlation between physical roughness
and the Manning coefficient (hydraulic roughness) and proposes
modifications on the methods proposed by Colebrook (1958) and
Solvik (1984). Furthermore, the modified equations are used to
predict roughness and hence the head loss and results are
er blasting and shotcreting.



Fig. 2. Quality of tunnel contour in different geological conditions.

Table 1
List of equations for the calculation of friction loss and roughness.

Equation (No.) Equation (No.)

Hf ¼ fLv2

2gð4RhÞ
(2) Hf ¼ Lv2

M2R4=3h

(5)

1ffiffiffi
f

p ¼ �2 log10

 
ε

14:8Rh
þ 2:51

R
ffiffiffi
f

p
!

(3) M ¼
 

8g

fR1=3h

!1=2

(6)

1ffiffiffi
f

p ¼ 2 log10

�
3:72

4Rh
ε

�
(4) M ¼ 25:4

ε
0:167 (7)

Note: L is the length of conduit, v is the flow velocity, and g is the acceleration due to
gravity.
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compared with the head loss measured at both headrace tunnels of
the CHP and Modi Khola hydropower project (MKHP), respectively.

2. Relevant theory

In the waterway system of hydropower projects, part of the po-
tential energy is lost while transferring water from the headwater
system to the powerhouse. There are mainly two reasons for this
energy loss. First, the flowing water experiences resistance from the
surface in which it flows due to a boundary layer developed in the
interface of fluid and flow surface. The boundary layer is essentially
formed due to viscosity of the fluid and condition of the surface. An
energy loss is then produced by shear stress along the said boundary
layer, which is called friction loss (Hager, 2010). In addition, a part of
energy is also lost as a singular loss, due to obstructions to the flow
from different essential structural components built across the
waterway system. Hence, the total energy loss, i.e. total head loss
(H1), in the waterway system consists of two components:

H1 ¼ Hf þ Hs (1)

where Hf is the frictional head loss and Hs is the singular loss. The
frictional head loss depends on flow surface condition and length of
waterway system. On the other hand, singular loss typically con-
sists of entrance loss, loss due to changes in cross-sections in the
direction of flow, bend loss, exit loss and losses due to local dis-
turbances caused by gates, trash racks, niches, rock traps, etc.

2.1. Roughness and frictional head loss

The flow surface of a waterway system is typically made up of
different materials, such as gravel, concrete, rock, steel, and plastic.
The resistance to flow is more pronounced in rough surfaces which
have large undulations such as unlined or shotcrete-lined tunnel
surfaces. The extent of undulations (protrusions and grooves)
which has resistance to water flow can be expressed as the term
roughness. Because of the spatial variation of these undulations
along the surface, the roughness shall be generalized as equivalent
roughness and is denoted as ‘ε’ in this article. Since ‘ε’ represents
physical undulations of the surface, it is considered as physical
roughness in the case of unlined or shotcrete-lined tunnel surfaces.
However, the frictional head loss is calculated considering a coef-
ficient of resistance called hydraulic roughness (f or M), which
depends upon physical roughness and/or hydraulic radius. It is
important to note here that the friction factor (f) and the Manning
coefficient (M) are hydraulic roughness, ‘ε’ in steel and concrete is
equivalent sand roughness and ‘ε’ in an unlined or shotcrete-lined
tunnel is physical roughness that corresponds with equivalent
sand roughness. Hence, in this article, the term roughness in gen-
eral refers to all of the mentioned roughnesses.

As summarized in Table 1, the DarcyeWeisbach formula (Eq. (2))
is used to calculate frictional head loss in any pressurized waterway.
While using Eq. (2), the friction factor (f) is calculated by using
different formulae for different flow conditions. According to
Colebrook (1958), Eq. (3) can be used to calculate friction factor for
the pipe flow when the Reynold’s number is R � 2300, whereas Eq.
(4) is used in case of flow in rough pipes (R

ffiffiffi
f

p
� 800Rh=ε, where Rh

is the hydraulic radius). Alternatively, equivalent sand roughness of
steel pipes and concrete conduits can be back-calculated by using
Eqs. (2) and (3) if the frictional head loss is known beforehand.
Colebrook (1958) also emphasized that unlined or shotcrete-lined
tunnel hydraulics can be represented by the flow in hydraulically
rough pipes. On the other hand, the Manning formula (Eq. (5)) is
mainly used in unlined or shotcrete-lined tunnels due to its
simplicity where the Manning coefficient can be calculated by using
different relationships such as Eq. (6). If carefully used, the Manning
formula shows a good correlation with the DarcyeWeisbach for-
mula, but this applies only for a specific range of applications ac-
cording to Solvik (1984). Following the study of Colebrook (1958),
Solvik (1984) developed Eq. (7) giving an application range of the
Manning formula for frictional head loss calculation based on the
inverse of relative roughness (4Rh/ε) of the closed conduit.

2.2. Singular losses

Different types of singular losses across the waterway system of
hydropower projects are caused by entrance loss, trash rack loss,
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gate loss, bend loss, transition loss, niche loss, rock trap loss, exit
loss and other similar factors. Table 2 shows all the equations that
are relevant to calculating these singular losses. Each of these losses
can be expressed as the function of velocity head and the coefficient
x as defined by Eq. (8), where xi is the head loss coefficient for a
particular singular loss and vi is the velocity of flow at the location
considered. The total singular loss in whole waterway system is the
sum of total number (n) of singular losses presented in the system
(Eq. (9)).

For entrance and exit losses, the coefficients (x1 and x2) will be
equal to 0.4e0.5 and 1, respectively (Lysne et al., 2003). Similarly,
the coefficient of loss due to trash rack can be calculated using Eq.
(10) suggested by Penche (2004). The typical arrangement of trash
rack and rack types that are being used at the inlet and other lo-
cations of thewaterway system and their respective coefficients are
shown in Fig. 3 for the readers’ reference.

In addition, therewill be head loss at the gate location due to the
presence of gate slots. The gate loss coefficient can be calculated
using the relationship given by Hager (2010) for slide gates. The
discharge coefficient (Cd) and the head loss coefficient (x4) of the
Table 2
List of equations for singular losses calculation.

Equation (No.) Equation (No.)

hsi ¼ xi
v2i
2g

(8)
x5 ¼ Rf x90 (13)

Hs ¼
Xn
i¼1

hsi (9) x6e ¼ feðdÞ
�
1� 1

f

�2

(14)

x3 ¼ CR

�
S
b

�4=3
sin a (10) feðdÞ ¼ d

90
þ sinð2dÞ ð0 � d � 30�Þ (15)

Cd ¼ 0:61þ 0:73B2 (11) feðdÞ ¼ 5
4
� d

360�
ð30� � d � 90�Þ (16)

x4 ¼
�

1
CdB

� 1
�2

(12) x6c ¼ 1
2
ð1� fÞ

�
d

90�

�1:83ð1�fÞ0:4
(17)

Note: hsi is the singular loss of the ith type, x3 is the loss coefficient of trash rack, CR is
the rack coefficient, S is the bar thickness, b is the width between bars, a is the angle
of inclination from horizontal, x5 is the bend loss coefficient, Rf is the reduction
factor, x90 is the bend loss coefficient of 90� bend, x6e is the loss coefficient in
expansion, feðdÞ is the loss coefficient depending only on expansion angle, d is the
expansion/contraction angle, f is the area ratio, and x6c is the loss coefficient in
contraction.

Fig. 3. Head loss coefficient in trash rac
gate with flat edge (i.e. edge rounding rv is zero) can be calculated
using Eqs. (11) and (12), respectively, where Ø is the relative
opening of the gate as shown in Fig. 4.

Also, bend loss is one of the significant parts of singular losses
along the waterway system and it is even more pronounced in
sharp bends with small radius. Fig. 5 shows the bend loss coeffi-
cient (x90) as the function of ratio between bend radius (Rb) and
width of the tunnel at bend (D) for 90� bend (Lysne et al., 2003). For
bends with other angles, a reduction factor has also been proposed
(Fig. 5, right). The bend loss coefficient for different bend angles can
be calculated by multiplying bend loss coefficient of 90� bend with
a reduction factor described by Eq. (13).

The waterway systems have changes in cross-sectional area due
to different shapes and tunnel linings. These changes result in
transitions between two different sections and both expansion and
contraction transitions are present as typically indicated in Fig. 6a
and b, respectively. In Fig. 6, HL is the head loss from section 1 to
section 2 and the velocity in smaller sections is considered to
calculate head loss due to both expansion and contraction. Ac-
cording to Hager (2010), the loss coefficient in expansion can be
expressed by Eq. (14), where experimentally measured values of
fe(d) are represented as a function of angle d (Eqs. (15) and (16)).
Similarly, Hager (2010) proposed a relationship for loss coefficient
in contraction (Eq. (17)).

Additional niches are excavated in certain intervals along the
headrace tunnel length in order to provide an extra space for lay-
bys, vehicle parking, turning, storage of immediate construction
materials and equipment. Lysne et al. (2003) studied the head loss
due to niches and proposed a chart for head loss coefficient of
niches, which is termed as loss coefficient due to the expansion of
tunnel, x7 (Fig. 7).

In general, there is a rock trap at the end of unlined or shotcrete-
lined tunnels in order to trap fallen rock blocks and coarse sand
particles produced along the tunnel length and transported by the
flow. The rock trap is constructed with the expansion of tunnel area
at the invert. Therefore, it is considered similar to the niche in terms
of head loss coefficient and the same chart (Fig. 7) is used in the
analysis.

3. Methodology for roughness evaluation

Initially, data and information from two hydropower projects
(MKHP and CHP) were collected. Both projects have low-pressure
headrace tunnels up to SSs. The remaining waterway segments
from the SSs to the powerhouses are high-pressure shafts and
tunnels. The CHP has a steel-lined penstock shaft and theMKHP has
a combination of a concrete-lined horizontal pressure tunnel, a
concrete-lined vertical shaft and a steel-lined horizontal penstock
k (drawn based on Penche, 2004).



Fig. 4. Slide type gate arrangement in the conduit.

Fig. 7. Head loss coefficient in tunnel expansion (drawn based on Lysne et al., 2003).
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tunnel. The authors carried out head loss measurement in
December 2015 at both low-pressure headrace tunnels and high-
pressure shafts and tunnels in both projects.

Fig. 8 shows the methodology used in predicting the roughness
of tunnels at these two hydropower projects. As a first step of
analysis (inside the black dotted rectangle in Fig. 8), the rough-
nesses of the steel, concrete and shotcrete-lined sections of the
tunnel and shaft (including invert concrete lining) have been back-
calculated using the equations presented in Tables 1 and 2. In the
back calculation, the measured head loss, discharge and geometry
are known parameters and roughness is an unknown parameter.
The calculated roughnesses of steel- and concrete-lined tunnels are
considered as fixed entities for calculating the roughness of
shotcrete-lined headrace tunnels with invert concrete as and when
Fig. 5. Bend loss coefficient chart (dra

Fig. 6. Transition between different sections (expansion and contraction). v1 and v2 repres
diameters at sections 1 and 2, respectively.
necessary. From the results of this back calculation, a new rela-
tionship between the Manning coefficient and physical roughness
of a shotcrete-lined tunnel with invert concrete is proposed.

In the second step, statistical analysis is carried out to determine
the extent of undulations in the surface of shotcrete-lined tunnel by
using geometrical information of the selected cross-sections of the
CHP. As a result of the analysis, a relationship has been developed
between the physical roughness and over-break in the walls and
the crown of the shotcrete-lined tunnel. By using this relationship,
the physical roughness has been calculated from the data of actu-
ally measured over-break of all shotcrete-lined sections of the
headrace tunnel documented in the as-built drawing of both
wn based on Lysne et al., 2003).

ent the flow velocities at sections 1 and 2, respectively; and D1 and D2 represent the



Fig. 8. Methodology for roughness prediction in shotcrete-lined tunnels with invert concrete lining.
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projects. Since both headrace tunnels have shotcrete sections with
invert concrete, the composite physical roughness of the whole
cross-section is calculated as the weighted average of the shotcrete
and concrete-lined sections. Further, the Manning coefficient (hy-
draulic roughness) is calculated from the physical roughness for
each section using the proposed equation. Finally, frictional head
loss in shotcrete-lined tunnels with invert concrete for both pro-
jects is calculated by using Eq. (5) and the established Manning
Fig. 9. Project locations in geologic
coefficient. A new roughness prediction method is then proposed
after verification of this calculated head loss with the onemeasured
in the field.

4. Case studies

The locations of two hydropower projects are shown in the
geological map of Nepal (Fig. 9). As seen in the figure, both the CHP
al map of the Nepal Himalaya.
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and MKHP are located in the Lesser Himalaya meta-sedimentary
rock formations. The drill-and-blast method of excavation was
used for the construction of all undergroundworks of both projects.

4.1. Modi Khola hydroelectric project

The MKHP is located in central-west part of Nepal at Nayapul,
Parbat district, which is about 45 km to the northwest of Pokhara
(Fig. 9). Water from Modi Khola at Nayapul is diverted to the right
bank and all project components are built on the same bank. The
headworks components of this project consist of a diversion weir,
an open concrete canal, desanding basins and a regulating
poundage. The regulating poundage is used for head and discharge
regulation. From the poundage to the powerhouse, water is trans-
ferred through a headrace tunnel, a vertical pressure shaft and a
horizontal pressure tunnel and to the semi-underground power-
house located at Patichaur. The project has a surface powerhouse
with an installed capacity of 14.7 MW generated by utilizing
27.5 m3/s design discharge and a gross head of 71 m. The main rock
types in the project area are quartzite and phyllitic schist (Shrestha
and Panthi, 2014). The headrace tunnel mainly passes through
quartzite.

The total length of the headrace tunnel is 1507m, which extends
from the regulating pond (RP) to the surge shaft (SS) of the project.
The headrace tunnel is composed of different sections of concrete
linings and shotcrete linings (Fig. 10). The designed shape of the
headrace tunnel is an inverted D. The cross-sectional area of
concrete-lined section is very close to constant. On the other hand,
the cross-sectional area of shotcrete-lined section varies due to
blasting effect. However, the invert of the whole headrace tunnel is
lined with concrete.

As shown in Fig. 10, there are three stretches of tunnel down-
stream of the SS, i.e. a 42 m long horizontal inverted D shaped
headrace tunnel, connecting the SS with the top of the vertical
shaft, a vertical shaft of circular shape with a transition between
horizontal tunnel, a circular tunnel before the start of the curve at
the top, and a pressure tunnel from the bottom of vertical shaft to
the powerhouse. The pressure tunnel consists of a circular
concrete-lined tunnel and a circular steel-lined tunnel. Typical
cross-sections of the tunnel with different lining conditions are
shown in Fig. 11.

Each of three different linings indicated in Fig. 11 has different
roughnesses against water flow. Even though this article mainly
Fig. 10. Plan and profile along the MKHP, Nepal (drawn based on Sh
focuses on the roughness of shotcrete-lined tunnel with invert
concrete, it is necessary to find out the roughness of both concrete
and steel linings for calculation of the roughness from measured
head loss.

4.2. Chilime hydroelectric project

The CHP is located in Chilime and Syabrubesi Village Develop-
ment Committees in Rasuwa District in Central Nepal (Fig. 9). The
project has an installed capacity of 22.1 MW with the design
discharge of 7.5 m3/s and gross head of 345 m. Water from Chilime
River is diverted to the right bank of the river and reaches the
regulating pound followed by desanding basin, conduits and canals.
The main purpose of the poundage is to regulate water level and to
function as peaking reservoir. Water from the poundage to under-
ground powerhouse is transported through the underground
headrace system consisting of a pressure conduit, headrace tunnel
and inclined penstock shaft. The water is then discharged back to
the Bhotekoshi River through a tailrace tunnel (Fig. 12). Geologi-
cally, the project area lies in the Lesser Himalaya meta-sediments
and the main rock types in the project area are quartzite and
mica schist (CHC, 2005).

There exists a 425 m long pressure conduit with a syphon from
the inlet gate downstream of the RP to the headrace tunnel inlet
portal, of which 395 m is concrete box and the rest is circular steel
pipe. The total length of headrace tunnel (HRT) from inlet portal to
SS is 2827m. The headrace tunnel consists of tunnel segments with
concrete lining and shotcrete lining with invert concrete, and steel
lining. Concrete lining segments of the headrace tunnel have two
different shapes, i.e. horse-shoe and inverted D shapes. The inclined
shaft and pressure tunnel from SS to powerhouse are embedded
with steel penstock pipe, which has a total length of 650 m.

Fig. 13 shows typical sections of the headrace system repre-
senting each lining system. These sections are the basis for the
calculation of flow velocity and hydraulic radius of each headrace
system, which are used chainage-wise as lining types for head loss
calculation.

5. Analysis of roughness

Shotcrete-lined pressure tunnels are feasible only if the eco-
nomic loss caused by the friction head loss is much less than the
cost needed for full concrete or steel lining. The head loss and hence
restha and Panthi, 2014). masl represents meter above sea level.



Fig. 11. Typical sections at different stretches of tunnel in the MKHP (unit in meter) (drawn based on Sharma, 2001).
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the friction loss have to be measured once the hydropower project
enters to the operation phase and the loss has to be verified
whether it is within the design limit. The roughness of different
linings in tunnels can be back-calculated from measured head loss.
However, roughness needs to be predicted before and during the
excavation of the tunnel in order to cope with design and
contractual issues.
Fig. 12. Plan and profile along waterway alignment of th
5.1. Head loss measurement

Head loss measurement was carried out in both the MKHP and
CHP. In each project, the head loss has been measured in two
stretches: one is from the RP to the SS and another is from the SS to
the upstream of powerhouse inlet valve (USPIV). The schematic
diagram ofmeasurement locations including project components is
shown in Fig. 14. The water level at the SS was measured multiple
e CHP (Source: Chilime Hydropower Company Ltd.).



Fig. 13. Typical sections at different stretches of waterway systems of the CHP (unit in meter).

Fig. 14. Typical sketch of head loss measurement locations and details.

Table 3
List of equations used to calculate head loss at different stretches.

Equation (No.) Equation (No.)

HL1 ¼ H1 � V2
1

2g
(18) WL2 ¼ EL� h (21)

H1 ¼ WL1 �WL2 (19) HL2 ¼ WL1 �
 
CLþ 100Pr

gw
þ V2

2
2g

!
� HL1 (22)

V1 ¼ Q
A1

(20) V2 ¼ Q1

pd2
�
4

(23)
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times using a floating ball hanging from the invert of the aeration
tunnel at the SS. At the time of measurement, the water level at the
RP and pressure at the USPIV were recorded from the data moni-
toring system of the projects and maintained constant throughout
the measurement. The constant values were achieved by main-
taining constant discharge and constant power production.

Head loss in different stretches has been calculated using the
equations listed in Table 3. Head loss from the RP to the SS is
calculated using Eq. (18), where H1 is the water level difference
between the RP and the SS (Eq. (19)) and V1 is the velocity of water
in the tunnel at the location of the SS (Eq. (20)), Q is the water
discharge in m3/s and A1 is the cross-sectional area of the tunnel at
the SS location in m2.

Water level at the SS is calculated using Eq. (21), where EL is the
elevation at the invert of aeration tunnel and h is the vertical height
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between WL2 and EL, which is measured with the help of a floating
ball hanging as shown in Fig. 14b. EL is taken from as-built drawing
of the SS provided from the respective projects. Furthermore, the
head loss from the SS to USPIV is calculated by using Eq. (22), where
CL is the center elevation level at the USPIV (Fig. 14c), Pr is the
pressure in bar at the USPIV, V2 is the flow velocity at the USPIV and
gw is the unit weight of water (9.81 kN/m3). Finally, Eq. (23) is used
to calculate V2 from the discharge at the USPIV (Q1) and pipe
diameter (d). Even though both projects have two turbine units, only
one unit was in operation in the MKHP at the time of measurement.
This gives Q1 in the MKHP as the total discharge of the plant.

During the measurement, total power production (Pw) was also
recorded from the control panel at the powerhouse. Using Eqs.
(18)e(23) and input data in Table 4, both HL1 and HL2 are calculated
for each measurement for both projects (Table 5). As one can see in
Table 5, there were 8 measurements at the MKHP and 12 mea-
surements at the CHP.
Table 6
Bellmouth, reducers and Y-furcation losses from the SS to the USPIV of CHP. Total
head loss ¼ 0.161 m.

Loss types Length (m) D1 (m) D2 (m) d (�) f x v (m/s) Head
loss (m)

Bellmouth 2.4 2.85 2.1 8.88 0.54 0.01 1.6 0.001
Reducer 1 2.75 2.1 1.8 3.12 0.73 0.004 2.18 0.001
Reducer 2 1.9 1.8 1.7 1.51 0.89 0.003 2.45 0.001
Reducer 3 2.9 1.7 1.6 0.99 0.89 0.002 2.76 0.001
Reducer 4 0.8 1.13 0.9 8.18 0.63 0.01 4.53 0.01
Y-furcation 1.13 0.35 2.87 0.147
5.2. Roughness from measured head loss

One of the major parameters to calculate the roughness from
measured head loss is frictional head loss. The frictional head loss in
the considered tunnel stretch has been calculated after subtracting
all other losses from total measured head loss. Once the frictional
head loss, water discharge and tunnel geometry are known,
roughness is the only parameter to be calculated which is unknown
in the head loss equations (Eqs. (2) and (5)). As shown in Fig. 12, at
the CHP, there is a steel penstock lining from the SS to the USPIV.
The roughness of the steel penstock lining is back-calculated from
this section. At the MKHP, both steel and concrete linings are used
in part of pressure tunnel and vertical shaft (Fig. 10). In this stretch,
the roughness of the concrete-lined tunnel is back-calculated with
the help of the established roughness of the steel lining. By fixing
the roughness of the concrete and steel linings, the roughness of
shotcrete-lined tunnel with invert concrete sections is calculated
along the headrace tunnels of both the CHP and MKHP.
Table 4
Input data for the head loss measurement of both MKHP and CHP.

Project Q (m3/s) Pw (MW) WL1 (masl) EL (masl)

MKHP 11.61 5 935.45 952.16
CHP 5.5 16.12 1734.39 1751.1

Table 5
Head loss (in meter) at the waterway systems of both MKHP and CHP.

No. CHP

h WL2 H1 HL1 HL2

1 18.02 1733.08 1.31 1.275 2.041
2 18.03 1733.07 1.32 1.285 2.031
3 18.06 1733.04 1.35 1.315 2.001
4 18.06 1733.04 1.35 1.315 2.001
5 18.07 1733.03 1.36 1.325 1.991
6 18.03 1733.07 1.32 1.285 2.031
7 18.04 1733.06 1.33 1.295 2.021
8 17.98 1733.12 1.27 1.235 2.081
9 18.05 1733.05 1.34 1.305 2.011
10 18.08 1733.02 1.37 1.335 1.981
11 18.02 1733.08 1.31 1.275 2.041
12 18.03 1733.07 1.32 1.285 2.031
Min 17.98 1733.03 1.27 1.235 1.991
Max 18.07 1733.12 1.36 1.325 2.081
Mean 18.036 1733.064 1.326 1.291 2.025
SD 0.0288 0.0288 0.0288 0.0288 0.028

Note: Min, Max and SD represent minimum, maximum and standard deviation, respecti
5.2.1. Roughness for steel lining
The roughness of steel penstock-lined tunnel is back-calculated

from measured head loss (HL2 in Table 5) between the SS and the
USPIV of the CHP. Singular losses in this part are caused by bell-
mouth at the outlet of SS, 4 reducers, bends #6-#8 and Y-furcation
near the powerhouse (Fig. 12). Bellmouth and reducer loss co-
efficients are calculated using Eq. (17) considering contraction case
and Y-furcation loss coefficient is taken as 0.35 based on the au-
thors’ experience and information given in Mosonyi (1965). Head
loss due to bellmouth, reducers and Y-furcation is calculated using
input data given in Tables 6 and 7.

There are altogether three bends in the penstock, but along unit
#1 in the powerhouse, there is no bend from Y-furcation. As shown
in Fig. 12, the SS itself is along the bend and loss due to this bend is
considered in penstock part. Unit #1 is taken into account in the
calculation and hence effective bends in the penstock are bends #6,
#7 and #8 (Table 7).

Based on Tables 6 and 7, the total singular loss (Hs in Eq. (9)) in
this particular case will be 0.197 m (¼ 0.161 m þ 0.036 m).
Furthermore, friction loss in steel-lined part (Hfs) is calculated by
subtracting Hs from each value of HL2 in Table 5. Eqs. (2) and (3) are
merged and the roughness for steel lining (εs) is established for the
first friction loss for the given length of tunnel, geometry of tunnel
and discharge (ε in Eq. (3) is εs). Here, εs is considered as a constant
parameter irrespective of the size of tunnel, but the friction factor of
A1 (m2) Q1 (m3/s) Pr (bar) d (m) CL (masl)

19.34 11.61 6.82 1.7 863.7
6.7 2.88 33.66 0.9 1386.91

MKHP

h WL2 H1 HL1 HL2

17.216 934.944 0.506 0.491 0.625
17.206 934.954 0.496 0.481 0.635
17.215 934.945 0.505 0.49 0.626
17.213 934.947 0.503 0.488 0.628
17.21 934.95 0.5 0.485 0.631
17.205 934.955 0.495 0.48 0.636
17.209 934.951 0.499 0.484 0.632
17.2 934.96 0.49 0.475 0.641

17.2 934.944 0.49 0.475 0.625
17.216 934.96 0.506 0.491 0.641
17.209 934.951 0.499 0.484 0.632

8 0.0054 0.0054 0.0054 0.0054 0.0054

vely.
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steel pipe fs slightly changes with the size and again Eq. (3) is used
to calculate fs for different sizes. Similarly, Manning coefficient of
steel pipe Ms is calculated by using Eq. (6) for each fs and the result
is shown in Table 8.

Following the same calculation steps as in Table 8, εs for all head
loss measurements (Hfs) is calculated and presented in Table 9. The
table also shows average values of fs andMs for each length and size
of the penstock pipe for all measurements. Further, the mean value
of εs shown in Table 9 will be used as the fixed roughness for steel
lining.

5.2.2. Roughness for concrete lining
As shown in Fig. 10, the MKHP has both concrete lining and steel

lining from the SS to the USPIV. In this stretch, friction loss in
Table 7
Bend loss calculation in the stretch from the SS to the USPIV of CHP. Total head
loss ¼ 0.036 m.

Bend D (m) Rb (m) Rb/D x90 D (�) Rf x5 v (m/s) Head
loss (m)

#6 2.1 12.5 6 0.08 55 0.78 0.0624 1.6 0.008
#7 1.6 12.5 7.8 0.08 54 0.78 0.0624 2.76 0.024
#8 2.6 7.5 2.9 0.1 46 0.7 0.07 1.05 0.004

Note: D represents the bend angle.

Table 8
Roughness of steel lining (εs ¼ 0.551 mm) between the SS and the USPIV of CHP for
the first measurement. Total Hfs ¼ 1.84 m.

No. L (m) D (m) Rh (m) v (m/s) fs Ms (m1/3/s) Hfs (m)

1 55.45 2.1 0.53 1.6 0.014 82 0.05
2 119.84 1.8 0.45 2.18 0.015 83 0.24
2 119.88 1.7 0.43 2.45 0.015 83 0.33
4 282.85 1.6 0.4 2.76 0.015 83 1.05
5 27 1.13 0.28 2.87 0.017 85 0.17

Table 9
Roughness of steel lining (εs) between the SS and the USPIV of CHP.

No. HL2 (m) Hfs (m) εs (mm) Avg. fs Avg. Ms (m1/3/s)

1 2.04 1.84 0.551 0.015 83
2 2.03 1.83 0.537 0.015 83
3 2 1.8 0.497 0.015 84
4 2 1.8 0.497 0.015 84
5 1.99 1.79 0.485 0.015 84
6 2.03 1.83 0.537 0.015 83
7 2.02 1.82 0.524 0.015 84
8 2.08 1.88 0.609 0.016 82
9 2.01 1.81 0.511 0.015 84
10 1.98 1.78 0.472 0.015 85
11 2.04 1.84 0.551 0.015 83
12 2.03 1.83 0.537 0.015 83
Min 1.98 1.78 0.472 0.015 82
Max 2.08 1.88 0.609 0.016 85
Mean 2.02 1.82 0.526 0.015 84
SD 0.03 0.03 0.035 0 1

Note: Avg. means average.

Table 10
The singular losses in the SS to the USPIV of MKHP. Total singular losses ¼ 0.405 m.

Reducers Bends

No. L (m) D1 (m) D2 (m) d (�) Head loss (m) No. D (m)

1 10 4.96 4 2.75 0.006 #3 4
2 1.5 4 3.5 9.46 #4 4
3 1.5 3.5 3.2 5.71 #5 3.5
4 2.3 1.7 1.3 4.97
concrete-lined tunnel (Hfc) is calculated by subtracting singular
losses and friction loss in steel-lined tunnel from HL2. For singular
losses, the calculation process is the same as that for the previous
case. Calculated values of reducer loss, bend loss and Y-furcation
loss are presented in Table 10.

Friction loss in the steel-lined pressure tunnel of the MKHP is
calculated for the given length, size and established roughness of
steel lining. The roughness of steel-lined pressure tunnel is equal to
0.526 mm (mean value of εs in Table 9) and friction loss is equal to
0.2 m. Total fixed loss is then 0.605 m, which is the sum of total
singular loss and friction loss in steel-lined tunnel. Furthermore,
friction loss in the concrete lining (Hfc) section is calculated by
subtracting the total fixed loss frommeasured head loss (HL2) of the
MKHP. For given geometry and length of concrete-lined tunnel, the
roughness of the concrete lining (εc) is back-calculated from Hfc by
using Eqs. (2) and (3), following the same calculation steps as in
Table 8 for each measurement of Hfc. In addition to this, average
values of fc and Mc are also calculated as that in Table 8 and shown
in Table 11.

Table 11 shows the final result of the roughness of the concrete-
lined tunnel of the MKHP for all eight measurements. The final
value of εc is the average of all eight measurements and is used as a
fixed value for further calculations.
5.2.3. Roughness for shotcrete-lined tunnel
Both the CHP and MKHP have shotcrete-lined headrace tunnels

with invert concrete (Figs. 11b and 13e). Roughness of shotcrete-
lined tunnel is back-calculated from frictional head loss for
stretches with shotcrete lining. The back-calculated roughness is
the equivalent roughness of shotcrete linings in the walls and
crown and concrete lining in the invert.

Since the headrace tunnel of the MKHP has both concrete lining
and shotcrete lining, the total head loss HL1 is the sum of friction
losses in shotcrete and concrete-lined tunnels and singular losses in
the system. The total singular losses and friction loss in concrete-
lined segment are considered as fixed losses for the given
discharge. Table 12 shows input data required to calculate head loss
in trash rack, gate, niches, rock trap and bends.

In addition, there are a total of 18 transitions between concrete
to shotcrete and shotcrete to concrete linings. The loss coefficients
of these transitions are estimated by using Eqs. (14) and (17). The
detailed calculations of head loss due to transitions are made and
the final results with all other singular losses are presented in
Table 13.

Another fixed loss in the system, the frictional loss in the
concrete-lined tunnel (Hfc), is calculated using Eqs. (2) and (3) with
the established value of εc and given geometry and length of con-
crete linings. The totalHfc is equal to 0.197m and the total fixed loss,
including singular losses, becomes 0.275 m. Finally, friction loss in
shotcrete-lined tunnel (HR) is calculated by subtracting the total
fixed loss from measured head loss (HL1) of the MKHP. A chainage-
wise calculation spreadsheet for 18 shotcrete-lined tunnel sections
is prepared with input parameters to calculate εR, fR andMR for each
HR following exactly the same calculation process as given earlier in
Y-furcation

Rb (m) D (�) Head loss (m) D2 (m) x Head loss (m)

10 90 0.009 1.7 0.35 0.39
10 89
10 25



Table 11
Roughness of concrete-lined tunnel of MKHP.

No. HL2 (m) Hfc (m) εc (mm) Avg. fc Avg. Mc (m1/3/s)

1 0.625 0.021 0.911 0.014 74
2 0.635 0.031 4.382 0.02 62
3 0.626 0.022 0.86 0.014 75
4 0.628 0.024 1.445 0.015 71
5 0.631 0.027 2.446 0.017 67
6 0.636 0.032 5.016 0.02 61
7 0.632 0.028 2.899 0.018 66
8 0.641 0.037 8.722 0.024 57
Min 0.625 0.021 0.86 0.014 57
Max 0.641 0.037 8.722 0.024 75
Mean 0.632 0.028 3.335 0.018 67
SD 0.005 0.005 2.487 0.003 6

Table 12
Geometrical and technical data for singular losses in the HRT of MKHP.

Trash rack Gate Niches Rock trap Bend

Type s (mm) b (mm) a (�) CR f Remarks Number An (m2) At (m2) An (m2) At (m2) No. D (m) Rb (m) D (�)

a 10 25 78 2.42 1 Fully opened 2 12 16.3 3.45 11.55 #1 2.95 50 56
#2 3.15 100 10
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Table 8, where Eq. (3) is replaced by Eq. (4). The outcome of these
calculations is presented in Table 14. Additionally, MR and εR are
also calculated by using Eqs. (5) and (7), respectively, and the re-
sults from the two different approaches are compared.

In the case of the CHP, the total head loss (HL1) is the sum of
singular losses and friction losses in concrete box culvert, steel pipe,
steel-lined tunnel, concrete-lined tunnel and shotcrete-lined tun-
nel. Fixed losses in this case are singular losses and friction losses in
Table 13
Singular losses in the HRT of MKHP. Total singular loss ¼ 0.078 m.

Loss types No. A (m2) v (m/s) x Hs (m)

Trash rack 1 21.5 0.493 0.7 0.009
Entrance 1 21.5 0.493 0.5 0.006
Gate 1 12.25 0.87 0.06 0.002
Bend 2 0.004
Niches 2 16.3 0.65 0.2 0.009
Transitions 0.044
Rock trap 1 11.55 0.92 0.1 0.004

Table 14
Roughness of shotcrete-lined tunnel with invert concrete in the HRT of CHP and MKHP.

No. CHP

HR (m) Eqs. (2), (4) and (6) Eqs. (5) and (7)

εR (mm) fR MR (m1/3/s) MR (m1/3/s) εR (mm)

1 0.32 48.82 0.043 44 44 37.56
2 0.33 53.02 0.045 43 43 41.17
3 0.36 66.4 0.048 41 41 53.37
4 0.36 66.4 0.048 41 41 53.37
5 0.37 71.56 0.05 41 41 57.92
6 0.33 53.12 0.045 43 43 41.17
7 0.34 57.43 0.046 43 43 45
8 0.28 33.51 0.038 47 47 25.22
9 0.35 61.72 0.047 42 42 49.07
10 0.38 76.29 0.051 40 40 62.72
11 0.32 48.54 0.043 44 44 37.56
12 0.33 53.01 0.045 43 43 41.17
Min 0.28 33.51 0.038 40 40 25.22
Max 0.38 76.29 0.051 47 47 62.72
Mean 0.34 57.49 0.046 43 43 45.44
SD 0.03 11.75 0.004 2 2 10.36
concrete and steel linings, which are calculated as 0.18 m, 0.13 m
and 0.64 m, respectively. These losses are calculated in detail by
using project data and information and previous calculation pro-
cedures. By subtracting the fixed losses from HL1, the friction loss in
the shotcrete-lined tunnel (HR) is calculated, which is shown in
Table 14. In order to calculate the roughness of shotcrete-lined
tunnel, a chainage-wise calculation spreadsheet is prepared for
299 tunnel cross-sections and the same calculation process is also
employed as that for the MKHP.

As shown in Table 14, the hydraulic roughness from both Darcye
Weisbach (Eqs. (2), (4) and (6)) andManning formulae (Eqs. (5) and
(7)) corresponds very well in both projects. Table 14 also shows the
minimum, maximum and mean values of different roughnesses.
5.2.4. Manning coefficient and physical roughness
The physical roughness, εR, from both the DarcyeWeisbach and

Manning approaches in Table 14, has some deviation in the results
for both projects, which indicates that modification in Eq. (7) is
needed in order to define εR as a physical roughness equivalent to
sand roughness given by Eq. (4). In this endeavor, an attempt is
made to establish a modified relationship between Manning coef-
ficient (MR) from Eq. (5) and equivalent sand roughness (εR) derived
from the DarcyeWeisbach and Colebrook relationships (Eqs. (2)
and (4)) using 20 results presented in Table 14 (Fig. 15).

As Fig. 15 indicates, in comparison to the MR values for
shotcrete-lined tunnel with invert concrete lining back-calculated
in Table 14, Eq. (7) gives lower MR values for the same values of
εR. Therefore, the authors suggest that the relationship betweenMR
and εR for shotcrete-lined tunnels with invert concrete is defined by
Eq. (24), which shows a good fit in Fig. 15:

MR ¼ 24

ε
1=5
R

(24)
MKHP

HR (m) Eqs. (2), (4) and (6) Eqs. (5) and (7)

εR (mm) fR MR (m1/3/s) MR (m1/3/s) εR (mm)

0.215 98.24 0.051 39 39 80.13
0.205 87.43 0.049 40 40 69.48
0.214 96.96 0.051 39 39 79.02
0.212 95.99 0.051 39 39 76.83
0.209 91.43 0.05 39 39 73.62
0.204 85.87 0.049 40 40 68.47
0.208 90.31 0.05 39 39 72.57
0.199 80.38 0.048 40 40 63.56

0.199 80.38 0.048 39 39 63.6
0.215 98.24 0.051 40 40 80.1
0.209 90.83 0.05 39 39 73
0.005 5.76 0.001 0 0 5.3



Fig. 15. Relationships between MR and εR based on different approaches.
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The benefit of this equation is its simplicity in comparison to the
one with DarcyeWeisbach and Colebrook equations. Moreover,
DarcyeWeisbach and Colebrook equations do not consider
different lining scenarios in the same cross-section of the tunnel.
However, the authors emphasize that Eq. (24) is derived based on
20 datasets from two shotcrete-lined tunnels with invert concrete
and it should be tested with many other tunnels with similar lining
conditions, which are becoming more common in the Himalayan
region and other part of the world such as the Andes.

5.3. Physical roughness in relation to over-break

If a correlation between the average over-break thickness and
the undulations in actual tunnel profile is established, it may be
possible to predict roughness. With this concept in mind, an
attempt has been made to find a correlation between roughness
and mean over-break thickness using actual cross-section data of
the headrace tunnel of the CHP where the tunnel cross-sections are
mapped at either every 5 m or 10 m. These records of tunnel cross-
sections are used to establish a correlation between over-break and
physical roughness of the tunnel surface. The achieved correlation
is further tested with the over-break and roughness properties of
the MKHP headrace tunnel.

The cross-section profile of a blasted tunnel seldom meets the
profile assumed in a design profile and differs from it with an un-
dulating wall surface as shown in Fig. 16. A shotcrete-lined tunnel
follows almost similar surface conditions as in an unlined tunnel
Fig. 16. Roughness of unlined or shotcrete-lined tunnel with invert concrete.
and hence has similar undulation along the tunnel periphery
excluding the invert, which is mostly concrete-lined in the Hima-
layan water tunnels.

Hence, the roughness of a shotcrete lining (walls and crown in
Fig. 16) can be calculated using undulation depth measured from
the minimum area profile as shown in Fig. 16. In case of excavated
tunnel sections, the minimum area profile may or may not coin-
cide with the designed area profile depending on the quality of
the contour blast. However, the shape of the minimum area profile
is the same as that of designed profile (i.e. inverted D in this
article). Since the minimum area profile follows innermost pro-
jections of the excavated profile or the shotcrete-lined profile, the
undulation depth (Xi), which is measured perpendicular to the
minimum area profile, is always equal to or greater than zero.
There is statistical variation of undulation depth around the tun-
nel profile which demands that a single representative value of
undulation depth is needed to estimate the equivalent sand
roughness. According to Adams et al. (2012), depending on the
type of undulating surface, different statistical parameters
(calculated from the undulation depth) can be used to convert the
undulation depth to the equivalent sand roughness. One of such
parameters is the square root of variance of the undulation depth
(Pegram and Pennington, 1998; Adams et al., 2012). In this article,
the square root of the variance of Xi is assumed to be equal to the
physical roughness (equivalent sand roughness) of the unlined or
shotcrete-lined profile of the tunnel in question and is expressed
by

εsc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

�
Xi � X

�2
n

vuut (25)

where n is the number of undulation depths, and X is the average of
undulation depths.

The mean area (Am) shown in Fig. 16 is equal to the actually
excavated area or area after shotcrete lining (Ae) of the tunnel in
question. The mean area profile of the tunnel can be drawn to
match the profile of the minimum area (Amin) maintaining uniform
thickness (tm) around walls and crown. The thickness (tm) is
therefore the mean over-break thickness for the cross-sectional
profile in question and is calculated by

tm ¼
�pmin þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2min þ 2pDA

q
p

(26)

where pmin is the perimeter of walls and crown of the minimum
area profile and DA is the over-break area (¼Ae�Amin).

At the CHP, 299 tunnel cross-section profiles were surveyed at
either every 5 m or every 10 m of shotcrete-lined headrace
tunnel with invert concrete lining. Out of these cross-sectional
profiles, 68 sections from chainage 0 þ 105 m to 0 þ 490 m
are taken as representative cases for the measurement of
roughness in walls and crown. The tunnel stretch is selected as
representative considering the fact that it is the longest tunnel
stretch where shotcrete lining is continuous. In this stretch, Xi is
measured in each cross-section and the number of measure-
ments is governed by the extent of undulations presented in the
profile in question and varied from 11 to 16 measurements for
each section. εsc and tm are calculated for each section by using
Eqs. (25) and (26), respectively, and the values are used to find
out whether there exists any correlation between these two
properties (Fig. 17).

As Fig. 17 indicates, the correlation between εsc and tm is found
satisfactory with a regression coefficient (R2) exceeding 80%. More
importantly, Eq. (27) is proposed based on the result achieved,



Fig. 17. Correlation between roughness and mean over-break thickness.
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which is slightly modified with the one shown in Fig. 17, to improve
the readability of the equation without any impact on the calcula-
tion results:

εsc ¼ 1
1:7

t1=1:3m (27)

It is important to note that Eq. (27) represents only thewalls and
crown of a shotcrete-lined tunnel. Since there is concrete lining in
the invert, the whole cross-section becomes composite lining,
which should be analyzed accordingly. In this respect, the rough-
ness of the composite lining is considered as the weighted average
with respect to perimeter and can be defined by

εR ¼ εscpmin þ εcWmin
pmin þWmin

(28)
Fig. 18. Comparison of DarcyeWeisbach and M

Table 15
Head loss and roughness of shotcrete-lined tunnel with invert concrete of both CHP and

Variance CHP

tm (m) εsc (m) εR (m) MR (m1/3/s)
(Eq. (24))

MR (m1/3/s)
(head loss)

HR (m)
(calculated)

HR (m)
(measure

Min 0.03 0.04 0.03 33 40 0.393 0.341
Max 0.37 0.27 0.2 49 47
Mean 0.14 0.13 0.09 39 43
SD 0.05 0.04 0.03 2 2
where the roughness of invert concrete lining εc is equal to
3.34 mm, i.e. the same as that of a concrete-lined tunnel (mean
value in Table 11). It is considered as a fixed parameter over the
entire length of the shotcrete-lined tunnel.

The proposed Eqs. (24) and (27) are further used in all shotcrete-
lined sections of headrace tunnels of both the MKHP and CHP to
calculate both physical and hydraulic roughnesses. In this regard,
all 299 measured cross-sectional profiles from the CHP and 18
cross-section profiles from the MKHP are exploited. For each sec-
tion, εsc is first calculated by using Eq. (27) for respective measured
tm. Furthermore, Eq. (28) is used to calculate εR and finally MR is
calculated using Eq. (24) suggested by the authors. Furthermore,
frictional head loss is calculated by using Eq. (5) and exploiting
respectiveMR values, cross-sections and length of tunnel (Table 15).

As Table 15 indicates, there is fairly good match between
measured and calculated head losses with approximately 15% de-
viation at the CHP. However, the results obtained for the MKHP are
extremely good with a deviation of only 3%.

Furthermore, Eq. (24) is inserted in the chart drawn by Solvik
(1984), for both the Manning and DarcyeWeisbach formulae as
shown in Fig. 18. As Fig. 18 indicates, the proposed Manning for-
mula for shotcrete-lined tunnel with invert concrete fits very well
with the DarcyeWeisbach equations for the inverse of relative
physical roughness range between 20 and 100, which is very logical
since the Manning coefficient for shotcrete-lined tunnels with
invert concrete in general should vary between 35 and 50
depending on the quality of tunnel contour excavation.

Hence, it is concluded that the proposed equations, such as Eq.
(24), can be used in shotcrete-lined tunnels with invert concrete to
estimate the Manning coefficient and Eq. (27) can be used to pre-
dict physical roughness of shotcrete-lined surface. However, the
authors highlight that the suggested equations are based on only
two waterway systems and recommend that these equations are
further verified using data from other projects.
anning formulae (updated in Solvik, 1984).

MKHP, calculated using proposed equations.

MKHP

d)
tm (m) εsc (m) εR (m) MR (m1/3/s)

(Eq. (24))
MR (m1/3/s)
(head loss)

HR (m)
(calculated)

HR (m)
(measured)

0.1 0.1 0.07 34 39 0.216 0.209
0.31 0.24 0.18 41 40
0.15 0.13 0.1 38 39
0.05 0.03 0.02 1 0



Fig. 19. Smoothened over-break thickness (tm) against rock quality class according to
Q-system of rock mass classification at CHP and MKHP.
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5.4. Roughness from existing methods

The existing methods, such as those proposed by Rahm (1958),
Priha (1969) and Reinius (1970), for calculating tunnel roughness
were also tested to calculate the roughness of shotcrete-lined
tunnel of the CHP. Altogether, 299 cross-sections of shotcrete-
lined tunnel are used for the calculation. Regarding the MKHP,
available cross-sections are not enough to apply these existing
methods. Hence, Table 16 shows only the result for the CHP.

The roughness obtained from the existing methods is higher
than that from the actual head loss measurement at the CHP. It is
important to highlight that the existing methods (Rahm, 1958;
Priha, 1969; Reinius, 1970) of roughness calculation were mainly
established using data sources from unlined tunnels, and hence
result in higher roughness predictions than appropriate for the
tunnels with shotcrete and invert concrete lining. On the other
hand, roughness obtained by using the equations proposed by the
authors is closer to the back-calculated value based on the
measured head loss of the CHP. Therefore, we claim that, for the
composite lining consisting shotcrete and invert concrete, the
proposed equations (Eqs. (24) and (27)) have better reliability.

6. Over-break (excavation) vs. rock mass quality

The extent of over excavation on the tunnel excavated using the
drill-and-blast method depends upon the quality of rock mass
along the tunnel in question, type of blast methods (wedge cut/
burn cut), length of drill holes, type and amount of explosive used
and professional quality and awareness of the tunneling team
involved in tunnel excavation work. As discussed above, the tunnel
roughness is greatly influenced by the quality of excavation. In the
following, the authors try to assess to what extent the rock mass
quality influences the over-break thickness expressed by tm. The
average or smoothened over-break thickness (tm) of 299 and 77
excavated tunnel cross-sections for the CHP and MKHP, respec-
tively, has been calculated. The calculated over-break thickness (tm)
is then plotted against mapped values of rock mass class defined by
Q-system of rock mass classification (Fig. 19).

As Fig. 19 indicates, there is no clear correlation between over-
break thickness (tm) and rock mass quality class. Even though the
rock types along these two headrace tunnels are similar and rep-
resented by jointed quartzite, the variation in tmvalues at the CHP is
found to be more pronounced in all rock mass classes than that at
the MKHP. This is most likely related to professional quality and
awareness of the tunneling team involved during the excavation.
However, Fig. 19 depicts one very important piece of information,
which explains that the variation in over-break thickness in poor
rock mass (Class IV) is higher than that of other rock mass quality
classes. The authors believe that this is quite logical since the rock
mass with Class IV according to Q-system typically has more than
three joint sets and is blocky in nature. On the other hand, Class V
represents very poor quality rock mass, where blasting length in
each round is reduced (in general less than 1.5 m) tomake sure that
there is no tunnel collapse immediately after blasting. Lower
Table 16
Roughness of shotcrete-lined tunnel with invert concrete using existing methods in
CHP.

Source fR MR (m1/3/s)

Rahm (1958) 0.062 36
Priha (1969) 0.071 34
Reinius (1970) 0.056 38
Equations by authors 0.053 39
From head loss 0.046 43
blasting round length reduces protrusion depth and therefore a
reduced tmvalue. Another finding of this analysis is that the average
over-break thickness seems to be between 0.1 m and 0.2 m in the
blasted tunnels excavated using the drill-and-blast tunneling
technique.

7. Cost optimization

Traditionally, using a fully concrete-lined waterway system has
been proven to be a costly solution due to extra need for con-
struction resources and time. Therefore, innovative solutions are
needed to reduce the fully concrete-lined length of the pressure
tunnel system (in particular, low- to medium-pressure headrace
and tailrace tunnels). On the other hand, innovative applied solu-
tions must guarantee long-term stability and sustainability, cost
effectiveness and construction time savings. Tunnel rock support,
consisting of sprayed concrete and systematic bolting, is applied to
almost all waterway tunnels constructed today in the Himalayan
region. This is mainly to secure tunnel stability and also to guar-
antee the safety of working crew at the tunnel face. Hence, applied
support should be capable of withstanding any type of tunnel
collapses including block fall (Panthi, 2015).

The basis of cost optimization is hence the use of shotcrete-lined
headrace and tailrace tunnels with invert concrete instead of
traditional concrete-lined tunnels. However, the construction cost
of such tunnels should guarantee reduced construction cost and
time. In addition, the waterway system should also be able to
generate similar or higher financial revenue than that of concrete-
lined tunnels. Regarding the waterway system, the main long-term
revenue loss can be related to the frictional head loss. To evaluate
this economic impact, in the following, a range of hydraulic
roughness values for shotcrete and concrete-lined tunnels have
been chosen for each lining type. Hydraulic roughness in concrete
lining (Mc) is considered to vary from 60 to 75 and in a shotcrete-
lined tunnel with invert concrete (MR), it is considered to range
from 35 to 50. The shape of the tunnel was chosen as inverted D
with equal width and height for both concrete-lined and shotcrete-
lined tunnels in order to ensure a hydraulically efficient shape of
the tunnel (Lysne et al., 2003). The ratio between the area of a
concrete-lined tunnel (Ac) and the area of a shotcrete-lined tunnel
with invert concrete (Asc) for equal head loss can be expressed by

Ac

Asc
¼
�
MR

Mc

�3=4

(29)

The area ratio is calculated for all possible combinations within
the given range of roughness, as presented in Fig. 20. The contour
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Fig. 20. Area ratio (Ac/Asc) for different roughness values for the same hydraulic head
loss.
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lines in the figure are an area ratio that helps to find equivalent area
of concrete-lined tunnel for a known area of shotcrete-lined tunnel
and vice versa.

After having equivalent areas, the quantities of excavation and
rock support have been calculated for each lining case. It is
considered that there is a need for initial rock support consisting of
sprayed concrete and systematic bolting to achieve construction
safety in the tunnel. Even though the extent of this initial support is
dependent on the quality of rock mass, it is considered that on
Table 17
Unit rate of different support items.

Item Unit Rate (USD)

Tunnel excavation m3 45
Fiber reinforced shotcrete m3 410
Rock bolts m 24
Reinforced concrete m3 300
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Fig. 21. Contour lines showing possible cost saving as a fraction of excavation cost per mete
average, 10 cm fiber reinforced shotcrete and rock bolts (3 m long
@1.5 m � 1.5 m spacing) are required as initial tunnel support. The
final lining required for shotcrete-lined tunnel is assumed as 40 cm
thick reinforced concrete lining in the invert and 5 cm extra shot-
crete lining and 20% extra rock bolts. The concrete-lined tunnel on
the other hand is assumed to have 40 cm thick reinforced concrete
along the tunnel periphery including tunnel invert. For cost
calculation, the unit rate for each item has been fixed based on
present market rates prevailing in Nepal (Himal Hydro, 2016) and
adjusted with global market rates based on international experi-
ence. Table 17 shows the adjusted unit rate for differentmain items.

All possible area and roughness ratios have been calculated
within the given range of roughness. Construction cost per meter
tunnel is calculated for both shotcrete-lined and concrete-lined
tunnels with varying area ratio where the area of shotcrete-lined
tunnel varies from 10 m2 to 80 m2. Fig. 21 shows the possible
cost saving as a fraction of excavation cost per meter shotcrete-
lined tunnel with invert concrete for different area ratios and
roughness ratios.

As Fig. 21a indicates, a cost saving is possible to achieve for all
sized shotcrete-lined tunnels against concrete-lined tunnels as long
as the area ratio is over 0.5. The figure also indicates that the cost
savings are more pronounced in tunnels with smaller cross-
sectional area. Fig. 21b indicates the cost savings for different
tunnel cross-sectional areas in the form of ratio of roughness for
shotcrete-lined and concrete-lined tunnels, whichmay also be used
as a basis for cost optimization.
8. Conclusions

As has been demonstrated in this article, shotcrete-lined
waterway tunnels (both headrace and tailrace tunnels) with invert
concretewill be innovative and optimal cost effective options for the
future hydropower projects in the Himalayan region. However, one
should make sure that the long-term stability and safety of the
waterway systemare achieved and tunnel segments crossing serious
weakness/fault zones are fully concrete-lined. Suggested relation-
ships between the Manning coefficient (hydraulic roughness) and
the physical roughness (Eq. (24)), and between the physical rough-
ness and the over-break thickness (Eq. (27)) of tunnels excavated
using drill-and-blast methods can be used to predict head loss along
                                             (b) 
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the shotcrete-lined tunnelswith invert concrete. These relationships
may be used for predicting tunnel roughness both before and after
excavation of a waterway tunnel in question. The strength of the
suggested relationships is their simplicity and the relationships are
directly linked with the roughness of actual tunnel periphery.
However, the authors note that the proposed equations are based on
only two tunnel cases and hence assume that there may be some
discrepancies in the outcome of the proposed method compared to
the reality. Similarly, it is also concluded that there is no distinct
correlation between over-break thickness (directly linked with the
roughness of the tunnel periphery) and rock mass quality class
defined by Q-system of rock mass classification. However, the study
indicates that the rock mass quality under Class IV (poor rock mass)
seemsmore vulnerable to the deviation on the over-break thickness.
Finally, the study demonstrates thefinancial attractiveness of theuse
of shotcrete-lined waterway tunnels with invert concrete lining
versus fully concrete-lined tunnels.
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Notations

x Loss coefficient for singular losses
n Kinematic viscosity (1.3 � 10�6 m2/s for water at 10 �C)
A Cross-sectional area of tunnel (m2)
D Diameter of pipe/circular tunnel (m)
f Friction factor (hydraulic roughness)
fs Friction factor of steel pipe
fc Friction factor of concrete
fsc Friction factor of shotcrete lining
fR Friction factor of shotcrete-lined tunnel with invert

concrete
g Acceleration due to gravity (9.81 m/s2)
Hf Frictional head loss (m)
Hfc Frictional head loss in concrete-lined tunnel/culvert (m)
Hfs Frictional head loss in steel pipe (m)
HR Frictional head loss in shotcrete-lined tunnel with invert

concrete (m)
ε Equivalent sand roughness/physical roughness of the

conduit (m)
εs Equivalent sand roughness of steel pipe (m)
εc Equivalent sand roughness of concrete (m)
εsc Physical roughness of shotcrete lining (m)
εR Physical roughness of shotcrete-lined tunnel with invert

concrete (m)
L Length of conduit (m)
M Manning coefficient (m1/3/s) (hydraulic roughness)
Ms Manning coefficient of steel pipe (m1/3/s)
Mc Manning coefficient of concrete (m1/3/s)
Msc Manning coefficient of shotcrete lining (m1/3/s)
MR Manning coefficient of shotcrete-lined tunnel with invert
concrete (m1/3/s)

P Wetted perimeter (m)
Pr Water pressure (bar)
R Reynold’s number, vD/n
Rh Hydraulic radius, A/P (m)
v Flow velocity (m/s)

References

Adams T, Grant C, Watson H. A simple algorithm to relate measured surface
roughness to equivalent sand-grain roughness. International Journal of Me-
chanical Engineering and Mechatronics 2012;1(2):66e71.

Benson R. Design of unlined and lined pressure tunnels. Tunneling and Under-
ground Space Technology 1989;4(2):155e70.

Bishwakarma MB. Computation of head losses in hydropower tunnels. Dam Engi-
neering 2012;23(2):1e15.

Brekke TL, Ripley B. Design guidelines for pressure tunnels and shafts. 1987.
Research Project 1745-17, EPRI, Section 5-Detailed design. Technical Report.

Broch E. The development of unlined pressure shafts and tunnels in Norway. In:
ISRM international symposium. International society for rock mechanics; 1982.

Bruland A, Solvik Ø. Analysis of roughness in unlined tunnels. In: Proceedings of the
international conference on underground hydropower plants; 1987. p. 22e5.

Chilime Hydropower Company Ltd. (CHC). Project completion report. CHC; 2005.
Colebrook CF. The flow of water in unlined, limed and partly lined rock tunnels.

Proceedings of the Institution of Civil Engineers 1958;11(1):103e32.
Cuesta L. Unlined hydroelectric tunnels. In: ISRM international symposium. Isrm;

1988.
Hager WH. Wastewater hydraulics: theory and practice. Springer; 2010.
Hákonardóttir KM, Tómasson GG, Kaelin J, Stefánsson B. The hydraulic roughness of

unlined and shotcreted TBM-bored tunnels in volcanic rock: In Situ observa-
tions and measurements at Kárahnjúkar Iceland. Tunnelling and Underground
Space Technology 2009;24(6):706e15.

Huval CJ. Hydraulic design of unlined rock tunnels. Journal of the Hydraulics Di-
vision 1969;95(4):1235e46.

Himal Hydro. Archive of the present market rate of tunneling works in the Hima-
laya. Himal Hydro and General Construction Ltd.; 2016.

Kim Y. Tunnel contour quality index in a drill and blast tunnel: definition, analysis
and effects. Norwegian University of Science and Technology; 2009. PhD Thesis.

Kim Y, Bruland A. A study on the establishment of tunnel contour quality index
considering construction cost. Tunnelling and Underground Space Technology
2015;50:218e25.

Lysne DK, Glover B, Støle H, Tesaker E. Hydraulic design. Department of hydraulic
and environmental engineering. Norwegian University of Science and Tech-
nology; 2003.

Maerz N, Ibarra J, Franklin J. Overbreak and underbreak in underground openings,
Part 1: measurement using the light sectioning method and digital image
processing. Geotechnical & Geological Engineering 1996;14(4):307e23.

Mandal S, Singh M. Evaluating extent and causes of overbreak in tunnels. Tunnel-
ling and Underground Space Technology 2009;24(1):22e36.

Mosonyi E. Water power development. Akademiai Kiado; 1965.
Nilsen B, Thidemann A. Rock engineering. Division of Hydraulic Engineering, Nor-

wegian Institute of Technology; 1993.
Panthi KK. Evaluation of rock bursting phenomena in a tunnel in the Himalayas.

Bulletin of Engineering Geology and the Environment 2012;71(4):761e9.
Panthi KK. Himalayan rock mass and possibility of limiting concrete-lined pressure

tunnel length in hydropower projects in the Himalaya. Geosystem Engineering
2015;18(1):45e50.

Pegram GGS, Pennington MS. Hydraulic roughness of bored tunnels. Journal of the
South African Institution of Civil Engineering 1998;40(4):9e14.

Penche C. Guide on how to develop a small hydropower plant. European Small
Hydropower Association; 2004.

Priha S. Hydraulic properties of small unlined rock tunnels. Journal of the Hy-
draulics Division 1969;95(4):1181e210.

Rahm L. Friction losses in Swedish rock tunnels. In: International water power &
dam construction; 1958. p. 457e64.

Reinius E. Head losses in unlined rock tunnels. In: International water power & dam
construction; 1970. p. 246e52.

Ronn P, Skog M. New method for estimation of head loss in unlined water tunnels.
In: Proceedings of the 3rd international conference on hydropower. Rotterdam:
A.A. Balkema; 1997. p.675e82.

Sharma RH. Modi Khola hydroelectric project. Construction report. Himal Hydro
and General Construction Ltd.; 2001.

Shrestha PK, Panthi KK. Groundwater effect on faulted rock mass: an evaluation of
Modi Khola pressure tunnel in the Nepal Himalaya. Rock Mechanics and Rock
Engineering 2014;47(3):1021e35.

Solvik O. Unlined tunnel hydraulics. In: Hard rock underground engineering. Olso,
Norway: Furuholmen-Astrup Høyer-Selmer (FHS); 1984.

Westfall DE. Water conveyance tunnels. In: Tunnel engineering handbook.
Springer; 1996. p. 298e310.

Wright DE. The hydraulic design of unlined and lined-invert rock tunnels. Con-
struction Industry Research and Information Association; 1971.

http://refhub.elsevier.com/S1674-7755(17)30134-8/sref1
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref1
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref1
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref1
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref2
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref2
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref2
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref3
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref3
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref3
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref4
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref4
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref5
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref5
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref6
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref6
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref6
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref7
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref8
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref8
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref8
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref9
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref9
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref10
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref11
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref11
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref11
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref11
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref11
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref12
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref12
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref12
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref13
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref13
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref14
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref14
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref15
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref15
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref15
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref15
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref16
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref16
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref16
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref17
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref17
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref17
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref17
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref18
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref18
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref18
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref19
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref20
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref20
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref21
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref21
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref21
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref22
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref22
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref22
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref22
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref23
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref23
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref23
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref24
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref24
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref25
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref25
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref25
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref26
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref26
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref26
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref27
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref27
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref27
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref28
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref28
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref28
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref28
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref29
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref29
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref30
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref30
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref30
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref30
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref31
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref31
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref32
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref32
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref32
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref33
http://refhub.elsevier.com/S1674-7755(17)30134-8/sref33


C.B. Basnet, K.K. Panthi / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 42e59 59
Chhatra Bahadur Basnet is conducting his PhD research
at the Department of Geosciences and Petroleum, Nor-
wegian University of Science and Technology (NTNU),
Norway. His current research work is related to unlined
pressure tunnels in hydropower projects. He holds MSc
degree in Hydropower Development from NTNU. He has
more than six years of working experience in planning,
design, and construction supervision of numbers of hy-
dropower projects in Nepal.
Krishna Kanta Panthi is an Associate Professor in
Geological Engineering at the Department of Geosciences
and Petroleum, Norwegian University of Science and
Technology (NTNU) since 2008. He holds the degrees of
PhD in Rock Engineering, MSc in Hydropower Engineering
and MSc in Tunneling. He has approximately 25 years of
experience in design, construction management and
research of tunneling, hydropower, slope stability and
mining projects. He is the author of many scientific papers
published in renowned international journals.


	Roughness evaluation in shotcrete-lined water tunnels with invert concrete based on cases from Nepal
	1. Introduction
	2. Relevant theory
	2.1. Roughness and frictional head loss
	2.2. Singular losses

	3. Methodology for roughness evaluation
	4. Case studies
	4.1. Modi Khola hydroelectric project
	4.2. Chilime hydroelectric project

	5. Analysis of roughness
	5.1. Head loss measurement
	5.2. Roughness from measured head loss
	5.2.1. Roughness for steel lining
	5.2.2. Roughness for concrete lining
	5.2.3. Roughness for shotcrete-lined tunnel
	5.2.4. Manning coefficient and physical roughness

	5.3. Physical roughness in relation to over-break
	5.4. Roughness from existing methods

	6. Over-break (excavation) vs. rock mass quality
	7. Cost optimization
	8. Conclusions
	Conflicts of interest
	Acknowledgements
	Notations
	References


