* water

Article

Hydraulic Transient Impact on Surrounding Rock Mass of
Unlined Pressure Tunnels

Sanyam Ghimire *, Krishna Kanta Panthi !

check for
updates

Citation: Ghimire, S.; Panthi, K.K.;
Vereide, K. Hydraulic Transient
Impact on Surrounding Rock Mass of
Unlined Pressure Tunnels. Water
2023, 15, 3894. https:/ /doi.org/
10.3390/w15223894

Academic Editor: Wencheng Guo

Received: 7 October 2023
Revised: 31 October 2023
Accepted: 6 November 2023
Published: 8 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Kaspar Vereide 2

Department of Geoscience and Petroleum, Norwegian University of Science and Technology (NTNU),
Petroleumsteknisk Senter, F 410, Valgrinda, S.P. Andersens Vei 15a, 7031 Trondheim, Norway;
krishna.panthi@ntnu.no

Department of Civil and Environmental Engineering, Norwegian University of Science and Technology
(NTNU), Vassbygget, 322, Valgrinda, S.P. Andersens Veg 5, 7031 Trondheim, Norway; kaspar.vereide@ntnu.no
Correspondence: sanyam.ghimire@ntnu.no

Abstract: The frequent pressure pulsations due to hydraulic transients in hydropower plants induce
cyclic loading on the rock mass that may contribute to increased instances of block falls and increased
risk of tunnel collapse over the power plant lifetime. This study focuses on understanding the effect of
frequent start and stop sequences of hydropower in unlined pressure tunnels. For this purpose, data
from a pore water pressure monitoring system is utilized, which was installed at the downstream end
of the headrace tunnel at the 50 MW Roskrepp hydropower plant in southern Norway. The objective
of this study is to analyze the recorded data and quantify the impact of the hydraulic transient on the
surrounding rock mass in the unlined pressure tunnel. The monitoring of pressure data over several
years clearly shows that frequent load changes could cause a considerable effect on the rock mass and
constituent joint system. A delayed response of the pressure in boreholes in the rock mass compared
with inside the tunnel is seen in all start and stop sequences and is considered to be the main reason
for instability caused by transients. The response of pore pressure in boreholes is greatly influenced by
the characteristics of joints. The results show that the start sequence and shorter shutdown duration
exert a greater impact on rock mass as compared to the stop sequence and longer shutdown duration.
Therefore, it is recommended to increase the shutdown duration so that the impact can be minimized
to increase the tunnel lifetime. This study recommends implementing a more conservative design
approach in tunnels with weak rock masses in projects that involve frequent load changes.

Keywords: hydropower; unlined pressure tunnels; hydraulic transients; hydraulic impact; maximum
pressure difference; block falls

1. Introduction

Hydropower has been a source of electricity since the late 19th century. Over the years,
hydropower projects have been developed in diverse geological and topographical settings
with various layouts. In Norway, most of the hydropower projects utilize unlined pressure
tunnels as the primary waterway system, spanning a total length of over 4300 km and
operating at high heads, with the highest at 1047 m [1]. The growing need for electricity has
driven the industry to start projects with unlined pressure tunnels in places with difficult
geological conditions worldwide [2]. The tunnels are designed to withstand the pressure
exerted by the water on the surrounding rock mass of the tunnel. Rock support is only
provided where it is deemed necessary;, i.e., in areas where the rock mass is too weak to
withstand the internal water pressure. In addition, penstock lining is applied to a relatively
short section of the pressure tunnel near the powerhouse area.

In the past, most of the hydropower plants in Norway operated primarily as base load
energy supply systems where high-pressure unlined tunnels and shafts were designed
primarily considering the maximum static water head as the main parameter. Deregulation
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of the energy market in 1991 [3] brought changes to their operational patterns, with hy-
dropower plants adapting to market signals with the supply for the demand of electrical
energy. This led to an increase in the start and stop sequences of regulated hydropower
plants in Norway, known as “hydropeaking”, due to rapid adjustments to the discharge in
turbines to meet varying market demands. With the growing penetration of renewable and
unregulated energy sources, such as solar and wind, the operational regime of hydropower
plants shifted from base load to peaking in the energy market. To maintain a balance
between electricity production and consumption, flexibility in power production and
storage systems became crucial. Regulated hydropower offers both short and long-term
flexibility, where Norwegian hydropower reservoirs play a vital role [4-6] in providing
reliable, flexible and balanced energy supply in the Nordic region. The pursuit of making
hydropower more flexible has resulted in an increase in operational variability (start and
stop) of the power plants. In recent years, there has been an increasing trend of start-stop
sequences in the Norwegian hydropower plants. It is projected that the average number
of start-stop sequences may increase by 30-45% between 2025 and 2040 in Norwegian
hydropower plants [7]. Consequently, there will likely be a higher frequency and intensity
of load changes, leading to more frequent and stronger transients in the future.

The inspections carried out in the pressure tunnels and shafts in recent years clearly
indicate that the varying cyclic load has resulted in intensified block falls. In this context,
unlined pressure tunnels and shafts will experience even more block falls resulting from
cyclic load induced by increased dynamic operation of hydropower plants [8,9]. This is
because new joints are formed or existing joints are extended due to exceeded fatigue
strength of rock mass, which results in the creation of an intact rock bridge leading to a
wedge failure in the periphery of the tunnel. Therefore, a better understanding of transients
and their impact on surrounding rock mass is deemed necessary.

According to the state-of-the-art design criteria for unlined tunnels, minor rock falls
are considered acceptable as long as they do not have a notable impact on frictional loss
or result in tunnel blockage. The Norwegian pressure tunnel and shaft design methods
have undergone various upgrades such as criteria for overburden and length along with
topography correction and more than one valley consideration [1,10]. Design of unlined
pressure tunnels and shafts also includes confinement criteria assisted by in situ rock stress
measurement with validation using 3D numerical modeling. However, these methods do
not consider the mass oscillation and water hammer effect in the tunnels. Considering the
fact that the water hammer lasts for only a few minutes, Benson 1989 [11] recommended a
factor of safety (FoS) of hydraulic jacking in normal operations of 1.3 and 1.1 during mass
oscillation, whereas the FoS of the water hammer was ignored. Neupane 2021 [12] stated
that the water hammer may have a higher influence than mass oscillation in some cases and
cannot be ignored. Their study focused primarily on stop sequences and did not extensively
analyze the start sequences. Despite recent efforts, there is still a lack of knowledge on
how the pressure transients travel into the rock mass and affect the long-term stability of
pressure tunnels and shafts.

To investigate the effects of frequent start-stop sequences, a real-time pore water
pressure monitoring system was installed in the rock mass of the waterway system at
Roskrepp hydropower plant in 2018 which continues to record the measurements into
2023 and beyond. Hence, the main aim of this study is to analyze the recorded data and
quantify the impact of hydraulic transients on the surrounding rock mass of the unlined
pressure tunnel.

2. Hydraulic Transients in Hydropower Plants

During load changes, starts and stops in hydropower plants, there are fluctuations
in water flow and pressure referred to as hydraulic transients [13]. For minimizing the
detrimental effect of hydraulic transients, a surge tank/shaft may be provided in between
the reservoir and the turbine. When measuring pressure in the tunnel between the surge
tank and the turbine during a start, stop or load change, two superimposed pressure
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phenomena are observed—a water hammer with high frequency and mass oscillation with
short frequency in synchronicity with the surge tank’s water level change [14]. The hy-
draulic transients originate at the turbine and travel through the penstock and unlined
pressure tunnel. The hydraulic transients eventually diminish or decay due to steady and
unsteady friction [15,16]. Figure 1 shows a simplified schematic of a waterway system with
a surge tank.

Surge shaft: . )
\ ,,,,,,,,,,,,, Maximum dynamic level
- | ¢ Hydrostatic equilibriumYevel
I _ Momentary water level
T __ze—Initial hydrodynamical
- -~ equilibrium level

Minimum dynamic level

Upper
Reservoir

Headrace tunnel

Figure 1. Schematic of a waterway system with surge tank and pressure levels during steady state
and hydraulic transients.

The hydraulic transients can be separated into (1) the water hammer and (2) the mass
oscillations. The time period of the mass oscillation in a frictionless pressure tunnel is
expressed by Equation (1).

LA

T=2m——,
gAY

)
where T is the time period of mass oscillation, L is the length of frictionless pressure tunnel,
Ay is the cross-sectional area of tunnel, A; is the cross-sectional area of surge tank, and g is
the acceleration due to gravity. It is clear from Equation (1) that the time period of mass
oscillation depends only upon the geometric characteristics of the pendulating system in
the case of a frictionless pressure tunnel.

The time period of the water hammer is calculated as the length between the turbine
and the surge tank divided by the water hammer’s celerity. A simplified approximate
expression for the celerity of water hammer in rock tunnels was suggested by Parmakian
1963 [17] and is given by Equation (2).

o @)
p (K + E)

where c is the pressure wave velocity, p is the density of water, K is the bulk modulus of
elasticity of water, and G is the modulus of rigidity or shear modulus of rock. Field mea-
surements in hydropower plants and unlined rock tunnels show that the water hammer’s
celerity is often in the range of 1200-1400 m/s. As can be seen from Equations (1) and
(2), the oscillation period of the water hammer is much faster than for mass oscillations.
The relative amplitude of the mass oscillations compared with the water hammer is depen-
dent on site-specific conditions. In some power plants, the water hammer is more severe,
and in others the mass oscillations are most severe.

3. Fluid Flow in the Rock Mass

The flow of fluid in the rock mass primarily occurs through a network of fractures and
joints since intact rock is close to impermeable. The void space geometry in the fractures
and joints plays a significant role in the flow of fluid in the rock mass. Fluid flow through
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fractures and joints is mainly governed by properties such as aperture, roughness, contact
area, mattedness, spatial correlation, tortuosity, channeling and stiffness [18]. According to
Louis 1969 [19], the flow of water through the system of smooth joints with laminar flow
follows a cubical law defined in Equation (3).

a® Ap
1= n 1 ®)
where g is the flow rate per width of joint, a is the aperture, Ap is the pressure difference, /
is the length of joint, and y is the kinematic viscosity of fluid.

Fluid flow through joints is, in general, non-laminar and unevenly disturbed in the
joints due to the roughness and infilling conditions of the joints [20]. The connectivity
between joint systems in the rock mass, joint persistence, joint spacing and the infilling
condition governs the permeability and extent of flow. A continuous and long persisting
joint gives more flow in the tunnel. In general, the volumetric flow rate is lower in
horizontal joints than the vertical ones [21]. When the compression strength of the joint
wall is sufficiently high, even small shear movements can result in dilatancy, causing larger
voids that allow water to flow more easily [22].

4. Case Study at Roskrepp Power Plant

Roskrepp hydropower plant, which came into operation in 1979, is located in Sirdal
municipality in the southern part of Norway and is owned and operated by Sira-Kvina
Kraftselskap. The power plant has a design discharge of 70 m®/s and an operating head
that varies between 52 and 109 m owing to a large regulation height in the upper reservoir,
Roskreppfjorden. The water from the main intake is conveyed via a 3500 m long, 7.5 m wide
and 6.5 m high inverted D-shaped unlined headrace tunnel. The plant has an additional
water inflow from a brook intake directly into the headrace tunnel. The power plant has an
underground powerhouse and a vertical Francis unit with a rated power of 50 MW that
produces an average annual energy of 105 GWh. The discharge from the turbines at the
underground powerhouse is then released to Jyarvatn reservoir through a tailrace tunnel,
which is again used by four cascading hydropower projects downstream before it flows
into the sea at Ana-Sira. The general project layout of the project is shown in Figure 2.

The rock mass at the project area consists of course-grained banded gneiss and weakly
schistose granitic gneiss. The engineering geological surface mapping shows that the
general orientation of the foliation joints is in the range N 135°-150° E/40°-60° NE (Jf).
In addition, two major cross-joint sets with strike/dip N 080°-100° E/70°-80° N (J1) and
N 000°-020° E/ 40°-50° SE (J2) are present in the rock mass [23].

The instrumentation location is positioned downstream of the surge shaft and up-
stream of the turbine, where significant pressure changes occur during transients. For the
measurement of pore pressure inside the rock mass, five boreholes with a diameter of
48 mm are drilled inside the rock mass near the intersection from the headrace tunnel
to the access tunnel (Figure 3). The boreholes are sealed with packers and steel pipes
are connected from inside of the packers, going through the water tunnel, and exiting
through the concrete plug. At the dry side of the concrete plug, pressure transducers are
connected to the steel pipes, effectively measuring the water pressure on the inside of the
packers in the boreholes. GE Unik 5000 absolute pressure transducers are used with 0.2% of
full-scale accuracy. One of the steel pipes is only connected to the water inside the headrace
tunnel, and pressure transducer is installed for measuring the water pressure inside the
main tunnel.
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Figure 2. Map of Roskrepp hydropower plant and geological setting.
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Figure 3. Details of borehole with location of packer and connection of the steel pipes.

Inside each borehole, a stainless steel pipe with a 10 mm internal diameter is fixed
using rubber packers as shown in Figure 3. The empty length of the borehole inside the
rubber packer is used to investigate water pressure in the rock mass which is recorded in
the pressure transducers located outside of the concrete plug and is connected through
the stainless steel pipes. The tightened packer secures the steel pipe firmly within the
boreholes, creating a hydraulic barrier between the pore pressure in the rock mass and
the water pressure in the tunnel. In addition, the hole is cement-grouted between the
packer and tunnel wall to make sure that there is no hydraulic connection between the
tunnel water and the borehole beyond the packer (Figure 3). The packer is positioned at
various distances from the tunnel wall inside the boreholes of varying lengths to study the
borehole pressure responses with respect to distance from the tunnel wall. The information
on packer length and effective length for hydraulic connection is given in Table 1.
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Table 1. Characteristics of the boreholes.

Access tunnel

Borehole BH1 BH2 BH3 BH4 BH5
Trend/plunge 255°/10° 155°/10° 260°/10° 160°/10° 80°/10°
Location Right wall ~ Leftwall  Rightwall  Left wall Left wall
Borehole length (L), m 7 7 9 9 11
Depth of ‘Ezflk((;‘) ,ﬁ;im tunnel By By 4 4 By
Effective length 5 5 5 5 9

Figure 4 shows the joint condition and borehole orientation at the instrumentation lo-
cation (left) and the stereographic projection of the jointing condition at the instrumentation
area (right). Table 2 provides information about the joint characteristic at the instrumenta-

tion location.

BH3

2 =
e

 Leftwal

J2

20°-40°

Figure 4. Three-dimensional laser scanned isometric view showing the location of the borehole with
respect to joints at instrumentation location (left). The blue portion represents the segment of the
borehole between the packer and the end of the borehole where the pore water pressure is registered.
The red segment is grouted with cement to hinder possible leakage. ]2 is a random joint occurring at
the instrumentation location. Modified from Neupane et al. 2020 [23]. Stereographic projection of
joint sets at the instrumentation area (right).

Table 2. Joint characteristic at instrumentation location in the tunnel.

Joint Set Jf Jfconductive J1 J2
Strike N 140°-160° E N 150°E N 80°-100° E N 60°-75°E
Dip 75°-90° SW 80° SW 70°-85° SW 20°-40° SE
Persistence (m) 3-10 More than 10 m 3-10m 3-10m
. . Slightly weathered Slightly weathered
Joint wall weathering Fresh (W1) (W2) Fresh (W1) (W2)
. Rough undulating JRC Smooth undulating
Joint roughness Rough planar JRC 4-6 14-18 Rough planar JRC 4-6 JRC 10-14
. . Partly open . Partly open
Joint aperture (mm) Tight (0.1-0.25 mm) (0.25-1 mm) Tight (0.1-0.25 mm) (0.25-1 mm)
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Table 2. Cont.

Joint Set Jf Jfconductive J1 J2
Joint infilling condition Clay Washed out Clay Washed out
Damp but no dripping

: , Wet with occasional .
Seepage or following water Continuous flow et with occasiona Contintous flow
present drops of water

Typical spacing (m) 12m More than 10 m 12m More than 10 m

5. Analysis
5.1. Finding Pressure Peaks in the Data

The pressure transducers measure water pressure in the tunnel and inside the rock
through five boreholes. The data are recorded at a frequency of 10 Hz. This sampling
frequency is high enough to record the high-frequency water hammer waves. Later in the
analysis, it becomes evident that this sampling frequency effectively captures the water
hammer waves. Alternatively, the Nyquist criterion can also be used for data acquisition,
which says that the sampling frequency should be at least twice the frequency of the wave
being sampled to properly reconstruct the original signal [24]. In total, for all the pressure
transducers, there are 60 data points per second and millions of data points over the span
of 5 years from 2018 to 2023. Handling such a large dataset can be difficult and time-
consuming, involving tasks like accessing, retrieving, saving, analyzing, and interpreting
the data. The raw dataset for water pressure of the tunnel and boreholes of May 2021 is
shown in Figure 5a as an example.

(a) (b)

10.0 10.0
— TP —— BH3 — TP — BH3
9.5 BHI —— BH4 9.5 - BH1I —— BH4
—— BH2 BH5 —— BH2 BH5
9.0 9.0
S 8.5 TS 8.5
o) o)
) o
S 8.0+ S 8.0+
SEN = sl = . ,
L 754 “ L 7154 |k e YL A A e
7.0 7.0 l ' l
6.5 - -_‘_‘-_—d.’—__l— 6.5
6‘0_ T T T T T T T T 6.0_ T T T T T T T T
0 100 200 300 400 500 600 700 00 02 04 06 08 1.0 12 1.4
Time, second Time, second le5

Figure 5. (a) Unprocessed dataset for May 2021. Note the prolonged linear sections, resulting from
the absence of pressure fluctuations between peaks, necessitating increased data storage. (b) The
refined May 2021 dataset, containing exclusively transient data. The time in the x-axis is the time
period of extracted data and is not to be confused with the number of seconds in a month.

To make this process more manageable, it was necessary to extract the useful data
series from this extensive dataset. The useful data series refers to the sections where
start and stop sequences are present or where pressure transients occur. An example of
such extraction is shown in Figure 5b. These pressure peaks are not consistent and vary
depending on factors like valve closure time, initial pressure, and load changes [25].

To efficiently analyze the data, it is essential to detect these pressure peaks and filter
them in. Nevertheless, this task presents challenges due to the presence of noise in the
pressure signal. To overcome this, a peak finding algorithm called “scipy.signal.find_peaks”
was implemented in Python environment.

The direct use of the find_peaks function with raw data did not detect the peaks
correctly due to the presence of noise. To address this, a continuous wavelet transforma-



Water 2023, 15, 3894

8 of 25

tion (CWT)-based peak detection algorithm was used first but this approach took longer
computational time. Hence, the Butterworth filter that offers smoother signals with a faster
computational time, which according to Proll 2023 [26] simplifies peak detection was used.
The noise was filtered out using a low pass fourth-order Butterworth filter with a cutoff
frequency of 0.005 Hz (time period of 200 s), which resulted in data with a smooth signal.

The smooth signal was then used to find the peaks using the find_peaks function. The
function has multiple arguments, out of which prominence and width were used in the
analysis. “Prominence” represents the minimum height of a peak relative to the lowest
point in the waveform, while “width” indicates the minimum distance between two peaks.
A hit and trial approach along with assistance from data visualization helped to determine
the appropriate values and ensured effective peak detection. Finally, a prominence of 0.7 bar
and a width of 200 s were found optimal to detect the upsurge peak of mass oscillation.

When there is a start sequence, the water is intermittently supplied by surge tanks,
consequently resulting in a downsurge peak of the mass oscillations in the surge tank.
The maximum drop in tunnel water pressure was identified by inversing the data in the
find_peaks function.

To process the raw signal, a fourth-order Butterworth filter with a cutoff frequency
of 0.0055 Hz was applied followed by the implementation of the find_peaks function.
By setting a prominence value of 0.8 Hz and a width of 160 s, it was possible to identify
nearly all the downsurge peaks throughout the entire study period. After the peaks were
known, the waveform of tunnel water and borehole pressures around the peaks were
extracted for further analysis.

5.2. Natural Frequency of Oscillation

At the instrumentation location, two waves viz. mass oscillation and water hammer
can be observed. These oscillating waves cannot be measured separately because one wave
superimposes with the other as they occur simultaneously. So, it is necessary to differentiate
these waves to interpret and analyze them separately.

Fast Fourier Transformation (FFT) is an algorithm that converts a signal from the time
domain to the frequency domain which can be used to find the natural or pure frequency
of vibration [27]. A fully developed waveform of tunnel water pressure in a stop sequence
was selected to find out the frequency of mass oscillation (Figure 6a). When the signal
is transformed from the time domain to the frequency domain, it shows the constituent
frequencies that make up the signal. In Figure 6b, it is evident that there are two major
constituent frequencies of 0.004 Hz and 0.01 Hz. These frequencies correspond to the time
period of 3.75 min and 1.54 min (Figure 6c).

As it can be seen in Figure 6¢, the wave with a higher time period, i.e., 3.75 min as the
oscillation between the reservoir and the surge shaft and a second oscillation with a period
1.54 min, is the wave oscillating between the reservoir and the brook intake. Note that
the time period depends on the distance between the free water surfaces in the waterway
system. If the distance between the free water surfaces is greater, the moving waves will
have a longer time period and vice versa.

The same analysis using FFT on all the start and stop sequences throughout the
study was performed. The results consistently showed a natural frequency of oscillation
corresponding to a time period of 3.75 min throughout the study period. For this analysis,
the tunnel water pressure data are considered because the borehole data do not provide
information about the frequency of actual pressure surge waves occurring in the tunnel.
This consistency in natural frequency shows that the time period of mass oscillation remains
unchanged regardless of the discharge amount, reservoir level and start or stop sequences.
According to Mosonyi 1991 [28], it is solely the function of geometric characteristics of the
pendulating system and frictional resistance of the headrace tunnel.



Water 2023, 15, 3894

9 of 25

4
89
g
3
7
g 87
[=N
T T T T T
0 500 1000 1500 2000
Time, seconds
(b) (c)
— 3000 =
g 8 0.15 -
ht bt
%2000 1 =
e £0.10 1
2 2
5 ] 5 i
g 1000 g 0.05
< <
w 0 T T T T W= T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0 2 4 6 8 10
Freq (Hz) Time period, minutes

Figure 6. Results of FFT analysis applied in mass oscillation. (a) The surge wave considered for
analysis; here, only the one-half cycle of the oscillating wave is taken. (b) The results of FFT in
frequency domain. (c) The same result in time domain.

It was found that FFT was able to decompose waves into their constituent frequencies
that make up the signal of mass oscillation. However, it could not reveal the frequency of
the water hammer when the pressure wave in Figure 6a was analyzed. At first, a simple
theoretical approach was used to find out the frequency of the water hammer. For this,
a theoretical water hammer frequency was calculated using Equation (2) which depends
upon the modulus of rigidity (shear modulus) of the rock mass. The average shear modulus
of 25 GPa was estimated using the elasticity modulus obtained from the laboratory test
of intact rock samples [29]. With a distance of 87 m between the free water surface (surge
shaft) and turbine, the wave velocity obtained from Equation (2) is 1391 m/s. This results
in a theoretical water hammer frequency (f = ¢/2L) of 8 Hz. Frequencies higher than this
are deemed to be generated by other structures, such as the vibration of the penstock.

One major limitation of FFT is that it captures total or overall information about
frequency. That means that FFT analyzes the frequency that exists over the entire pressure
signal. If we consider the full wave that includes mass oscillation, the effect of the water
hammer is barely noticeable because there are other superimposed waves that make
the water hammer wave difficult to detect. The water hammer dies out after 1-2 cycles
of oscillating waves; hence, it is highly localized in time. Therefore, it was necessary to
separate and isolate the oscillating wave associated with the water hammer for FFT analysis
to effectively detect the water hammer. Figure 7a shows the extracted water hammer waves
considered for FFT analysis.

It is evident from the time-domain graph in Figure 7c that the highest amplitude is
obtained at a time period of 2 s. This time period corresponds to the water hammer in
the system. Other pressure oscillations with small and large frequencies are also observed
because of pipe vibration and different parts of the water hammer reflected by various phys-
ical structures and transitions between sensor location and turbine. However, the waves
generated by reflection from structures would only be recorded if the measurements were
taken close to the turbine. So, the major source of these high-frequency signals in the
measurements is predominantly due to pipe vibration. This argument is supported by the
fact that when the main inlet valve (MIV) is completely closed, signals with frequencies
higher than 1 Hz decrease significantly. Closing the MIV stops the water flow toward
the turbines, resulting in minimal vibrations in the pipes. It is evident that there are no
significant waves of natural frequencies having a time period of less than 1 s (Figure 7c).
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The small amplitude rise at 1 s in Figure 7c indicates that the frequency corresponding to
1s,i.e., 1 Hz, can be used to filter unnecessary noise for calculating total impact. This cutoff
frequency of 1 Hz is lower than the frequency obtained from the theoretical approach using
analytical formula.
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Figure 7. Results of FFT analysis applied only in water hammer surge wave. (a) The surge wave
considered for analysis, here only the one-half cycle of the oscillating wave is taken. (b) The results of
FFT in the frequency domain. (c) The same results in time domain.

5.3. Shutdown Procedure and Duration

In hydropower plants, there are two shutdown methods: emergency shutdown, which
is sudden and can cause pressure fluctuations, and normal shutdown, a gradual process to
reduce stress on electromechanical component [7]. Both shutdown methods involve two
stages: first, partially closing the vanes to reduce flow, and second, fully closing the MIV,
creating high pressure peaks (Figure 8a).

(a) (b)
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Figure 8. (a) Shutdown duration and the initial pressure head (water head) in a stop transient event.
Faint blue shows the raw data with noise and the blue line shows filtered data with a cutoff frequency
of 0.0167 Hz. (b) Shutdown duration over the years.

Determining the shutdown duration presents a challenge as the closure maneuver of
the valve cannot be solely obtained from the pressure transient curve. For precise shut-
down timing, it is essential to account for valve properties, including discharge coefficient,
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area, and closing procedure, which were unavailable. Although there may exist certain
uncertainties that hinder the precision of obtaining the shutdown time, a relative measure
of the shutdown speed is established in the analysis. This measure is derived from the time
elapsed between the initiation of the shutdown event and the occurrence of the highest
amplitude of mass oscillation after noise reduction, as depicted in Figure 8a. This rela-
tive measure is referred to as the “shutdown duration”. This approach was also used by
Neupane et al. 2021 [7].

Figure 8b illustrates the shutdown duration trends from the start of the instrumentation
until January 2023. Notably, there was a significant reduction in shutdown duration,
dropping from approximately 120 s to around 60 s in late 2019. This change has provided a
unique opportunity to explore the relationship between shutdown duration and its impact
on the surrounding rock mass during transients. Here, shutdown durations of less than
75 s are classified as fast shutdowns, while durations exceeding 100 s are classified as
slow shutdowns.

5.4. Quantifying the Hydraulic Impact

When plotting a transient event in the waterway system, it becomes evident that there
is a delay in the pore pressure response within the rock mass compared to the tunnel.
The delay in pore water pressure in the rock mass occurs due to a lag in the development of
pore water pressure within the joints in the rock mass, since the flow of water is influenced
by factors such as joint location, roughness, opening, length and connectivity between the
joint system and available dynamic water pressure in the tunnel itself.

The presence of higher pore water pressure in the rock mass compared to the tunnel
water pressure poses an impact on the surrounding rock mass adjacent to the tunnel wall.
This is primarily due to the stress exerted by the surrounding rock mass towards the tunnel,
which is predominantly destabilizing in nature against the resistance capacity of rock joints.
Figure 9 illustrates the two situations for an arbitrary rock joint wall, and shows that when
the pore pressure on the joint is higher than tunnel water pressure, it forces the block to
move towards the tunnel. On the other hand, when tunnel water pressure is higher than
pore water pressure in the rock mass, the same rock block is pushed inward to the rock
mass. Such repeated cycles cause further loosening of the rock block. This unfavorable
condition will be very common in hydropower plants with unlined tunnel systems and
frequent changes in the operation regime.

<—
lllll Vel bbby
Favorable Condition Unfavorable Condition

= Tunnel water pressure
= Pore-water pressure

=== Resultant force on block

Figure 9. Schematic illustration of favorable and unfavorable situations for block falls during
hydraulic transients.

In order to assess the impact of transients on the surrounding rock mass of a tunnel and
establish an objective measure, a quantification method is necessary. Given that a situation
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where pore water pressure in the joint walls exceeds tunnel water pressure, it becomes
essential to express this condition in numerical terms. This additional stress condition,
referred to as “hydraulic impact” (HI), was first defined by Neupane et al. 2021 [7] and is
measured in MPa-s. HI can be compared to dynamic viscosity or the force exerted on the
joint surfaces per unit area integrated over time. The mathematical expression used for
obtaining HI is expressed in Equation (4).

4)

oI — ,2(BHP — TWP)dt, ~ TWP < BHP
0 TWP > BHP

where BHP is pore water pressure in the rock mass (borehole pressure), TWP is tunnel
water pressure, and t; and ¢, are time intervals.

A typical shutdown event of May 2021, plotted in Figure 10, shows that boreholes 2
and 4 experience the hydraulic impact due to pressure lag between the tunnel and rock
mass. At some instances after the valve closure, the pressure in the borehole is larger
than the tunnel water pressure, which is unfavorable for tunnel walls. This unfavorable
situation persists until three complete mass oscillations for borehole 2 and two complete
mass oscillations for borehole 4 (Figure 10).

In contrast, BH1 and BH5 exhibit no phase lag between tunnel pressure and pore water
pressure in the borehole, suggesting a lower risk to stability compared to the other three
boreholes. This is due to the smaller pressure difference between the tunnel and boreholes.
The pressure in BH3 is unaffected by the transient and the pressure is way below the tunnel
water pressure. So, BH3 does not induce any HI on the tunnel walls.
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Figure 10. Response of pore pressure of all the boreholes and tunnel water pressure. The top figure
shows a typical stop sequence, and the bottom figure shows the water hammer waves within the
mass oscillation waves. This figure can also be read as a schematic representation of quantification
parameters for the impact of transients in rock. MPD is shown for BH4.

7

This paper introduces a new quantification term called “maximum pressure difference’
(MPD) for quantifying the impact of transients in the rock mass surrounding the unlined
tunnel. It refers to the largest difference in pressure between tunnel water and rock joints
during a transient event when the borehole pressure exceeds the tunnel water pressure. It
is the force exerted per unit area on the joint surface and is measured in MPa or bars. It
does not take account of the time of action of stress but only accounts for the magnitude of
stress induced due to hydraulic transients. The rationale is that the maximum force will
determine if the cyclic load is in an elastic or plastic regime, i.e., resulting in permanent
deformation or not. So, for one transient event, there is one value of MPD expressed by
Equation (5). The schematic representation of HI and MPD is shown in Figure 10.
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_ ( max{BHP —TWP},  TWP < BHP
MPD = { 0 TWP > BHP ©®)

5.5. Method of Calculating HI and MPD

The raw data contain a significant amount of noise at higher frequencies. The first
step involved removing these noises to ensure a noise-free signal. Subsequently, the waves
generated by the water hammer and mass oscillation were separated. The design guidelines
of the unlined pressure tunnel provide the FoS for mass oscillation and water hammer
separately [11]. So, it was worthwhile to separate them to assess the impact of each
component individually. The natural frequency of vibration is already calculated using
FFT as described in Section 5.2. With this knowledge, a Butterworth low-pass filter is used
to filter out waves with frequencies lower than the cutoff frequency. Figure 7 shows that
the water hammer frequency with the largest amplitude in the frequency domain is 0.5 Hz,
which corresponds to 2 s. Another peak is observed at 1 s. As explained in Section 5.2,
the frequency corresponding to 1 s is adopted as the cutoff frequency for noise filtration.
After applying Equations (4) and (5), the noise-filtered signal enabled the calculation of the
total HI and MPD.

To determine the HI and MPD specifically due to mass oscillation, it is necessary
to remove the water hammer waves from the signal as well. The frequency domain
analysis revealed that the maximum amplitude of mass oscillation waves is 0.004 Hz,
corresponding to 3.75 min, as depicted in Figure 7. Additionally, smaller amplitudes up
to 0.015 Hz are also present. Hence, a cutoff frequency of 0.0167 Hz, corresponding to a
time period of 1 min, was selected to filter out the water hammer waves from the overall
signal. The subsequent calculation involved determining the area and magnitude between
pressure pulses after applying this filter, which provided the HI and MPD values for mass
oscillation, respectively. Finally, by subtracting the HI and MPD values obtained for mass
oscillation from the total HI and MPD, the corresponding values for the water hammer
were calculated. The cutoff frequencies for obtaining impacts due to various components of
the waveform are shown in Figure 11. Figure 12 shows the overall formulated methodology
for data analysis.

Total Hydraulic Impact

Frequency OHz

—— —
Mass oscillation Water hammer Noise
g —— —— —
| | | T
0.0167Hz 1Hz
60sec 1sec

Time Period

Figure 11. Cutoff frequencies used for quantifying the hydraulic impact.
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Figure 12. Formulated methodology flowchart for data extraction from raw pressure data from the
tunnel and boreholes to calculate the impact of the transient in an unlined pressure tunnel.

6. Results

The results are derived by observing pore pressure response over the years, specifically
in the context of HI and MPD generation, analyzed through joint characteristics mentioned
in Table 2. It subsequently elaborates on the induction of HI and MPD during start and
stop sequences, and further analyzes the impact of shutdown duration on HI and MPD.

6.1. Pore Pressure Response

In this section, an overview of pore water pressure characteristics in relation to tunnel
water pressure is discussed. The expected response to transients and pore water pres-
sure behavior on the boreholes throughout the study period is evaluated. In addition,
explanations are made of how the behavior of the boreholes can be related to HI and MPD.

Borehole 1 (BH1): BHI1 intersects through approximately five foliation joints (Jf).
BH1 also passes through Jfconductive, a conductive joint with a larger aperture giving
continuous flow. Jfconductive intersects with BH1 at approximately 1.5 m from the tunnel
wall (Figure 4).

Initially, BH1 exhibited responsiveness, particularly during shutdowns, as shown
in Figure 13. However, from August 2018 until mid-November 2018, it stopped being
responsive. After that period, it resumed being responsive. During shutdowns, BH1 has
more water hammer pulses compared to other boreholes, resulting in the highest MPD,
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as depicted in Figure 14. However, the phase lag is minimal on this hole, almost similar to
tunnel pressure.
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Figure 13. Cumulative HI for boreholes and tunnel pressure. The cumulation of hydraulic impact
shows start sequence is severe in all boreholes.
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Figure 14. Cumulative MPD for boreholes and tunnel pressure. The cumulation of pressure difference
shows the start sequence is severe in all boreholes except for BH1. BH1 exhibits water hammer delays
mainly during the stop sequence, indicating a weak water hammer component in the start sequence.

Borehole 2 (BH2): BH2 intersects with cross-joint J1, which runs subparallel to foliation
joint Jf (Figure 4). There is no hydraulic connection between BH2 and cross-joint ]2, which
is partially open in character. Cross joint J1, on the other hand, is a tight joint filled
with impermeable clay (Table 1). Therefore, it was anticipated that BH2 may not exhibit
significant response to the transients.

After over a year of instrumentation, BH2 gradually started becoming moderately
responsive in December 2018 (Figure 13). Following the dewatering of the tunnel in May
2019 and its subsequent filling in September 2019, the behavior of BH2 changed, and it
transformed into a moderately responsive joint. Over time, its responsiveness increased.
By the end of August 2020, BH2 became more responsive compared to BH4, particularly
during the start sequence. Figure 15 shows a typical response of BH2 during the stop
sequence with its HI along with other boreholes.
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Figure 15. Water pressure data of tunnel and boreholes in a typical stop sequence (normal shutdown)
and the HI caused by it. The noise is filtered using a Butterworth filter with a cutoff frequency of
0.0167 Hz (60 s) for tunnel water pressure and boreholes. Typical filtering is shown only for tunnel
and borehole 4. Other borehole data are filtered in the same way.

During the inspection carried out one year after setting up the instrumentation station,
it was discovered that the pipe connected to BH2 was broken. Efforts were made to fix the
pipe and minimize its vibration by grouting. However, the pipe could not be fully repaired
as it continued to induce HI even after maintenance. The broken pipe acted as a dummy
or artificial joint since it was not fully connected to the tunnel water pressure, yet it still
caused HI. Despite the breakage of the pipe connecting BH2, it can potentially be utilized
to investigate the effects of variables like shutdown duration and static head on HI and
MPD. Including BH2 in the analysis would not reveal the actual condition of the borehole,
but rather help to describe the general behavior of a moderately responsive joint.

Borehole 3 (BH3): BH3 intersects with approximately four to five foliation joints (Jf),
which are tight joints filled with clay. There is no hydraulic connection between BH3 and
Jfconductive. Moreover, BH3 runs subparallel to J1. Therefore, it is expected that BH3
would not exhibit any response to the transients. BH3 has been a non-responsive joint since
the beginning of the instrumentation program. It shows little to no response to the transients
and does not induce any HI or MPD. However, the pressure of BH3 became higher than
tunnel water in some instances following the start sequence in September and October 2019.
The reservoir operation level started decreasing but the BH3, being a non-responsive joint,
did not respond quickly to the reservoir and tunnel water level. Following the start sequence,
the tunnel water level decreased steeply below the pressure of BH3, which induced HI and
MPD in such a situation. The HI and MPD resulting from this situation can be observed in
the start sequence depicted in Figure 13 and Figure 14, respectively.

Borehole 4 (BH4): BH4 intersects with approximately four to five J1s, which are tight
joints filled with clay. BH4 also crosses with J2, which is a partly open joint with a washed-
out infilling. The intersection point between ]2 and BH4 is located approximately 8 m from
the tunnel wall.

BH4 has shown moderately responsive behavior. The extent of responsiveness started
decreasing in late December 2020 and again became normal in late January 2021. It induces
more HI in the start sequence than in the stop sequence. Figure 15 shows the HI caused by
BH4 in the start sequence enclosed by a large area between BH4 and tunnel water pressure.
On some occasions, it causes HI even after 20 min of the start event (Figure 16). In February
2022, the characteristics of BH4 changed, making it unable to induce HI significantly,
especially in the stop sequence, as indicated by the flat lines in the cumulative plots in
Figures 13 and 14 (right).
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Figure 16. Water pressure data of tunnel and boreholes in a typical start sequence and the HI caused
by it. The noise is filtered using a Butterworth filter with a cutoff frequency of 0.0167 Hz (60 s) for
tunnel water pressure and boreholes. Typical filtering is shown only for tunnel water pressure and
borehole 4. Other boreholes are filtered in the same way. Pore-water pressure causes HI even after
20 min of hydropower start.

Borehole 5 (BH5): BH5 is on the left side of the tunnel wall and passes only through Jf
which is a tight joint (Figure 4 and Table 2). So, it is expected to be a non-responsive borehole.
However, the effective length of this borehole is 8 m, so it could be more responsive than
BH3, which has an effective length of 5m.

BHS5 started becoming a highly responsive borehole from March 2020 and onward,
but did not induce HI or MPD because it follows the tunnel water pressure without phase
lag. Lately, the characteristics of BH5 can be classified as a highly responsive joint that
follows tunnel water pressure without generating HI or MPD.

6.2. Start and Stop Sequence

A previous study predominantly focused on analyzing the stop sequence while giving
less attention to the start sequence [12]. This omission was due to the presence of a
considerable amount of noise in the measurement data of the start sequence and constraints
in the available time, which made it challenging to cover.

Upon analyzing the HI and MPD for the boreholes, it was observed that the start
sequence imposes higher stress on rock joints compared to the stop sequence. More
importantly, throughout the study period comprising 1008 start and stop sequences, the HI
values were on average 2.97 times higher for BH2 and 3.05 times higher for BH4 in start
sequences than in stop sequences. These findings suggest that the start sequence generates
approximately three times more HI than the stop sequence, which is significant in terms of
HI in unlined pressure tunnels due to transients. The cumulative values of HI and MPD
in Figures 13 and 14 show that BH2 and BH4 exhibit greater HI during start sequences
compared to stop sequences. On the other hand, BH1 exhibits higher MPD during stop
sequences because the impact induced by the water hammer is relatively greater than that
by mass oscillation.

The start and stop sequences are two different events that occur one after the other.
During the stop sequence, water cannot enter the penstock and instead moves towards the
surge shaft, causing an increase in water level and pressure in the tunnel. The borehole
pressure follows the tunnel water pressure but with a slight delay and a reduced peak.
As the water level drops in the surge shaft after reaching its maximum, the borehole
pressure still follows the tunnel water pressure but with a lag, and the pressure in the
borehole becomes higher than the tunnel water pressure, resulting in HI as indicated in
Figure 15.
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On the other hand, during the start sequence, water is intermittently supplied to the
turbine from the surge shaft, leading to a sudden decrease in water level and tunnel water
pressure. So, naturally, the first series of oscillations is a downsurge. The boreholes also
follow the tunnel water pressure but with a delay (time lag), and their pressure becomes
higher than the tunnel water pressure. This situation also imposes a destabilizing force
acting inward in the joint wall with a direction towards the tunnel. In certain situations
of stop sequences, the pressure in the borehole remains higher than the tunnel pressure
even after the water level in the tunnel stabilizes (Figure 16), where one can see that BH4
induces HI even 20 min after the start of turbines. The HI for all start and stop events over
the study period is shown in illustrations. BH4 induces HI even 20 min after the start of
the turbines. Therefore, the HI induced during the start sequence is observed higher as
compared to the stop sequence. The HI for all start and stop events over the study period
is shown in Figure 17.

1.00 10.0
[} 6} ~
g Start 9 Start
g 0.75 1 Stop E 7.5 f.".. I Stop
= o50] = 5ol ¥
~ 0.50 ~ 5.0
= = . . "’\ .
5 0-257 5 251" 4 .
2 N 2 { I hASh |
T 0001 dn o ttmema 2 & T Q0f =t . . T 8

2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
Year Year

§ 6 Start '

Iy Stop C

= ik

T soebdo o

22 "'7’:;.53:-" e

2 & &AL

To cane: W i a

2019 2020 2021 2022 2023
Year

Figure 17. HI of boreholes in the start and stop sequences for BH1, BH2 and BH4.

6.3. Effect of Shutdown Duration

The shutdown duration can have an influential effect on the transients in the waterway
system of hydropower plants [30]. The shutdown duration can also have an effect on the
rock mass surrounding the tunnel [7]. Hence, it is necessary to understand the effect of
shutdown duration on transients and the impact on the rock mass surrounding the tunnel.

The minimum and maximum shutdown duration in Roskrepp hydropower plant are
53 s and 177 s, respectively, with an average shutdown duration of 80 s. Figure 18 shows
two shutdown events in January 2019 and March 2020. As seen in Figure 18, the faster
shutdown duration of March 2020 has exhibited higher HI than in January 2019. It is noted
here that the tunnel water pressure for both the 2019 and 2020 events is filtered with a
cutoff frequency of 0.01167 Hz.

In the January 2019 transient, a gradual de-loading and shutdown process is observed,
while the 2020 transient exhibits a faster shutdown prior to MIV closure. Despite having a
similar range for MIV closure, the 2020 transient generates larger water hammer pulses,
indicating a more rapid shutdown. Furthermore, the amplitude of mass oscillation is
greater in the 2020 transient compared to the 2019 transient, with a peak being reached
quickly. The faster shutdown results in a steeper curve for mass oscillation, leading to a
larger time lag between the tunnel water pressure and the pore water pressure in the rock
mass. It is highlighted here that the shutdown durations for January 2019 and March 2020
are 58 s and 155 s, respectively, while the MIV closure time is 145 s for both transients.
The combination of a larger time lag and a greater amplitude during the shorter shutdown
duration results in a larger HI.
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Figure 18. Two typical stops, in January 2019 and in March 2020.

Figure 19 shows the HI of 504 shutdown events in relation to shutdown duration
recorded over the study period. As Figure 19 indicates, the HI for BH1 is primarily due
to water hammer for both longer and shorter shutdown duration. The effect due to mass
oscillation is almost negligible for BH1. The HI for BH1 is primarily due to the water
hammer for both longer and shorter shutdown durations. The effect due to mass oscillation
is almost negligible for BH1. Further, when the shutdown period is shorter, there is more
phase lag between tunnel water and pore water pressure in BH2 and BH4 creating a
situation where pore water pressure in the borehole is greater than water pressure in the
tunnel for a longer duration. As HI is the pressure difference multiplied by time, HI
becomes larger for mass oscillation due to a larger area of pressure difference. In the case
of a longer shutdown period, the pressure amplitudes and steepness of surges are lower
compared to shorter (faster) shutdown periods. This provides time for the pore water
pressure in the boreholes to adjust with the tunnel water pressure as evident from the
typical transient event of January 2019 (Figure 18).

In both shorter and longer shutdown periods, the water hammer component is still
present in the waves that have higher frequencies. In both BH2 and BH4, this induces HI even
during longer shutdowns but is not as strong as mass oscillation. In moderately responsive
joints, HI is primarily caused by the water hammer for longer shutdown durations.

If we consider MPD with respect to shutdown duration to quantify the impact of
transient, the scenario is different as compared to HI. It is seen that the effect of the wa-
ter hammer is larger than mass oscillation in all boreholes irrespective of the shutdown
duration as shown in Figure 20. MPD only measures the water pressure difference be-
tween boreholes and tunnels. MPD has two clusters for longer and shorter shutdown
durations. The MPD ranges from 0.2 to 0.8 bars for shorter shutdowns and 0.6 to 1 bar for
longer shutdowns.

Results from the relation of HI and MPD with shutdown durations suggest that the
impact of transients due to the water hammer increases with a longer shutdown duration
because a longer shutdown duration allows more pulsating waves before MIV closure.
After MIV closure, the water hammer waves also create some time lag, which induces more
pressure difference.

Figures 19 and 20 show two clusters of shutdown durations around 60 s and 120 s.
The average HI in these two shutdown durations shows that when the shutdown duration
is decreased by half the HI may be as high as five times as given by BH2 (5.02 times) and
BH4 (4.65 times).
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Figure 19. HI by mass oscillation and water hammer of stop sequences over the years for borehole 1,

2 and 4.
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Figure 20. MPD by mass oscillation and water hammer of stop sequences over the years for boreholes
1,2 and 4.

7. Discussion
7.1. Joint Characteristics

Based on the water pressure data from boreholes, it was observed that BH1 and
BH4 initially showed a responsive behavior with respect to tunnel water pressure during
transients, while BH2, BH3, and BH5 showed nonresponsive behavior. The nonresponsive
boreholes intersected joints Jf and J1, which have a narrow aperture with clay filling and
a spacing of 1 m. On the other hand, BH1 intersected the conductive joint Jfconductive,
while BH4 intersected J2. Jfconductive and J2 were found to have partially open joints
with a washed-out filling (Table 2). It can be inferred that the responsive nature of the
boreholes is influenced by Jfconductive and J2. The joints can be categorized based on
their responsiveness, with conductive joints referring to those with large apertures (such
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as J2 and Jfconductive) that have a direct hydraulic connection to tunnel water pressure,
and nonconductive joints referring to those with tight joints (J1 and Jf).

BH1 and BH4 show a response to the transients with a bit different behavior; however,
they pass through joints having similar characteristics but at different lengths from the
tunnel’s contour wall. BH1 intersects Jfconductive at 1.5 m and BH4 intersects J2 at 8 m
from the tunnel wall. Therefore, it can be deduced that the difference in pore pressure
response of boreholes intersecting similar joints is mainly due to the distance that a transient
should travel inside the rock mass.

Additionally, it is important to note that the boreholes passing through these conduc-
tive joints induce HI and MPD. This suggests that the effect of mass oscillation and the
water hammer can reach deep into the rock mass through the network of joints. This also
highlights that the pore water pressure response of the rock mass is primarily controlled by
the character of the joint system.

7.2. Behavior of Monitored Boreholes

The pore water response of boreholes behaves differently throughout the study period.
BH1, BH3, and BH4 remained relatively stable throughout the study period, while BH2
and BHS5 exhibited changes. Initially, both boreholes did not show response to transients,
but over time, they became moderately responsive and highly responsive, respectively.
Based on their response behavior or the boreholes after 2021, the responses can be classi-
fied into four different types, i.e., highly responsive, responsive, moderately responsive,
and non-responsive. Schematic representation of the response of different types of bore-
holes during transients is shown in Figure 21 and information about the borehole type is
listed in Table 3.

Table 3. Classification of boreholes based on induced HI and MPD during transients.

Borehole Type Borehole Remarks
. . No HI and MPD due to MO
Highly responsive BHS5 (after March 2020) and WH
. HI and MPD only due to WH
Responsive BHI but less HI due to MO
Moderatelv responsive BH2 (after September 2019) HI and MPD due to both WH
ode y responsty and BH4 and MO
Non responsive BH2 (before September 2019), No HI due to both WH
P BH3, BH5 (before March 2020) and MO

Highly responsive boreholes follow tunnel water pressure during transients and hence
are unlikely to induce HI and MPD. Regarding responsive boreholes, BH1 induces HI and
MPD during the water hammer with a time lag. BH1 lags tunnel water pressure especially
during water hammer waves and less for mass oscillation. So, it induces HI especially due
to the water hammer. As seen in Figure 17, BH1 does not include HI in the start sequence
while it does in the stop sequence, suggesting that the water hammer component is weak in
the start sequence. Moderately responsive boreholes (BH2 and BH4) include HI and MPD
during both water hammer and mass oscillation, which indicates that these two boreholes
have time lag both in mass oscillation and water hammer. Non-responsive boreholes show
little to no response during transients and do not induce any HI and MPD.
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Figure 21. Schematic representation of 4 types of boreholes based on responsiveness with respect to
tunnel water pressure during transient (shutdown event).

7.3. Natural, Cutoff and Sampling Frequency

In the analysis carried out by [7], three distinct frequencies of mass oscillations with
3.4, 1.6, and 1.1 min were observed, which represent oscillations between the reservoir
and the surge shaft, between the reservoir and the brook intake, and between the brook
intake and the surge shaft, respectively. However, this analysis has further identified a
natural frequency of 3.7 and 1.54 min. But FFT analysis was unable to capture the natural
frequency of mass oscillation between the brook intake and the surge shaft. The limited
impact of the relatively small-sized brook intake on the mass oscillation may explain why
the transducers could not record this specific wave frequency, which may be linked to time
periods between the two studies and the order of filter used in the analysis.

Calculating the cutoff frequency for the water hammer based on theoretical approaches
considering wave velocity and the length of the free water surface and turbine can lead
to larger discrepancies. Therefore, a theoretical cutoff frequency of 8 Hz was obtained
instead of a cutoff frequency of 3 Hz used by [7]. It is emphasized here that the FFT
analysis provides detailed information on the natural frequency of pressure waves, and it
is a practical approach to determine the cutoff frequency and separate signals based on
frequency. Analyzing the waveform of the water hammer using FFT, we revealed that a
cutoff frequency of 1Hz can effectively filter out noise and capture the total HI.

The sampling frequency for data acquisition from pressure transducers was fixed at
10 Hz. It was decided based on the time required by the wave to reflect from the instru-
mentation location to the turbine and back to the instrumentation location. The current
high sampling frequency from the pressure transducer generates a large amount of data,
making data handling and processing challenging. If long-term data storage is required,
the sampling frequency can be reduced theoretically to 2 Hz (0.5 s). This frequency is
obtained by doubling the maximum frequency of the water hammer, i.e., 1 Hz. However,
due to the presence of noise, it is recommended to keep it at 5 Hz. This ensures quality of
the data and at the same time increases the storage duration of pressure data.

7.4. Design Practice

The existing principles for the design of an unlined pressure tunnel protect only
against hydraulic jacking, while the possibility of a block falls due to operational factors,
which has not been addressed by the existing design criteria. There could be instances of
unnoticed intact rock bridges during tunnel construction that may weaken over time due
to cyclic loading and cumulative HI and MPD. This can exceed the fatigue strength of the
intact rock bridge, leading to its rupture and subsequent block falls in tunnel. A similar
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study conducted by Preisig et al. 2016 [31] focused on the hydromechanical fatigue of intact
rock bridges in deep-seated landslides. The primary cause of this fatigue was identified
as the changes in pore water pressure caused by transients. Neupane et al. 2021 [9] also
demonstrated the formation and failure of intact rock bridges on surrounding rock mass
leading to rock blockage failure. These lessons are important in tunnels excavated through
schistose rock formations such as phyllite and schist, especially in areas where there is
a risk of future block falls due to damage to the intact rock bridges and the presence of
partially open and conductive joints.

This signifies that the long-term stability of pressure tunnels against instabilities
caused by pressure transients must be considered in the design, taking into consideration
of the start/stop sequence and shutdown duration. The start sequence induces more HI
and MPD, while the shutdown duration is a key parameter that affects HI and MPD.

7.5. Operational Requirements

Hydropeaking refers to the rapid changes in hydropower production that occur in
response to fluctuations in electricity generation and demand of the electricity market.
Hydropeaking is hence related to the start and stop sequence in hydropower operations.
To safeguard the environment, certain restrictions are imposed on the change in amplitude
of discharge, rate of change in water level, and frequency of discharge and water level
changes during hydropeaking [32]. In some hydropower, there are also regulations for
hydropeaking due to electromechanical constraints [9]. Coordinating factors with the
start and stop sequence and shutdown duration may help minimize the hydraulic impact
on tunnels, safeguard electromechanical equipment and protect the environment at the
same time, all through a cohesive effort. This approach creates a win-win situation for all
factors considered.

8. Conclusions and Recommendations

The analysis carried out on the hydraulic and pore water pressure data record mon-
itored at Roskrepp hydropower plant over the period 2018 to 2023 provided a unique
understanding of the effect of frequent start and stop sequences of unlined pressure tunnels
of hydropower plants. The following conclusions are drawn from the framework devel-
oped to analyze data and quantify the impact caused by transients on the surrounding rock
mass of unlined pressure tunnels.

¢  The impact of the start sequences on the rock mass due to transient-induced cyclic
loading is greater than the impact of the stop sequences. The analysis suggests that
start sequences produce three times as much HI as the stop sequences in the operation
of a hydropower plant under hydropeaking.

*  The analysis of pore pressure data reveals that the shutdown duration has a direct
influence on HI. When the shutdown duration is reduced by half, the HI increases by
five times.

¢  The response of pore pressure in the rock joints is greatly influenced by the properties
of joints like joint wall opening (aperture), roughness, infilling condition, joint spacing
and persistence.

¢  HIand MPD can be used as complementary values to quantify the impact of hydraulic
transient in unlined pressure tunnels.

e A water hammer can travel into a rock mass and cause a difference in the pressure
inside the rock mass. So, it cannot be neglected in the design of unlined pressure
tunnels since it will have long-term operational impacts.

Hence, it is recommended that hydropower owners start instrumentation programs to
further enhance the knowledge of the link between HI and MPD with start-stop sequences
and to understand transient induced instabilities in unlined pressure tunnels. It is noted
here that when the difference in pressure between the tunnel and the joint walls changes,
acting stresses also vary, which causes displacement leading to the increase in aperture,
permeability and fluid flow. This causes the decrease in strength and stiffness of the



Water 2023, 15, 3894 24 of 25

rock joints. Hence, it is advisable to concurrently track borehole deformations alongside
pressure measurements. The deformation data monitored would be helpful in examining
the relationship of stress, displacement, dilation, and conductivity in joints. This approach
could potentially serve as validation for the numerical model [33] relating to the hydro-
mechanical coupling of joints. Such a study will help to find out the relationship between
the behavior of rock mass and tunnel water pressure during transients, which will make it
possible to predict the variations in HI and MPD.
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