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Abstract: During underground construction, the behavior of the ground is influenced by character-

istics of the rock mass with situ stresses and ground water, cross section of the excavation area, 

excavation method, and the rate of excavation. These fundamental features are considered to ensure 

the support and stability of underground excavations and achieve long-term successful operation. 

However, the ground composition of the Himalayas hinders tunnel excavation, especially in case 

of mechanized tunneling; this causes time and cost overruns. This study has reviewed the recently 

completed Neelum–Jhelum Hydroelectric Project; the project complexities, geological environ-

ments involving significant overburden and tectonic stresses, and effects of the excavation method 

on tunnel stability were analyzed. The major challenges that were encountered during construction 

are discussed herein along with their countermeasures. An analysis of project-related data reveals 

that latest techniques and approaches considering rock mechanics were used to complete the pro-

ject; the existing approaches and methods were accordingly verified and extended. Apart from 

ground composition, the excavation methods used play an important role in the occurrence of se-

vere rock bursts. Thus, the findings of this study are expected to be helpful for future tunneling 

projects in the Himalayas. 
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1. Introduction 

In order to overcome the electricity crisis in Pakistan, the northern part of the country 

has been considered a suitable location for implementing hydroelectric power projects in 

the deep dissected valleys, with the aim of achieving large amounts of storage and high 

water heads for power generation. Underground excavation is a key aspect of almost 

every hydropower project in this area of the country, owing to the presence of valleys and 

mountains. However, constructing these hydroelectric power projects in the area is chal-

lenging, both technically and financially. From a technical perspective, the Himalaya is a 

young mountain range; it is tectonically active, and the rocks are reasonably incompetent 
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and affected by a number of faults, folds, and thrusts of varying extents. Moreover, several 

locations in this area also feature with subsurface water. Geological factors, such as the 

properties of the rock mass, virgin stress settings, and inflow of groundwater through 

discontinuities, affect the stability of underground excavations and they are called ground 

composition parameters [1–3]. In the Himalayas, ground composition parameter-related 

problems, such as rock bursting, squeezing, and groundwater inflow, are encountered in 

nearly all deep excavation projects [4]. Here, in situ stresses are comparatively unbal-

anced, as they are geologically age dependent, to a large extent. As it is the youngest 

mountain chain worldwide, it is relatively more challenging to perform tunneling in this 

area using tunnel boring machines (TBMs) [5]. 

Along with ground composition, project-related features, which include the shape 

and size of the tunnel and the method and rate of excavation, are also important in the 

successful completion of projects [3]. The underground excavation method (mechanical 

or drilling and blasting) is responsible for the stress–strain behavior at the excavation face, 

and this behavior depends on the cross-section of the excavation area, along with the qual-

ity of the rock mass [6]. Ground composition parameters are responsible for the risk that 

is associated with tunneling; therefore, they directly affect excavation-related features of 

the project [7]. Although mechanical excavation is advantageous in low-stress environ-

ments, it is destructive in high-stress environments, as compared to the conventional drill 

and blast (D&B) method [8,9]. 

The Neelum–Jhelum Hydroelectric Project (NJHEP) is a major underground project, 

constructed in the complex geological environment of the Himalayas, in Pakistan. Almost 

a decade was required to complete the construction of this project, which can produce 969 

MW of electricity. The initial design for underground excavation considered the use of the 

conventional method; however, during construction, for a significant length of the tunnel 

excavation, the TBM-based method was used for reducing project construction time. This 

design altered the project-related features that are associated with challenging ground 

composition. Underground construction was delayed at different periods, owing to ex-

treme ground compositions, which presented significant challenges during tunneling. 

The changes in design, quality, and scope of the work resulted in a considerable increase 

in the construction time and cost [10]. During and after the completion of this project, 

significant research efforts were devoted toward evaluating the critical role of rock me-

chanics in the design and construction of underground structures. This study focuses on 

reviewing the effect of ground compositions and project-related features on tunnel stabil-

ity that is based on previous research associated with this project.  

2. Project Description 

General Description 

The NJHEP, undertaken by the Water and Power Development Authority, Pakistan, 

is a recent hydroelectric project located in northeastern Pakistan, in the Muzaffarabad dis-

trict of Kashmir, as shown in Figure 1. Its construction commenced in late 2008, and the 

first turbine generated power in April 2018. The designed capacity of the project is 969 

MW of electric power generated from 283 m3/s of water; this water is diverted from the 

Neelum river to the Jhelum river through tunnels, creating a gross hydraulic head of 420 

m. The main structures in this project include a diversion dam and an intake system, head-

race tunnels, an underground powerhouse complex, and a tailrace tunnel. Underground 

excavation work accounted for more than 80% of the construction that was involved in 

the project. 
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Figure 1. Project location. 

The 28.6-km-long headrace tunnels comprise single (34%) and twin (66%) circular 

and horseshoe-shaped tunnels. The tunnels are oriented along the northeast–southwest 

direction, and the cross-section of the excavation spans ranges of 10.7–11.8 m and 7.75–

8.53 m for the single and twin headrace tunnels, respectively. A single tunnel with the 

modified horseshoe-shaped cross-sectional area and a hydraulic span of 9.6 m is split into 

twin headrace tunnels (0.9 km from the intake portal). Thereafter, these twin headrace 

tunnels, with a hydraulic diameter of 6.8 m, rejoin at approximately 20.5 km downstream 

from the intake portal. After converging into a single tunnel, the headrace tunnel contin-

ues for a distance of 8 km downstream and it reaches the underground power station 

comprising four generating units. After generating 969 MW of electric power, a 3.5-km 

tailrace tunnel discharges the water into the Jhelum river. The project also consists of 10 

access adits, with a total length of approximately 11 km.  

Commonly unreinforced concrete lining (Type A) with a minimum thickness of 350 

mm was used in this project. Type B linings also have the same minimum thickness; how-

ever, they are singly reinforced. In the single tunnel, heavily reinforced Type C structural 

lining with a thickness of 600 mm is used. The same type of lining, with a thickness of 500 

mm, was used in the twin headrace tunnels. Approximately 44% of the length of the head-

race tunnels is lined with the Type A concrete liner, whereas 42% (the section mined using 

the TBM-based method) is lined with shotcrete. 

For construction, management, and documentation purposes, the project was di-

vided into three sectors or sites, referred to as Lot C1, Lot C2, and Lot C3 (Figures 1 and 

2a). Table 1 lists details of the underground excavation in the project for all three lots. 
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Figure 2. (a) Project layout showing all three construction sites, (b) dam site, (c) three-dimensional (3D) details of power-

house, and (d) powerhouse geology and underground construction. 

Table 1. Underground excavation details of three lots in the project. 

Lot Excavation Length (m) 

Excavation Size (m) 

(Cross-Sectional 

Area (m2)) 

Shape Remarks Any 

C1 

Diversion tunnel 493 10.5 × 9.5 (77) U-shaped D&B * 

Adit A1 390 7 × 8 (51) U-shaped D&B 

Single headrace tun-

nel  
874 9.7–11.7 (77–113) Horse-shoe shaped 

D&B with finished 

dia of 9.6 m 

Twin headrace tunnel  4797 + 4400 (R + L) 7.9 (51) Horse-shoe shaped 
D&B with finished 

dia 6.8 m 

C2 

Twin headrace tunnel  9895 + 10434 (R + L) 8.53 (57) Circular 
TBM** with finished 

dia 7.6–7.9 m 

Twin headrace tunnel  4950 + 4837 (R + L) 7.9–8.5 (51–60) Horse-shoe shaped 
D&B with finished 

dia 6.8 m 

Single headrace tun-

nel  
4433 10.7–11 (94–100) Horse-shoe shaped 

D&B with finished 

dia 6 m 

Adit A2 2475 7 × 8 (51) U-shaped D&B 

Adit A3 1890 7 × 8 (51) U-shaped D&B 

Adit A4 2090 7 × 8 (51) U-shaped D&B 

Adit A4a 2175 9 × 9.3 (100) Horse-shoe shaped D&B 

TBM assembly cham-

bers 

L= 100 m 

R = 60 m 
20 × 15 Horse-shoe shaped D&B 

C3 

Headrace tunnel  3622 10.7–11.7 (94–113) Horse-shoe shaped 
D&B with finished 

dia 6 m 

Tailrace tunnel  3550 10.7–11.7 (94–113) Horse-shoe shaped 
D&B with finished 

dia 6 m 

Powerhouse 130 23 × 50 (varies) U-shaped D&B 

Transformer cavern 170 16 × 20 U-shaped D&B 

Adit A5 660 7 × 8 (51) U-shaped D&B 

Adit A6 (cable tun-

nel) 
680 7 × 8 (51) U-shaped D&B 

Adit A7 370 5 × 7.5 U-shaped D&B 

Adit A8 62 6 × 7 U-shaped D&B 

Adit A10 50 varies Varies D&B 

Surge shaft and surge 

tunnel 
350 (shaft), 743 (HST) 11, 10.7–11.7 

Circular shaft and 

horse-shoe-shaped 

tunnel 

D&B with finished 

dia 9.6 m 
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Drainage gallery and 

drainage adits  
212, 60 5 × 5 (DG), 3 × 3 (DA) U-shaped D&B 

Penstocks and draft 

tubes 
118 (P), 98 (D) 6.6 × 6, 6.6 x 8 Varies D&B 

Tailrace manifold 

and tailrace surge 

tunnel 

880 11.7 (113) 
Horse-shoe shaped 

(varies) 
 D&B 

Bypass tunnel 300 7 × 8 (51) U-shaped D&B 

* (D&B =Drill & Blast method for excavation) **(TBM = Tunnel Boring Machine for excavation). 

Lot C2 of the project includes the excavation of approximately 43 km of tunnels, in-

cluding the access adits. Below the Jhelum river (170–180 m overburden), the 732-m-long 

twin-tunnel section is called the Jhelum crossing. Steel lining supported this specific 

length instead of concrete, owing to inappropriate confinement [11]. This section only ac-

counts for 3% of the total tunnel length. The headrace tunnel features a steep slope of 

10.8% in this stretch, which is upstream of the Jhelum crossing area.  

3. Geological and Geotechnical Conditions of the Area 

3.1. Regional Geology and Tectonics 

In the Himalayas, the main lithospheric plates, along with microplates, in the region 

are under constant movement; consequently, the height of the Himalayas is continuously 

increasing. This movement also activates strike–slip activities along faults away from the 

collision zone. Because of these activities, the Himalayan region is separated into different 

litho-tectonic units in terms of extensional and compressional faulting, which range from 

the northwest to the southeast [12]. These units include the Higher Himalaya, Trans-

Himalaya, Sub-Himalaya, Tethyan Himalaya, Lesser Himalaya, and major bounding 

faults [13]. Figure 3 shows the location of the project, which illustrates that the project was 

constructed under significantly difficult geological and geotechnical environments be-

tween the Hazara–Kashmir Syntaxis (HKS), which is an antiformal structure in the Sub-

Himalaya, and it is bounded by two branches of the Main Boundary Thrust (MBT) fault 

[14,15]. The location of the project shows that two major faults, the MBT and the Muzaf-

farabad fault (MF), bounded the headrace tunnel, and the axis of the tunnel is sub-per-

pendicular to the faults (Figure 1).  
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Figure 3. Neelum–Jhelum Hydroelectric Project located in the complex geological environment of the Sub-Himalayan 

region. 

The MBT is one of the major faults in the western part of the Himalayas, with a dis-

placement of approximately 10 mm per year; moreover, it runs along the entire length of 

the Himalayan range. This fault separates the younger Sivalik formations (the upper por-

tion of the Sub-Himalayas) and the older formations of the Lesser Himalayas [16]. Per-

forming underground excavations and ensuring their stability under this uncertain envi-

ronment are challenging tasks for projects using conventional and mechanized tunneling 

methods, owing to the unexplored in situ geological environment and active tectonics of 

the region. The seismically active MF was responsible for the disastrous 7.6 magnitude 

earthquake that occurred on October 08, 2005. More than 87,000 people were killed, and 

millions were left homeless, owing to this natural disaster. The epicenter of the earthquake 

was located approximately 30 and 20 km from the project and Muzaffarabad city, respec-

tively [17].  
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3.2. Project Geology Details 

The NJHEP headrace tunnel is the deepest and the underground environment fea-

tures superior geological settings when compared to global hydropower tunnel projects 

[18]. The site of the dam is located on the MBT itself, with the abutment on the right com-

posed of igneous and metamorphic rocks of the Punjal formation and the abutment on the 

left composed of the Murree formation (Figure 1). The headrace and tailrace tunnels of the 

project were excavated in the Murree formation, and the headrace tunnel crosses the Ba-

lakot–Bagh reverse fault or Jhelum–Balakot fault, locally called the MF, near the Jhelum 

crossing, which locally offsets the HKS [19]. The headrace tunnel inlet is at the northeast-

ern limb, while the outlet of the tailrace is at the southwestern limb of the HKS. Along 

with MF, an unpredicted fault zone was experienced during tunnel excavation, named 

the Jhelum river fault zone (JRFZ). The size of the MF at the tunnel elevation is nearly 190 

m and it is moderately to intensively fractured. Additionally, the widths of the JRFZ are 

60 and 35 m in the left and right headrace tunnels, respectively. Moreover, this fault was 

responsible for the rapid water flow into the twin headrace tunnels from the Jhelum river 

and the occurrence of major collapse incidents below the river bed, owing to which the 

tunnels were temporarily plugged with concrete [11,20].  

Prior to construction, small-scale local faults, along with fault plans, were identified; 

faults were also encountered during tunneling [21]. Large faults can usually be avoided 

when designing the projects, but small-scale joints, shear zones, and structural planes are 

significantly difficult to avoid during the underground construction of the projects [22]. 

From the investigations, repetitive series of shale and sandstone beds were expected dur-

ing the feasibility study and detailed design stages of the project. However, during con-

struction, interbedded sandstone and siltstone of the Murree formation, with occasional 

thin mudstone layers, appeared far more frequently than shale at all three construction 

sites. The interbedded formation commonly dips steeply with the tunnel axis perpendic-

ular to the strike lines; moreover, the contact among beds is gradational. The fault struc-

tures affected this bidding structure, which resulted in a horizontal structure; thus, the 

steeply dipping structure was converted into a drag fold [23–25].  

In the project area, sandstone was further separated into SS1 and SS2 rock units. The 

first unit is comparatively stronger, contains fine to medium grain, and is well cemented. 

The fracture density is different in different beds, and the rock mass changes from massive 

to jointed. The second unit appeared to be steadily changing to form finer materials, in-

cluding mudstone and siltstone. The sandstone unit (thickness of up to 30 m) is relatively 

massive and competent in high-stress areas. Siltstone is intermixed with mudstone and 

shale, and its color changes from reddish to grayish brown. Shale and mudstone are the 

weakest rock beds in the project area with a reddish-brown color, and they are moderately 

weathered [26]. During tunnel excavation, geological mapping revealed that this weak 

rock bed had a widely developed sheared zone. The interspace between consecutive shear 

zones was recorded to be up to 10 m. The saturated σc (uniaxial compressive strength of 

intact rock) of mudstone, siltstone, SS2, and SS1 are 24, 65, 102, and 114, respectively [27].  

A number of tests were conducted on the rock specimens either in the field or the 

laboratory during the project design and construction stages. The test results were col-

lected from literature owing to the project length (from the dam site to the powerhouse) 

and the interbedded geology, and Table 2 presents a detailed summary of the tests.  
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Table 2. Properties of rocks in the project area. 

Rock Unit 
Sandstone 

Siltstone Mudstone 
SS1 SS2 

σi (MPa) 

86 * [12,18], (138–162) [25], 114 

[27] 
47 [18], 102 [27] 

66 * [12,17,18,28], 65 

[27], (50–70) [29], 

(20–86.5) [20] 

42 * [12,18,28], 24 

[27], (30–40) [29], 

(12–54.1) [20] 

86 [17], (50–116) [23], 86.5 [24], (77% test results range 130–

170 and 23% results >230)[30], (120–170) [31], (47–86) [28], 

(130–230) [29], (20–114.6) [20] 

(100, 90, 80, 75, 60, 50, 45, 40) [32] 

Ei (GPa) 

58.1 * [12], 32 [18], (42.5–62.8) 

[25] 
18.8 [18] 40.6 * [12,17], 23.1 

[18], 21 [20] 

27.4 * [12], 12.6 [18] 

34 [24], 58.1 [17], 32 [20], 20**** [22,31] 12.6 [20] 

σt (MPa) 
7.72 * [12,18] 8.51 [18] 6.93 * [12,17,18] 

(4.7–6.8) [20] 

5.24 * [12] 

(5.2–8.2) [20] (3.9–11.0) [20] 

GSI 
65 [12,18] 50[18] 

50 [12,18] 50 [12,18] 
63 [24] 

ʋ 
0.27 * [12], 0.25 [18] - 

0.3 [17], 0.22 [20] 0.21 * [12], 0.26 [20] 
0.27 [17,20], 0.25 **** [22,31] 

c (MPa) 
6.02 * [12], (4.9 and 3.6) ** [18] - 

8.91 * [12,17] 5.87 * [12] 
4.2 **** [22,31] 

ɸ (°) 
45.98 * [12], (0 and 46) *** [18] - 

54.31 * [12,17] 33.33 * [12] 
47.8[17], 42****[22,31] 

Specific grav-

ity 

2.73 * [12] - 2.8 * [12] 2.7 * [12] 

2.73 [20] 2.77 [20] 2.72 [20] 

mi 
17 [12] - 

7 [12] 9 [12] 
15 [24] 

* = average values; ** = cohesion (peak and residual); *** = friction angle (peak and residual); **** =rock mass property. 

4. In-Situ Stresses 

4.1. General 

The Himalayan area is known to be the most tectonically active range worldwide, 

owing to the collision of two tectonic plates, i.e., the Eurasian and Indian plates. This range 

has a complex geological history due to the Indian plate displacement of 20–50 mm/year 

along the Himalaya frontal fault. This fault is responsible for various disastrous earth-

quakes, including the aforementioned earthquake that occurred in 2005 [33–35]. Apart 

from earthquakes, these movements are the major cause of high horizontal stresses in the 

area. The stress magnitude fluctuations in the area are related to the in situ rock-mass 

properties, along with the geographic location, as well as the distance from the fault. The 

horizontal stress (σh) in the area can be obtained, as follows [1]:  


  


=  +

−1h v tec
, (1) 

where υ, σv, and σtec are the Poisson’s ratio, the gravity stress, and tectonic horizontal stress 

(locked-in stress), respectively. 

The underground stress environment can be determined based on six independent 

parameters: the magnitude and direction of principal stresses (SH, Sh, and SV or σ1, σ2, and 

σ3). The in situ test campaigns were conducted at different stages of the project for deter-

mining the actual stress conditions and orientation.  
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4.2. Results of Stress Determination  

The World Stress Map reveals the thrust faulting situation in the area; moreover, the 

horizontal stresses that are due to the tectonic stress are oriented along the N60-65E direc-

tion, as shown in Figure 4. In this project, in situ stresses were determined via hydro-

fracturing and hydro-jacking at two critical sites: (1) the Jhelum river crossing and (2) the 

underground powerhouse. The test results varied, owing to the anisotropic nature of rock 

and high in situ stresses [30]. Subsequently, an overcoring stress measurement method, 

with hollow inclusion triaxial strain cells, was used for stress determination in the high 

overburden area along the TBM-excavated tunnels of the project, which were susceptible 

to rock bursting. The China Institute of Rock and Soil Mechanics executed these tests [36]. 

Fifteen boreholes were drilled in the periphery of the twin headrace tunnels and the test-

ing locations were positioned sufficiently far away from the periphery of the tunnel for 

safeguarding against construction disturbance. In a high in situ stress environment, core 

discing occurred in several tests, and only a few tests were completed successfully [24]. 

Based on the test results in the high-stress environment, it is presumed that the stress lev-

els are higher in the borehole with core disking than in the successfully completed test 

bore holes [37]. The test details were collected and summarized from published literature, 

as listed in Table 3.  

 

Figure 4. Stress conditions in the project area, obtained using the World Stress Map. 
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Table 3. Results of in situ stresses from overcoring (measured in tunnel boring machine-excavated headrace tunnel sections). 

Borehole 

Number 
Chainage Depth 

Headrace Tun-

nel 
Test No Rock Type 

Test Location 

from Periphery 

Biaxial Test Results Principal Stresses Normal Stress Shear Stresses 

Elastic Mod-

ulus 

Poisson 

Ratio 

σ1 (Mag, Dip, 

Bearing) 

σ2 (Mag, Dip, 

Bearing) 

σ3 (Mag, Dip, 

Bearing) 
σx σy σz Ƭxy Ƭyz Ƭzx 

1 10 + 881 1090 697 

1 
SS1 

 

18.05–18.55 46 0.23 73.9/6/327 37.7/26/242 26/52/50 71.3 38.6 32.3 2.1 7.8 12.2 

2 18.75–19.25 28 0.2 108.8/11/330 35.2/47/228 23.7/41/69 94.4 40.1 33 −15.8 26.3 27.3 

3 19.45–19.95 25 0.2 82.1/13/339 37.7/62/224 25.8/25/75 65 42.6 37.8 −10.9 14.4 24.4 

2 10 + 935 1100 697 

Core discing 3 10 + 936 1100 697 

4 10 + 934 1100 697 

5 09 + 620 1220 697 

4a 

SS1 

18.05–18.55 Test failure due to core breaking 

4b 19.5–20.0 67 0.21 88.9/2/297 54.9/60/203 11.7/30/29 86.9 24.4 44.2 2.2 3.1 11.1 

4c 20.5–21.0 Test failure due to core breaking 

6 10 + 939 1100 696 

5 

SS1 

19.05–19.56 52 0.1 102.9/33/292 40.6/14/193 25.1/54/84 78.9 41.4 48.3 2.3 42.4 6.8 

6 19.96–20.54 30 0.21 107.3/21/338 40.9/64/119 32.7/13/243 82.7 49 49.3 29.3 20.2 33.7 

7 21.0–21.77 35 0.2 102.9/32/312 48.4/47/195 24.4/37/70 89.8 43.8 45.7 9.8 30.7 11.3 

7 9 + 861 1190 696 Core discing 

8 13 + 834 830 696 

8 

SS1 

23.0–23.57 42 .23 50.7/14/102 24.3/43/206 19.5/44/358 43.4 27.6 23.5 −11.2 7 .8 

9 24.3–25.13 48 0.19 54.9/30/107 27.7/13/204 21.2/57/315 43.5 30.6 29.7 −7.2 13.8 3.9 

10 25.9–26.55 50 0.21 50.7/39/101 21.3/22/210 15.9/43/322 32.7 24.8 30.4 −7.9 15.4 5.9 

9 8 + 827 1560 697 

11 

SS1 

17.0–17.57 54 0.18 53.4/14/70 51.7/5/339 43.2/75/227 52.4 52 43.9 0.4 −1.1 −2.3 

12 18.1–18.6 49.2 0.21 50.6/7/102 48.5/13/10 40.7/75/221 49.9 48.6 41.3 0.7 0.02 −1.9 

13 18.7–19.4 51.6 0.19 60.7/2/95 56.4/3/5 47.7/86/211 59.5 57.5 47.7 2 −0.6 0.34 

10 8 + 422 1790 697 Core discing 

11 8 + 287 1820 697 

14 

SS1 

17.4–18.1 48 0.13 100.4/16/268 65.1/62/30 1.9/22/171 55.1 53.8 58.6 23.5 104 43.1 

15 18.2–18.6 44 0.15 141.2/22/277 85.7/68/94 37.3/1/186 106.9 63.5 93.5 17.2 1.1 42.8 

16 18.7–19.4 48.5 0.12 114.6/35/282 74.4/29/35 34.8/41/154 84.7 68.9 70.3 34.5 3 18.1 

12 7 + 440 1780 697 Water flow and Core discing 

13 7 + 439 1780 697 17 SS1 17.5–18.23 55 0.26 69.8/1/16 31.5/16/286 9.3/74/110 35.3 64.3 11 13.8 −5.9 −1.1 

14 7 + 280 1830 697 
18 

Siltstone 
18.7–19.2 

Tests not performed 
22.6/11/48 4.8/70/169 −3/17/315 

Not calculated due to no biaxial test results 
19 19.4–20 16.4/59/59 2.1/9/126 −9.2/30/31 
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The in situ stress results are plotted at the tested chainage of the tunnel in terms of 

K0 (ratio of horizontal to vertical stress) and the overburden (Figure 5). The results indicate 

the higher horizontal stresses due to tectonics along the tunnel route with a higher K0 

value [37,38]. The horizontal stress (σ1) is greater than 100 MPa, as observed from Table 3. 

Higher values of σ1 are not completely dependent on the tunnel depth as they are perpen-

dicular to the longitudinal axis of the tunnel when the overburden values range from 800 

to 1000 m (as shown in Figure 5). The horizontal stress is lower in the area with maximum 

overburden heights. σ1 and σ2 are perpendicular and parallel to the tunnel axis in the hor-

izontal plane, respectively; further, σ3 is in the vertical direction. Based on the field testing 

program, a similar stress trend was also noted in the nearby Kohala hydropower project 

that was being designed [35]. However, in the powerhouse area, σ1 is vertical with a value 

of 12 MPa, and the magnitudes of the intermediate and minor principal stresses are 5 and 

3 MPa, respectively [28]. 

 

Figure 5. In situ stress state along headrace tunnels in sever rock burst zone. 

5. Tunnel Excavation 

5.1. General 

The two general types of rock tunneling methods are as follows: (1) the mechanical 

method and (2) the drill and blast/conventional excavation method. The foremost dissim-

ilarities between them are associated with tunnel excavation, support cycle, and work 

continuity during construction. The selection of the excavation method depends on the 

ground composition and project-related features, and the choice of the method directly 

affects project costs.  

The excavation methods were evaluated for their application to the NJHEP, and no 

key stability problems were identified while using the conventional and roadheader-

based excavation methods, other than their low excavation advance rate as compared to 

the TBM-based method [39]. The utilization of TBMs in the Himalayas is not promising, 

because of the occurrence of folds, faults, shear zones, mixed geology, high in situ stresses, 

water charged formations, etc. [40]. However, developments are being considered to solve 
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the existing issues and enable TBM-based tunneling to be an effective approach in the 

Himalayas, owing to the advanced features in the TBM.  

5.2. Drill and Blast Excavation 

In all three lots of the project, the conventional excavation method was used for un-

derground excavation. The single tunnel, along with the powerhouse cavern, transformer 

hall, TBM assembly chamber, and all adits and sections of the twin tunnels, were com-

pleted using drill and blast methods (refer to Table 1). From the multiple access adits, 

excavation was conducted along two opposite directions (upstream and downstream). 

The top heading and benching excavation sequence was adopted for the single headrace 

tunnel, whereas full-face excavation was used for the twin tunnels. The top heading and 

benching method is a typical excavation approach that is used for large-sized rock tunnel 

excavations [41]. Assembly chambers for the TBMs, an underground powerhouse, and a 

transformer hall were constructed using the multiple drift method, while considering the 

special cross-sectional sizes of these structures and poor rock mass quality.  

5.3. Tunnel Boring Machine Excavation 

In the area with a high overburden, the conventional excavation method for the head-

race tunnel was replaced, in order to expedite the excavation and construction of the pro-

ject, for approximately 20 km in Lot C2. However, the lack of foresight regarding geolog-

ical problems was disastrous for TBM-based tunneling at this stage of the project owing 

to the high overburden. Two rock behaviors were scrutinized under the high-stress envi-

ronment along the longitudinal section of the headrace tunnel, i.e., (1) competent brittle 

rock (rock burst) and (2) weak rock (squeezing). 

In the planning stage of tunneling using TBMs for excavation, the primary issues 

were the squeezing probability of up to 500 mm, as was indicated for the weak rock mass, 

and rock bursting in brittle rock under a high-stress environment. Similar concerns were 

also encountered during the construction of the Gotthard Base Tunnel, where the project 

was successfully finalized using open (gripper) TBMs [42]. Similar machines were chosen 

for this project, which was suited for the aforementioned possible behaviors. The two 

TBMs, named TBM 697 and TBM 696, excavated a considerable portion of the twin head-

race tunnels, and they ascended from the southwest to northeast directions at a slope of 

0.8% upstream. The two tunnels were designed in parallel with a modified separation 

distance of 55 m, which was originally 33 m [17,25]. The purpose of this modification was 

to reduce the induced stress in the inter-tunnel pillar. For both of the TBMs, the support 

installation equipment facilities were present at location L1. This section was 6 m behind 

the cutter head shield, as shown in Figure 6. Section L2 was 60 m after section L1 and it 

featured an additional facility for shotcrete spray robots and rock bolting. 
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Figure 6. Open gripper tunnel boring machine. 

Initially, both machines were facilitated with two separate and independent systems 

for performing advance exploration, which are listed below [42]:  

1. Tunnel Seismic Tomography System  

2. Probe drilling 

After the unexpected high horizontal stress prediction that substantially contributed 

to the severity of the rock bursts, two more investigation systems were added in the areas 

with frequent occurrences of rock bursts in order to measure the following: (1) the uniaxial 

compressive strength of the rock for rock burst prediction and (2) microseismic monitor-

ing. Overcoring tests were conducted for measuring the in situ stress in this area to un-

derstand the in situ stress environment and avoid rock bursts [37].  

When considering the stability after excavation, the main difference between the con-

ventional and mechanical/TBM excavation approaches are the disturbances that they cre-

ate in the rock mass at the periphery of the excavation site. In mechanical excavation, the 

disturbance in the rock mass is minimal, as compared to that in conventional excavation 

[9,43]. As the tunnel depth increases, the number of problems that are associated with 

high stresses also increases in TBM excavation [44]. At shallow depths, conventional ex-

cavation can cause undesirable effects, such as rock mass quality degradation, over-exca-

vation, and blast vibration [45]. However, the negative effects (rock mass degradation) are 

actually helpful when tunneling through hard rocks at an overstressed depth. In this sit-

uation, the fractures that formed by blasting create a protected area through the migration 

of possible stress concentration away from the surrounding areas of the excavation, thus 

reducing the risk of rock bursts [46]. This is one of the reasons why rock bursts were rarely 

observed during the construction of the NJHEP. However, this conventional excavation 

approach requires the optimization of each activity in the tunnel construction cycle in or-

der to accelerate the rate of advancement [47]. Table 4 lists the progress achieved through 

TBM-based tunneling and the conventional method of tunneling in Lot C2. In this project, 

the average progress realized using the TBM approach was 2–4 times higher than that 

afforded by the conventional tunneling method [48]. 
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Table 4. Comparison of excavation progress in Lot C2 using different excavation methods. 

Tunnel Face 
Tunneling Length (m) 

for All Faces 

Working Days in 

All Faces 

Average Advance 

Rate for All Faces 

(m) 

Single HRT using 

D&B 
4433 1369 3.24 

Twin HRT using 

D&B 
9823 5977 1.64 

Twin tunnels using 

TBM (avg. excava-

tion activity is 4.2 

h/day/TBM) 

20319 2849 7.13 

6. Rock Burst 

6.1. General 

In recent years, long and deep tunnels have been constructed in hydropower and 

transportation projects globally [49,50]. In these deep tunnels, rock burst is one of the most 

dangerous phenomena encountered during construction. During underground excava-

tion, rock bursts occur during unloading, due to the excavation of the adjacent rock mass 

from the triaxial state in a high-stress environment. Tangential stress concentrations, 

which are a result of the rearrangement due to unloading that results from excavation, 

occur near the tunnel periphery, which can produce rock bursts. The abrupt unloading 

includes an extreme energy release from a hard rock mass, resulting in peripheral rock 

ejection, producing severe destruction to the equipment and the excavation process, and 

it may result in fatalities. The amount of stored energy and their release rate are responsi-

ble for the rock burst consequences in overstressed rocks. In rock mass, the stored elastic 

energy depends on in situ stresses and rock mass properties (particularly brittleness). The 

stress release rate in the form of energy depends on the excavation sequence in the high-

stress zone and causes strain-type rock bursts. Other factors responsible for elastic energy 

storage in overstressed brittle rock masses, which, in turn, cause rock bursting, are geo-

logical structures, geological anomalies, and bedding orientation. In civil tunnels, rock 

bursts are predominantly of the strain type; however, fault-slip-type rock bursts also occur 

in the case of geological structural planes (shear zones or faults) [18]. Rock burst assess-

ment is a key issue in deep excavation and it requires a thorough understanding of the 

phenomenon [51]. 

6.2. Role of Geology, Excavation-Induced Stresses, and Method of Excavation in the Project 

In NJHEP, brittle failure of overstressed hard sandstone and slip along the structure 

plane both caused rock bursts [22]. The majority of rock bursts (81%) occurred within the 

sandstone beds, while the remaining 19% occurred within the massive siltstone beds, usu-

ally in close vicinity to sandstone beds at both tunnels that were excavated while using 

TBMs [30,36]. The two TBMs excavated the weak (siltstone) and strong (sandstone) inter-

bedded rock, and the in-situ stress measurement campaign revealed that the orientation 

and amount of σ1 (major principal stress) fluctuated considerably in the two layers. The 

σ1 value is relatively high in the sandstone layer, and its direction is nearly perpendicular 

to the longitudinal axis of the tunnel. However, in the siltstone layer, the magnitude of σ1 

is significantly smaller than that of sandstone, and the direction is almost the same as that 

of the longitudinal axis of the tunnel [24]. The low value of σ1 in the siltstone and its par-

allel orientation results in better tunnel stability with low deformation; therefore, squeez-

ing rarely occurred during tunnel excavation. The tangential stresses from excavation 

were higher in the strong layers in the interbedded Murree formation, owing to the ability 
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of the strong rock to store more energy. The maximum tangential stress, due to the redistri-

bution, was high in the sandstone layer and rock bursts frequently occurred in this layer. 

After the heavy rock burst that occurred on 31 May 2015, a shear plane-like structure 

was observed in the wall of the tunnel that was excavated by TBM 696 [25]. The investi-

gation indicated that there is an association between the occurrence of rock bursts and 

shear zones and high in situ stress. The shear zone structure performed the role of stress 

accumulation in the high-stress environment, which resulted in a situation that was favor-

able for the occurrence of abrupt shear failure. This abrupt failure released the accumulated 

energy in the form of a rock burst. The quantity of energy that is stored owing to the pres-

ence of a shear zone is a function of the rock type and in situ stress conditions. The hard rock 

has the capacity to store more energy; therefore, if the presence of a shear zone results in a 

stress concentrating barrier in the vicinity, it can produce intense rock bursts [38]. 

The low strength–stress ratio and/or type of geological structure are the major factors 

that are responsible for stability during tunneling [52]. Fortunately, the tunnel excavation 

process in identical situations with jointed rock masses is relatively unfavorable for rock 

bursting [53,54]. Therefore, rock bursting was a major challenge for TBM-based tunneling 

only when comparing the excavation methods (conventional versus TBM) in NJHEP 

[18,32]. In the conventional method of excavation, the modulus of elasticity decreases (and 

the level of decrease depends on the blasting quality), owing to fracturing and rock defor-

mation. Consequently, the migration of excavation induces stresses that occur away from 

the tunnel periphery and result in a decrease in rock burst risk [9,55,56].  

6.3. Actual Rock Burst Situation 

Over 1700 rock bursts were acknowledged during the twin TBM-based headrace tun-

nel excavations of the project, of which 55 were of Category 3 magnitude or greater (Figure 

7). Rock bursts and overbreaks frequently occurred during the headrace tunnel excava-

tion, and one intense rock burst not only damaged the TBM, but also resulted in a loss of 

life of workers. 

 

Figure 7. High in-situ stresses due to tectonics and the rock burst count in the headrace tunnels 

due to these stresses in the area (modified after [38]). 
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On 31 May, a severe burst occurred from chainage 09 + 706 and 09 + 793 in the right 

headrace tunnel (TBM 696). Figure 8 shows the over-excavation profile. Three personnel 

expired, and a few were wounded after the rock burst. Further, a considerable volume of 

the walls and crown collapsed, which resulted in damage to the TBM. The shockwave that 

was generated by the rock burst caused damages to the adjacent parallel headrace tunnel, 

which was being mined by TBM 697 [18]. According to Mierzejewski, the rock bursts en-

countered in the project were all self-initiated strain bursts, in contrast to events that may 

be triggered by distant seismic events; however, certain researchers indicate that fault-

slip-type rock bursts also occur during the TBM-based excavations [22,38]. The occurrence 

of rock bursts at the tunnel face was rare; however, during TBM-based excavation, the 

reorientation of stresses can cause rock bursts and almost two-third of the events occurred 

in this situation. One-third of the rock bursts occurred during support installation in the 

L1 section. One-half of the total rock burst events occurred in this risky section of the TBM 

(L1 zone), where the activity was high without any protection, particularly during the 

support installation period [30]. 

 

Figure 8. Over-excavation profile of the headrace tunnel after the rock burst on 31 May. 

The rock burst event of May 31 was due to the sudden slip of the shear zone during 

the excavation and sudden release of energy (which was stored because of this energy 

barrier), according to Naji et al. This rock burst was similar to those that occurred in the 

drainage tunnel of the Jingping II hydropower project in China [57] and the diversion 

tunnel of the Tianshengqiao hydropower project [58]. The rock burst in one headrace tun-

nel not only created damages and losses in the TBM 696, but it also affected the adjacent 

tunnel owing to its dynamic behavior [21].  

6.4. Rock Burst Prediction Criteria for Neelum–Jhelum Hydroelectric Project 

The traditional rock burst prediction approaches are based on the rock strength in 

practice, while the actual occurrence of rock bursts depends more on the structure and 

strength of the rock mass (σcm). Naji and his co-researchers used different parameters, i.e., 

stress reduction factor (SRF), σѳ/σc, σt/σ1, and σc/σ1 for rock burst estimation using the con-

ventional rock burst criteria [59–61], for five dangerous chainages along the headrace tun-

nel of a project with predicted heavy rock burst [18]. For design engineers, the traditional 

rock burst criteria are appropriate for understanding the causes; however, it is too simple 

and conservative to forecast rock burst occurrence in complex geological environments. 
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The prediction criteria, which are based on the strength–to-stress ratio, measure the 

strength of the rock, which is attained from laboratory tests; however, they ignore the 

consequence of the in situ stress effect on σcm [31]. When considering the influencing fac-

tors and limitations of traditional rock burst criteria, a comprehensive study was con-

ducted based on the data that were related to the characteristics of the rock bursts that 

occurred during NJHEP construction, and a novel rock burst criterion was proposed [23]. 

This criterion utilizes the rock mass strength–stress ratio. This ratio is between σcm, based on 

the Hoek–Brown strength criterion, and σH, which is perpendicular to the longitudinal axis 

of the tunnel. The criterion also considers other factors that influence rock burst, i.e., rock 

mass characteristics, construction disturbances in the vicinity, and the geologic structure.  

A close relation exists between the rock burst and the stored energy release rate dur-

ing excavation; moreover, the unloading-confining-pressure-based energy criteria is an-

other approach for the evaluation of rock bursts in the NJHEP, which is defined in Equa-

tion 2 [62]. Before excavation, the elastic energy storage in the rock mass is due to in situ 

stresses, which is followed by excavation-induced redistributed stresses in the excavation 

surroundings. 

−



=
max

0.7 ( )

0.5 ( )

0.4 ( )

0.3 ( )

e

e

severe rockrurst

strong rockburstU

mediumrockburstU

weak rockrurst

 
(2) 

Before failure is attained, Ue−max is the maximum storage elastic energy of the rock. 

This energy is before the occurrence of failure and it is achieved from the unloading con-

fining pressure tests. The storage elastic energy of the rock mass is represented through 

Ue, owing to in-situ stresses and excavation. From the NJHEP sandstone stress–strain 

curve, the three parts of the store elastic energy are as shown below [31]:  

e e e e
h l uU U U U= + +

, 
(3) 

where 
e
hU  is the storage elastic energy during the application of the hydrostatic pressure, 

e
lU  is the storage elastic energy during the application of the initial axial stress, and 

e
uU  

is the storage elastic energy during unloading confining pressure. 
e
hU

 can be calculated, 

as follows: 
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where υ is Poisson’s ratio, E is the elastic modulus of the rock specimen, and 
0
3  is the 

initial confining pressure. The storage elastic energy during the application of the initial 

axial stress can be calculated, as follows, where 1
u  is the maximum axial stress at the 

maximum confining pressure. 

2 0 2 0 0 2
1 3 1 3 3

1
( ) ( ) 4 (( ( ) )

2

e u u
lU

E
      = − −    +

 
 (5) 

During the unloading process, the storage elastic energy 
e
uU  is:  

2 2 2
3 3 31 1

2 0 2 2 0 0 2
1 3 1 3 3

1
( ) 2 ( ) 2 (2 ( ) )

2

1
( ) 2 ( ) 2 (2 ( ) ( ) )

2

p pe r r r
u u

u

u u
u

U
E

E

     

     

 =  +  −     +
 

 −  +  −     +
 

, (6) 



Appl. Sci. 2021, 11, 1655 19 of 29 
 

where Eu and υu are the unloading elastic modulus and Poisson’s ratio of the specimens, 

respectively. Moreover, 1
p  and 3

r  are the axial and radial stresses at the peak value of 

the stress–strain curve during the unloading confining pressure test. The experimental 

results reveal that E is lower than Eu and ʋu is smaller than υ [63]. For the NJHEP sand-

stone, ʋu and Eu are 0.96 times the Poisson’s ratio of sandstone and 1.07 times the elastic 

modulus of sandstone. Based on 15 tests and Equations (3)–(6), the calculated maximum 

stored elastic energy is as listed in Table 5. A severe rock burst phenomenon occurred 

because the elastic energy is higher than 300.5 kJ/m3 [62]. Based on the study, a strong 

correlation exists with a higher correlation coefficient (0.95) between the maximum stor-

age elastic energy and the initial confining pressure, which is represented, as follows:  

max 0
3275.7 exp(0.0285 )eU − =   . (7) 

Table 5. Unloading confining stress results for sandstone in the Neelum–Jhelum Hydroelectric Project. 

Test No. 
0
3 (MPa) ʋ E (GPa) 

Peak Deviatoric 

Stress (MPa) 
Ue-max 

1 

35 

0.26 40.2 250 820 

2 0.22 35.9 245 866.5 

3 0.24 38.3 246 833.4 

4 

45 

0.23 34.2 269 1114.3 

5 0.24 40.3 282 1053.1 

6 0.27 51.7 283 898 

7 

55 

0.22 32.1 267 1363.9 

8 0.24 32.8 286 1445.8 

9 0.23 32.7 285 1434 

10 

65 

0.28 52.4 336 1667.5 

11 0.21 29.1 329 1909.8 

12 0.24 30.8 301 1788.8 

13 

75 

0.23 28.0 338 2233.2 

14 0.25 35.0 357 2097.9 

15 0.25 38.3 353 1801.8 

7. Extension of Empirical Classification Systems for Tunnel Support Design 

7.1. General 

The previous experience from tunneling is the basis for the development of empirical 

classification systems and it is now used worldwide in the design and construction of 

underground excavation systems, particularly for their support recommendation. In these 

systems, the descriptive methods that are followed by numerical characterization is used 

for the design parameters [64,65]. In the case of complex rock mass, this characterization 

process is not appropriate for rock mass classification in existing systems; therefore, mod-

ification is required in existing systems for appropriate utilization [66]. The rock mass as-

sessment in a precise way is important for a suitable excavation approach as well as for 

construction schedule development and proper support selection. This assessment of rock 

mass and its further use in tunnel design and construction through empirical classification 

are undeniably the best evaluation methods [67]. From the middle of the 20th century, ap-

proximately a dozen classification systems for rock masses have been offered with con-

sideration of different purposes in rock engineering. Of these, only a few have gained 

international recognition, including rock mass rating (RMR) [6,68,69] and tunneling qual-

ity index (Q), in the tunnel support design field. The different characterization parameters 

combine in a unique way in their different versions (as shown in Equations (8)–(12)) [8]. 
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c
n a

J JRQD
Q

J J SRF
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RMR89, RMR13, and RMR14 are the RMR versions of 1989, 2013, and 2014, respectively, 

while Q and Qc are the original and modified versions of Q classification systems, respec-

tively. Because these systems are based on a conventional shallow tunneling database, 

excavated in jointed rock mass, their application as a design tool is acceptable for similar 

tunneling. In the case of deep tunneling under high stresses, the Q system has an SRF for 

massive rock conditions, but both of the systems have limitations in a highly stressed 

jointed rock mass environment [32].  

Based on the data of NJHEP and other projects in the area, where conventional exca-

vation progressed through jointed rock mass under high overburden, the aforementioned 

systems were empirically extended through a back-calculation approach [70]. In this ap-

proach, the thickness of shotcrete and spacing of the rock bolt were applied with the tun-

nel span in the support chart for the RMR and Q systems. In tunnel composite support, 

the contribution of the rock bolt and shotcrete to the support are different, owing to nu-

merous factors; therefore, no criterion is available for choosing rock-bolt-spacing-based 

rock mass quality (Q2*and RMR2*) and shotcrete thickness, along with tunnel-span-based 

rock mass quality (Q1*and RMR1*) weightage for the back calculation [71]. Therefore, five 

cases were chosen, and Table 6 lists the details [72]. The table lists the different weightage 

values of the back-calculated rock mass from the rock bolt spacing and shotcrete thickness. 

Table 6. Different weights selected for the rock-mass-quality back calculation. 

Case No. Weightage of Q2 *and RMR2 * Weightage of Q1 *and RMR1 * 

1 Actual * 100 

2 50 75 

3 50 50 

4 75 50 

5 100 50 

7.2. Extension of the Tunneling Quality Index System 

Figure 9 shows the SRF calculation technique. The five different weights listed in Ta-

ble 6 are used, and Equation 10 is rearranged and incorporated in Figure 9. The bolt length 

was correlated with the excavation support ratio value, which revealed that one is an ap-

propriate value for hydropower projects [73,74]. 



Appl. Sci. 2021, 11, 1655 21 of 29 
 

 

Figure 9. Procedure for calculating the stress reduction factor, while considering the five cases listed in Table 6 (modified 

after [32,72]). 

The SRF obtained from Figure 9 is used for the equation derivation for the extension 

of the Q system to a highly stressed jointed rock mass environment. Equations (13) and 

(14) are derived based on weightage cases 1 and 3, respectively [32,75]. These equations 

show that SRF is a function of the strength–stress (σc/σ1) ratio and relative block size 

(RQD/Jn). 
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7.3. Extension of Rock Mass Rating System 

The methods for introducing a stress adjustment factor (Fstress) are shown in Figures 

10 and 11 for the two versions of the RMR system. For this purpose, three different hy-

potheses were tested for determining Fstress for RMR89 and RMR14 for determining the tun-

nel support design in a specific rock mass environment. The five weightage cases that are 

listed in Table 6 are used. Using three hypotheses and the five weightage cases, the Fstress 

values for tunnel support design are proposed for Equations (8) and (10), which are as 

expressed in Equations 15 and 16, and Table 7 lists their values [32]. 
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Figure 10. Procedure for determining stress adjustment factor (Fstress) in rock mass rating89 (RMR89), while considering the 

five cases listed in Table 6 (modified after [32,72]). 

 

Figure 11. Procedure for determining Fstress in RMR14, while considering the five cases listed in Table 6 (modified after 

[32,72]). 
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Table 7. Fstress based on strength–stress ratio for the two versions of rock mass rating. 

RMR Version. 

Values of σc/σ1 

4–5 3–4 2–3 

Fstress 

RMR89 −5 −10 −15 

RMR14 –22.326 −27.169 –32.012 

 

*

89 89 89−= + stressRMR RMR F
 

(15) 

*

14 14 14−= + stressRMR RMR F
 

(16) 

8. First Filling of Headrace Tunnel 

After project completion, the successful re-saturation of the headrace tunnel was cru-

cial for design verification. Tunnel stability and water leakage were critical, because of the 

complex geological environment in this super-long tunnel. The structural reliability of 

tunnel lining is significantly reliant on several parameters, including rock types, strength 

of the rock mass, structural features, tectonic setup, and groundwater levels [76]. Accord-

ing to Panthi, in the case of a shotcrete-lined tunnel, the maximum limit for leakage per 

linear meter of tunnel is 0.31 L/min.; however, for an economic solution, a limit ranging 

from 1 to 1.5 L/min. is acceptable [77].  

The tailrace tunnel filling of NJHEP was started first (13 January 2018), followed by 

the filling of the headrace tunnel (6 March 2018). A slow filling process was implemented 

with six controlled stages to avoid cracks in the liner and maintain tunnel safety. The tun-

nel filling rate was 1.5 m/day with intermittent pauses of 24 h between each stage [78]. 

Figure 12 shows the headrace tunnel water-filling stages and corresponding pauses, along 

with water loss due to leakage. 

 

Figure 12. Filling stages and water loss during headrace tunnel filling. 
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The major aims of the headrace tunnel filling were as follows: (1) to apply less drastic 

forces on the concrete liner; (2) fill with increments in pressure; (3) allow time to monitor 

for leakages and hydro-jacking; (4) provide time to monitor, quantify, and stabilize the 

water loss; and, (5) minimize hydraulic gradients during the initial saturation of the rock 

mass [28]. 

This stepwise filling operation was mandatory in avoiding unnecessary pressure 

buildup on the tunnel lining. The inherent geology was characterized by open joints and 

leakages at places, although these were dried later after excavation. During filling, back 

loading on the liner, as well as strength reduction of the rock mass, were expected.  

Figure 13 shows the seepage response in the powerhouse and auxiliary structures 

during the first filling of the headrace tunnel. The leakage responses were high in adits 

A4 and A4a when compared to other leakage observations. The adit A4 runs parallel to 

the headrace tunnel. The maximum leakage was due to the small pillar width (approxi-

mately 50 m), which was an expected response. There was a sudden increase in leakages 

in adit A4a, which was caused by post-water up-grouting in adit A4, as shown in Figure 

13. This is reflected in the results, as the leakage rate in adit A4 decreased, owing to grout-

ing, and the leakage increased in adit A4a in parallel. 

 

Figure 13. Filling of the headrace tunnel and subsequent infiltration into the adits, drainage gallery, and powerhouse. 

During the actual tunnel filling operation, the consolidated grouting work and drain-

age system worked effectively, with no deformation in the rock mass around the caverns. 

No significant changes in the extensometers, load cells, and convergence points/targets 

were noted during the filling operation. However, observations at certain piezometers re-

vealed that water flow occurred in the sandstone beds and the overall leakage was within 
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the design/permissible limit. During the tunnel filling and re-saturation operation, over-

all, the geomechanical instruments did not show any significant change.  

9. Discussion 

Hydroelectric projects have been developed in the Himalayan mountain range in the 

northern part of the country with plans for future developments in order to satisfy the 

increasing demand for energy in Pakistan. However, during the underground excavation 

in the Himalayan region, several technical challenges pertaining to the design and con-

struction of these hydroelectric projects are encountered, including high overburden, re-

gional tectonics, insufficient exploration during feasibility studies, complex geology, vir-

gin and excavation-induced stresses, and the presence of groundwater. These adverse 

conditions produce risks not only during construction in terms of huge rock mass failure, 

rock bursts, squeezing, and flooding, but also during the operational phase of the project, 

as experienced during the construction and operation of the NJHEP. The major focus of 

this research is deep underground tunneling, which is not so common. There are few ex-

amples of such deep civil engineering tunnels in recent literature. The Jinping II hydro-

power project is one of those referred in this manuscript that have faced the same chal-

lenges, like NJHEP. The successful completion of the complex NJHEP in the challenging 

and unique in-situ environment of the Himalayas is a great experience for the study of a 

significantly deep civil tunneling process. Rock burst was the main problem during tun-

neling in this part of Himalayas, which has great implications on human life and property. 

In the future, many tunneling projects are planned in this area, due to its great hydro-

power potential. This study provides a valuable reference, not only for research in rele-

vant fields, but also for the planning and construction of deep underground excavations 

worldwide, and specifically, in the Himalayas.  

The project-related features performed a critical role in the successful completion of 

the significantly long excavation work of the NJHEP under the difficult geological condi-

tions. New methods and models have been applied and developed based on the experi-

ence of the project, which have significantly contributed to the research on rock mechanics 

and are reviewed in this paper. 

The project layout indicates that the tunnels experienced a number of challenges in 

their route. These challenges include the complex geology of the Himalayas with unique 

sedimentary settings at significant depths (up to 2000 m overburden), abnormal stress 

conditions (K0 > 3.0), the presence of fault zones, and river crossing under low overburden. 

The intact rock and rock mass properties are different for the same type of rock along the 

tunnel route and under different overburdens, which was determined based on the results 

that are summarized from the test campaign conducted during the project. A combination 

of the single and twin headrace tunnels was completed with both conventional and mech-

anized excavation methods. The actual problems encountered during construction in-

cluded the prediction of actual rock mass behavior ahead of the excavation, slow progress 

from conventional excavation, rock burst occurrences during TBM-based excavation, wa-

ter inrush problem in fault zones, and water leakage problems during the construction 

stage of the project.  

During the project construction period, the construction strategy was revised at dif-

ferent times for its timely completion. The primary modification was the decision to use 

TBM instead of the conventional approach in a specific section of the headrace tunnel. 

Although modifications were adopted for accelerating the tunnel construction, the chal-

lenges faced in the Jhelum river crossing, presence of fault zones, occurrence of natural 

disasters, and changes in policies were the major factors responsible for project delay [48]. 

Although the TBM-based tunneling progressed faster than the conventional excavation 

process, this progress was lower than expectations, owing to high stresses and rock burst 

events. The conventional excavation progress was comparatively lower in the twin head-

race tunnel, although its cross section is smaller than that of a single headrace tunnel, as 
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can be observed from Table 4. The primary reasons are the challenges that are associated 

with the MF, Jhelum river crossing, and TBM assembly chamber.  

From the geotechnical data of this project, the rock face mapping results, along with 

the installed supports, are used for the rock-mass-quality back calculation and the exten-

sion of the empirical rock mass classification system for the relevant ground. Advance 

ground investigation systems were used in TBMs, and an overcoring method was adopted 

for in situ stress determination in the areas that were highly susceptible to rock bursting. 

The high stress concentration in the strong rock units caused core discing in the sandstone 

layer in several tests, and the successful results were lower than the actual number of tests 

that were performed, owing to the interbedded layers of the Murree formation. The dif-

ferent chapters of the paper reveal that in a high tectonic stress zone, the elastic energy 

stored in the rock mass depends on the rock mass properties, excavation sequence, orien-

tation of the in situ stress, and magnitude of strength–stress ratio. During tunnel excava-

tion, the uneven concentration of stresses in the different layers frequently caused rock 

bursts in the stronger layer in the high-stress in situ environment. Therefore, drilling 

ahead of the cutter head detects the presence of sandstone; consequently, stress relief holes 

were drilled prior to the excavation while using TBMs. In this area, the available criteria 

for rock burst forecast were convenient for consideration during the design stage; how-

ever, it was difficult to accurately predict them in the complex geological environment of 

the project. Therefore, a new criterion was proposed based on the project data. In the in-

terbedded layers of strong and weak rock units, the low concentration of excavation-in-

duced stresses in the weak layers and their favorable orientation rarely caused the squeez-

ing problem in the excavation process in the headrace tunnel. Along with pre-excavation 

grouting, a temporary tunnel plug was used in areas with severe groundwater challenges 

in the fault zone below the Jhelum river crossing; moreover, these areas were steel lined 

to counteract the hydro-fracturing in this low-confining stress area. Pre- and post-excava-

tion grouting campaigns were implemented at various stages of the project to reduce wa-

ter leakage, for ease of excavation, to fill open discontinuities and voids that may serve as 

leakage paths within the rock mass, and to reduce the potential for seepage and migration 

of high-pressure water.  

10. Conclusions 

1. The successful completion of the complex NJHEP in the challenging and unique in-

situ environment of the Himalayas is a great experience for the study of a signifi-

cantly deep civil tunneling process. This experience will be helpful and it will be a 

baseline for future underground excavations and research in relevant environments. 

2. The study concluded that the latest techniques, such as overcoring for in situ stress 

determination and microseismic prediction systems for advance ground investiga-

tion, should be adopted in a timely manner for identifying the exact location and time 

of rock burst occurrences. 

3. Strict safety measures and better planning must be adopted against rock burst occur-

rence to ensure safety for human life and capital. 

4. The role of project-related features is as important as that of rock mass quality, in situ 

stresses, and groundwater for proper planning and the successful completion of pro-

jects in the significantly long underground excavation projects. Although modifica-

tion in the project related features can improve the tunnel construction progress, ad-

verse ground composition not only reduces the efforts during construction, but also 

creates complications during tunnel operation. 

5. There are few examples of deep civil engineering tunnels in the world. Therefore, 

this study provides a valuable reference not only for research in relevant fields, but 

also for the planning and construction of deep underground excavations worldwide, 

and, specifically, in the Himalayas. 
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