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 Abstract 

The complex geological region and unpredictable nature of the Himalayas pose major 
challenges for construction of large underground structures. This paper presents the excavation 
of Power House Cavern & Surge Shaft of Mangdechhu Hydroelectric Project in poor geological 
features like sheared/fractured zones. The Cavern was proposed to be explored through a 410m 
long drift, however only 36.85m of Cavern was explored since the excavated drift got flooded 
with silt due to ‘Aila’ flood in May, 2009 and balance portion of cavern was investigated by two 
drill holes and Hydrofrac test was carried out to reveal the in-situ stress conditions. During the 
excavation of the central gullet of the underground caverns, a 1.5 m to 2.0 m thick sheared 
/fractured zone was encountered in oblique direction to the caverns. Due to its low dipping 
profile, this zone intersected both upstream and downstream walls of cavern and also partially 
affecting the crown of Transformer Cavern. This sheared/fractured zone could not be deciphered 
previously due to limited length of drift in the cavern. The geology of the caverns was again 
explored through additional vertical drill holes and both in-situ shear & deformability tests and 
laboratory tests were conducted for deciphering the rock mass properties of the 
sheared/fractured zone. Similarly, 152m deep Surge Shaft was explored by two drill holes 
revealing bedrock to be encountered at 15 to 18m below the ground level. The encountered 
strata comprised of highly fractured, highly weathered to decomposed rock mass with low in-
situ strength. 
Based on the numerical analysis of above structures, the excavation methodology and rock 
support system of Cavern and Shaft were updated and an elaborate instrumentation program 
was devised. This proved to be beneficial for the safe excavation of Power House Cavern & 
Surge Shaft in geologically challenging conditions, resulting in timely commissioning of 
Project. 
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1     Introduction  
 
The Mangdechhu Hydroelectric Project is located in Trongsa Dzongkhag (District) of central Bhutan. 
The Black Mountains separate Western Bhutan from Central Bhutan. This region includes Trongsa and 
valleys of Bumthang including Chumey, Choekhar, Tang and Ura valleys. 
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Figure 1. Location Map of Mangdechhu Hydroelectric project, Bhutan 

 
The project is a run-off the river project, located on the Mangdechhu River with an installed capacity of 
720MW. The project comprises a 112m of high concrete gravity dam with length of 148m at the top. 
Two desilting chambers of 14m width, 17.7m height and 340m length have been provided to remove 
silt of particle size 0.2mm or above. A Head Race Tunnel of diameter 6.5m and 13.5km length carrying 
a total discharge of 118cumecs is provided. Restricted orifice type Surge Shaft of 13.5m diameter and 
152m height is provided to accommodate the surge. 
The Power House Cavern of size 155 x 23 x 50 m is separated from the Transformer Cavern of size 
135.5 x 18 x 23m by 40m thick rock pillar. The Power House has four numbers of 180 MW vertical axis 
pelton turbine driven generating units. The Power House yields annual energy of 2925MUs in a 90% 
dependable year with 95% machine availability. 
 

 
Figure 2. Poject layout of Surge Shaft & Power House Complex Area 

 

2     Geological Set-up 
 
2.1 Power House Cavern 
 
The Power House cavern is located in chekha formation with super incumbent cover of about 150m-
200m. The Chekha Formation consists of quartzite interbedded with biotite-muscovite-garnet schist. 
 
Power House cavern is aligned almost parallel to direction of maximum horizontal principle stress. At 
Detailed Project Report (DPR) stage, Power House cavern was explored through a 410m long drift, 
covering only 36.85m of Machine hall length. Excavated Drift got flooded with silt due to Aila flood in 
May, 2009 and balance portion of drift could not completed. Thus, the balance portion of cavern was 
investigated by two drill holes. Rockmass at Power House Complex comprised of extremely strong to 
strong quartzite rock and medium strong to softer mica schist with occasional strong pegmatite, mafic 
and granite intrusions. The predicted rockmass was of Class-III (77%) and balance Class-II (23%) with 
minor Class-IV. 
 
The rock mass was categorized based on Z. T. Bieniawski’s Rock Mass Rating (RMR) classification, 
i.e Class-I (RMR 100-81), Class-II (RMR 80-61), Class-III (RMR 60-41), Class-IV (RMR 40-21) & 
Class-V (RMR below 20).  
 
However, during central gullet excavation of the Power House & Transformer Caverns, a 1.5 m to 2.0 
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m thick sheared material band surrounded by fractured rock of 3 to 4 m width all around was encountered 
with orientation of N290-310/15-20° in oblique direction to the caverns with a low dip inclination, 
upwards and towards the drive. The low dipping profile of this zone led to its intersection with both 
walls (u/s & d/s) of the Power House Cavern and also partially affected the crown of Transformer 
Cavern. To determine detailed geological conditions to be encountered during excavation, 5 nos. of 
additional drill holes were drilled in the caverns along with 3-D logging of the excavated portion. 
 

 
Figure 3. Power House & Transformer Cavern Geology 

 
2.2 Surge Shaft 
 
The Surge Shaft was proposed on the hill overlooking Trongsa-Gelephu highway & has a gentle slope. 
The drill holes for Surge Shaft, revealed 15 to 18m of overburden at the surface before encountering the 
bedrock.  As such, about 10-13m shaft excavation in overburden was foreseen. The bed rock comprised 
of micaceous quartzites with bands or intercalations of mica schist and minor intrusions of granite and 
pegmatite. Rock strata also consisted of very poor mica schists which were weak to medium strong. 
Even though moderate or high permeability values were not obtained in drill hole, it was envisaged that 
fractured quartzite bounded by impervious mica schist might have some confined aquifers. This envision 
was further strengthened from the observations in adjacent area towards the east where the resistivity 
imaging had indicated water charged strata. In another drill hole, about 500m towards east, water table 
was encountered at 15m depth.  
In view of the above challenging geological setup at Surge Shaft location, it was shifted by 20m towards 
upstream so that the shaft is placed in comparatively better geology, however the conditions at the 
shifted location were still challenging. The strong amphibolite band was dipping downwards from valley 
side towards the hill side. Hence, on shifting the shaft upstream, this band encountered the shaft at a 
lower level of excavation where the stresses would be high and thus it was expected that shifting the 
shaft upstream would reduce the stress distribution and displacement contours. Also, the shaft would 
get more side rock cover at the upstream location as compared to Detailed Project Report (DPR) location 
thereby increasing its overall stability. 
The encountered strata at shifted location comprised of highly fractured, highly weathered to 
decomposed rock mass with low in-situ strength. The rock mass essentially comprised of Biotite schist 
with interfolial bands of Quartzite varying in thickness from 2 to 10cm and occasionally reaching up to 
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30cm. The rock mass was traversed by pegmatite and amphibolitic intrusions. A prominent amphibolitic 
intrusion was encountered between EL.1802 to 1790m which was represented by slightly strong and 
massive weathered amphibolites in SE and SW quadrant and extending midway up to the NE quadrant. 
 

 
Figure 4. Surge Shaft Geology 

 
3     In-Situ Stress Condition 
 
During the geological exploration process, hydrofac test was carried to reveal the in-situ stress condition 
of Power House cavern. The maximum principal stress (σH) was about 8.38MPa with an orientation of 
N 70°E , where as the minor principal stress (σh) was about 5.59MPa.  The horizontal stress to vertical 
stress ratio (k) was 1.47 corresponding to vertical stress of about 4.76MPa.  The caverns are aligned in 
N 80°E which is almost parallel to maximum principal stress direction. 
For analysis of caverns which are at sufficient depth below the ground surface, a constant vertical stress 
of 4.76 MPa along with ‘k’ value of 1.47 has been adopted. On the other hand, for open to air Surge 
Shaft, owing to its proximity to surface which tends to have higher ‘k’ values, gravity stresses varying 
with depth below the ground surface along with peak ‘k’ value of 1.76 has been adopted. 
 

4     Rock Mass Parameters 
 
In Power House drift, laboratory and in-situ deformability tests were carried out at Detailed Project 
Report (DPR) stage to assess the different strength parameters of Rockmass. In-situ deformability test 
results of rockmass by Goodman Jack method were as below: 
 

Table 1.  Deformation modulus of Rockmass by Goodman Jack method  

Site Ed, GPa Ee, GPa Ee/Ed 

Vertical Borehole 11.65 – 20.90 36.42 – 47.45 2.03 – 4.07 

Inclined Borehole 13.27 – 16.95 36.29 – 48.59 2.54 – 3.26 

 
After encountering sheared/fractured zone during the excavation of central gullet,  Plate Load Test & 
Direct Shear Test were carried out to assess the rock mass properties of shear/fractured zone material 
and disturbed rock mass. The summary of the results are listed below. 
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Table 2.  Deformation modulus of Rock  M ass by Plate Load Test 

In-Situ Deformability Parameters 

Rock Mass 
Modulus of Deformability of 

Rock Mass (Em) in GPa 
Modulus of Elasticity of Rock 

Mass (Eem) in GPa 
Class III 2.01 to 3.99 2.31 to 5.24 

Shear Zone Area 0.46 to 1.24 0.49 to 1.36 

 
Table 3. In-situ shear parameters of Rock Mass by Direct Shear Test 

Rock Mass 
Cohesion (C) Friction Angle (Φ) in 

degrees  Kg/cm2 MPa 

Class III 
Peak 3.8267 0.375 35.8° 

Residual 2.7918 0.274 34.2° 

Shear Zone Area 
Peak 3.6111 0.354 25.6° 
Residual 2.3538 0.231 25.3° 

 
For analysis of Surge Shaft, the rock mass was divided into zones of different depths and based on the 
various rock mechanics tests and geological setup of rockmass, following properties were adopted: 
 

Table 4. Properties for Surge Shaft at DPR location 

Zone & 

Depth from 
surface 

Rock Type 
Cohesion 

(MPa) 

Friction 

Angle (Φ) 
in degrees 

Bulk 

Modulus 
(GPa) 

Shear 

Modulus 
(GPa) 

Tensile 

Strength 
(MPa) 

Zone-I 
(10m) 

Strong to Very Strong 
Amphibolite 

1.2 67° 16 12 0.12 

Zone-II 
(10 - 80m) 

Fractured Quartzites with 
bands of Mica Schist 

0.362 37° 0.9 0.7 0.03 

Zone-III 
(80 – 200m) 

Micaceous Quartzite with 
bands of Mica Schist 

0.812 42° 3.5 2.56 0.08 

 

Table 5. Properties for Surge Shaft at 20m upstream of DPR location 

Zone & 

Depth from 
surface 

Rock Type 
Cohesion 

(MPa) 

Friction 

Angle (Φ) 
in degrees 

Bulk 

Modulus 
(GPa) 

Shear 

Modulus 
(GPa) 

Tensile 

Strength 
(MPa) 

Zone-I 

(0-20m) 

Micaceous Quartzite 
with bands of Mica 

Schist 

0.812 42° 3.5 2.56 0.08 

Zone-II 

(20 - 30m) 

Strong to Very Strong 

Amphibolite Schist 
1.2 67° 16 12 0.12 

Zone-III 
(30 – 100m) 

Fractured Quartzites 

with bands of Mica 
Schist 

0.362 37° 0.9 0.7 0.03 

Zone-IV 

(100 - 200m) 

Micaceous Quartzite 
with bands of Mica 
Schist 

0.812 42° 3.5 2.56 0.08 

Various provisions of grouting and rock support were also considered along with above rock mass 
parameters in the analysis. 
 

5     Numerical Analysis and Results 
 
5.1 Power House & Transformer Cavern 
Phase2 Software of Rocscience was used to simulate numerical analysis of Power House and 
Transformer Cavern with shear zone. Shear zone plane traverses through the walls of both caverns at 
different locations including bus ducts. Sensitivity analysis of the caverns was carried out at different 
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locations to reveal the effect of shear/fractured zone on the stability of both caverns. In order to 
incorporate the in-situ shear parameters of class-III rockmass, a disturbed zone was modelled around 
the excavated periphery to consider the effect of disturbance due to blasting.  Also, to include the effect 
of grouting done by 6m deep holes in Class-III rock & 20m deep holes in shear zone material, in-situ 
deformation modulus and shear parameters of these materials were enhanced upto respective hole 
depths. At the excavated boundary, the sheared material was planned to be scooped out upto a certain 
depth, backfilled with concrete thereby plugging the weak material inside the walls and the concrete 
plug shall be stitched into the wall with longer rock bolts. This methodology was also simulated in the 
model to check its effect on stability.  
 

    
Figure 5. Numerical model of Powerhouse and Transformer Cavern depicting extent of shear zone 

 

Deformations and stress distribution around underground caverns in non-homogeneous rock mass were 
determined. The behavior of rock mass was analyzed by elasto-plastic model considering the effect of 
weak zones like sheared/fractured zone. Effect of shear zone on the upstream wall of Power House 
cavern and downstream wall of Transformer cavern was quite less. The analysis revealed that position 
of shear zone in the rock pillar vitally affected the stability of both caverns and rock pillar itself. The 
extent of plastic zone in downstream wall of Power House cavern at RD 85m (section-A) & at RD 45m 
(Section-B) were about 15m and 13m respectively in the vicinity of sheared/fractured zone. The 
maximum deformation on the walls and crown were as below: 
 

Table 6. Maximum Deformations in Power House & Transformer Cavern 

Location Section-A (RD 85) Section-B (RD45) 

Power House - Wall 45 mm 50 mm 
Power House - Crown 24 mm 24 mm 

Transformer Cavern - Wall 24 mm 17 mm 
Transformer Cavern - Crown 26 mm 24 mm 

 
The above deformations were within the permissible range of 0.1% of cavern dimension with provided 
rock support / enhancement measures. 
 

 
Figure 6.  Effect of shear zone on yielding of rockmass  

Section-A 
(at RD 85m) 

Section-A 

Section-B 
(at RD 45m) 

Section-B 

15m 

13m 
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Figure 7. Effect of shear zone on wall displacement 

 
5.2. Surge Shaft 
The Surge Shaft was analysed both at the Detailed Project Report (DPR) as well as shifted location to 
determine the actual effects of shifting the shaft upstream by 20m. Mohr-Coulomb plastic model of 
Surge Shaft without Rock supports and with rock supports were analysed. A 3D model was developed 
using the finite difference software FLAC3D to simulate the complex geometry of the Surge Shaft and 
its construction sequence. It is composed of 12000 zones, 12621 grid-points and 33220 structural 
elements. The Surge Shaft model was excavated in 16, each of 10m depth.  
 

   
Figure 8. Models for Surge Shaft at DPR & 20m upstream 

   
Figure 9. Surge Shaft – Meshing & Supported Model 

   
Figure 10. Surge Shaft – Results at DPR location for upto 40m depth of excvation 

 

Table 7. Results for analysis at DPR location 

Sl. 

no. 

Depth of Excavation 

from top 
Block state of Rock mass 

Maximum horizontal 

displacement(mm) 

1            10 m Failure in Shear and Tension 4 mm 
2            30 m Failure in Shear                9 mm 
3            40 m Failure in Shear and Tension 16 mm 

 
From the above results it was clear that failure in rock mass due to tension and shear continues even 
after supporting the excavated surface with pre-grouting, steel rib, rock bolts and shotcrete. Hence, the 
model was re-analysed at 20m upstream of DPR location. 

DPR Location 20m U/s Location 

Section-A Section-B 
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Figure 11. Surge Shaft – Results at 20m u/s of DPR location for upto 160m depth of excavation 

 
Table 8. Results for analysis at 20m u/s of DPR location 

Sl. 
no. 

Depth of Excavation 
from Top 

Block state of Rock mass 
Maximum horizontal 

displacement(mm) 

1 10m No failure in shear and tension 1 mm 
2 30m No failure in shear and tension 2 mm 
3 70m No failure in shear and tension   6.2 mm 
4 110m No failure in shear and tension 8 mm 
5 160m No failure in shear and tension 8 mm 

 
Above results show that shifting of Surge Shaft at 20m upstream of DPR location result in stable 
excavation with lower displacements.  
 
6     Rock Support Measures 
 
On the basis of numerical analysis and rock mass characteristics, the rock support system was reviewed 
for Power House and Transformer cavern. Also, the Surge Shaft was analyzed for shifted location in 
light of new geological conditions revealed. Based on the analysis, adequate support system for the 
treatment of the weak / shear zone and the methodology for the excavation of caverns & shaft were 
devised. The rock support system comprised of the following measures: 
 
6.1. Power House & Transformer caverns 

 The length of rock bolts at different locations was optimized on the basis of plastic / yield zone 
formed due to stress induced failures around the excavated caverns. On the downstream wall of the 
Power House cavern, 36mm diameter rock bolts of 18m length were installed at 1.5m spacing. At 
the upstream wall of Transformer cavern near the shear/fractured zones, 36mm diameter rock bolts 
of 12m length were used at 1.5m spacing. For areas on upstream and downstream walls of caverns 
which were not affected by shear zones, 36mm diameter rock bolts of 12m length were installed at 
1.5m spacing were installed in Power House, while 36mm diameter rock bolts of 9m length were 
used at 1.5m spacing in Transformer cavern. 

 Additional rock bolts in form of 36mm diameter, 12m long bolts at 3m spacing were installed 
alongside the previously installed 7.5m and 9m long rock bolts in the crown area. 

 Thickness of steel fiber reinforced shotcrete (SFRS) was increased from 200mm to 250mm in the 
wall and crown portions of the caverns. 

 Rockmass near the shear/fractured zone in the crown and wall was strengthened by consolidation 
grouting up to a depth of 6m. Similarly, consolidation grouting up to a depth of 20m was carried out 
along the shear/fractured zone. 

 The exposed shear/fractured rock mass on the excavated surface was scooped out upto a maximum 
depth of 1.5 to 3m and filled with rich concrete of strength M30/A20 to form a concrete cladding 
which was stitched with competent bed rock using longer bolts of 36mm diameter and 18m length. 

 Rock pillars between bus ducts were reinforced by stitching them with 32mm diameter bolts of 17m 
length in a staggered pattern. Holes for bots were drilled through one bus duct into adjacent bus duct, 
bolts were inserted and stressed from both sides which brought the rock pillar between them under 
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compression thereby stabilizing them. 

 In the excavation methodology, bench height was reduced from 6m to 3m, along with controlled 
blasting and line drilling to reduce the damages due to blasting. 

 Caverns were regularly monitored through an extensive network of geotechnical instruments. 
 

 
Figure 12.  Rock support measures in the downstream wall of Power  House Cavern 

 
6.2. Surge Shaft 

 Excavation methodology of Surge Shaft was changed from the use of raise borer (from the bottom 
to top) to full sinking method (from the top to bottom). 

 Systematic pre-grouting and post-grouting of rock mass was done prior to excavation for improving 
the rock mass properties. Field tests were done before and after grouting validate improvement of 
rock mass properties. 

 Simultaneously with the excavation, peripheral grouting was taken up radially in the form of two 
concentric rings around a zone, 4m and 7m away from the periphery of the shaft upto a depth of 
100m. 

 200 mm thick steel fiber reinforced shotcrete (SFRS) was provided along with rock bolts of 32/36mm 
dia 6 to 12m length at 1.5m spacing to support the excavation.  

 Steel ribs ISMB 250 at 500mm c/c spacing were provided upto a depth of 10m from the top of Surge 
shaft irrespective of rock class encountered. Ribs were also provided in poor rock mass and were 
embedded in SFRS for further strengthening. 

 Consolidation Grouting was performed to prevent sudden rush of water during excavation. 
 Pressure relief holes of 45mm dia, 5m length at 3m c/c spacing were provided above the steady state 

level of water in surge shaft. 
 Control Blasting along with line drilling was used efficiently along with regular monitoring of 

excavation through geotechnical instruments. 
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Figure 13.  Rock support measures in Surge Shaft 

 
7     Real Time Monitoring through geotechnical Instruments 
 
Numerical analysis of the caverns & shaft revealed that deep seated movement were expected during 
excavation due to weak/shear/fractured zones. In order to monitor the behavior of excavated structures 
during excavation, an elaborate instrumentation program was designed comprising of load cell  of 
capacity upto 100T,  single (SPBX), multi-point (MPBX) bore hole extensometers of depth upto 20m, 
piezometers, tape convergence and survey target points. The actual loads and deformations obtained 
from these instruments were studied and numerical models were recalibrated such that their behavior 
matches the actual ground conditions right from the starting stages of excavation as soon as the receipt 
of instrumentation was started from site. 
The readings of these instruments were plotted on graphs for each and every instrument installed at site 
and every fluctuation in the readings was co-related to ongoing activity (either construction activity or 
geological reason) at site. Accordingly, modifications in excavation methodology, benching sequence 
and rock support optimization were carried during the excavation based on the instrumentation readings. 
To understand the extent of successful incorporation of actual site data into numerical modeling and 
rightly predicting the future conditions to be faced in advanced stages of excavation, it can noted that 
the maximum deformations anticipated at wall and crown of Power House cavern were 50mm and 
24mm respectively as per the calibrated numerical model which were in-line with maximum 
deformations observed at site were 43mm and 14mm. 
 

 
Figure 14.  Displacement observed in Downstream wall and crown of Powerhouse Cavern  
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Figure 15. Load & Displacement observed in Surge Shaft 

 
8     Conclusion 
 
In complex Himalayan geology which is prone to geological surprises, prediction of geological 
conditions to be encountered and being ready for them beforehand plays a vital role in successful 
excavation of large underground cavities.  
In case the geological features of project components could not be deciphered in early stages, detailed 
investigations are required during construction. Additional investigation results so obtained shall be 
incorporated in numerical models to revise the support requirements. A well planned instrumentation 
program for the validation of numerical studies of such large underground structures plays a vital role 
in safe and timely execution of works of such magnitudes.  
Even in case additional costs are to be borne in these activities, the benefits of power generation due to 
early commissioning of the project surpass these initial costs. 
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