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Abstract.  The present paper deals with the finite element analysis of shotcrete 
lining of Sardar Sarovar project cavern intercepted by a shear zone. The shot-
crete has been modelled using a single layer of 20-noded isoparametric brick 
element. A layer of joint elements has been added above the layer of brick ele-
ments to simulate the influence of surrounding rock mass. Following the con-
cept of the substructure technique, the displacements obtained from the analysis 
of the cavern have been applied on to the outer surface of the joint elements 
(surface other than that in contact with the shotcrete) in order to obtain the dis-
placements, support pressure and the stresses in the shotcrete. The support pres-
sures obtained from numerical analysis have been compared with those ob-
tained on the basis of conventional approaches. The long term support pressures 
computed in the present study are in good agreement with those obtained using 
Norwegian Geotechnical Institute criterion even near the shear zone. However, 
wall support pressures away from the shear zone are negligible due to lower 
stiffness of shotcrete in the horizontal direction. 
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1 Introduction 

Shotcrete is being used now a days as permanent and temporary support systems in 
combination with systematic rock reinforcement by bolts/anchors in underground 
excavations. The total thickness of shotcrete is usually kept in the range of 50 mm to 
200 mm. It is applied in layers, each layer having a thickness in the range of 25 to 40 
mm. The layer thickness in excess of 40 mm requires special mix design to minimise 
rebound losses. When multiple layers are used, a welded wire mesh or expanded met-
al mesh is usually provided between layers. The Sardar Sarovar Powerhouse (SSP) 
cavern has been supported by rock bolts and shotcreting with wire mesh. Pattern bolt-
ing used tensioned, expansion shell type 25 mm dia. rock bolts, 6 m long at 1.75 m c/c 
staggered in the roof arch. The bolts were pretensioned to 140 kN load and grouted 
[1].  Two layers of shotcrete, each of 38 mm thick were provided with welded wire 
mesh. The overall thickness of shotcrete including the wire mesh was 85 mm. 
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Attempts have been made in the past by many research workers to estimate the 
support pressures [2-9]. The most widely accepted contribution is based on the Q 
system [10].  

The finite element analysis of shotcrete lining of SSP cavern has been presented in 
the paper. The finite element analysis which has been carried out to study the influ-
ence of shotcrete lining is a linear analysis only. The support pressures obtained 
from numerical analysis have also been compared with those obtained on the basis of 
conventional approaches. 

2 Sardar Sarovar Powerhouse (SSP) Cavern  

Sardar Sarovar project is a World Bank aided multipurpose river valley project con-
structed on river Narmada and is situated at Kevadia village in of Gujarat state in 
India. The project includes a 138.68m high and 1210 m long concrete gravity dam. 
The underground powerhouse cavern, aligned N 10o E (i.e. parallel to the main dam), 
is a large cavern of 23 m width x 210 m length x 58 m height. The cavern is located at 
about 30 to 65 m below the average ground level and is surrounded by lava flows of 
dense, porphyritic and amygdular varieties. Flows are separated by discontinuous 
bands of agglomerates and have been intruded by two dolerite dykes ranging in thick-
ness from 40 to 55 m. One such dyke, which cuts the alignment from chainage 1448 
m to 1492.5 m at the cavern axis, is aligned in N 700 E - S 700 W direction and dips at 
600 - 650  towards the river side  [11].  Both contacts of this dyke with adjoining basalt 
flows are sheared. The first sheared contact (shear zone A) is thin and does not inter-
sect the cavern, whereas the second sheared contact (shear zone B) is 1 - 2m wide and 
intersects the cavern roof at chainage 1492.5 m (Fig. 1.) 

Another dyke, traversing the alignment between chainage 1698 m and 1753 m, is 
55 m wide and trends in N 750 E - S 750 W direction with vertical disposition. The 
contact of this dyke at chainage 1698 m with the adjacent basalts is comparatively 
tight, though some calcification has been observed at the contact. These two dykes 
join and form a 25 m thick sill near the turbine level. This sill has fused contacts with 
the basalts. Agglomerate bands are present at the interfaces of different lava flows. In 
all three such agglomerate layers are noticed surrounding the powerhouse cavern. 
Their contacts with the overlying and underlying basalt flows vary from sharp to gra-
dational. 

Some of the important chainages (at cavern axis) with reference to Fig. 1 are as fol-
lows: 

i)  Ch.1438.0 m   
ii)  Ch.1468.0 m  the southern face of cavern, 
iii)  Ch.1492.5 m  intersection of shear zo  
iv)  Ch.1628.0 m  the start of bench towards southern end, 
v)  Ch.1678.0 m  the northern face of cavern, 
vi)  Ch.1708.0 m  the start of vertical dolerite dyke, 55 m wide. 
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A longitudinal section of the powerhouse cavern excavated through jointed basalts, 
jointed dolerites and shear zones is shown in Fig. 1. 

 

 
Fig. 1.  Longitudinal Section of the Sardar Sarovar powerhouse cavern  (Verman et al.1993). 

 
The rock mass quality of various litho units encountered in the powerhouse cavern is 
evaluated on the basis of lithology, joint pattern and structural discontinuities [1].  In 
all, the rock mass encountered in the cavern may be classified into three categories: 

i) Jointed basalts   - moderately jointed, massive to blocky, 
  ii) Jointed dolerites - moderately jointed, hard dolerite dykes, 

    iii) Shear zone     - sheared and fractured zone present near the contact of the 
                    dolerite dyke and adjacent basalts. 

The study of joints in the rock mass exposed in the enlarged drift has been made 
for the spacing, orientation, aperture, infilling, nature of wall rock etc. [12]. The re-
sults of the joint analysis have been summarized as in Table 1. 

A three dimensional view of finite element mesh with cavern has been presented in 
Fig. 2 for visualisation of the problem.  

The analysis of Sardar Sarovar powerhouse cavern was performed with the actual 
joint data (Table 1) and shear zones.  A general purpose software ASRAM (Analysis 
of Stresses in Anisotropic Rock Masses) was developed for the 3-dimensional analy-
sis of rock engineering problems with capability to simulate most of the problems 
associated with the geological discontinuities, like shear zones and fault zones [13].   
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Table 1. Material Properties of  Anisotropic Rock Mass with Shear Zones [18] 

Material Modulus of 
Deformation of 
rock material 

Pois
ratio 

Number 
of 
Joint sets 

Normal stiffness Shear 
stiffness 

 Er, 
GPa 

r n knl, 
GPa/m 

knu, 
GPa/m 

Ks, 
GPa/m 

Basalts 23.0 0.2 3 150.0 45.0 15.0 
Dolerites 19.0 0.2 3 90.0 27.0 9.0 
Basalt & dolerite 
affected    by shear 
zone 

23.0 0.2 3 20.0 14.0 2.0 

Agglomerates 15.0 0.2 -- -- -- -- 
Shear zone material 15.0 0.25 1 15.0 10.5 1.5 
Joint element 
Rock -shear zone 
Rock - rock 

    
5.0 
30.0 

  
2.0 

10.0 

Note: knl and knu are normal stiffnesses of rock joints under loading and unloading respectively. 
 

 
Fig. 2.  Three dimensional view of finite element mesh of Sardar Sarovar powerhouse cavern 

 
A detailed description on the elastic constitutive equations for the  overall  behaviour  
of  rockmass based  on  the  constitutive  characteristics  of  intact rock   and   rock   



 

Theme Lecture 12  207 

Proceedings of Indian Geotechnical Conference 2020 
December 17-19, 2020, Andhra University, Visakhapatnam 

joints   including   their   spacing,orientation and roughness has already been present-
ed [14, 15].   

A generalised     formulation     of     a     three dimensional joint/interface element 
to  account  for  dilatancy,  roughness and     undulating     surface     of     discontinui-
ties has already been presented [16]. 

The in-situ horizontal major principal stress, along the longitudinal axis of the cav-
ern and  the intermediate  principal  stress  across  the  cavern,  were found  to  be    
2.8  and  1.3times   the   vertical   stress, respectively [17].  

The material properties used for characterising the anisotropic continuum were ob-
tained using the technique of back-analysis of the observed displacements for 39 m 
deep excavation of SSP cavern. In this case, actual joint sets with their respective 
orientations have been accounted for along with stress dependent moduli and stiff-
nesses of the joints. The final values of mechanical properties used are presented in 
Table 1. 

The displacement behaviour and stress distribution around the cavern based on the 
above analysis have already been presented [18].  The displacements so obtained have 
been used as boundary conditions for the analysis of shotcrete lining. 

3 Modelling of Shotcrete  

Initially efforts were made to consider the thin shotcrete lining along with the analysis 
of the cavern. However, severe difficulty was faced in ensuring proper aspect ratio of 
the curved isoparametric elements of shotcrete in the roof. It was realised that number 
of elements in the cavern and shotcrete would increase many times for combined 
analysis, which was not practicable in the proposed study. Hence, it was necessary to 
analyse shotcrete lining by the method of sub structuring. In this technique, a large 
structure, which is difficult to be analysed as a whole, is divided into blocks which are 
analysed separately. The sequence of analysis for various parts is based on the influ-
ence of one part on the other. In the present case, the SSP cavern is divided into two 
parts viz. (i) Powerhouse Cavern and (ii) Shotcrete. The stiffness of shotcrete is negli-
gible in comparison to that of the surrounding rock mass. If the cavern is analysed 
without shotcrete, the results are likely to remain same. However, the behaviour of 
shotcrete is totally dependent on the displacements of the cavern. The displacements 
derived from the analysis of the cavern have been applied on to the outer surface of 
the joint elements (surface other than that in contact with the shotcrete) to obtain the 
displacements, support pressure and the stresses in the shotcrete. 

The effect of rock bolts has not been considered in the analysis of the cavern. First-
ly, because the stiffness of the rock bolts is negligible compared to the stiffness of the 
rock mass and secondly pretension of rock bolts distributed over the excavated sur-
face [140/(1.75 x 1.75) kN/m2 ] is too small compared to the in-situ stresses. 

The shotcrete lining of Sardar Sarovar Powerhouse (SSP) cavern has been mod-
elled using a single layer of 20-noded isoparametric brick element. The portion of 
shotcrete modelled includes that in the side walls, crown and on southern face. The 
southern face has been included due to the presence of the shear zone 'B'. The portion 
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of shotcrete on the faces of the benches has been ignored because it is far away from 
the shear zone 'B'. A layer of joint elements has been added above the layer of brick 
elements to simulate the influence of surrounding rock mass. 

As per the requirements of the substructure technique, the Finite Element mesh of 
both the parts i.e. cavern and shotcrete, should have nodal correspondences so that the 
displacements obtained from analysis of the first part may be applied as boundary 
displacements, while analysing the second part. To fulfil this condition, internal sur-
face of the powerhouse cavern has been developed. All the nodes lying on the exca-
vated face of the cavern have also been marked on it. To prepare the mesh for shot-
crete, new nodes have been added within the existing nodes to have a much finer 
mesh. Thus, developed surface used for shotcrete analysis is shown in Fig. 3.  

 

 
Fig. 3.  Developed internal surface of SSP 
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This refined mesh forms the top face of the joint element layer. As the joint element 
has got zero thickness this also forms the common surface between the joint element 
and the shotcrete. The co-ordinates of the inner surface of the shotcrete have been 
obtained by applying due corrections to the previously obtained co-ordinates of the 
outer surface for the thickness (85 mm) of shotcrete. A typical cross section of the 
shotcrete has been presented in Fig.4. 
 

 
Fig. 4.  Typical cross section of the shotcrete lining 

 
The boundary conditions have been imposed by assigning the displacements (ob-
tained from the analysis of powerhouse cavern for anisotropic rock mass model) at 
corresponding nodes lying on the outer surface of the joint element. The elements in 
shotcrete layer lying at side wall-floor junction have also been subjected to prescribed 
displacements equal to the displacements obtained from the analysis of the cavern at 
the same point. 
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The finite element analysis whichhas been carried out to study the influence of 
shotcrete lining is a linear analysis only. 

A summary of the mesh has been presented in Table 2. 

Table 2.  Summary of Finite Element Mesh for Shotcrete 

Elements 
Total 980 

20 Noded (Brick) 490 
16 Noded (joint) 490 

Nodes 
Total 5114 

Boundary 1557 
 
Material Properties: For shotcrete, typical values of the material properties [19] 
have been assumed which are presented in Table 3. 

Table 3.  Material Properties for Shotcrete [19] 

S. No. Parameter Unit Value 
1. Modulus of Deformation (Ed) kN/m2 0.25 x 108 
2. ) - 0.15 
3. Compressive Strength kN/m2 35000 
4. Permissible Stress 

a)  Compression 
b)  Tension 
c)  Flexure 
d)  Shear 

 
kN/m2 

kN/m2 

kN/m2 

kN/m2 

 
0.9  x 104 
0.3 x 104 

0.2 x 104 

0.4 x 104 
 
In this analysis, the joint element has been used to simulate the influence of surround-
ing rock mass. Each joint element acts as a spring in the direction normal to the sur-
face of the shotcrete, the stiffness of which has been determined as- 

kn=  pressure/displacement  
=  normal in-situ stress  /  displacement due to release of in-situ stress 
Here, pressure has been used instead of load because kn represents pressure or 

stress responsible for causing a unit displacement. Since the in-situ stress normal to 
the excavated face has been released due to excavation, therefore kn can easily be 
determined by dividing the in-situ stress at any point by the displacement at that point. 
However, as both the displacements and in-situ stress vary from point to point, a con-
stant value of kn cannot be used for all the joint elements. Therefore, entire shotcrete 
surface has been divided in to 13 regions shown in Fig.5.  
The values of kn obtained for all these regions have been presented in Table 4. For 
determining the value of kn for a particular region, kn was calculated at all the nodes 
within that region and then an average value was adopted. Since the shotcrete was 
expected to have good bonding with the rock mass, no slip has been allowed between 
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the two and therefore shear stiffnesses ks1 and ks2 have been equated to the normal 
stiffness, kn 

 

Fig. 5.  Material regions for the shotcrete lining 
 

4 Discussion of Results  

4.1 Displacements 

The displacements of the cavern with and without shotcrete layer have been plotted in 
Figs 6 and 7 for side walls. The displacements of side walls have been plotted at the 
mid height. The displacements of the cavern without shotcrete have also been shown 
along with. The shotcrete, in general, reduces the displacements only marginally. The 
effect is more pronounced at the crown whereas at the side walls, the reduction is 
small.  

Table 4. Normal Stiffness (kn) for Joint Elements 
S. No. Region kn x 104kN/m3 

 
1 
2 
3 
4 

Up stream wall 
Near shear zone towards south 
At and adjacent to shear zone 
Near shear zone toward north 

Away from shear zone 

 
30.0 
15.0 
12.0 
26.0 

 
5 
6 
7 
8 

Crown 
Near shear zone toward south 
At and adjacent to shear zone 
Near shear zone towards north 

Away from shear zone 

 
33.0 
20.0 
35.0 
65.0 
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9 
10 
11 
12 
13 

Down stream wall 
Near shear zone towards south 
At and adjacent to shear zone 
Near shear zone towards north 

Away from shear zone 
Southern face 

 
40.0 
22.0 
15.0 
33.0 
45.0 

 

It can be seen in Fig. 8 that the kink observed in the displacement at the location of 
shear zone has disappeared due to shotcrete. However, very high shear stresses are 
likely to develop in shotcrete lining under such conditions. This was also confirmed 
by the appearance of cracks in shotcrete lining which have appeared in the shear zone 
area in the cavern [20].  
 
4.2 Stresses in shotcrete 

Table 5 gives maximum hoop, bending and shear stresses at a few typical locations. 
The variation of hoop stress and the bending stress has shown that the bending stress-
es are negligible in comparison to the hoop stress. This suggests that the membrane 
action is predominant over the bending action. This is in order as the shotcrete is very 
thin. However, high bending stresses were observed in shotcrete near the southern 
face in the lower portion of the upstream wall. These may be due to intersection of 
shear  zone  with  upstream  wall  in  this  area.  The hoop stresses were very high and 
almost equal throughout the width of the roof arch. In the side walls shotcrete, the 
hoop stresses are negligible at middle height, whereas these are relatively high near 
the springing level and wall-floor junctions.  

A nearly constant magnitude of stress in the roof of cavern also suggests the mem-
brane action in shotcrete lining. Hoop stresses in the roof lining are relatively higher 
at chainage 1493.0 m and in its vicinity on either side due to the presence of shear 
zone 'B'.  

 Conventionally, the shotcrete is checked against shear stresses in the roof lining. 
High shear stresses have been observed in shotcrete lining in the vicinity of the shear 
zone B. It has also been observed that distance between the two peaks of shear stress 
is around 0.67 times the semi-circular span of the opening. This distance can also 
empirically be deduced [21] as, 
Distance between two peaks of shear stresses = 0.55[(100xtsc)0.05] x B                     (1)                 
where,   tsc   = shotcrete thickness in m, 

  B    = width of cavern   
For a shotcrete thickness of 85 mm, i.e., 0.085 m, this distance between two peaks 

of shear stresses works out to be 0.61 x B which compares very well with the actual 
average distance of 0.67 x B. 
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Fig. 6.  Displacement of the downstream wall 

 
Fig. 7.   Displacement of the upstream wall 
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Fig. 8.  Displacement of the crown 

Maximum shear stresses in the roof have been presented for some typical locations in 
Table 5. On comparing the permissible stresses (Table 3) with induced stresses in 
shotcrete (Table 5), it can be inferred that the induced hoop and shear stresses are 
much higher in the vicinity of shear zone 'B' than the permissible stresses in shotcrete 
lining which can cause in cracking of shotcrete in the shear zone area. The lining, 
therefore, requires additional measures from safety considerations. 

Table 5.  Maximum Stresses in Shotcrete Lining at Roof 

Location Hoop Stress1 Bending Stress2 Shear Stress 
Chainage (kN/m2)  (kN/m2)  (kN/m2) 
Roof Arch    
1473.0 m  11910 -180 5100 
1483.0 m  18660   -260 8700 
1493.0 m  22550 -500 9600 
1503.0 m  22310   -600 10500 
1523.0 m  12890   -460 7500 
1553.0 m  11140   -500 7550 
Safe Values 9000 -2000 4000 

1: Compression (+); 2: Compression on inside surface (+) 

 
4.3 Support pressures 

An additional advantage of providing the joint elements over the shotcrete lining in 
this analysis is that the normal stresses on the joint element will directly provide the 
support pressures exerted by rock mass on the shotcrete lining. The variation of nor-
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mal contact stress i.e. support pressure along the crown axis (cavern axis) has been 
depicted in Fig. 9.  
 

 
Fig. 9.   Variation of normal contact Stress (Support pressure) along the crown axis 

The support pressures are high in the vicinity of shear zone (75 kN /m2 - 115 kN/m2) 
whereas support pressures reduce to 50 - 65 kN/m2 away from the shear zone. The 
higher support pressures in the vicinity of shear zone may be due to the presence of 
weak rock mass and are corroborated by the corresponding high displacements (Fig. 
8). 

The pressures in the roof are relatively high towards the upstream wall side which 
may be due to higher overburden. The pressures in the side walls are high only near 
the springing levels whereas for major part of the wall height, the pressures are negli-
gible. Negative wall support pressures have been observed near the shear zone area, 
which may lead to detachment of shotcrete from the side walls.  

The high support pressures at crown may essentially be due to the geometric stiff-
ness of the shotcrete (arch shape) at roof. However, as the walls are flat, they are una-
ble to impart geometrical stiffness to the shotcrete. In addition to this, the shotcrete 
being thin enough (85 mm only), its own stiffness is also negligible. The combined 
effect may be responsible for low support pressures in side walls.  
As discussed earlier, the roof support pressures are calculated using method (NGI 
Criterion) [10] as follows: 

 kN/m2                                                                                  (2) 

where, Q = Barton's rock mass quality, and 
 Jr = Joint roughness coefficient. 
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A method has been developed at Norwegian Geotechnical Institute (NGI) for as-
sessing the support requirements using the Q - system for rock masses affected by 
shear zones.  The use of mean value of Q, for the rockmass around the weak zone, has 
been advocated [22, 23] while using Eq. 2. The mean value of Q can be determined 
using the Eq. 3 as, 

 

log
log log

Q
b x Q Q

bm
wz sr

1
                                                           (3) 

The author of the paper suggests that mean value of joint roughness coefficient, 
Jrm, should be estimated similarly as follows: 

                                                                                  (4) 

where 
Qm = Mean value of Q 
Qwz = Q value of weak zone 
Qsr= Q value of surrounding rock 
b = thickness of the weak zone in m. 
Jrm = Mean value of Jr  
Jrwz = Jr of the weak zone 
Jrsr = Jr of surrounding rock  

These values of Q and Jr should be substituted in Eq. 2. The estimated values of sup-
port pressures along with those obtained in the present study have been presented in 
Table 6.  

Table 6. Estimated Values of Q and Long Term Roof Support Pressure  

Rock 
Mass 
Category 

RQD 
[12] 

Jn 

[12] 
Jr 

[12] 
Ja 

[12] 
Jw 

[12] 
SRF Q Long Term Roof Support 

Pressure (kPa) (Proof) 
NGI 
[10] 

Present 
Study 
FEM 

Typical 
Range 
[24] 

Jointed 
Basalt 

55 12 1.5 
Jrsr 

0.75 1.0 1.0 9.16  
Qsr 

64 55 50-108 

Jointed 
Dolerite 

65 12 1.5 0.75 1.0 1.0 10.8
8 

60 84 47-102 

Shear 
Zone  
(b = 2m) 

25 2 1.0 
Jrwz 

4.00 1.0 2.5 1.25 
Qwz 

186 110 107-218 

Mean 
Values 
Near 
Shear 
Zone 

- - 1.17 
Jm 

2.90 - - 2.4 
Qm 

128 110 83-177 



 

Theme Lecture 12  217 

Proceedings of Indian Geotechnical Conference 2020 
December 17-19, 2020, Andhra University, Visakhapatnam 

It is encouraging to note that the values of long term support pressures obtained in the 
present study are within the range of pressures predicted by Barton [24].  The values 
estimated by NGI criterion [10] are also comparable to the values obtained in the 
present study in jointed basalts and dolerites. However, at shear zone the support 
pressure predicted by NGI criterion is much higher (1.7 times) than that obtained in 
the present study (Table 6).  However, when the mean values of Q [22] and Jr are 
used, the support pressure near shear zone area has been found to be comparable to 
that obtained in the present study (Table 6). 

The capacity of the roof supports, provided in the form of rock bolts and shotcrete 
lining, is 88 kN/m2 [11]. It may be noted that the support pressures at the shear zones 
are of the order of 110 kN/m2(obtained in the present study) exceeds the ultimate 
capacity of the support system and therefore cracking is likely to occur in the shear 
zone area. In fact cracking was indeed observed in the areas near shear zone and addi-
tional measures were suggested [20].  The use of 10 m long full column grouted rock 
bolts at 1.6 m x 1.6 m grid against 6 m long rock bolts at 1.75 m x 1.75 m grid in-
stalled in the cavern was also suggested [25]. 

The wall support pressure [10] is obtained as follows: 

  kN/m2                                                                        (4) 

where Qw is the rock mass quality of the wall which is 2.5 x Q in the case of SSP cav-
ern. As such the wall support pressures will be 0.74 times the long term roof pres-
sures. It has been observed that the wall support pressures are negligible away from 
the shear zone as the horizontal stiffness of the shotcrete is low compared to the verti-
cal stiffness of the shotcrete in arched roof. The average wall support pressure near 
shear zone is about 50 kN/m2  against 90 kN/m2  in the roof at chainage 1488.0 m. 
Thus the ratio between wall and roof support pressures is found to be about 0.5 
against 0.74 near shear zone [10]. The predicted wall support pressures away from the 
shear zone are 0.06 - 0.11 times the roof support pressures. 

5 Conclusions 

The analysis of the Sardar Sarovar powerhouse cavern has been carried out along with 
the shotcrete lining. This study leads to following conclusions: 

1.     Shotcrete lining behaves essentially like a membrane. 
2.     The stresses in shotcrete are higher than the permissible stresses especially 

near the shear zone area. 
3.     The influence of shotcrete is negligible as far as the displacement behaviour 

 
4.     The empirical correlation for obtaining the distance between peak shear stress 

in shotcrete [21] has been found to be in good agreement with the results ob-
tained in the present study. 

5.     The equation for mean value of joint roughness coefficient, Jrm, has been sug-
gested. 
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6.      The long term support pressures computed in the present study are in good 
agreement with those obtained using NGI criterion [10] even near the shear 
zone. However, wall support pressures away from the shear zone are negligi-
ble due to lower stiffness of shotcrete in the horizontal direction. 

7.      Failure of the support system in and around shear zone was indicated both in 
the present study and recommendations of CSIR-CIMFR Dhanbad [25] 
based on the empirical classifications. 
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