


diagrams on the right side of Figure 14, the modelling
matches well with field observations that deformation of the
top heading was successfully contained by the support
system until it had to be removed for the roadway deepening.
At this stage, just prior to benching down for the roadway,
even with the installed heavy set support in place, widening
to full section and placing the central steel crib arrangement
had resulted in crown displacements of about 30 cm while 
the side walls had converged by approximately 50 cm 
(Figure 14a).

After removal of the support crib and excavating down to
create the central roadway section, the crown and sidewalls
further converged by about a metre (Figure 14b). What is
also interesting and important is that after extending the
double steel ribs to the current invert, the depth of the plastic
zone above the crown is suggested by the modelling to have
extended out to about 8 m, a depth which is consistent with
the roof caving experienced at the Nugalsari fault (Figures 15
and 16) in similar quality ground and also under about the
same overburden cover depth (Figure 12)

Nugalsari fault

Excavation experience through the Nugalsari fault zone
differed from that for the Nathpa fault, as, at Nugalsari, due
to the foliation dip and in particular the behaviour of the
biotite schist, a significant amount of geologically-controlled
overbreak developed almost instantly on face exposure, as
shown by the roof surveys in Figures 15 and 16.

Again the modelling of this fault zone using the low
strength Hoek-Brown modified transition parameters m*, s*
and a* shows good replication with observed conditions, with
the depth of the yielded plastic zone matching very closely
the overbreak profile, even to the extent of the slight skew in
damage due to stress obliquity (Figure 16).

Wadhal faulting

The last fault zone analysed is one of a set of three sub-
parallel major structures encountered in the Wadhal section
of the headrace tunnel, all of which gave problems during
excavation. The location of the particular fault chosen for
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Figure 15—Longitudinal section through Nugalsari Fault (Location B on Figure 12), showing surveyed overbreak profile controlled by weak biotite schist
gouge. (ref. Figure 16 for section)

Figure 16—Major principal stress contours and plastic zone computed with Phase2 based on Hoek-Brown transition m*, s* and a* parameters, as
compared with actual surveyed overbreak profile at Station RD 0+202 (see Section location in Figure 15)
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analysis, which is sited at Tunnel Station C (as indicated on
Figure 12) was encountered under the highest cover (of the
order of 1 000 m), resulting in the following stress field
(resolved in the plane of the analysis section):

σ1 = 24.46 MPa; σ3 = 16.63 MPa; σz = 10.06 MPa; θ = 11.7°

where θ is again the angle between σ1 and the horizontal (x-
axis).

Again, as with the Nathpa fault, excavation of all of the
faults at Wadhal was carried out using an initial small top
heading drift, fully supported with steel ribs with the sides
then slashed and the crown ribs extended to the full tunnel
springline geometry. This was again followed with a central
bench cut to create a main roadway through the faulted
section for access purposes prior to removing the sidewall
abutment material supporting the feet of the crown arch ribs.
Unfortunately, as benching to widen and deepen the tunnel
to full section was underway in a segment of the tunnel
approaching, but not directly within the fault margin,
buckling and kick-in of a part of the main fault support
system occurred, as illustrated in Figure 17. At the time it
was presumed that this might well have resulted from stress
readjustment ahead of the benching. 

Modelling of this fault using the transition functions
suggests not only that the plastic zone extended very deep
into the crown (~ 14 m), but, as is evident from the two
displacement plots on the right side of Figure 17, a major
change in tunnel deformation behaviour is predicted to have
occurred with final benching, with convergences increasing
by 0.5 m in the crown (from 1.15 m to 1.65 m) and with
almost a metre of additional heave in the invert and sidewall
abutment support zones, at the toe of the steel ribs (side
walls). It is therefore not surprising that significant
disruption occurred to the support system. It is also
encouraging that with the use of the modified transition
parameters m*, s* and a*, very good modelling replication of
actual failure behaviour is achieved.

Conclusions

Use of rock mass classification systems and the associated m,
s and a parameter relationships linking GSI with the Hoek-

Brown failure criterion provides a proven, effective and
reliable approach for strength prediction for underground
excavation design and support selection for most ‘normal’
rock masses: 

– with intact rock material strength, UCSi > 10–15MPa,
and

– with matrix yield behaviour dominated by shear
mechanisms 
for (mi < 15) for the full GSI range and 
for (mi > 15 ) for GSI < 65. 

Outside these limits, some discrepancies can arise
between predicted and observed yield behaviour, which the
use of the two transition relationships, previously proposed
by Carter, Diederichs and Carvalho (2007) are largely aimed
to solve. The intended GSI and strength ranges for optimum
applicability of these two transition relationships as compared
with the generalized Hoek-Brown formulation are outlined in
Table II.

Taken together, and used in combination with the
original Hoek-Brown formulation for the ‘normal range of
fractured rock masses’ it is hoped that use of these two
proposed transition relationships will reliably extend the
limits of applicability of GSI and the Hoek-Brown criterion for
rock mass strength definition for rock masses previously
considered inappropriately handled by the Hoek-Brown
relationships. 
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Figure 17—Predicted displacements before and after excavation of central bench
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Table II

Modified Hoek-Brown parameter relationships for differing rock conditions

UCSi = uniaxial compressive strength; T = tensile strength; UCS* = crack initiation threshold strength; GSI = geological strength index; and fSP and fT (σci) are
the spalling and weak rock transition function relationships; mi, mb, s, a and D = Hoek-Brown generalized intact and rock mass friction and cohesion, exponent
and damage parameters, respectively
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