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1 Introduction 

1.1 NMT and the Gjøvik cavern connection 
The six-companies and seven-authors article that suggested the letters ‘NMT’ in 1992, was based on 
synthesising what was increasingly being used in tunnels in Norway following 1974 Q-system 
development and later acceptance by our road and rail authorities in Norway. It was a two-part 
publication: Barton, N., Grimstad, E., Aas, G., Opsahl, O.A., Bakken, A., Pedersen, L. & Johansen, 
E.D. 1992. Norwegian Method of Tunnelling. WT Focus on Norway, World Tunnelling. The 
Norwegian companies involved were NGI, Selmer A/S, A/S Veidekke, Entreprenørservice A/S, 
NoTeBy and Statkraft. Some in Norway who were left out complained about NMT and Q for several 
more years. In fact the prominent contractors and designers of the ongoing Gjøvik cavern were our co-
authors. The 62m span cavern is shown in Figure 1 in two contexts. 

 

 
 

Fig. 1. The top-heading of the 62m span Gjøvik cavern with a mean Q-value of approx. 10, range 2 to 30. The dog-leg kink 
in the Grimstad and Barton (1993) Q-based support diagram was due to Gjøvik and its extreme span in rock of fair to good 
quality. 
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Fig. 3 The Q-system based design chart details, especially of RRS, from Grimstad. 

3 NATM components 
 

Figure 4 illustrates the various stages of NATM tunnel construction, with typically a top-heading and 
benching approach. It may be sequential split face in the case of soil-like conditions. 

 
 

Fig. 4 Eight of the activities occurring with NATM tunnel construction when top-heading followed by benching are utilized. 
This is a coloured version of the official ASG (2010) report. Note no overbreak. 

Note that overbreak has been ignored in the drawings but may severely affect shotcrete and concrete 
volumes in practice. In Figure 5, potential major overbreak has been sketched, and actual overbreak 
photographed. Readers may assume it has been exaggerated. However, 0.5m, 1m, 2m and even 3m are 
occasionally experienced in jointed rock. It depends on the ratio of Jn/Jr from the Q-system (Fig. 6). 
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4 Overbreak challenges 

As with all tunnelling in jointed rock there is the problem of overbreak, and as will be clear from 
Figure 5  this is a minor problem with NMT as overbreak does not need to be filled, while for NATM 
it results in a potentially large volume of ‘extra’ shotcrete and concrete as the over-break has to be 
filled. Overbreak is also problematic for LG contact with the rock and may also present a ‘3D’ 
challenge for drainage fleece and membrane installation prior to the concrete lining. 
 

Fig. 5 A perhaps exaggerated addition of overbreak to an NATM tunnel (left), while overbreak  >1m is clearly accepted in 
this Swedish rail tunnel where Q + S(fr) + B (= ‘NMT’ in practice) was used. 

 

Figure 6 illustrates by means of a drawing (top-left), by means of joint roughness profiles (top-right) 
and by means of two photographs of significant overbreak with ratings for Jn/Jr = 9/1.5 why overbreak 
occurs when sufficient numbers of joint sets and sufficiently planar-surfaced jointing are present. 

 
Fig. 6 A simple criterium for the likelihood of overbreak occurring in tunnelling. This influences cost (more shotcrete in 
NMT, more concrete in NATM) and therefore sustainability. The black ratios of Jn/Jr will be likely to suffer overbreak, but 
not the blue example as < 6. 
 

In the case of mining, overbreak will affect drift and roadway stability with possible increases of 
shotcrete support, and in the context of underground stoping perhaps the threat of not only increased 
dilution but also blockage of draw-points. Figure 7 illustrates Q-histogram logging at the Kiruna Oscar 
project where long-hole drilling drifts were severely affected by overbreak and near failure as sketched 
in the central panel. 
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Fig. 7 Overbreak effects at Kiruna LKAB Oscar long-hole drilling Project. On this occasion in 1987 the author used Q-
parameter histogram logging to characterize the likelihood of overbreak or stability problems. Most-frequent ratings for 
RQD, Jn, Jr and Ja of 60, 9, 2 and 2 did not explain the strong overbreak. However, with extreme values like Jn = 12 and Jr = 
1 or 1.5, also assisted by Ja = 3 or 4, excessive over-break and near drift collapse in some cases was explained in a logical 
manner. 
 

 
 

Fig.8. Overbreak affects NMT and NATM in different ways due to the final concrete of NATM. 

5 Shear strength determines tunnel reinforcement and support needs 
 
The ratio Jr/Ja seen in Figure 9 is remarkably close to being a friction coefficient. It is obviously also a 
potential parameter for indicating the increased (or decreased) likelihood of overbreak and increased 
(or decreased) amounts of shotcrete in NMT (periphery length increased, or not) and of increased 
volumes of concrete (or not) in the case of NATM. Jr/Ja therefore also affects sustainability. 
 

 
Fig. 9 The Q-parameter pair Jr and Ja are also important indicators of overbreak potential as well as the ratio of Jn/Jr. Note 
that the ‘joint condition’ ratio in Q is in another class of reality compared to the ‘x-axis’ in the GSI diagram of Hoek (or Hoek 
and Marinos). As seen on the right rough joints cannot be clay filled or be in weathered rock while smooth-planar joints have 
to be in weathered rock and also be clay filled. It is not clear to the author how users of GSI get around this severe limitation 
(basically an elimination of much of engineering geology) in practice. 
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Readers may be aware that the formula for the Q-value can be generalized by normalizing Q with 
UCS/100. QC is defined as Q x σc/100 with compression strength expressed in MPa. It was found 
(Barton, 1995 and Barton, 2006) that Qc correlated much better than Q with P-wave velocity and with 
the stress or depth-dependent deformation modulus. The seven-parameter equation forQc = RQD/Jn x 
Jr/Ja x Jw/SRFxσc/100 can be ‘cut in half’ and appears to approximately lly represent the cohesive 
component (CC) and the frictional component (FC) of rock masses as suggested in Table 1 and Figure 
10. 
 
Table 1. Left: The Qc-based equation ‘cut in half’ to represent the cohesive and frictional strength of 
rock masses, contrasted with the Hoek-Brown equations for the supposed ‘c’ and ‘ϕ’ of rock masses. 
Right: These three supporting equations mean that GSI is repeated 16x and 12x in the H-B equation of 
shear strength. However if two further supporting equations (e.g. for σ’3n) are included, we see a 
remarkable 78x repetition of GSI, which is already a limited descriptor of rock mass quality. 

 
 
Figure 10 shows four potential rock masses with successively decreasing rock mass quality and rock 
strength due to strongly decreasing Qc. The suggested equations for FC and CC are evaluated and 
given tentative units of degrees ° and MPa. It is interesting to note that the classic Mohr-Coulomb 
equation of ‘c + σn tan ϕ’ (which actually fails to describe the strength of rock masses as cohesion has 
to be broken before friction can be mobilized) is in the case of Qc replaced by ‘CC x tan FC’ – so the 
potential cohesive strength is modified (reduced, or sometimes increased) by the frictional strength – a 
not illogical criterium. The components ‘c’ and σn tan ‘ϕ’ are not added as in M-C and H-B. 
 

 
Fig. 11 Top: Four example rock masses with decreasing quality and decreasing rock strength and the apparent realism of the 
FC and CC estimates of frictional and cohesive strength. Rock masses with low CC need relatively more S(fr) (such as 
urgently needed for the shale in the left photograph) and rock masses with low FC need relatively more bolting (such asthe 
massive limestone in the right photograph which has only bolting).The FC and CC components of Qc correspond closely to 
the original ‘conditional factors’ for choosing more or less shotcrete and more or less bolting in the original Barton et al. 
1974 Q-system tunnel support tables. 
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6   Choice of tunneling depth as potentially serious consequences 

Some years ago the author presented a paper in Hong Kong with the title: ‘The Shallow Metro 
Syndrome’. This was in response to several years following a new metro line in São Paulo, Brazil: 
Linha 4-Amarela on behalf of the contractor consortium. Despite warnings by several other experts, 
the designers and owners had apparently prioritized ‘short escalators’ perhaps having concern for 
passengers’ experiences and future maintenance costs. They apparently failed to understand the time 
and cost consequences of mixed-face tunnelling through saprolite, clay, granite or gneiss, choosing the 
adverse elevation/shallow depth where each could be met in the same tunnel face. The project suffered 
years of delays and cost overruns. In London, long escalators are needed to reach London clay, the 
cheapest and most stable tunnelling medium. The long escalator rides are entertaining due to adverts. 

One of the Säo Paulo Linha 4 station caverns in granite suffered 2 to 4m over-break (Figure 12). The 
other end of the station was in clay. The shallow location of the tunnels and stations had enormous 
consequences on cost and delay and indirectly cost seven lives at the next station about 1km away. 
Lattice girders and shotcrete were overcome by the vertical loading from an unanticipated 10m high 
ridge of ‘differentially less-weathered’ gneiss. It was not discovered despite five nearby boreholes on 
either side of the planned station cavern, and one even on the axis of the future cavern. In retrospect 
cross-hole seismic tomography should have been attempted. Refraction seismic failed due the very 
noisy 24/7 environment next to five lanes of traffic. Figures 13 and 14 show the tragic consequences. 

 
 

Fig. 12 Shallow metro consequences: mixedface, overbreak, potential collapse through to the surface. 

 
Fig. 13 a, b, c. Five boreholes surrounding or within the planned station cavern failed to reveal the presence of a ridge-of-
rock, which had a ‘fatal’ fracture zone along its axis. All five boreholes suggested just 3m of rock cover. The undiscovered 
10m high ridge-of-rock was the result of differential weathering. ‘Robust’ LG of 32mm x 25mm x 25mm embedded in 30-
40cm of S(fr) suddenly folded, allowing the less weathered ridge-of-rock to fall 10m.  

The massive collapse seen in Figure 14 caused five people driving in a minibus to be sucked into the 
sudden failure. Their vehicle was not found for 12 days as it had been sucked to a lower level than 
most of the surrounding sand and clay. The falling ridge-of-rock had a piston-like effect. A tunnel 
worker was blown over some distance from the sudden cavern collapse. Two pedestrians were also 
sucked into the collapse.  
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Fig. 14 The collapse of the Pinheiros Station cavern during construction. The fatalities occurred along the small road (Rua 
Capri) seen on the right. Five boreholes had failed to detect the 10m high ridge of less weathered rock that was hidden 
beneath the cavern axis drawn on the left photograph. 
 

 
 

Fig. 15 Two drawings from ‘The problem of tors’ by Linton (1955) have been given possible Q-values to demonstrate the 
possible morphological progression to core stones, in this case to  dangerous ridges of less weathered rock that can load 
tunnel or cavern support if too shallow excavations are planned. The tor photograph from S.W. England with a chance 
‘central’ fracture is a potential model for the tragically missed ridge-of-rock (Figure 13c). 

 
 

Fig. 16 This shows the top of the loosened ‘ridge-of-rock’ after it had fallen 10m to the cavern floor. 
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7   Steel sets and lattice girders invite and need deformation to function 

Why lattice girders may allow significant deformation is suggested in the instrumented tunnel results 
from Ward et al. 1983 shown in the left diagram of Figure 20. Firstly, reinforcing any rock mass with 
systematic bolting and holding it in place with shotcrete (solving the frictional strength/weakness and 
cohesive strength/weakness) is obviously positive, as proved by the top experimental results of 2-
3mm.The circular steel ribs result show how poorly steel sets are working. Rockmass deformation and 
loosening and potentially reduced rock mass strength is needed before the tangential strain builds in 
the LG so that it can finally resist radially. Elephant feet must also resist the axial load in the LG. 

 
 

Fig. 20Left: Avoidance of steel sets (or lattice girders) remains an important advisory for NMT Q-system users. The 
instrumented experimental tunnel was driven in mudstones. Figure from Ward et al. 1983. Right: Steel sets and lattice girders 
allow and even require loosening of the rock mass to make better contact, i.e. an increase of SRF in the Q-value. Barton and 
Grimstad, 1994. The use of steel sets with constant spacing so not allowing for faulted rock, i.e. increased loading, can cause 
tragic collapses as seen in Figure 21. 

   
 

Fig. 21 Collapse in partly completed down-stream surge chamber arch in Bhutan. Tragically, six workers were caught in the 
collapse. First collapse ≈ 35,000 m3. There was an attempt to remove fallen rock (approx. 15,000 m3 was removed). Note the 
extra destruction of steel sets in the ‘left’ arch due to the fault. A larger collapse subsequently occurred. 

The total volume of collapsed rock mass finally reached approx. 70,000m3, basically initiated due to 
constant steel set spacing despite changed conditions. As a point of difference when using NMT there 
is a specific ‘owner’s half-hour’ when engineering geologists representing both sides (owner and 
contractor) map conditions together and try to agree on the Q-based ‘support class’. This occurs after 
every blast.  

In this section a potential source of weakness of NATM has been identified by means of the 
exceptional design challenges illustrated. It surely must be assumed that lattice girders leave some 
room for improvement as they do not seem to be stiff enough. Most frequently a ‘triangular’ format 
with e.g. 32, 25, 25 mm bars, or a much lighter version: 20, 16, 16mm bars are supposed to add 
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9 Conclusions 
 

1. Single-shell NMT and double-shell NATM can provide valid solutions to the three principal 
parts of a typical tunnelling project: the two portal areas in weathered rock and the usually 
much longer central section of a tunnel that is generally in higher quality rock. 
 

2. By its very nature NATM is more expensive and less sustainable in terms of the volume of 
concrete needed in the portal areas. This is because overbreak needs to be filled in the case of 
NATM but not in the case of NMT. 
 

3. Lattice girders are considered to be deformation enhancing because radial support pressure is 
not immediately developed. Stiff footings (elephant feet) are needed, contact with the rock 
arch is necessary through diligent shotcreting, followed by build-up of tangential strain along 
the structure and finally the desired radial but mostly passive support. 
 

4. The design of lattice girders can be improved if a rectangular 4-bars system is used with a 
welded plate and bolt hole. Systematic bolting of lattice girders would be ‘a delaying factor’ 
as it is with RRS in the case of NMT, but the support and reinforcement effects would be 
enormously improved, and the effects of non-uniform loading much reduced. 
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