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Abstract 

 
Driving a car is perhaps the riskiest of every-day activities; driving a tunnel is perhaps the 
riskiest form of construction. For the driver or the engineer, no matter how good his training and 
how broad his experience, the unexpected may still occur. 
 
In the design phase of a tunnelling project, the engineer must make some estimate as to what 
challenges the ground ahead is likely to hold, and for this he has to carry out site investigations.  
The more he probes, the more it costs;  but at the same time, the more he probes, the lower the 
risk of anything going wrong. It is a matter of engineering judgement as to how much time and 
money to expend in this investigation;  too much, and there may be accusations of extravagance; 
too little, and there may be a disaster. During the construction phase, possibly one of the most 
significant “management” factors is the amount and quality of supervision, both by the 
Contractor and by the Engineer. In the same way that Site Investigation is a trade-off, so, too, is 
the matter of site supervision. On the practical side, the question of what support to provide at 
any given time and place is again a matter of judgement, and a balance must be struck between 
too much and too little.  This may be entirely a site matter - shotcrete support, for instance - or 
entirely a design matter - strength of segments, say - or a bit of both;  but it remains a question of 
judgement, an art, undefineable by conclusive technical science. The other major factor is the 
technique.  In any given circumstance, there is a choice of methods available, and the choice, 
very largely a matter of opinion and experience, is often left to the Contractor who must carry 
out the work. Every tunnel is different; new ground is broken in the most literal of senses. 
 
It is self-evident, then, that there always remains an unquantifiable risk.  The risk itself may be 
known or guessed and the cost of failure may be calculated;  but it is not possible to estimate 
how likely it is to happen.  All involved will hope for the best; the prudent will prepare for the 
worst. After something has gone wrong, an inquiry will try to find the reason, either with the 
practical aim of trying to prevent a recurrence, or to establish who should pay the very large 
sums of money involved, which tends to take precedence. Unfortunately, when culpability is at 
stake, there are vested interests, and truth takes a second place. 
 
The Authors have personal experience of several different tunnelling disasters - fortunately, 
none involving any injury or loss of life.  However, the costs have been very high - sometimes of 
the same order as the Contract value. Some case studies are presented, looking not so much at 
the direct causes, but at the possible under-lying factors.   
 
The conclusion is that occasional disasters are unavoidable, because the costs of trying to avoid 
all risks is unrealistically high.  ‘Post mortem’ studies can highlight failures in the procedures 
being followed before the disaster, and are therefore valuable aids to  safeguarding the remainder 
of the work.  But Nature can still spring surprises. 



 

1 Introduction 

Before he takes a car out onto the road, a driver must undergo training, and only after the 
training is complete does he really learn how to drive. The more experience he gains, the less 
chance there will be of an accident, but every time he drives, he takes a risk. 
 
With most other forms of construction, the engineer knows what he is facing, but with 
tunnelling, the next step is always into the unknown.  
 
Tunnelling is inherently a dangerous form of construction, and unfortunately collapses are not a 
rare occurrence [1]. Tunnelling remains an art rather than a science, and is possibly the most 
primeval of construction operations - Man against Nature at its most basic. Science is used to 
reduce the risks [2] - but even the use of science is a risk of a sort in itself, as to whether the 
money and time invested in research will actually pay a dividend. While "you pay for a Site 
Investigation, whether you have one or not"[3], there are obviously limits to how much it is 
worth spending for what return. Taken to the extreme, the only way of finding out exactly what 
lies ahead is to drive a pilot tunnel - slightly bigger, and on the same alignment. Hence the 
tunneller has to be pragmatic, and accept that occasional collapses may be part of the price to be 
paid for the job [4].  
 
Where major incidents occur, it is frequently the case that the situation develops slowly, with 
each progression seeming not to be particularly significant as it happens, until it is too late to try 
to prevent it. Frequently, each stage in the escalation process is ‘something we have dealt with 
before’, and the overall picture is lost, possibly because attention is concentrated on the matter in 
hand.  
 
A classic case of this collective state of mind in a totally different field was the crash of Eastern 
Airlines Flight 401 in the Florida Everglades on 29 December 1972 - the crew was concentrating 
upon the failure of the under-carriage locking light to come on, and ignored the malfunction of 
the automatic pilot which allowed the aircraft to descend slowly into the ground [10], [11].  In 
aviation circles it is an acknowledged phenomenon. 
 
Fortunately, in the incidents referred to in this Paper,  there was no loss of life nor injury, and in 
some cases not even any significant damage to or loss of plant or equipment.  
 
Supervision, like Site Investigation, requires a balance to be struck between quantity and cost. 
Several other tunnels were being driven contemporaneously; supervision, both by the Contractor 
and by the Engineer, was therefore spread, so constant close watch could not be kept on every 
face.  In any case, when Nature takes charge, Man can only stand back in awe. 
 
The Engineer is in a difficult position if the Contractor is determined to use a technique which 
the Engineer believes to be inappropriate, particularly where, as an example, the Contractor has 
experience of using that technique in other circumstances, while the Engineer has experience of 
similar circumstances but not of that technique. 
 
Each of the cases discussed herein involved engineers from different nationalities, so there was 
fair scope for misunderstanding. However, it has to be said that there are  advantages to such a 
situation, for it requires greater clarity of expression, and concentration upon the technical issues 



with possibly less ‘political’ diversion. In the Authors’ experience, the ‘language barrier’ has 
never been a problem.  In what follows, deductions have been made (possibly erroneously) as to 
what is believed to have happened.  
 
This Paper attempts merely to record some of the pertinent facts, without bias; any views 
expressed herein are purely those of the Authors alone.  The purpose is to try to help prevent 
similar occurrences elsewhere. 
 

 

 

 

 

2 Case Studies  

 
The major “incidents” that occur in tunnels under construction, and which interupt the tunnel-
driving process, may be categorised simply into Floods, Fires, Overbreaks and Collapses : 
• Floods may occur due to the tunnel intersecting a water-bearing stratum, or due to water 

entering the tunnel from the portal; 
• Fires may be fuelled by construction materials carried into the tunnel, or by material already 

in the ground (coal or methane); 
• Overbreaks occur when the ground being excavated falls in to a greater extent than intended, 

but without affecting the structure of the tunnel itself; 
• Collapses occur when part of the tunnel structure is destroyed - collapses in shiled-driven 

soft-ground tunnels are rare indeed. 
 
The following incidents are considered, in greater or lesser detail : 
• Major Flood, Shaft 2, Orange-Fish Tunnel, South Africa, 1970 
• Minor Flood, Shaft 2, Orange-Fish Tunnel, South Africa, 1970 
• Fire, Shaft 5, Orange-Fish Tunnel, South Africa, 1970 
• Overbreak, MTR, Central, Hong Kong, 1982 
• Overbreak, MTR, Tai Koo Shing, Hong Kong, 1983 
• Overbreak, Gibei Railway Tunnel, Romania, 1985 
• Overbreak, Moda Collector, Istanbul Sewerage Scheme, 1989 
• Collapses, Tunnel 3A, T.A.G. Motorway, Southern Turkey, 1995/6 
 

2.1 Major Flood, Shaft 2, Orange-Fish Tunnel, South Africa, 1970 

2.1.1 Introduction 

The Orange-Fish Tunnel was a piece of ‘geophysical surgey’ constructed in the late 1960s and 
early 1970s, close to the geometric centre of the Republic of South Africa, in the middle of the 
Karroo Desert, some 5000 m above sea level and about 800 km from the sea.  It is an 80 km 
long tunnel which carries irrigation water from the Orange River, stored behind the Hendrik 
Verwoed Dam, through the tunnel due South under the watershed divide to the head of the Fish 
River in a different catchment.  The water starts in Lesotho, and would otherwise run Westwards 
through the semi-desert of Namaqualand to discharge into the South Atlantic at Oranjemund.  



Instead, it is diverted to provide much-needed irrigation to the fertile Fish River valley, before 
discharging Southwards into the Indian Ocean. 
 
The tunnel was excavated to about seven metres diameter, by rail-mounted drill+blast equipment 
- seven-boom compressed-air jumbos and electric Conway muckers;  the tunnel was nominally 
straight, but in fact curved to follow the meridian on the map.  It was on a uniform down grade 
of 1:2000, with allowance for the earth’s curvature.  There were also gravity anomalies in the 
area.  The strata were sandstones, siltstones and mudstones, with occasional dolerite dykes, 
generally horizontally bedded. Normal roof support comprised a grid of 1.5 m long bolts 1.5m 
apart, the bolts being tensioned and resin-grouted.  Shotcrete, sometimes mesh-reinforced, was 
occasionally used, and also, but rarely, steel ribs. Round length was generally 3 m, with progress 
steady at six rounds every 24 hours, six days a week. The tunnel was divided into three 
Contracts - Inlet, Plateau and Outlet, having five, six and five working faces respectively. 
 
The Inlet Contract had an Inlet heading, and two inclined access adits (Shafts 1 and 2) at right 
angles to the tunnel, which was approx 150 and 200 metres below ground at each shaft, and 
from these adits the tunnel was driven in both directions. Ancilliary works included an intake 
structure and an emergency gate shaft / surge shaft. 
 
The Plateau Contract had three vertical shafts (Shafts 3, 4 and 5) about 400 metres deep, with a 
heading driven in each direction. 
 
The Outlet Contract had two shafts (Shafts 6 and 7) and an Outlet heading, and also outlet 
control works, with a large underground valve chamber / power station. 
 

2.1.2 Background 

Shaft Two had been fully developed, and progress had built up well in both the North Drive and 
the South Drive.  About 1500 metres had been driven in total, when water was struck in the 
North heading.  This was grouted, and the system was adapted to allow for regular probe drilling 
and grouting, carried out on Sundays for the following weeks driveage.  Then water was 
encountered in the South heading, and the same process was adopted.  The water, in both 
headings, was issuing through fissures in otherwise good rock.   
 
The quantities increased;  the Contractor introduced more pumps. 
 
The flows in the North heading, the uphill drive, were increasing to such an extent that radical 
re-thinking appeared to be indicated.  The inflows in the South heading also started to increase 
significantly.   
 
All water flowed under gravity from the North heading or was pumped from the South heading 
to a pumping station at the Adit, from where the water was pumped to the surface.  All water 
into and out of the tunnel was metered. 
 

2.1.3 The incident 

One day, after the blast, the men re-entered the South face, to find that the blast had extended the 
tunnel to intersect with a fissure about 75 mm wide, extending all round the perimeter of the 



tunnel, issuing water under about 14 bars.  The entire 1.6 km of tunnel and 200m of shaft were 
flooded within 24 hours.  Little of the plant was saved. 
 
Subsequent investigation indicated that the fissure was ‘unlimited’ in extent, and the incident 
affected farmer’s boreholes up to 100 km away.  It was found that the ground water was tidal, 
despite the elevation and distance from the sea.  Subsequent close examination of the geological 
records both before and after showed that the tunnel had passed through a shallow anti-cline, and 
the associated bending of the strata had formed the cracks, which increased in width as the 
tunnel approached the appogee - at the point where the flooding occurred. 
 
Hindsight also showed up the pattern of steadily increasing water inflows and increased 
quantities of injected grout.  At the time, it had been the North heading which had been the cause 
of anxiety. 

2.1.4 Recovery 

For the recovery, grouting was carried out from the surface, and eventually the tunnel was 
pumped dry.  A concrete bulkhead was built, and the void beyond, and the fissures, were 
eventually grouted up.  A method of ‘blob-groutng’ was developed, by which a ring of ‘blobs’ of 
very thick, bentonite-rich grout was built up in the fissures a short distance away from the 
tunnel, and the space between that ring and the tunnel was grouted tight. 
 
Tunnel driving was eventually resumed, and a sequence of driving 40 metres and then probing 
and grouting for sixty metres was instituted, to carry the tunnel through about four hundred 
metres of the fissured anti-cline. 
 
The Client decided that he was not prepared to accept the same risk for the remaonder of the 
tunnel, and so an extensive pumping scheme was developed and built, such that the tunnel 
would not again be flooded even if another inflow of that volume was intersected. 
 
The incident was the subject of a claim from the Contractor, the value of which, together with 
the cost of the additional works, was greater than the Contract value. 
 

2.2 Minor Flood, Shaft 2, Orange-Fish Tunnel, South Africa, 1972 

 
The minor flood occured a couple of years after the major flood.  
 
Following exceptionally heavy rainfall, a farm dam burst, and much of the water escaped from 
the old stream bed, and found its way into the inclined adit.  No significant damage was done, 
either to the tunnel structure or to plant, but the floor of the adit and of the junction with the 
tunnel were covered in silt and debris up to half a metre deep, which interrupted tunnelling 
operations.  The quantity of water fortunately was sufficiently small in relation to the volume of 
excavated tunnel and the installed capacity of the pumping plant that there was no risk to the 
tunnelling crews.  This occurred after the major flood described above, so there was ample 
pumping capacity. 
 



2.3 Fire, Shaft 5, Orange-Fish Tunnel, South Africa, 1970 

2.3.1 Background 

The fire at Shaft 5 was very similar, in many ways, to the major flood at Shaft 2 described 
above, although with less warning. The Site Investigation had revealed traces of methane, and 
the shaft and its two drives had been declared “hazardous”, which meant that all electrical 
equipment was flame-proof, etc..  
 

2.3.2 The Incident 

The men re-entered the face, to find it ablaze.  The drive had intersected another fissure, this one 
carrying methane, which fortunately had been ignited by the blast before it had reached an 
explosive concentration.   
 

2.3.3 Recovery 

The fire burned for about six months, until a wall was built across the tunnel, and the void 
beyond , including the methane-bearing fissure, was grouted up with cement. 
 

2.4 Collapse, MTR, Central, Hong Kong, 1982 

 
The Contractor was driving by drill+blast through sound granite towards the reclamation.  At 
some stage, he was required to stop, and construct a chamber for the installation of a shield and 
airlock, required for the latter part of the drive, under compressed air through the reclamation.  
Unfortunately, the Contractor decided to continue with drill+blast just a little too far, and the 
blast from a round penetrated the rock cover, allowing the water-bearing fill above to flow into 
the tunnel, opening a hole in the road over the tunnel - fortunately, it occurred early on a 
Saturday morning, when the roads were deserted. 
 

2.5 Collapse, MTR, Tai Koo Shing, Hong Kong, 1983 

 
The Contractor was to drive a station tunnel through completely weathered granite, with fill 
close above the tunnel crown.  He was required to treat the ground above the station tunnel from 
the pilot tunnel; he was also required to treat the ground above the running tunnel where it 
emerged from the station tunnel.  Unfortunately, although both types of ground treatment were 
carried out, there was insufficient overlap between them, leaving a gap through which the 
ground flowed, again opening a hole in the road above. 
 

2.6 Collapse, Moda Collector, Istanbul Sewerage Scheme, 1989 

 



 
 

Figure 1:  Moda Collector Tunnel (Diagrammatic) 
 
The Moda collector tunnel crosses the Kurbalidere (Frog Stream) near the Fenerbahce Stadium 
by cut and cover.  On the Northern side, a cofferdam was excavated, through very fine and 
unstable mud on the stream shore, but through blasted rock on the Northern side away from the 
stream.  The articulated TBM was installed in this shaft, with about three metres of rock cover 
over the tunnel eye.  The TBM broke out of the cofferdam on its way North, and had gone but 
eight metres or so, when it intersected a hidden valley of fine mud which flowed through into the 
shield, opening a hole in the road some five metres above.  Broken rock also came in, jamming 
the shield and preventing it from turning.  A shaft was sunk down onto the TBM to free it. 
 

2.7 Collapse, Tunnel 3A, T.A.G. Motorway, Southern Turkey, 1995/6 

 
The Tarsus-Adana-GaziAntep (T.A.G.) section is the current end of the Trans-European 
Motorway (T.E.M.), the E5. The T.A.G. Contract extends approximately 258 kilometres 
Eastwards from Tarsus, past Adana, the provincial capital, and Turkey’s fourth most populous 
city, across the Cukarova plain to Osmaniye, where the route is obstructed by a range of hills. 
The motorway crosses the steeply-undulating divide by a combination of tunnels, cuttings, 
embankments and viaducts, into the Urfa plain and thence to GaziAntep. see Figure 1. 
 



Figure 1: Location Map 

 

 
There are nominally four tunnels; they are three-lane, twin-tube, and thirty metres apart between 
centre-lines : 
   T1 - Tasoluk - 376 & 376 metres long      T3 - Kizlac - 2717 & 2760 metres long 
   T2 - Ayran -  536 & 562 metres long       T4 - Aslanli - 1225 & 1230 metres long 
Tunnel T3 is divided into two sections, T3A to the West and T3B to the East, by an access adit. 
Construction of all tunnels proceeded relatively without incident, except for Tunnel T3A. The 
South Tube advanced without incident for nearly three hundred metres, before a collapse led to 
the loss of about ten metres of tunnel. The original face was recovered after six months, during 
which time the face of the North Tube advanced past the face of the South Tube. Within a few 
days of this recovery, however, a second collapse of the same size brought work to a halt again, 
and caused distress in the adjacent North Tube. Work continues. 

2.7.1 Geology 

 
The Nurdag valley forms the Northern end of the Great Rift Valley which extends South as far 
as Kenya. The area is subject to earthquakes. The strata through which the tunnels are driven are 
principally sandstone and shale, with zones of crushed and weathered material. 
  
The detailed geology in the vicinity of the collapses is very contorted, with the bedding planes 
constantly changing in inclination, accompanied by fault zones, some with slicken-sides, and 
with quartzitic and calcitic inclusions.  
 
The stratum at and above tunnel level at the collapse is thinly-bedded dark grey to black shale, 
which could be excavated by pick and shovel, and can be crumbled in the hand into pieces the 
size of a large thick biscuit and smaller. There are also plastic zones of clayey mylonites, and 
some strata of thinly bedded brown to grey sandstone. All strata are intensely fractured, with 



some clay and iron oxide present in the joints. The shale which caused the problems may be a 
lens in the sandstone which generally predominates in the area.  
 
Although saturated, the shale appears to have acted as an impermeable barrier to the natural flow 
of water through the ground, resulting in a perched water-table which the tunnel pierced. A 
railway tunnel driven at the beginning of this century diagonally across the line of the motorway 
tunnel near the portal effectively drained the zone around that tunnel, but not the zone above. 
 
It appears that the collapse occurred at the intersection of two fault zones; however, without 
proper cores of the area, any hypothesis could be as valid as any other. One of the drawbacks of 
the shotcrete support method is that the geology is hidden almost as soon as it is exposed, and it 
is impossible to get the full picture. An assumed longitudinal section is given in Figure 2. 
 

 
Figure 2: Longitudinal Section showing Geology 

 

Some cores were taken during the post-collapse investigation, but the ground, the equipment and 
the techniques were such that core recovery was very low in the zones where most information 
was required. Cores longer than 100mm were rare, and much of the material recovered would 
pass a 10mm sieve (see below). Interpretation of bedding direction and such like was therefore 
not possible. The tunnels are generally comparatively dry, although there are wet patches; and 
near the portals the connection to the surface is obvious, with increased flow in the days 
following rain. The various formations and strata encountered were predicted as likely to occur, 
but obviously precise details were not ascertainable. 
 
The ground was classified into six Rock Support Classes, with RSC1 being the best ground and 
RSC6 the worst, according to a system based on Austrian Standard ÖNORM B2203 [5] and 
Rabcewicz-Pacher. 
 
A system of monitoring was instituted right from the start, with special pins being installed at the 
rock surface at defined points around the periphery of the tunnel, at specific locations along the 
tunnel, as what are called ‘Measurement Sections’.  The pins were levelled, and measurements 



were also taken between each of the pins and all the others at that Measurement Section, which 
provided both settlement and convergence results. 
 
 

2.7.2 Tunnel Driving 

 

2.7.2.1 Excavation Method 

The tunnels are driven using wheel-mounted equipment for drill-and-blast excavation. 
Trimming for underbreak is performed by a hydraulic breaker mounted on a traxcavator. 

 
Support is provided by a system of shotcrete, reinforced with wire mesh, and rockbolts, and, 
where appropriate, roof-ties fabricated from re-bar or I-section steel ribs, a system similar to the 
New Austrian Tunnelling Method (NATM). There is a subsequent secondary lining of in-situ 
concrete (Figure 3), and the two are separated by a polythene membrane, with a drainage layer of 
artificial felt behind [Ref. 6, Figure 5.8], [Ref. 2, Figure 14.9]. 
 
Excavation is a multi-stage process, see Figures 4 and 5. In the best ground, there is a top 
heading, followed by bench excavation. In worse ground, an invert may be provided to close the 
ring, and in the worst ground of all, the top heading may be divided into two side-drifts. 
 
 

2.7.2.2 Support Core  

Following his experience in Tunnel T4 which had been driven by the same Sub-contractor, the 
Contractor chose, even in RSC4, to have a support core, in order to provide support to the face. 
The support core occupied roughly the middle third of the tunnel width, and half to two-thirds of 
the tunnel height, see Figures 4 and 5. This reduced the amount of work required to advance the 
face, as advance of the support core could follow later. However, it did restrict access, and also 
precluded any rockbolts being placed in the front two or three rounds. The theory propounded 
was that the bolts, which otherwise are required so as to support the ground near the face 
longitudinally, were not really needed at that stage, as the effects of the arching of the ground are 
greatly reduced by the presence of the support core. 
  



 
Figure 3: Final Cross-section 

 

 
Figure 4: Excavation Cross-section 

 

2.7.2.3 Method of Advance 

The system adopted by the Contractor for driving through the rather poor ground where the 
collapses occurred was to install about thirty grouted forepoles (32 mm diameter re-bar) four 
metres long at 400 - 500 mm spacing around the top of the perimeter of the ground to be 
excavated. The ends of these bars were supported on the top of the rib of the previous Round, 
which was itself buried in shotcrete to its full depth. 
 



 
The face was drilled, then blasted, and the final half-metre or so around the crown was trimmed 
by hydraulic breaker. A thin sealing layer of shotcrete was applied from the muck pile / support 
core / loader bucket to the roof and to the top of the face, after which the muck was excavated. 
Mesh was tied to the mesh of the previous round which oversailed the rib by about 200 mm, and 
the mesh was also fixed by tying wire wrapped round the exposed forepoling or embedded in the 
sealing shotcrete. 
 
The rib was erected in three parts, bolted together when the rib was up, and the rib was located 
longitudinally by tie bars clipped to it and to the previous rib. Surveyors checked the location 
and orientation of the rib by theodolite, and the rib was adjusted as required. The rib at this stage 
was very flexible, needing to be fixed into position by diagonal ties welded to it and the previous 
rib. 
 
Once the rib had been fixed into position, the ground profile was measured from it. This 
clearance between rib and ground was used for calculations of overbreak volume; it was 
therefore in the Contractor’s interest that the quantity of sealing shotcrete be small, so that the 
amount of overbreak measured (for which he might claim payment) was as large as possible. 
 
 
 

 

 

Figure 5: Longitudinal Section of Tunnel, showing Support Core 

 
The bottom three metres on each side, between the ribs only, was shotcreted, followed by 
shotcreting of both shoulders and then the crown. The half-metre or so length of excavation in 
front of the rib was not shotcreted, so as to leave the mesh clear for attachment of the mesh of 
the next round.  



 
At the time - late autumn to spring - the shotcrete materials were cold and damp. Considerable 
problems had been and were experienced in trying to produce and place in the tunnels shotcrete 
which could achieve the specified strengths [7]. The soundness of the footing of the rib was not 
considered to be of great significance in ‘normal’ ground, following the theory that the shell of 
mesh-reinforced shotcrete enables the ground itself to support the loads. The purpose of the rib 
is to strengthen the shell, rather than to prop the ground;  a secondary purpose is to assist with 
maintaining the shape of the excavation. 
 
 

2.7.3 Previous Incidents 

 
The tunnels had been advancing well (see Figure 6) at one round per day through RSC4 with a 
round length of two metres, when, on the morning of 30th September 1995, ten days before the 
first collapse, at Round 156, an inflow of water of about half a litre per second issued from the 
crown after excavation. In the evening, there was distortion of the steel rib at the left hand side, 
even before the first stage of shotcrete had been placed to the bottom three metres on each side. 
Deformation of the rib was of the order of 250-300 mm, which may have been due simply to the 
rib having been nudged by the excavation plant, or by movement at the footing. A change to 
RSC5 was proposed, with the installation of nine-metre long rock bolts.  
 
However, it appeared to be a false alarm; there was no noticeable change to the inflow of water, 
nor was there any sign of distress indicated by the deformation measurements. Radial drainage 
holes were instructed, and drilled, after some delay. The Rock Support Class was not changed, 
but the round length was reduced to 1.7 metres for Rounds 158 and 159, and then reduced again 
to 1.5 metres for Rounds 160 - 163, after which the Rock Support Class was changed to 5 and 
the round length was reduced still further to 1.2 metres. 
 
About a week later, when the face was at Round 163, settlement was observed in Rounds 153 to 
159; it was noticed that a rockbolt had broken, and that the washers on several rockbolts in the 
area had become concave under load. All rockbolts were intended to be fully grouted; yet the 
bolt had broken at the nut. It was concluded that the deformation was probably due to inadequate 
footing to the ribs. It was agreed that extra bolts be provided along the right side of the tunnel 
from Round 152 to 160. Water flow declined, with only drips from the roof from Round 158 
onwards, and Round 165 was almost dry. 

 
An improved detail was proposed for the foot of the ribs, to give better support. From 11th 
October, deformation readings were taken daily at the Measurement Sections set up at km 
41+812.5, at km 41+818.5, and at a new one to be set up at Rounds 165. The Tunnel Designer 
decided to apply extra support to Rounds 163 to 169. 
 
 

2.7.4 First Collapse 

 



2.7.4.1 Sequence of Events 

On the evening of 11th October 1995, after the mesh and rib had been erected, shotcrete had 
been placed on the left hand side of the face, but before any had been placed on the right or in 
the crown, the ground fell away to form an overbreak chimney of some ten to twelve cubic 
metres from the right-hand side of the crown of Round 165, and extending forwards past the rib 
to the face which had ravelled to be over a metre in advance of the rib, see Figure 6. This 
stabilised some three metres above the tunnel crown level, and an attempt was made to fill the 
cavity with  shotcrete. This was not easy to attempt, because there were two layers of mesh at 
that point, resting on the rib, and the shotcrete nozzle was pushed through the mesh. The 
shotcrete was thus being applied from some distance away, with not much control, nor was it 
possible for the nozzleman to see clearly what was happening [8]. 
 
Due to the awkwardness of the position, much of the shotcrete fell back as rebound; shotcrete 
could be most easily placed on the face side of the cavity, but little was probably placed on the 
back face of the cavity, due to problems of access.  More than one full day was spent spraying 
this cavity. Unfortunately, too, there were considerable delays in the shotcrete supply, 
occasioned by a break-down of the local shotcrete batching plant, which had necessitated the use 
of a batching plant some distance away. This situation had been operating for over a week, and 
had been sufficient for normal requirements. 
 

 
Figure 7: Overbreak in Round 165 

 
At about 22:00 the following evening, 12th October, 1995, work was continuing on filling the 
cavity, which had been slow, partly because the access was difficult on account of all the 
rebound material. Bundles of mesh had been pushed up into the cavity, to reinforce the 
shotcrete, and to try to help stabilise the free surface of the ground, but this obviously prevented 
the shotcrete from reaching the rock surface. It was felt that a shotcrete shell could be formed 
which would suffice to stop the flow of ground into the tunnel. 
 



The miners were removing the rebound material to improve access, when the small but steady 
trickle of loose material from the right shoulder of the tunnel, from the back face of the cavity, 
started to increase rapidly. This flow continued to increase, until it became a flood, and 
eventually the ribs and shotcrete slowly collapsed over a length of some six rounds, allowing 
about 650 cubic metres of this loose material to flow into the tunnel, accompanied by 
considerable quantities of water, estimated at about twenty-five litres per second. When water-
logged, this material had the consistency of wet concrete. 
 

 

2.7.4.2 5.2 The damage 

The extent of the damage included : 
• Ribs at the front of Rounds 163, 164 and 165 had totally collapsed, and were buried beneath 

the rubble. 
• Ribs to Rounds 161 and 162 were visible, but had also collapsed and were twisted and lying 

across the middle of the tunnel, half buried. 
• Ribs to Rounds 159 and 160 were still standing on each side, but the crown parts had been 

torn away. The centre part of the shotcrete had been punched through by a large boulder 
which was still retained by the remnant of the support. 

• The middle five metres of the crown of the shotcrete shell of Rounds 156, 157 and 158 were 
cracked and spalled, and had moved down by about 200 to 300 mm. 

 
 

2.7.4.3 5.3 Immediate Measures 

As is usually the case, the collapse occurred on the night shift. Fortunately, the inflowing ground 
and water soon eased off, as the pressure of both was reduced, and the passage was blocked, by 
the material which had flowed in reaching its natural angle of repose. There was, of course, no 
immediate action which could have been taken to prevent or reduce the inflow.  
 
The first requirement was to reinforce the support which was still standing, by the application of 
additional mesh and shotcrete, which was applied from before the first signs of distress and 
cracking, i.e. from Round 152 as far forward as possible. Extra six metre long rockbolts were 
installed on the left side and in the crown in between the existing ones from Round 150 
forwards, to match the extra bolts already installed on the right side, as described above. 
 
The next stage was to cut back the face of the flowed material to a steeper slope, and then 
support it with mesh, shotcrete and face bolts, and a shotcrete arch rib was formed in the crown 
of Round 158, extending down to the shoulders, where it intersected the face of the inflow 
material. From this rib, a steel beam was installed on the right hand shoulder of the tunnel, 
extending forward to a shotcrete ‘abutment’ formed in the collapsed material where its face 
slope reached the roof of the tunnel in the middle of Round 162. The inflow of ground had been 
made worse by a substantial inflow of water, although this appeared to have come from a water 
pocket, as the flow rate eased off quite rapidly. This flow was measured, and a graph of flow 
with time appears in Figure 8 below. Additional precise monitoring of deformations was also 
instituted, on a pattern augmenting the routine measurements, as will be discussed later. 
 

 



2.7.5 6. Investigations 

 

2.7.5.1 6.1 Probe drilling 

At the same time as the above measures were being put in hand, a programme of probe drilling 
was started, to try to establish the extent of the area affected by the collapse. Initially, two fifteen 
metre long holes were drilled vertically in Rounds 154 and 155, and also in Round 155, at 
inclinations of 30, 45 and 60 degrees from the horizontal longitudinally, and in the crown and 
both shoulders, all holes extending to a height of eight metres above the tunnel crown. Each hole 
was grouted after drilling to a pressure sufficient to ensure the hole was filled with grout, but no 
more (in order to avoid imposing extra loading onto a fragile tunnel), and each hole was 
subsequently re-drilled to act as a drain. 
 
 

2.7.5.2 6.2 Water 

It was mentioned above that the flow when the collapse took place was estimated at about 
twenty-five litres per second. All inflow was channelled away to a single drain, and the flow was 
measured twice a day, as shown in Figure 8.  
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Figure 8: First collapse - a: water inflow rate; b: total water inflow 

 
The flow tailed off over about a month, back to the steady flow of about two litres per second 
which had existed before the collapse occurred. This indicated that the tunnel had driven into a 
water-bearing strata below the water table, and that the water table had been drawn down. The 
total volume of water abstracted was estimated at some twenty to twenty-five thousand cubic 
metres, suggesting that voids to this extent now existed above the tunnel as pores in the ground, 
in addition to the one large 650 cubic metre void created by the inflow of ground. 
 
An analysis was done of a sample of the water, with the following results : 
 
 pH    8.0      Na    10.0 mg/lt  SC3  18.0 mg/lt
 Cl    10.6 mg/lt K     0.5 mg/lt  CO3  3.1 mg/lt
 Ca    10.2 mg/lt Mg   9.8 mg/lt  HCO3  90.0 mg/lt
 
A Tritium and Oxygen-18 analysis indicated that the water at the collapse was less than 50 years 
old, according to the Isotope values obtaining in Central Europe - there is no data available for 
Turkey. 
 

 

 



 

2.7.6 7 Subsequent Stabilising Work 

 

2.7.6.1 7.1  Theory 

The Tunnel Designer decided against trying to grout the surrounding ground; in his experience 
in alpine tunnels much time and money can be spent thus without achieving the desired 
objective, particularly in cases of high water inflow, and particularly with standard grout, 
although he believed that polyurethane grout might prove effective. No tests were done on the 
‘groutability’ of the ground, although this was considered. 
 
The Tunnel Designer proposed to improve the properties of the collapsed material inside the 
tunnel by grouting, by inserting longitudinal drainage pipes, and by installing bolts, wire mesh 
and shotcrete to form a new ‘face’. His proposal was then to drive a pilot heading through to the 
previous face; to enlarge to full size; and subsequently to investigate the extent of the loosened 
zone around the tunnel, and treat it as necessary. 
 
The collapse of ground, and the flow of material into the tunnel, had left a void outside the 
tunnel, the roof of which was unsupported, and could, with time, collapse still further. The 
Engineer was of the opinion that this void should be re-filled, to provide support to its roof, and 
prevent further collapses from spreading ever upwards. The Tunnel Designer calculated that 
such work was unnecessary, and that the tunnel could retain the full over-burden height with 
eight metres of ‘stabilised’ ground around the tunnel. However, it was agreed that some grouting 
should be done first, as well as installation of extra rock bolts, to provide such a tunnel structure, 
although there was some doubt regarding the efficacy of bolts anchored in loosened ground [7]. 
 
The effectiveness of the grouting was to be checked by core drilling, but the Contractor was 
unable to obtain suitable equipment in Turkey. The Tunnel Designer held that the effectiveness 
of the grouting could be checked simply by how efficiently the seepage of water was reduced. 
Ultimately, all holes drilled following the first collapse were percussion-drilled, and 
subsequently many of them were inspected by using petroscope, a device custom-built on site 
for inspecting small diameter holes in rock. 
  
 

2.7.6.2 7.2 First Stage 

In early December, 1995, two months after the collapse, a programme for advancing the tunnel 
was agreed. This programme started with the drilling of holes to form an umbrella of perforated 
pipes (six metres long and 300mm apart) installed at a flat angle over the collapsed part of the 
tunnel, and grouted with a neat water/cement grout of about 0.3 to 0.4 W/C ratio, with the take 
and pressure both limited, in order to form a curtain so as to prevent flow into the tunnel of more 
ground, or of grout to be injected in subsequent stages.  
 
This was followed by a second umbrella, similar but at 25° to the horizontal, and a third at 50°. 
 
Subsequently, more holes were drilled in the crown of the tunnel. In Rounds 156, 157 and 158, 
radial holes (vertical longitudinally) six metres long and two metres apart around the arch, were 
percussion-drilled, and grouted with cement grout (W/C 1:1) to a pressure equivalent to six 



metres of grout at the mouth of the hole. Extra rockbolts six metres long were installed to the 
same pattern, in between the grout holes. These drillings confirmed the presence of large open 
cavities above the tunnel, and another set of inclined holes was drilled in Round 158 as had been 
drilled in Round 155, as described in 6.1 above, but to a depth of twelve metres, or, in cases 
where a void was intersected, through to rock the other side of the void. 
 
Subsequently, tunnel driving re-commenced, and the tunnel was advanced using methods to be 
described elsewhere; the position of the old face was recovered on 5 March 1996, and 
excavation through new ground started, five months after the collapse. 
 
 

2.7.6.3 7.3 Second Stage 

In accordance with the Tunnel Designer’s proposals, a new campaign was instituted, to seek out 
and deal with any void still remaining above the tunnel. A pattern of holes twelve to fifteen 
metres long was drilled in each round, from Round 158 to Round 165. There were three holes - 
one central, and one three metres away on either side. On 21st March, the Contractor proposed 
to drill two twelve-metre long horizontal holes ahead of the face, but this was not done, because 
by this time the North Tube, thirty metres away, had advanced past the South Tube, and it was 
felt that it provided sufficient information about the ground ahead. 
 
Tunnel driving continued slowly through new ground, and the round length was increased from 
0.8 metres through the collapsed material to one metre, and then to 1.2 metres for Round 173 
and onwards. 
 
On 26th March, 166 days after the first collapse, the Contractor again proposed to drill two 
twelve-metre long holes ahead of the face, inclined by ten to twenty degrees upwards, but these 
were also not drilled, because by this time the North Tube had advanced fifty metres past the 
South Tube, so it was felt that these holes would provide little further information. 
 

2.7.6.4 7.4 Incident between collapses 

At 08:00 on 16th March 1995 (Day 156), it was noticed that the shotcrete was cracked in 
Rounds 138 to 146, and an extra layer of mesh and shotcrete was authorised. By 19th this work 
had still not been done, and the distressed area had spread to include Rounds 136 and 137, with 
concave bolt washers and distress to the ribs. The situation in that area did not deteriorate 
greatly, despite the second collapse occurring at the face at Round 179 at 09:30 on the 3rd April 
(Day 174) as described below; this stability was fortunate, as the agreed extra support was not 
completed until 5th April, by which time the shotcrete in Round 135 had also become cracked. It 
was agreed that the extra support be extended to Round 134. 
 
At the same time, it was noticed that the cracking of shotcrete had extended at the other end to 
Rounds 147 to 151, and the extra support was authorised for those rounds as well. In addition, 
the extra bolts which previously had been considered not to be necessary were now authorised.  
 
The final situation in this area was cracking of the shotcrete in top heading and bench from 
Round 134 to Round 143; in the top heading in Rounds 147 to Round 151. Extra support was 
authorised, extra bolts, mesh and shotcrete, from Round 136 to Round 146 in the bench, on both 
sides, and from Round 137 to Round 151 in the heading and bench. 



 
During this period, no supporting data from the Measurement Sections was offered as evidence 
of something amiss. The information was available for viewing on the Contractor’s computer 
screen, but the extensive time taken to plot out the results meant that plotting was not done very 
often. 
 
 

2.7.7 8 Second Collapse 

 

2.7.7.1 8.1 Situation of tunnel faces  

At the time of the second collapse, the faces were situated thus : 
 
South Tube:   North Tube:   

Heading Round 179 41+845.7 Heading Round 238 31+893.3 
Bench Round 147 41+799.6 Left Bench Round 171 31+825.1 
Beams  41+798.0 Right Bench Round 168 31+822.2 
Invert  41+792.0 Beams  31+820.5 
   Invert  31+820.5 
41+500 = 31+496.5 = km 208+932 
 

2.7.7.2 8.2 Sequence of events 

One month after the old face had been recovered, after driving a distance of seven metres 
through collapsed material and seven metres of virgin ground, the face was at Round 179 
when a second, virtually identical, collapse occurred at 09:30 on 3rd April 1995, 174 days 
after the first collapse, bringing about 600 cubic metres of ground flowing into the tunnel. 
 
In this instance, the mesh had been fixed and rib 179 had been erected, but not fixed. Sealing 
shotcrete had been applied to the left-hand side, but not to the right because of a delay in supply. 
At about four o’clock in the morning, while the surveyors were checking the rib, they became 
aware of noise and movement, and exercised their discretion by fleeing the face.  Radial 
movement of Rib 174 occurred, last measured at about 300 mm. Shotcrete in Rounds 173, 174 
and 175 started to crack and spall away. Some pressure relief holes were drilled, but it soon 
became apparent that another collapse was occurring, and two loads of spoil were dumped near 
the face to act as a dam to limit the inflow. The collapse thus started on the right hand side, back 
from the face, but extended progressively forward to the face, backwards to Round 172 and 
across the full width of the tunnel. 
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Figure 9: Second collapse - a: water inflow rate; b: total water inflow 

 
Water followed the ground, starting on the left hand side, and reached an estimated flow of 
about 25 litres per second, reducing to 3 litres per second within four days, and to less than half a 
litre per second after ten days. A sample taken from a drainage pipe installed in the south side of 
the tunnel on 25th April gave half a litre per second, at 16.5°C, conductivity 0.2 mS/cm, 
dissolved solids 134 mg/litre. 
 
 

2.7.8 9 Subsequent events 

 
‘New’ cracks in the shotcrete were observed nearer the Portal, extending from Round 68 to 77. It 
is not known how long these cracks had existed. An extra layer of mesh and an extra 50 mm of 
shotcrete was applied. 
 
On 10th April, core drill-holes were requested, and five exploratory holes, fifteen metres long, 
were to be drilled from the crown of Rounds 137 to Round 147. As mentioned above, the results 
from the core drilling were disappointing and inconclusive, and so core-drilling was 
discontinued, and the remaining drill holes were all drilled with percussion equipment, which 
was much quicker and gave no less information. 
 
One disappointment was that no cores were obtained of grouted material. Three samples 
(totalling 11 kg) were taken from the inflow material of the second collapse, and sieved - the 
results are shown below. 
 
The particle size distribution of the material (D15 approx. 0.21 mm) appears to be such that this 
material could not be grouted with Ordinary Portland Cement (D95 approx. 0.07mm) as the ratio 
is about 3, whereas for groutability this ratio should be about 11 [2],[9]; the Contractor did not 
accept this lack of groutability. Many holes were drilled and grouted to refusal at the specified 
pressure, which was kept low to avoid extra loading on the tunnel roof. It was assumed that 
grout was stabilising the material, although possibly little penetration of the ground occurred at 
all, which is why the quantities injected were small. It may be that just the sides of the holes 
were being lined with grout, with grout also penetrating actual voids, but without penetrating the 
matrix of the ground itself. The proposed water-pressure tests were not carried out, as there was 
no desire to increase the loading over the tunnel; the only tests carried out were thus the rather 
inconclusive visual examinations by petroscope, and later some tensile tests on specially 
installed rock bolts. 

 
  Sieve Size Percent  Sieve Size Percent 
  ASTM mm Passing  ASTM mm Passing 
   3" 75 100   3/8" 9.5 58.9 
   2" 50 95.6   No.4 4.75 43.4 
   1.5" 37.5 88.8   No.10 2 32.8 
   1" 25 79.9   No.40 0.425 18.6 
   3/4" 19 73.3  No.200 0.075 11.7 

 
 



Probe drilling continued, and eventually a large void was identified some 30 metres above the 
tunnel, and 500 cubic metres of concrete were pumped into this void. Subsequent drilling 
indicated further voids, though some of the drilling results were somewhat suspect. Work still 
continues as this report is written, more than a year after the second collapse. 
 
 

2.7.9 10 Could the collapses have been foreseen? 

 

2.7.9.1 10.1 Deformation Measurements 

As routine, Deformation Measurement Sections are established at intervals along the tunnel, 
and a pattern of readings is taken at defined intervals. This pattern involved the installation of 
five defined points (pins) in the crown, at the foot of the top heading, and at the foot of the 
bench. The measurements taken were the level of each point, to give settlement, the distances 
from the crown point to the other four, and the horizontal distance between pairs of points at 
the same nominal level, to give convergence. This method was used with useful results during 
construction of Tunnels T1, T2 and T4, and was also in use in Tunnel T3 at the time of the 
collapse. The following Measurement Sections were installed: 
 
Chainage Round 

Number 
Date of 

installation 
Days after 

1st collapse  
Distance from 

1st collapse 
Distance from 
2nd collapse 

3 D 
monitoring 

 41+789 142 17.11.1995 36 -41m -48m  
 41+799 147 17.11.1995 36 -31m -38m  
 41+805 150 17.11.1995 36 -25m -32m 3D 
 41+813 154 27.09.1995 -15 -17m -24m 3D 
 41+818 157 05.12.1995 54 -12m -19m  
 41+823 160 11.01.1996 91 -7m -14m 3D 
 41+827 162 05.04.1996 176 -3m -10m  
 41+831 165 07.04.1996 178 +1m -6m 3D 
*41+836 171   +6m -1m only 3D 
*41+841 175   +11m +4m only 3D 

 
As may be seen, only the Section installed in Round 154 was available for monitoring before 
the first collapse. The horizontal convergences recorded at this section are plotted in Figure 
10. 
 
Information given by this Section was used as a guide for the application of the additional 
support in Rounds 153-160, but use of that marvellous tool, hindsight, reveals that there were 
significant indications that something unusual was happening. 
 
Learning from the experience of the first event, additional Measurement Sections were 
installed in Rounds 142, 147 and 150 during the advance through the collapsed area. 
 

2.7.9.2 10.2 Comments on results from the Measurement Sections 

Round 142: No measurements were made from the end of January (Day 111) until the 
collapse in April. In this interval deformations increased from 7mm to 19mm. 



Within a short time after the collapse an additional 5mm of deformation were 
recorded. 

Round 147: As with the previous section only the horizontal convergence H1 was measured 
until the collapse. In the fourteen weeks from installation until the beginning of 
March, 9mm of convergence were measured. In the following month this 
increased by an additional 8mm. This increased speed of deformation was not 
considered critical because bench excavation was being carried out in the North 
Tube, and some also in the South Tube, as well as excavation of the top heading 
of the South Tube, and so this information was discounted as being ‘accounted 
for’. 

Round 150. This section is installed in a part of the tunnel where no bench excavation has yet 
been done. The shape of the deformation/convergence curves has almost the 
same shape as the Measurement Section in Round 147. The significance of the 
increased speed of deformation recorded after the beginning of March had not 
been appreciated. From the middle of November to the beginning of March, 
8mm of deformation was recorded, with another 4mm taking place in March, 
2mm of that immediately after the second collapse. 

Round 154. This was the only Section in place before the first collapse. As may be seen from 
Figure 10, no measurements were taken except the vertical movement of the 
right side of the top heading. Based on this, additional rock bolts were installed 
which resulted in a reduction of the speed of deformation, and was considered as 
a successful solution. 

Round 157. Only a downward movement of the crown in range of 11-19mm was recorded 
during the period of overcoming the first collapse until the second occurred. 
After that no significant changes were recorded. 

Round 160. At this Section at the end of March a sudden downward movement of 13mm was 
recorded of the left side of the tunnel in just few days, but this was considered to 
be due to measurement errors, because in the same period no change in 
horizontal convergence was noticed. 

Round 162. This Section was installed after the second collapse. Until mid-June (Day 247) 
this Section did not reveal any significant movements. However, there is a 
strange fluctuation in all measurements in the period from mid-August 1996 to 
the mid-September, Days 308 to 339.  

Round 165. This Section was also installed after the second collapse, and here, too, unusual 
deformations were recorded in the one month period between the mid-August 
and mid-September. The same strange behaviour but of less amplitude is noticed 
in Sections at Rounds 157 and 150. No explanation has yet been established for 
these movements. In that period the only activities under way were the filling of 
the void in the South Tube in the middle of June 1996 (Day 247), and advance 
of the side drift in the North Tube, more than 30m away from the collapsed 
tunnel face. The shape of the movement (increase and decrease) appears to 
indicate a ground movement which may have been caused by a collapse above 
an undiscovered void above the tunnel. 

 

2.7.9.3 10.3 Conclusions to be drawn from the results of the Measurement Sections. 

1. Amplitude of deformations is not only an effect of the geology and support. Progress rate 
has a much more important influence than is commonly thought. This could be due to two 



things: much deformation occurs before measurements can be initiated; and the support is 
more rigid and less deformable. A close study of Figures 10 and 11 is recommended. 

  
2. It would seem that Sections installed well back from the face give more complete 

information regarding the behaviour of the rock mass. The measurements from Sections 
close to the face are useful for the transversal arching effect, but the longitudinal arching 
effect which may lead to collapse may be shown only by the Sections which are more than 
about one-and-a-half tunnel-diameters back from the tunnel face. But since at that distance 
there is almost always some bench excavation in progress, this may still not give the 
complete picture. 

 

3 11. Could these incidents have been prevented? 

 
Obviously, the answer to that question is ‘almost certainly’, in the same way that road accidents 
could be almost totally eliminated if no-one drove faster than five k.p.h. In both cases, the 
extreme is unacceptably ‘expensive’ in terms of money or time, and we take some risk for some 
extra benefit, knowing that we may lose the gamble. Since the second collapse, work has 
progressed with extreme caution, in an attempt to avoid the remotest possibility of a third 
collapse. 
 

3.1 11.1 If so, how? 

The most dangerous risks in tunnelling are generally those associated with inflows of ground, of 
water or of gas, from the zone around the tunnel or ahead of the face. The more knowledge that 
there is available regarding this zone, the lower the risk, and geological prediction is therefore 
the most powerful - possibly the only - weapon in the tunneller’s armoury that can enable him to 
avoid or to prepare for problems which he may encounter during the tunnel drive. 
 
Well before construction starts, a geological prediction has to be made, in order to establish the 
viability of any tunnelling project. In most tunnels, the advanced prediction made by the Tunnel 
Designer is found to give a reasonably accurate assessment of the ground. In the case of Tunnel 
3A, however, the Tunnel Designer’s prediction was accurate at the start of tunnel driving, but 
the ground deteriorated unexpectedly after some two hundred metres. The only prior incident 
was an overbreak of some twenty-two cubic metres which occurred at a fault which had been 
predicted. Prediction does not automatically mean that there will be no problems; it means that 
precautionary measures are taken which reduce the effects. 
 
Drilling of probe holes ahead of the face may frequently be justified, in reducing the risk; but 
these have a cost in both money and time. Percussion drilling is cheaper than core drilling, but 
gives only very limited information, except where water is encountered, in which case the 
information can be very useful. 
 
 

4 Summary of specific possible aggravating factors 

 



In an attempt to reduce the risks of a collapse, we present here a list of factors which may 
possibly have aggravated the situation, and which may profitably be addressed for future projects 
: 
 
1. Insufficient immediate supervision 
2. Delay in applying full thickness of shotcrete 
3. Delay in delivery of shotcrete 
4. Failure to apply shotcrete ahead of the last rib 
5. The use of forepoling 
6. Weakness of shotcrete 
7. Failure to grout bolts fully 
8. Failure of the grout to penetrate the ground 
9. Delay in producing deformation measurement reports 
10. Inaccurate analysis of deformation  data 
 

 

5 13 Conclusion 

 
There can be no argument that tunnfelling is still very much an art rather than a science. Each 
interpreter’s perception of the ground will differ from every other’s, to a far greater extent than is 
generally the case in other forms of construction. At the same time, tunnelling is very much a 
team endeavour; but a ‘team’ concept does not lend itself to ‘Specification’, and is very greatly 
affected by the varying personalities of the individuals involved, each of whose own previous 
experience, knowledge and understanding will be quite different; and then the ground actually 
encountered differs again. Every tunnel project will be, to a greater or lesser extent, subject to a 
‘learning curve’, as the Engineers gain in experience of that particular series of ground 
formations - and even then, the ground may spring a surprise. It is inevitable, then, that in every 
tunnel that is driven, there are likely to be instances where the conditions lie outside the 
collective understanding of those involved, and a collapse becomes more likely, and this is one 
of the risks that must be taken and accepted, although every endeavour is made to reduce it.  
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