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ABSTRACT 
A tunnelling failure by inundation caused complete loss of a tunnel and cofferdam by flooding. The observed gas inflow monitored
was followed by a rapid increase in water inflow rate is explained through gas assisted liquefaction of the uniform marine sand at the 
tunnel invert. The failure is explained through the mechanism of gas exsolving from the groundwater, proved to abundantly exist by 
gas ground investigations. The accompanying geological ground model of Hung Hom Bay, Hong Kong area was primarily of 
quaternary age interbedded sediments which proved the source of both the gas producing and storage strata. The methane exceeded 
safety levels at the time of failure along with high carbon dioxide concentrations as measured later provided the environment for 
rapid release of gases promoting piping failure of the grouted zone and energy for sudden liquefaction. 

RÉSUMÉ
Un incident survenu sur un chantier a entraîné l’inondation d’une fouille et d'un tunnel en construction. Des mesures ont montré un 
dégagement gazeux suivi par une augmentation rapide de venues d’eau á la base d’une fouille creusée dans des sables marins 
uniformes.  Selon le mécanisme de rupture proposé, un dégagement de gas dissous en nappe phréatique a facilité la liquéfaction du
sol, entraînant la rupture de l’ouvrage. Des essais ont montré que l’eau souterraine contenait d’importantes quantités de gas dissous. 
Les terrains de la baie de Hung Hom, Hongkong consistent principalement de sols sédiments quaternaires, source même de ces gaz.
Au moment de la rupture, la teneur en méthane de l’air avait dépassé le seuil de sécurité alors que des concentrations en dioxyde de 
carbone élevées furent ensuite mesurées.  Ces conditions ont facilité une rupture par érosion interne et liquéfaction soudaine d’une 
zone de sables injectés.
.
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1 INTRODUCTION 

A 3.8 m diameter, 200m section of tunnel constructed by an open 
face shield TBM passed through a previously grouted zone in 
reclamation fill about 26 m below ground level within Hung Hom 
Bay that extends from east of the Kowloon Peninsula to the west 
of the Hung Hom Peninsula. The first stage reclamation in Hung 
Hom Bay that commenced in 1954 and finished in 1967 (Plate 1), 
covered existing quaternary strata and undredged Holocene mud 
(Wightman & Yim, In Press). The 1967 seawall was subsequently 
buried by the final stage reclamation completed in 1994 that filled 
the remaining bay, north of Victoria Harbour. Just prior to failure 
on 19 March 2004, the TBM encountered the buried rubble 
mound of the 1967 seawall. Bubbling of gas was observed at the 
TBM face, with gas concentrations monitored and recorded, 
followed by a large gas influx and minutes later by a sudden 
inrush of groundwater from the same location. The grout zone 
had apparently breached with large groundwater inflows which 
subsequently inundated and completed flooded the TBM tunnel 
and the access cofferdam. Gas bubbling continued to be observed 
many days later in the flooded cofferdam. The resulting 
investigation showed that the grouted zone was heterogeneous in 
nature (Wightman & Mackay 2008b) with random grouting 
patterns mapped of each grout type injected. 

The presence of gases in Hong Kong previously studied 
(Premchitt et al. 1992) indicated the presence of methane in 
marine sediments in other parts of Hong Kong waters. This 
paper explains the details behind the tunnel inundation and the 
proposed mechanism for tunnel failure as a result of gases 
exsolving from groundwater. 

Plate 1:   Hung Hom Reclamation with tunnel alignment. 

2 TUNNELLING AND SITE CONDITIONS 

The presence of high concentrations of methane was 
unexpected and originally linked to organic matter buried in 
antropengenic marine mud under the reclamation. Later 
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research indicated that the deeper Quaternary deposits (Yim et 
al. 2008) was key to the formation of methane and other gases 
at depth through biogenic and thermogenic processes with gas 
saturated groundwater migration flow paths intersecting the 
tunnel alignment (Wightman & Yim, In Press). The post 
inundation gas ground investigation (Wightman & Mackay 
2008a) showed that five gases including methane, carbon 
dioxide, carbon monoxide, hydrogen sulphide, and oxygen 
were present as dissolved gas within the pore water of the 
deeper quaternary marine deposits. 

Figure 1:  Gas detection along alignment. Red = 100% LEL. 

A sub-surface investigation measured free methane gas 
concentration within boreholes below the concrete slab 
covering the tunnel alignment, Figure 1 (Wightman & Mackay 
2008a). The geology comprised a concrete slab covering 
reclamation fill overlying interbedded marine / alluvial sand 
and clay deposits overlying various weathering grades of 
decomposed Kowloon granite, Figure 2. A 2m zone around 
the tunnel alignment had been extensively treated by different 
grout types to provide a soil with a mass permeability of less 
than 1 x 10-6 m/s (Wightman & Mackay 2008b). The grouted 
zone provides control for groundwater ingress by altering the 
mass ground permeability and allowing excavation with 
minimal groundwater seepage (typically <10 l/min). 
Obstructions encountered along the tunnel alignment were 
removed at the open face. Incidences of flashovers (methane 
igniting) were experienced during cutting works to remove 
abandoned steel piles. Further incidences of gas detection, 
flashover and gas flames were also experienced during rescue 
cofferdam operations as pipe piles were being welded prior to 
installation. After lengthy monitoring programmes, it was 
recognised that an extensive gas reserve existed with 
continuous gas migration.  

  Figure 2:  Geological Profile with reclamation. 

3 PRESENCE OF GASES 

Methane and oxygen levels were monitored at the TBM face as 
a tunnelling safety precaution with the other gas types not 
measured. Presence of methane was evident in minor 
concentrations but hydrogen sulphide (H2S) was only noted 
after the inundation. This was thought to have been produced by 

the combination of sewerage in seawater although adjacent 
sewer pipes were proved not to be leaking by CCTV 
examination. Hydrogen Sulphide is also a by-product of 
thermogenic processes. The methane gas presence was proved 
not to be from Town Gas sources as it was not of the correct 
Town Gas constituents. The Holocene marine muds had largely 
been dredged leaving mainly sand but earlier deeper quaternary 
marine clays remained in place. The reclaimed Hung Hom Bay 
has an earlier sequence of Quaternary organic superficial 
deposits which support a ground gas production regime 
(Wightman & Yim, In Press) and similar to Tai O Bay 
(Wightman & De Silva 2008). Subsequently a large reservoir of 
methane and other gases are present in significant concentration 
and quantity to be able to affect the site. Studies by Warren et 

al. (1991) indicated the extensive methane assessment was 
required prior to constructing the Channel Tunnel (UK) which 
required a full review of the geological conditions. 
Consolidation processes of deeper clays due to reclamation 
would promote groundwater migration. The presence of the 
buried 1967 seawall was suspected of being one of the main gas 
escape seepage routes to the atmosphere due to the thick 
concrete slab capping the site. 

4 TUNNEL INNUDATION DETAILS 

About 90m of tunnel had been completed by 19 March 2004 
with steady groundwater and gas seepage conditions being 
less than 10 l/min and less than 1 percent lower explosive 
limit (LEL) observed respectively until contact with the buried 
seawall / rubble mound overlying grouted marine sand.  

  Figure 3:  Graph showing gas and water inflow versus time 

The sequence of events leading to failure is indicated in 
Figure 3. At 12:56 hrs the gas alarm sounded as gaseous 
methane detection increased to 10 per cent LEL, with 
groundwater seepage remaining steady at less than 10 l/min. 
TBM operations halted due to the gas alarm being triggered at a 
reading of 10%LEL was considered just safe to continue work. 
At 13.01 hrs, a large inflow of gaseous methane was recorded to 
be above 100 per cent LEL as groundwater seepage remained 
unchanged. At 13:05 hrs the methane level drops to 50 per cent 
LEL due to limited free gaseous methane available beyond the 
face with groundwater seepage rate slowly increasing. At 13:07 
hrs the steadily falling methane levels had reached 30 per cent 
LEL and then increased back to 50 per cent LEL, Figure 4, with 
a very rapid increase in groundwater inflow from about 10 l/min 
to over 40,000 l/min maximum (possibly as high as 1 cusec at 
maximum inflow rate). The tunnel with ventilation system was 
then abandoned. Later about 40 cubic metres of sand was found 
in the body of the TBM having flowed in from the tunnel invert. 
The methane level dropped to 17 per cent LEL over 5 minutes 
and the water inflow continued at a fast but diminishing rate and 
by 12:37pm the TBM tunnel was completely flooded along with 
the access cofferdam, to similar to the ambient groundwater 
level. 

Gas Inflow Concentrations / Water Inflow Rates
(19 March 2004)
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Figure 4:   Soils liquefy by gas exolving into TBM open face. 

The sudden flood 11 minutes after the gas alarm was 
triggered was attributed to soil liquefaction produced by 
gases exsolving from solution. The continuous water inflow 
was attributed to the formation of a void below the 
abandoned seawall which arched over the void formed after 
the sand was transported and prevented the cutoff of the 
groundwater flow.  

5 EXSOLVING GASES FROM GROUNDWATER 

The mechanism of gas blowout is not well documented. 
Christian & Cranston (1997) also noted this and stated that it 
clearly involved an excessive build up of free gas, which in turn 
leads to buoyancy-induced heave failure. An example of rapid 
gas escape occurs naturally at Nyos Lake in Camaroon in the 
form of gas eruptions from the 200 m deep lake waters. 
Degassing of the lake, Figure 4, has shown that the gas pressure 
can push a water / gas mixture to over 20 m high with high 
muzzle velocities over 100 km/hr created by the expanding gas 
in the vertical degassing pipe (Halbwachs et al. 2004). Fourie et 
al. 1997, raised concerns of liquefaction potential of tailings 
uniform fine sand with occluded gas bubbles in the pore water. 
Gas induced liquefaction of soils caused by rapidly exsolving of 
gas is therefore very possible. 

Figure 4:  Degassing of Lake Nyos, sfter Halbwachs et al. 2004 
Plate 2 inset: 20 m high water soda fountain. 

6 MECHANISM OF FAILURE 

Research indicates that when gas reaches a saturation level, or 
dissolved limit curve, free bubbles will be present (Christian & 
Cranston 1997) who concluded that no two gases dissolve or 
exsolve into or out of solution at exactly the same rate; it 
depends on the gas solubility in pore water as a function of 
pressure, temperature and time. Pore water dissolved gas will 
exsolve bubbles if the pressure is reduced such as on a falling 
tide and triggering spontaneous submarine liquefaction flow 
slides in gas-charged deltaic sands and silts (Chillarige et al.

1997). Gas phase changes enable gas to be trapped below fine 
grained horizons. This is analogous with the TBM moving 
though the ground. The gases so formed exist either in a 
continuous phase or in an occluded bubble form (Wheeler 1986) 
depending on the quantity of gas present.   

Figure 5a:  Soil Erosion and formation of soil piping. 

Figure 5b:  Soil pipes elongate along the seepage paths with the affect 
becoming more pronounced as seepage rates increase. 

Figure 5c:  Soil / grout plug fails leaving a hole <1m2.
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The behaviour of gas in soil relates to a number of external 
factors. Dissolved gas moves with the water through the soil 
matrix and occluded gas can move through a soil matrix by 
diffusion relative to pore water particularly if there is a 
dissolved gas concentration gradient. Excess pore pressures 
result for instance from tidal influences or other activities 
causing pressure reduction resulting in gas bubbles being 
produced. Vibration also allows gas to nucleate as produced by 
the TBM on encountering the rubble mound.  

The affect of gases exsolving on soil properties relate to 
shear strength reduction caused by expanding gas bubbles 
affecting intergranular contact and producing buoyancy affects. 
Other soil properties affected are increasing compressibility and 
reducing density. Elevated pore water pressures may also result, 
caused by the incomplete dissipation of pore water pressures in 
fine grained soils. As groundwater seeps through the soil 
towards a free air surface, the gas undergoes a gradual pressure 
reduction with the formation of gas bubbles which migrate and 
erupt from the soil causing loss of ground through piping 
erosion, Figures 5a, 5b and 5c. As gas migrates the volume 
increases following Boyle’s Law, and the bubbles expand as for 
the Lake Nyos degassing project. The pressure differential 
between hydrostatic water pressure and the atmospheric 
pressure in the TBM acts on the weakened grouted plug 
provides the failing force prior to gas induced liquifaction. 

After liquefaction, the void formed, in the shape of a 
‘flattened balloon’, acts as a receiver of groundwater flowing at 
the normal rate of flow but establishes a high water inflow rate 
at the nozzle end through the breached grouted zone which 
flowed continuously into the TBM invert. Collapse of overlying 
soils would have reduced the inflow of groundwater. A further 
incident of liquefaction from a grout tube caused flooding of the 
rescue cofferdam later during the works indicating that gases 
exsolving were still present in significant quantities. 

7 CONCLUDING REMARKS 

The tunnel at Hung Hom encountered a unique mix of 
geological and site conditions allowing for the degradation of 
the heterogeneous grouted soil. The geological stratum of 
quaternary age was found responsible for production of gases 
and migration pathways through more permeable strata. The 
tunnel failure model proposed explains the failure mechanism 
for the inundation, the behaviour of gases under pressure in 
groundwater and the problems associated with methane 
generation. Exsolving gas exerts forces that a granular soil 
fabric is unable to withstand unless measures are taken to deal 
with the problem prior to construction. The important fact that 
gases exsolved from the groundwater before flooding of the 
TBM is supported by the findings of the gas investigation.  
a) Gas ground investigation at the site concluded that there 

was significant dissolved gas in the groundwater. 
b) Groundwater head loss as depth enables gases to exsolve as 

the pressure decreases towards the TBM face. 
c) Gases readily exsolve once saturation levels are reached 

allowing gases to nucleate on microscopic impurities. The 
vibration of the TBM would encourage gas nucleation. Gas 
release causes accelerated liquefaction of granular soils. 

d) Groundwater seeping through the grouted annulus would be 
releasing gases. The movement of water and expanding gas 
produce soil piping and soil inter particle loss of contact 
leading to density reduction and loss of shear strength.   

e) A grouted zone breach would occur once the soils have 
been effectively weakened enabling water and gas pressure 
to mobilize the soil / grout mix plug. 

f) The groundwater with dissolved groundwater would flow 
quickly to the breach allowing rapid depressurisation of the 
groundwater promoting rapid exsolving of gas bubbles. 

g) The uniform sand subsequently liquefies through the breach 
transporting sand into the TBM similar to a soda fountain. 

h) The rubble based seawall, spans over the void created 
enabling a large void to remain open providing a large 
surface areas for water seepage to enter the void and to be 
expelled through the nozzle to the TBM face. 

i) The observations of the failure have provided an insight into 
the mechanism of failure and further into the behaviour of 
gases dissolved in groundwater.       

8 RECOMMENDATIONS 

It is important that the ground investigations are designed to 
measure all gas concentrations dissolved in groundwater. The 
overall geological model needs to be checked to ensure that 
ground conditions are not conducive to gas / liquefaction type 
of behaviour. Use of open face TBM should be limited to 
geology with no gas influences particularly dissolved in 
groundwater and fill areas overlying quaternary sediments. With 
the prospect of groundwater containing gas, one remedy would 
be to jet grout to provide a very strong impermeable barrier. The 
alternative was an EPB TBM that was used to completed the 
last 100m of tunnel from the recovery cofferdam without 
incident.  
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