Monitoring of Bray Head Tunnel Summer 2005

I ntroduction

The Bray Head tunnel 1007 m long was started in1913 and opened for trainsin 1917 replacing an
older tunnel between Greystoneto Bray. Excavated through glacial till comprising of sands, silts
and clay on the Greystone end
and Greywacke beds (rock) at
the Bray end, the single-track
railway tunnel cuts through part
of the headland between the two
towns, some 20 miles south of
Dublin. The photograph shows a
view of the headland from
Greystone.
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The tunnel now servicesthe ‘DART’ (Dublin Area Rapid Transport) an overhead-electrified
commuter line, linking towns on the east coast of Ireland from Greystone to Howth. In recent years
concerns have been expressed at the amount of water leaking into the Greystone end of the tunnel and
its detrimental effect on the brickwork between the portal and a 30 m deep ventilation shaft about 420
min bye.

AMCO construction were contracted by Irish Rail to reduce and control the inflow of water over the
effected area by first grouting behind the brickwork to seal it, and then relieve any future build up of
water through a network of drainage holes and pipe work to carry it out of the tunnel.

The work was to be carried out over atwelve week period when trains were suspended over the
weekends between 22:00 on Friday until midnight on Sunday to extend the platforms of a number of
stations along the line. During weekdays work could be carried out during engineering hours, from
midnight until 04:30, however, the weekends were key to completing the work with the least
disruption to Irish Rail’s normal scheduling of engineering works.

CMCS were contracted by AMCO to provide two monitoring systems; the first to record water
pressure behind the lining and the second to
record any movement of the lining during
grouting. Initially it had been envisaged that the
water pressures would be monitored remotely
from the top of the ventilation shaft, however,
Dramage relief safe access to the shaft and work required on the
shaft prevented this. CMCS installed with the
assistance of AMCO, and Consultants COWI, the
piezometers and recorded water pressures using
two radio storage units from inside the tunnel.
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The diagram above shows the general set-up. Over 1500 holes had to be drilled; first 10 for the
piezometers, they were at 15 degrees to the horizontal and about 1 m above rail level, then arrays of
grouting holes at 2 m intervals (more than 1,000) between the portal and the shaft and finally the
drainage holes.

Monitoring water pressures behind the tunnel lining

To install the piezometers, cased holes were drilled through the lining and into the alluvial material to
adepth of about 5 m or until it hit solid rock. Holes near to the ventilation shaft were shorter because
the rock was closer to the lining. The piezometers were to be installed at the bottom of the holes
surrounded by filter sand and sealed in the holes by bentonite pellets. The remaining hole was then
grouted. To install the sand filter around the piezometer and seal it with bentonite in a shallow hole a
carrying ‘slipper’ was used, i.e. a one metre length of 65 mm diameter pipe was cut in half
lengthways over about 60 cm and pushing in rods keyed to its back end. The piezometer surround
by sand and bentonite was assembled in a nylon stocking, to stop water in the hole washing away the
sand as the dipper was pushed into the hole. The casing used to drill the hole was pulled back a
short distance off the bottom and the slipper pushed through the casing to the bottom of the hole. The
casing was then pulled back the length of the slipper, which was turned through 180 degrees to drop
the piezometer with its sand filter and bentonite at the bottom of the hole. The empty slipper was
then removed with the casing making sure that the cable from the piezometer was not pulled out at
the sametime. Problems were encountered with the improvised slipper catching on the inside of the
casing tubes during installation. On several of the installations the casing had been removed before
the piezometer assembly was installed in an unsupported hole.
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The location of the vibrating wire (VW) piezometers rel ative to the Greystone portal along with the
depth from the lining and serial numbers of the piezometers are given in the diagram above.

The results on a scale of 5 m of water are shown on the following graph, i.e. from installation to the
27-08-2006 by at which time all drilling and grouting had been completed in the tunnel. Changesin
water pressure seen in the graphs can be related to grouting or heavy rainfall. The key on the graphs
gives therelative location of the piezometer, i.e. PL85W and P185E are piezometersinstalled 185 m
from the portal on the West and East side of the tunnel respectively.



On the weekend of the 26™ August 2005 the system was converted to remote read viaa GSM modem
powered by alarge battery and solar panel mounted on the Greystone portal. Data from the system
being available to authorised personnel viathe CMCS web site.

Tunnel lining movement system

The movement monitoring system was initially envisaged as consisting of four arrays of 5 tilt sensors
installed over 30 m of thetunnel. CMCS, however, advised that the fifth tilt sensor in the crown of
the tunnel would be too close to the overhead power line and was not needed to effectively monitor
movement of the tunnel lining. A more effective use of the instruments to monitor movements would
beto install 5 arrays of four beams, covering 40 m of tunnel as shown in the diagram below.

Pressure during grouting was to be kept low to limit the movement of the 600 to 700 mm thick brick
lining. After an unsuccessful trial to establish ablock end it was decided to start grouting at the



Greystone portal and work systematically towards the shaft with the two rail mounted grouting units
working in tandem. Grouting holeswere at (3, 9) (2, 10) (1, 11) and 12 o’ clock positions around the
tunnel. Grout was pumped in at the 3 and 9 positions until it reached the 2 and 10 o’ clock positions.
At which time the 3 and 9 positions were sealed with paper or wooden plugs and grouting was started
in the 2 and 10 positions until it ran out of the higher holes. Two passes were usually carried out to
complete the grouting, re-drilling the holes as necessary.

Early on it was realised that the speed at which the grouting was being achieved and the need to keep
one of the monitoring systems permanently at the shaft, the limiting factor in grouting over the long
weekend possessions would be the lack of monitoring in the tunnel. CMCS were therefore instructed
toinstall four systems, three in the tunnel consisting of four arrays covering 120 m of tunnel and one
permanently at the shaft covering 20 m either side of it. Relocation of the systems as the grouting
work advanced was to be carried out by AMCO personnel with CMCS supervision over the first three

or four weekends. The diagram above shows the sections of tunnel covered by the monitoring

systems as grouting progressed. The numbersfrom 1 to 41 are distance along the tunnel in 10s of
metres and are used in the rest of this
document to indicate locations in the
tunnel, e.g. Location 2. The numbers at
the centre of the arrowed sections indicate
the moves that took place (move 1 not
shown, was in the trial area between 18
and 20 on the diagram). Below the
arrowed sections are the references to
software package used on that section and
the dates on which the section was
grouted or started. The photograph shows
two of the systems, eight arrays installed
in the tunnel. To miss grouting holes the
arrays of instruments were nominally 3 m
pass the metre marks, at 63 m, 73 m, 83



and 93 m respectively from the portal at the Locations marked 6 to 9.

The component parts of the monitoring systems provided by CMCS are shown below. The sixteen
channel multiplexers send digital signalsto the logger, which through its processors and storage
capacity recorded changes in data from each sensor. If movement of the lining occurred the digital
output from the sensors changed, when the changes reach preset values the logger closed internal
transistorised switches to activate three levels of alarms.

With no alarm the green LED
light was switched on and of f
by the software (afunction
modified for the Bray Head
installation) to show tunnel
personnel that the system was
active and functioning. When
the movement caused
changes above 1.5 mm/m
then the switch controlling
the on/off state of the green
LED is set permanently on, i.e. aLevel 1 alarm. Further movement of the tunnel causing any of the
16-tilt sensor outputs to exceed 2 mm/m then aLevel 2 (amber) alarm was activated and if
movements reach 5 mm/m then the Level 3 (Red) alarm was activated. During the grouting if aLevel
1 alarm was reached then grouting proceeded, but more carefully. A Level 2 alarm stopped grouting
on that section. More often than not when grouting stopped the tunnel recovered and the alarm went
off. It was considered that once the tunnel lining started to move then the grout had achieved its
purpose of sealing behind the brickwork. CMCS modified flashing cycle lights for the alarms that
used little power so that each system would operate for up to five days on asmall easily transported
rechargeable battery. The flashing lights could aso be seen clearly in the sometimes misty
atmosphere of the tunnel.

Using a monitoring system to control any construction processes is about establishing confidence,
which in turn means having a sound methodol ogy, established practical procedures and constantly
checking that the system is working correctly.

To control a construction process a system must have the following attributes.

The sensitivity to see small changes before they are significant in terms of damage.
Reliability to operate effectively in the working environment.
Repeatability to particular eventsto reinforce the controlling process.

Prior to starting the project the Consultants for Irish Rail had no experience of a CMCS system and
therefore needed to be convinced that the system would work and warn of tunnel lining movements.

CMCS were concerned that relatively inexperienced personnel would be relocating their equipment
after aninitial training period. To overcome most of these concerns CM CS programmed each of the
loggers with the appropriate software for specific arrays of instruments and emphasised that each
system must stay in the exact same configuration at all times. CMCS also established standard
progress sheets for each relocation, procedures to be carried out and a brief report on the standards
being achieved at the end of the support period.



Progress Sheet: The yellow coloured area shows where the grouting had been completed while the
blue area shows where systems were active. The purpose of the Progress Sheet wasto inform site
personnel of work or checks required on the monitoring system at any time.

It was also important to establish good practice in the fixing of the sensor to the lining.

Temperature or pressure changes will cause all tunnel liningsto move. |f a system does not respond
to temperature change then it is probably not sensitive enough to act as a control, on the other hand if
the response to temperature istoo large then any change in temperature will mask out any tunnel
lining movements. The bottom three plots in the graph below are from the tilt sensors in the three
active arrays at Location 1, 2, 3 near the portal. Changesin temperature shown in the top plot caused
either the tunnel lining or beams to move. The response from the instruments to normal changesin
temperature in the tunnel was considered to be insignificant in terms of the allowable movement of

the tunnel lining during grouting, i.e. 2 mm.



Operational suitability: Duringtheinitial trials, tunnel personnel accidentally knocked one of the
beams, but no alarm was activated immediately. Grouting was stopped to investigate the problem
during which time the alarm was activated. The scan time (the period at which the logger
interrogates the sensors) had been left at 5 minutes, the period used for background readings during
traffic hours. Subsequently a beam on each system was deliberately moved to check that the scan
time had been set to continuous before grouting was alowed. The log time (the period at which the
logger records data from the sensors) was set to five minutes to limit the amount of non-significant
datacollected. The above plots are at five-minute log times.  Also learned from the incident was the
importance of personnel in the tunnel keeping clear of the instruments, since they would cause
unnecessary delays.

During thisinitial testing period some of the alarm unit lights started to flash for no alarm. It was
concluded that the very damp atmosphere in the tunnel due to drilling with compressed air and water
flush had caused the alarm lights to activate, however, they had failed safe. CMCS had provided
AMCO with severa spare alarm units and the problem ones replaced with improved water protection,
no further problems were reported.

To address the concern CMCS had that the relatively inexperienced personnel used to re-locate the
arrays as the work progressed would introduce some anomaly that would cause the system to fail
unsafe, i.e. an example would beif an instrument was set up outside its calibrated range, or a
damaged wire to one half of the sensor caused its response to movement to be sluggish and
insensitive. To limit these risks CM CS together with AMCO engineers emphasised the importance
to the additional (well qualified) personnel overseeing the monitoring system to look carefully at the
raw data. The calibrated range was +/- 1.5 degrees, about +/- 5000 seconds of arc. Since the
sensitivity of the system was set at 1 arc second an acceptable reading from any instrument should be
well within +/- 5000. CMCS had recommended setting the sensors to within +/- 1000 on the hand
read unit provided. The only check on whether the instrument was operational and at the correct
sensitivity was to note its response during adjustment on the beam, i.e. very small movement causing
large changes in the numbers. A correctly functioning instrument will changes about +/- 5000 data
bits (number) for rotations of +/- 0.1 mm of the brass case. The on site staff identified two further tilt
sensors that had been damaged, CMCS altered the software to accommodate the changed instruments.
Thefinal check as stated earlier was to move a beam chosen at random an amount and check that the
appropriate alarm was raised.

Tunnel lining movements recor ded during
grouting:

The following plots show movements recorded
by the system during grouting. The grouting
periods for each portion of the tunnel can be seen
in the Schedule given earlier. During the 3" of
July 2005 (early Sunday morning) grouting was
taking place behind the sidewalls of the tunnel
between Locations 7 and 9. Positive movement
on all 4 beamsis when the top of the beam, i.e.
the end furthest from the rail movesinto the
tunnel. All beams have the same sense because
when looked at from the centre of the tunnel the
tilt sensor is on the right hand side of the beam.




Several important features of the movements recorded can be seen in the plots or the 3" of July at
Location 8. Firstly, the response from the instruments on the right hand side of the tunnel islarger
than those on the left and the tilt of the wall beam on the left isin the opposite sense to that on the
right.

Grouting records showed that the sidewalls were being grouted on the 3" of July.

Monitoring between the 3" and 5" showed that further movement occurred during the night of the 4™
but stopped when the grouting stopped, see the plots given later. Temperature over the period is
given in the top plot and isruled out as a major factor in the periods of increased movement.

The bottom plot below is of the array at Location 9 on the night of the 6/8/05 again temperatureis
ruled out as a significant factor
during the period of increased
movement which occurred at
02:00 hours, i.e. when grouting
was being carried out in the
tunnel at that location. Both
shoulder beams moved positive,
i.e. asif the arch was flattening,
while the wall beams move
dlightly negative, i.e. the toe of
the beam moving into the
tunnel or the top of the wall
moving out asittriesto resist
the arch flattening.

Movement of the shoulder beam
Creached aLevel 2 alarm and
the grouting was stopped. Itis
interesting to note that these
early small movements have an




€elastic component, i.e. when grouting stops there is an immediate small recovery. From the pattern of
movement it was deduced that they could only have occurred if the crown at Location 9 was being
grouted at that time. Examination of the grouting records showed that the crown was being grouted
during the period in question.

The difference between the movements caused during the side and
crown grouting can be clearly seen in the extended plot from the 3" to
7" of July 2005. The undulationsin the upward trend of movements
recorded are possibly due to temperature changes. Similar undulations
can be seen in the diurnal changes between day and night in the top
plot, however, the tunnel would also be experiencing changesin
temperature from the grout pumped in at night subsequently hydrated
and increased the temperature behind the lining.

Gross grouting pressure during this period was of the order of 4 bar.
Pressure behind the lining would be less than the gross due to loss in
the delivery hoses, estimating a pressure of 2 bar (202 kPa) would
exert aload of about 3,000 kN/m on the tunnel with an external profile of about 15 m.

The plot below covers the period from the 3 to the 7" of July and clearly shows the two instances of
increased movement and the different direction of movement due to the pressure being applied from
the side and subsequently the crown.




Conclusions

With the sensitivity and reliability of the instrumentation used in Bray Head tunnel there should be no
danger of any tunnel collapse, provided diligent engineers (as in this case) are overseeing the process
and examine the data and are aware of the potential dangers

With proper procedures, adequate checks and supervision, the instrumentation can be installed by
competent tunnel operatives provided, as stated above the process is under the control of an
experienced engineer. Preferably the experience should be in the mechanisms that the monitoring
system is being used to control. It isalso important that the engineer in charge knows how to set in
place checks to ensure that the monitoring system functions correctly at all times.

It is also important that some redundancy in terms of replacement instruments are immediately
available to site personnel to replace damaged instruments so that scheduled work can be carried out
without unnecessary risk taking. On the above project spare alarm boxes and tilt sensors were
provided by CMCS and available on site. CMCS replaced (from the UK) a damaged logger before it
caused any delay. Such contingencies are generally over looked in the procurement procedures.
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