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Introduction 
This is the seventeenth episode of GIN. 
As promised in GIN-16, there are two 
articles following this column. 

Automatic Control and Data 
Acquisition for 3D Deformation 
Measurements 
I've recently become aware of two com
mercial versions of an optical survey 
system that can be used for automatic 
monitoring of deformation in three di
mensions. Both are based on proven 
surveying technology and use Leica in
struments, which have been enhanced 
by the addition of automatic tracking 
mechanisms, so that the survey instru
ment can be left in place and unattended. 
The system is programmed to make ob
servations on targets, in a predetermined 
cycle at predetermined time intervals, 
and to output the data electronically. 
Applications include deformation 
monitoring of structures, excavations, 
slopes and dams. 

One commercial version, the Geo
Monitor, is available from Solexperts in 
Switzerland, and is described in the ar
ticle that follows this column. Contact 
information is given at the end of the 
article. The other version, Cyclops (C Y -
CLic optical Surveyor), is available 
from Sol Data in France. Contact infor
mation is: 

Sol Data S.A. 
6 Rue de Watford 
92 000 Nanterre 
France 
Tel: +33 1 47 76 55 70 
Fax: -H33 1 46 92 03 65 
E-mail: soldata@soldata.fr 
Website: http://www.soldata.fr 

Pre-lnstallation Acceptance 
Tests for Vibrating Wire 
Piezometers - Concentrate on 
Checking the Zero Reading 
In the September 1996 issue of 
Geotechnical News, on page 27, I dis
cussed the need for testing vibrating 
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wire piezometers prior to installation to 
ensure that they are reading correctly, 
and included some recommendations. 
In summary, my points were: 
1. I f the entire piezometer is not at a 

uniform temperature, it will give an 
incorrect reading. Depending on the 
manufacturer, it may take up to 2 
hours to achieve this, after being 
moved from one temperature to an
other. 

2. The pre-installation reading de
pends both on temperature and baro
metric pressure. I f the 
pre-installation reading, corrected 
for these two factors in accordance 
with the manufacturer's instruc
tions, differs significantly from the 
manufacturer's pre-shipment value, 
the manufacturer should be con
tacted. 

3. I f changes have occurred between 
factory and site, they are much more 
likely to be changes in 'zero' reading 
rather than changes in slope of the 
calibration plot. 

4. I gave three possible methods for 
checking the slope of the calibration 
plot, prefaced with: "Although 
changes in slope of the calibration 
plot are unlikely, some users choose 
to verify that this has not occurred". 

5. It is difficult to duplicate factory 
calibrations in the field. Pre-installa
tion acceptance tests should there
fore be regarded more as function 
checks than check calibrations. 

6. For checking under water pressure, 
either the filter should be removed or 
the filter and cavity should be com
pletely saturated with water. 

7. For checking under water pressure, 
the piezometer should not be placed 
in a sand-filled bag. 

In my view the above seven points are still 
valid. However, I would like to give much 
more emphasis to point 3 because I have 
found that some users are ignoring the 
need for a high-quality zero check. Rec
ognizing this, in a recent specification I 

have written the following: 

1. A pre-installation acceptance test 
shall be performed on all vibrating 
wire piezometers, as specified 
herein, to check the zero reading. 

2. The piezometer shall be placed in an 
indoor environment at a constant 
temperature of+/-2 degrees C,fora 
minimum period of one hour [this 
time is adequate for all piezometers 
manufactured in USA, Canada and 
England, but should be reviewed 
with other manufacturers if the 
specification allows for acceptance 
of their piezometers], to achieve 
thermal equilibrium. A piezometer 
reading shall then be made, together 
with a reading of temperature by 
using the internal temperature sen
sor, and a reading of barometric 
pressure by using a barometer with 
a minimum accuracy equal to +/-
0.025 percent of the full-scale range 
of the piezometer 

3. The piezometer reading, when cor
rected for temperature and baromet
ric pressure in accordance with the 
manufacturer's instructions, shall 
agree with the factory zero reading 
to within +/-0.5 percent of the full-
scale range of the piezometer 

4. Piezometers that do not meet the 
above criterion shall be returned to 
the manufacturer. 

5. After such pre-installation accep
tance testing, vibrating wire pie
zometers shall not be subjected to 
shock. 

Note that the above wording does not 
call for a check on the slope, because I 
am convinced that i f the zero hasnt 
changed, when checked as above, the 
crude checks that can be made while 
lowering the piezometer down a water-
filled borehole (have you done your 
spellcheck on this word yet?) are not 
worthwhile. Note also that the fifth 
point will not satisfy specification pur
ists, but I included it as a reminder of 
the obvious! 
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FMGM-99 
The Fifth International Symposium on 
Field Measurements in GeoMechanics 
(FMGM-99) will be held in Singapore 
from December 1-3,1999. This Sympo
sium takes place once every four years, 
and has previously been held in Switzer
land, Japan, Norway and Italy. Bulletin-
1 for the Symposium is now available, 
and can be viewed on Website 
http://www.eng.nus.sg/civil/Conferen 
ce/fmgm99. Alternatively, contact As
sociate Professor Harry Tan Siew Ann, 
Secretary, FMGM-99, Department of 
Civil Engineering, National University 
of Singapore, Singapore. Tel: +65-
8742278, Fax: +65-7791635, email 
cvetansa@nus.edu.sg. 

This is the major regular interna
tional meeting for those of us in the 
geotechnical instrumentation business. 
I hope to see you there. 

Come to the Beach Party 
The next in the series of instrumentation 
courses at Cocoa Beach, Florida, is 

scheduled for January 17-20, 2000. 
What better way to celebrate the millen
nium than to join us at this 'best of all 
places for a course', and in the middle 
of the Northern Hemisphere winter too! 
For technical content please contact me. 
For registration, price, and other issues, 
please contact: 
Ole Nelson at the University of Florida, 
tel: (352) 392-1701, ext 244; 
fax: (352) 392-6950; 
e-mai7.'onelson@doce.ufl.edu; 
website: 

http://www.doce.ufl.edu/conf&sem. 

A Puzzler 
A challenge, but no prize! Please let me 
know if you have any ideas or solutions. 
• An embankment on soft ground 
• Concern for stability, with a possible 

failure surface primarily through one 
of the subsurface layers 

• Open standpipe and vibrating wire 
piezometers in that layer. Enough of 
them to give confidence in the data, 
based on consistency 

• After all piezometers reached equi
librium (settUng down after installa
tion, and after enough time for the 
open standpipe piezometers to over
come time lag), the vibrating wire 
readings of piezometric elevation 
were all much higher, by many feet, 
than the open standpipe readings. 

This is a real-world puzzler, not an aca
demic exercise. 

Closure 
Please send contributions for GIN to me 
at the following address: 

Beaumont, 
Mill Street, 
Chagford, 
Devon TQ13 SAW, 
England 
Tel: +44-1647-432209. 
Fax: +44-1647-432379 
E-mail: johndunnicliff@ibm.net 
(send as an E-mail attachment in 
msword please). 

Salud! (Spain) 

YOllNEftR'SEE OUR BEST WORKS 
But you have confidence in knowing that we've been there. . v « ^ 

We â We of the world's leading Ground Modification^" contractors. With proven experience on projects of all sizes, 
extensive resources and a broad geographic presence, we can provide the solutions you need. Anytime. Anywhere. " 

Vibro Systems • jet Grouting • Compaaion <3routing • Chemical Grouting • Cement Grouting • Soilfrac^"Grouting 
Injection Systems for Expansive Soils • Dynamic Deep Compaction™ • Minipiles • Ground Anchors • Soil Mixing 

So, when you're in need of Ground Modification... call Hayward Baker. 
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Automatic Control and Data Acquisition 
for Optical Digital Levels 

and Motorized Total Stations 
Daniel Naterop 

Introduction 
Two notable developments in geotech
nical instrumentation involve the Solex
perts GeoMonitor data acquisition and 
monitoring system. One is the addition 
of motion-control motors to optical 
digital levels and the integration of the 
automated levels into the GeoMonitor 
System. The second is the integration of 
motorized Total Stations (theodolites) 
into the system to enable automated 3-
dimensional displacement measure
ments. Unlike other systems used to 
monitor movement (e.g. hydraulic lev
eling systems, clinometers), there is 
relatively little installation effort re
quired for these instruments because the 

measurement points (bar-code staffs for 
the level and miniprism targets for the 
Total Station) require no cable connec
tion to the instruments. 

The GeoMonitor System also ac
quires data from hundreds of other sen-
sors such as piezometers, 
extensometers, or tiltmeters, enabling 
the monitoring of large and complex 
sites for a wide range of geotechnical 
problems. Alarms with several trigger
ing options (telephone dialer, fax, pager, 
flashing lights, etc.) warn of measure
ments outside set limits. The system is 
ideal for monitoring slope stability, tun
nel construction, dam safety, and exca
vations and their adjacent structures, for 

example. 
Two projects are presented here in 

which these instruments, combined 
with the GeoMonitor System, were ap
plied to monitor critical displacement; 
1) tunneling under a railway/embank-
ment dam in Switzerland, and 2) safety 
monitoring of a lock facility in Slovakia. 

Hardware and Software for Data 
Acquisition and Monitoring 
The measurement control center, shown 
in fig. 1, consists of a PC running the 
GeoMonitor software and an SGC 
(Solexperts GeoMonitor Controller). 
The SGC contains an analog to digital 
(A/D) converter, a "Watchdog" for se-

L L E t 
MARYLAND 4IO-m-&200^ CALIFORNIA 805-933-1331 • FLORIDA 813-884-3441 • ILLINOIS 847-358-1717 • IOWA 515-276-5464 • MASSACHUSETTS 617-297-3777 

BRITISH COLWBlA/604-294-4845 • NEW YORK 914-966-0757 • NORTH CAROLINA 919-876-0001 ' T E X A S 817-625-4241 • WASHINGTON 206-223-1732 
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SITE 

and Alarms 

Fig. 1: GeoMonitor automatic monitoring and data acquisition system 

curity against system failure, and alarm 
switches. 

The system can be controlled on-site 
or remotely via modem, and acquired 
measurement values can be transferred 
via modem to anywhere in the world for 
evaluation and external backup. 

The GeoMonitor software controls 
the positioning of the levels and Total 
Stations, acquires the measurement 
data, and presents real-time graphical 
and numerical displacement by compar
ing measurement points to fixed refer
ence points. Any movement of the 
instrument itself is compensated for in 
these calculations. Other analog meas
urements are also acquired (such as te-
murements are also acquired (such as 
temperature, atmospheric pressure, 
etc.). Measurements that are outside 
alarm criterion set within the program 
trigger alarms (pagers, faxes, telephone 
dialers, etc.). 

Data Visua l i za t ion Software 
(DAVIS) provides a graphic overview of 
the site, including instrument, sensor 
and measuring point locations, and data 
from all instruments and sensors. In ad
dition, this software offers numerous 
options for data analysis and presenta
tion, which are unique to geotechnical 
instrumentation and measurement. 

Motion-controlled Digital (MCD) 
Levels 

The continuous observation of vertical 
movement is crucial during projects 
such as tunnel construction in urban ar
eas, grouting beneath foundations and 
safety monitoring of existing buildings 
adjacent to excavation work to detect 
settlement and heave at the earliest pos
sible moment. A single Motion-Con
trolled Digital (MCD) level can auto
matically monitor a large area for 
settlement and heave, around the clock, 
with a minimum of installation effort. 

Solexperts has developed software 
controlled motion-control units for sev
eral types of optical digital levels. Via 
software commands, the unit rotates the 
instrument and focuses the optics on 
measurement staffs. The motion-control 
units allow digital levels to be integrated 
as intelligent sensors into the data acqui

sition system. 
Bar-code staffs, typically 0.5m long, 

are used as measuring points. The opti
cal measuring principle enables meas
urement of staffs at distances from 2 to 
100 m. For measurement at night, a 
spotlight mounted on the level illumi
nates staffs up to 40 m away (for greater 
distances, special illumination is re
quired). 

The accuracy achieved with digital 
levels depends primarily on the setup of 
the measurement system, e.g., distances 
between instrument and measurement 
points and stability of the reference 
points. Based on our experiences from 
various projects where distances be
tween measurement points and the in
strument are over 40 m, measurements 
are accurate to within 0.3 to 0.5 mm. 

The MCD level itself is often placed 
in an area where vertical movement is 
expected. In such a situation, readings 
are made to a stationary reference point 
and movement of the level is compen
sated for in the real-time settlement cal
culations. In some projects, several 
MCD levels have been installed in a 
'chain' to monitor large areas or struc
tures, using on-line calculations to de
termine and display real-time settlement 
data for the entire system. 

Monitoring Tunneling Activity 
Under a Railway Embankment 
with MCD Levels 
The Bern-Zurich line is one of the main 
connections in the Swiss railway sys
tem. Along this hne, in the region of 
Lenzburg, an overflow canal is being 
constructed to reroute overflow from a 
small river during periods of high water. 
A section of this canal had to be tun
neled through an embankment, across 
which this railway line passes. 

A tunnel with a diameter of approxi
mately 3m was driven through the em
bankment by pipejacking under the 
protection of an injected shield. Solex
perts was contracted to install a moni
toring system which would continually 
monitor the stability of the embankment 
and the train rails throughout the tunnel
ing phase, and which would automat
i c a l l y trigger alarms i f c r i t i ca l 
settlements occurred. 

The combination of the MCD level 
with the data acquisition and monitor
ing system was ideal for this project. 
From April to November 1997, a single 
MCD Zeiss DiNilO level monitored 32 
bar-code measurement staffs hourly 
(every 30 minutes during critical 
stages). 

Most of the 50 cm-long staffs were 
attached to the train rails, using supports 
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that did not interfere with train traffic 
(see fig. 2). Other staffs were mounted 
on light poles and railings along the 
body of the embankment. As a reference 
point, one measuring staff was mounted 
approximately 30 m from the axis of the 
tunnel, where it would not be affected 
by the tunneling activity. The MCD 
level was fixed to a wall on the crown of 
the embankment directly above the tun
nel axis, enabling measurements at the 
greatest distances on both sides of the 
tunnel axis. Although the largest settle
ments were expected at this location, 
any movement of the level was compen
sated for, on line, in the absolute settle
ment calculations. Fig. 3 presents a 
layout of the site. 

The M C D level and 32 bar-code 
staffs were installed before the onset of 
tunneling in order to establish the "nor
mal" behavior of the embankment. Dur
ing two weeks of pre-tunneling 
observation, only slight settlements 
were detected as a result of drilling bore
holes for inclinometer casing. 

During the second monitoring phase, 
the soil directly over the projected tun
nel was stabilized with injections of a 
cement/bentonite mixture. Settlement 
of up to 12 mm was observed due to 
drilling of the first series of boreholes 
for grouting. Based on these measure
ments, the drilling method of the sub
sequent boreholes was adjusted. Instead 
of drilling all the boreholes from one 
side of the embankment, the boreholes 
were then drilled from both sides of the 
embankment in order to reduce uneven 
setdement and tipping of the railway 
tracks. 

Unexpectedly large settlements of 
the embankment were recorded as soon 
as pipe jacking for the tunnel started. 
Jacking had to be halted several times 
because settlement and difference in set
tlements had reached or passed accept
able limits. During some of these 
interruptions, e.g. on the weekend of 
July 12th and 13th 1997, the train rails 
had to be elevated to correct for the large 
amount of settlement. 

Within about 10 days after pipejack
ing was completed, virtually no further 
setdement was detected. At the end of 4 

weeks, settlement reached a maximum 
of 68mm directly above the tunnel. 

These on-line measurements with 
the MCD level and real-time calcula
tions allowed the differential settlemen-
tof the embankment to be monitored 
around the clock. A graph of settlement 
with respect to position of measuring 
point is presented in fig. 4. In combina
tion with the DAVIS Software, the sys
tem provided those responsible for the 
safety of the project with a continual 
overview of the measurement data, ac
cessible by modem from the office. 

Motorized Total Station 
The advantages of the Total Station over 
the digital level are the ability to meas
ure displacement in three dimensions 
and the ability to measure targets at 
greater distances, i.e. 1000 m or more. 
(However, Total Stations measure verti
cal displacement with slightly less accu
racy than digital levels.) Total Stations 
have proven ideal for the monitoring of 
slope stability, among other applica
tions. 

Integration of the Total Station into 
the GeoMonitor System enables auto
matic control of the instrument, around-
the-clock measurements and data 
acquisition, alarm triggering options. 

on-line calculation and plotting of dis
placement in relation to fixed reference 
points. As with the digital level, moni
toring a site with a Total Station requires 
minimal installation, since no cables are 
needed to connect the measurement 
points to the instrument. 

Displacement of the Total Stations 
themselves is detected and measure
ments are compensated on-line. At the 
same time, atmospheric temperature 
and pressure are measured to allow on
line correction of the distance measure
ments. With this system, point-specific 
displacement of less than 1 mm can be 
detected even when difficult conditions 
exist (large temperature fluctuations, 
strong winds, etc.) as in the Slovakian 
project described below. The system 
provides measurement results (coordi
nates and displacement vectors) for 
evaluation and interpretation immedi
ately after each measurement is taken. 

Accuracy achieved by Total stations 
depends on a variety of different factors, 
including: 
• distances and angles between points 

to be measured and the instrument 
• measurement mode, measurement 

and analysis procedures 
• type of measurement target (prism) 
• stability of reference points 
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Applying the instruments to measure 
structural deformation, we have 
achieved displacement measurement 
accuracy of 0.5 to 2 mm. 

Automated Monitoring of a Locl( 
Facility with Motorized Total 
Stations 
The double-lock system Gabcikovo in 
Slovakia, shown in fig. 6, is one of the 
largest in Europe. Each lock chamber 
has a length of 275 m, a width of 34 m 
and a maximum difference between up
stream and downstream water levels of 
23 meters. 

Solexperts and the Slovakian daugh
ter company, Geoexperts, were concon-
tracted by the operators of the lock 
system to develop a measurement pro
gram for geotechnical monitoring and 
instrumentation for the lock chambers 
and the surrounding foundation soil. 
The objective of instrumentation and 
monitoring is to detect deformation and 
displacement in the concrete structure 
(blocks and lock gates) during operation 
of the locks, and to determine the rela
tionship between deformation and water 
levels within the lock and in the sur
rounding soil. An additional objective of 
monitoring activities is to ensure the 
safety of the entire dam and lock facility. 

The data acquisition and monitoring 
software was installed on the control 
center computer for controlling the 2 
Total Stations, for the continuous acqui
sition of measurement data from all sen
sors, and for on-line calculation and 
analysis. Approximately 80 measuring 
points for the two motorized Leica T C A 
1800 Total Stations were mounted on 
measuring pillars located on the lock 
walls and gates. These measuring points 
consist of passive reflectors 
(miniprisms) which are monitored con
tinuously and automatically for position 
( X and Y ) and level (Z). 

Using readings from 4 reference 
points, position and level changes of the 
two Total Stations are detected and auto
matically compensated. At the same 
time, atmospheric temperature and 
pressure are measured to correct the dis
tance measurements on-line. The meas
urement results (coordinates and 
displacement vectors) are available for 
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Fig. 6: The Gabcikovo lock system 
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Fig. 7: Schematic cross-section of the locks showing instrumentation 

Fig. 8: Site-specific DAVIS window showing sensor types and locations 

evaluation and interpretation immedi
ately after each measurement is taken. 

Additional instruments were in
stalled at the site, as illustrated in fig. 7, 
for geotechnical and hydrogeological 
monitoring and for ensuring the safety 
of the facility. These instruments, which 
include piezometers, pressure 
transducers, 2-D and 3-D jointmeters 
and extensometers, were also integrated 
into the system for data acquisition. 

The project-specific Data Visualiza
tion (DAVIS) Software is installed at the 
site, and at two external offices which 
connect to the measurement control 
center via modem. This software assists 
with overseeing the monitoring of 434 
active sensor channels (actual measure
ments from sensors and instruments) 
and 388 calculated channels, and for 
organizing, displaying and plotting the 
large amounts of data. An example of 
one of the windows is shown in fig. 8. 
With a mouse cUck, data from one or 
several sensors are presented in list for
mat, as graphs, or as displacement pro
files with vectors of position changes of 
the measurement points. 

Monitoring the instruments and sen
sors automatically in combination with 
linewise deformation measurements 
(Sliding Micrometer) has proven to be a 
very efficient system for geotechnical 
observation, obtaining data and ensur
ing safety at the Gabcikovo Lock facil
ity. The large number of measurements 
within a short period of time, as well as 
on-line calculations and compensation, 
enable detection of previously unavail
able correlations. For example, the 
movement of the lock wall during filling 
and emptying (each taking about 15 
minutes) correlated strongly with the 
change in water level within the lock 
and in the surrounding soil. 

Lessons Learned 
• It became clear during the projects 

described above that systems must 
be installed early enough to allow 
changes in the setup. It is not always 
possible to predict conditions that 
will affect readings from the instru
ments; often only after a series of 
measurements over several days or 
weeks do they become known. Com-
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pensating for external influences 
may require further instrumentation 
and an extended period of time for 
testing. 

• Experience showed that temperature 
changes within a structure are de
layed compared to surface and air 
temperatures, a fact that becomes es
pecially important when forces are to 
be calculated based on strain meas
urements and when measurements 
are to be temperature compensated. 

• High-precision settlement measure
ments (e.g. of a building near a deep 
excavation) often should coincide 
with groundwater level and/or pore-
water pressure measurements within 
the same monitoring system. This 
enables the effects from construction 
to be distinguished from the effects 
of changing groundwater level. 

• The quality of geodetic measure
ments (not only automated measure
ments) depends strongly on the 
stability of the selected reference 
points. Surveying these points before 
automatic monitoring starts helps to 

optimize the layout. 
• Through these projects several im

provements were made in the soft
ware, especially with alarm features. 
It is now easier to eliminate false 
alarms by disregarding erroneous 
readings and by setting 'soft' and 
'hard' alarm limits. 

• Finally, as most geotechnical engi
neers already know. Murphy's Law 
plays a part in any project. Therefore, 
extia time, testing and care are called 
for. 

Summary 
Compared with other systems used for 
measuring displacement, geodetic in
struments have the advantages of mini
mal installation requirements, few ca
bles and a high level of accuracy. 
Automating the measurements and data 
acquisition from geodetic instruments, 
within a system that continuously moni
tors hundreds of other geotechnical in
struments and sensors, makes it possible 
to monitor large and complex sites for 
numerous geotechnical parameters with 

maximum safety and a minimum of per
sonnel and costs. 

To automate optical digital level 
measurements, it was necessary to de
velop motion-conttol and focusing mo
tors, and then to integrate the instrument 
into a data acquisition system. A sub
sequent development was the integra
tion of motorized Total Stations into the 
same system. The on-line calculations 
and compensations of measurements 
from these instruments make real-time 
displacement information available for 
immediate evaluation and decision 
making, in an easy-to-use graphic for
mat. 

Daniel Naterop is a Senior Engineer 
and Project Manager at Solexperts AG, 
Ifangstr 12 Postfach 230 CH-8603 
Scwherzenbach, Switzerland 
Tel: +411825 2 9 29 
Fax: +411 825 00 63 
E-mail: admin@solexperts.com 
Website: http://www. solexperts. com 

Overview of Geotechnical instrumentation 
at CheW Lap Kok, hiong Kong's New Airport 

C. Lang, T. Barwell and R. Tosen 

INTRODUCTION 

Construction of the reclamation for Hong Kong's new airport at 
Chek Lap Kok was essentially complete in July 1995. The plat
form on which the airport has been constructed has a total area 
of 1248 ha of which 938 ha is newly reclaimed land and the re
mainder comprises the former islands of Chek Lap Kok and Lam 
Chau, see Figure 1. The reclamation is underlain by between 10 
and 30 m of alluvial sands and clays. The material used in the 
reclamation (up to 30 metres thick) comprises rockfdl obtained 
from the excavation of Chek Lap Kok, Lam Chau and the adja
cent Brothers Islands and also marine sand from borrow areas lo
cated within Hong Kong waters. 

Settlement of the reclamation will occur 
as a result of primary consolidation and 
secondary compression of the alluvial 
clay below the site and also creep com
pression of the recently placed fill ma
terials. Reclaimed land in Hong Kong is 
usually left dormant for a few years to 
allow for a significant proportion of the 
consolidation and creep to occur prior to 
follow on construction. However, con
struction of the new airport was a fast-
track project and construction of the 
airport facilities commenced shortly af
ter the reclamation was completed. Sig
nificant settlement could therefore be 
expected both during construction of 
these facilities and throughout the op
erational life of the airport. 

The prediction of settlement has re
ceived a high priority on the project. As 
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Figure 1. Instrumentation Summary Plan. 
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part of the overall strategy for assessing 
settlement, an extensive range of surface 
and sub-surface geotechnical instru
ments have been installed and moni
tored throughout the construction 
project. 

This article presents an overview of 
instrument types used on the project. 
The day-to-day monitoring regimes are 
described including a description of 
calibration procedures. Finally a de
scription is given of the instrumentation 
database which has been developed to 
both store and process the large quantity 
of data that has been collected during the 
project. Details of the reclamation de
sign, construction and performace are 
set out in Plant et al. (1998). 

INSTRUMENTATION WORKS 
Instrumentation works were carried out 
under a series of major civil works con
tracts with instruments being installed 
predominantly under sub-contracts 
rather than under direct contract to the 
Airport Authority (the Authority). As is 
common practice in Hong Kong instru
mentation installation for the majority 
of the works, was conducted by a spe
cialist instrumentation contractor sub
contracted by the main contractor. 

The Authority's role included design 
of the instrumentation systems, prepara
tion of works specifications, a review of 
all installation method statements and 
regular audits of installation activities. 
The installation of geotechnical instru
mentation was carried out under a qual
ity assurance scheme where quality 
control activities and hold points were 
defined and agreed for critical stages of 
the installation procedure. 

The instrumentation was installed to 
monitor setflement of the reclamation 
during construction and during the op
eration of the airport reclamation. Data 
obtained from the instruments was used 
to predict long term total settlement, 
differential settlement, identify areas 
where estimates of settlement exceed 
design criteria thereby substantiating 
ground treatment works, measure the 
effect of ground treatment (primarily 
surcharge), estimate construction levels, 
evaluate operational issues and predict 
maintenance requirements (e.g. resur

facing of runway pavements). 
Instruments were generally 

installed in clusters across the 
platform with isolated instru
ments such as inclinometers/ex-
tensometers located along the 
sea-wall. A cluster normally 
consisted of 4 piezometers set 
out within approximately 15 
metre spacing around a central 
inclinometer/extensometer. The 
piezometers comprise a combi
nation of vibrating wire and 
pneumatic piezometers installed 
in the alluvial clay layers and 
standpipe piezometers with 
Casagrande tips installed in the 
fill and basal sand and gravel 
layer. Field measurements from 
clustered instruments were bet
ter suited for the calibration of 
analytical settlement models as 
consolidation of specific layers 
could be related to excess pore water 
pressure measurements in both the con
solidating clay layers and the interbed-
ded drainage layers. Sub-surface 
instrument clusters were installed at ap
proximately 60 locations across the 
platform as shown in Figure 1. A sum
mary of the instruments installed to date 
is set out in Table 1. 

INSTRUMENTATION EQUIPMENT 

Extensometers 
Three different types of extensometers 
have been installed at different stages 
during the reclamation and airport con
struction. 
• Inductive - During construction of 

the reclamation the extensometers 
were of the Sondex® inductive type. 
In this system a flexible corrugated 
sleeve, to which steel target rings are 
attached, is placed over a rigid inner 
core of 70mm diameter inclinometer 
casing. This system was installed im
mediately behind the reclamation 
face and was selected for its ability to 
accommodate and measure signifi
cant vertical strains and also the lat
eral spreading movement of the 
expanding reclamation. 

• Magnetic - Following completion of 
the reclamation a limited number of 

Table 1. Summary of geotechnical 
instrumentation installed 

Extensometers/lnclinometers 

Induction type extensometers 97 
Magnetic extensometers 33 
Rod extensometers 11 

Piezometers 

Vibrating wire 177 
Pneumatic 44 

Push-in piezometers (vibrating wire) 19 
Heavy duty (vibrating wire) 8 
Open standpipe or observation well 137 

Surface Markers 

Surveyed by contractor 1521 

Surveyed by Airport Authority 2311 

magnetic extensometers were in
stalled. These have up to 10 annular 
spider magnets threaded over 70mm 
diameter rigid inclinometer casing. 
These were located at positions 
where long term monitoring of the 
reclamation settlement would be 
possible. A number of these exten
someters have now been modified to 
allow readings to be recorded auto
matically. 

• Rod-As part of the southern runway 
construction contract the contractor 
had to install automated extensome
ters for future long-term monitoring 
of the airfield areas. The contractor 
selected an automated rod exten
someter system for this purpose. 

Inclinometers 
The inclinometers access tubes were an 
integral part of the inductive and mag
netic extensometer systems. The access 
tube consists of 70mm diameter flush 
coupled P V C pipes with 4 guide 
grooves on the inside wall to guide the 
inclinometer probe for lateral displace
ment monitoring. 

With the exception of the instru
ments located adjacent to the seawall 
the inchnometer function was subordi
nate to the extensometer measurement 
capability. Most instruments were 
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therefore located in areas of special in
terest with regard to settlement. 

Piezometers 
Various types of piezometers were in
stalled in the reclamation, usually clus
tered in association with the inclinome-
ter/extensometers. These installations 
varied according to construction con
straints and the ground conditions at 
each cluster location. The types of pie
zometer used were; 
• Pneumatic - Installed at locations 

where short-term monitoring was an
ticipated and the piezometer would 
be destroyed due to future excavation 
and construction work carried out by 
follow on contracts. 

• Vibrating Wire - Installed at loca
tions where long-term monitoring 
was required, future works would not 
interfere and the piezometers could 
be automated in the longer term. 

• Standpipe or Observation Well -
These instruments were initially 
used to determine water levels in the 
reclamation fill. Their application 
was later extended to determine ex
cess pore water pressure in the allu

vial sand and gravel horizons below 
the reclamation. 

• Push-in - Vibrating wire "drive 
point" piezometers were installed 
near other piezometers in clusters 
around the magnetic extensometers 
as previously described. They were 
introduced to complement or verify 
the readings of other piezometers in 
soft-to-firm consohdating clays. 

Surface markers 
Surface markers across the platform 
consist of galvanised steel rods embed
ded in concrete. The rods extend about 
100mm above ground level. In general 
surface markers were installed on a 
200m by 200m grid across the reclama
tion. Close grid monitoring with mark
ers at 10m centres on a 90 by 90m grid 
were established at three locations to 
monitor differential settlement at the 
reclamation surface. 

INSTALLATION 

Subsurface instruments 
The planned levels at which to install 
piezometers and settlement targets on 

the extensometers were revised accord
ing to the soil profile determined during 
the drilling of the boreholes. The first 
borehole at each cluster location was for 
the extensometer as this was required to 
be drilled and logged through to the 
underlying bedrock. The target depths 
could then be determined from the pre
liminary log while the installation crew 
prepared the extensometer. During the 
installation of the extensometer the de
sign team could work out the optimum 
levels for the piezometers clustered 
around the extensometer. Good team
work and cooperation between designer 
and contractor was essential as up to 7 
drilling rigs were working at the same 
time. 

Instruments were initially installed 
on the reclamation at an intermediate 
level, usually about -H4mPD, to obtain 
early data on the behaviour of the recla
mation. These instruments later had to 
be extended as the reclamation was 
raised to the final level of approximately 
-i-6.5mPD. To maintain continuity of 
readings, additions to the inclinometer 
casing had to be in 0.5m increments to 

Surface marker extended up for next 4 m lift. 

Figure 2. Surface marker and extensometer extension up through surcharge. 
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coincide witii the wheel spacing of the 
inclinometer probe. To avoid adding 
electric cable or pneumatic tubing to the 
downhole piezometers the instrumenta
tion specialist sub-contractor installed 
the instruments with cable or tubing 
long enough to reach the formation 
level. It was relatively simple to add 
P V C tubing to extend the Casagrande 
piezometers. Steel and wood barriers 
originally used to protect the instru
ments were later replaced with one me
tre diameter steel or concrete rings, 
backfilled with sand. This method of 
protection was particularly useful where 
instruments were temporarily covered 
with fill. 

Surface markers 
Although a relatively simple procedure 
the extension of surface markers rods 
required strict control to ensure continu
ity and reliable data. A system using 3 
galvanised steel rods known as 'A', ' B ' 
and ' C were introduced to allow verti
cal extension of surface settiement at 
any point where ground levels were 
raised. The ' A and the ' B ' rods were 
installed at an intermediate level di
rectly after reclamation with the top of 
the rod 'A' about 100mm above inter
mediate ground level and rod ' B ' in
stalled usually in 2 metre lengths which 
would be extended to the final reclama
tion level. This rod was protected typi
cally with a 1 metire diameter steel or 
concrete ring that was filled with sand. 
After the final reclamation level was 
achieved a third rod ' C was then in
stalled adjacent to the ' B ' rod. Thus 
monitoring of the settlement at the in
itial intermediate level could continue 
on the ' B ' rod while settiement at the 
new formation level was maintained on 
the ' C rod. Obviously it was critical to 
know the extensions added to each of 
the ' B ' rods. Good conmiunication was 
required between all parties to ensure 
that any adjustments were accurately 
recorded. 

Instrument extension 
Ground improvement, by means of sur
charging with temporary stockpiles of 
fill materials, was used on areas of the 
site which would be sensitive to long 
term settiement. During surcharging op

erations instruments were extended up
wards with placement of the surcharge 
and then lowered again when the sur
charge was removed (Figure 2). As with 
the original extensions the most impor
tant part of the operations was to know 
exactiy the lengths of rods and tubing 
extended and subsequently cut and to 
ensure that the corrected lengths were 
accurately entered into the database. 

READOUT UNITS 

Due to the size of the site and the quan
tities of instruments installed, three sets 
of readout units were purchased for each 
system. 

Inductive probe extensometers 
These were initially monitored with a 
probe attached to a readout cable with 1 
metre graduations. The cable was read 
against a reference head that had a metre 
steel rule attached to it, thereby giving 
millimeter reading resolution but only 
centimetre accuracy. This was later up
graded to a conducting ribbon tape read
out with 1 mm graduations which im
proved the ease and accuracy of 
monitoring and the repeatability of 
readings to better than 2inm. 

Magnetic extensometer 
These readouts are tape type readouts 
with 1 mm increments. 

Rod extensometer 
The rods are fitted with linear potenti
ometers that are connected to a data 
logger for automatic data collection 
with a resolution of O.Olnrai. 

Inclinometer monitoring 
Monitoring has been carried out using a 
system consisting of a biaxial incli
nometer probe, 150 metre maximum 
depth control cable and data logger 
readout system that enables the operator 
to perform data checks immediately on 
site. 

Vibrating wire piezometer 
A data logger readout which enables the 
operator to view and store readings di-
rectiy on site is used to take measure
ments. 

Pneumatic piezometer 
The readouts have a digital display with 
the option of viewing results in psi or 

kPa units. The recording is manual. 

Open standpipe and 
observation well 
An ordinary dipmeter is used to measure 
the depth to the water level. 

Dataloggers 
In addition to the above, dataloggers 
have been used with the vibrating wire 
piezometers where a relatively high fre
quency of data readings has been re
quired. Examples of the use of the data
logging include pumping tests, falling 
head permeability tests, dewatering 
works, monitoring tidal influence and 
relating ground water level to rainfall. 
The loggers used for this purpose are: 

• one 10 channel 
• one 3 channel 
• four single channel 

INSTRUMENT CALIBRATION 
AND SITE FUNCTION 
CHECKING 

Inclinometers and 
Extensometers 
Inclinometer sensor calibration was car
ried out in accordance with the manu
facturer's recommendations. This re
quired that some of the readout 
equipment be returned to the manufac
turer annually. To perform function 
checks on the inclinometer and exten
someter monitoring equipment the 
Authority constructed a checking frame 
and a control hole. The inclinometer 
checking frame consists of three 1 metre 
lengths of inclinometer tube set at ap
proximately vertical,-10 degrees and 
H-10 degrees from vertical, cast into a 
concrete block 1.5m (long) 1.2m (high) 
and 0.5m (wide). 

The conti-ol hole was drilled on the 
existing island through predominately 
rock material to a depth of 47 metres. An 
inclinometer / extensometer tube with 
40 steel target rings fixed at 1 metre 
intervals and magnetic datum targets 
fixed at 5 metre intervals was installed 
in the borehole and the borehole back
filled with cement grout. 

The control hole was required as, 
with time, the inductive probe exten
someter readouts began to give erratic 
results. Eventually as a result of break
downs there was a requirement to inter-
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change units between installations and 
in doing so large variations in monitored 
data were also noted. Close examination 
of the cable and measurement between 
the 1 metre cable markers with a steel 
rule showed errors of up to 40 mm be
tween individual markers in some cases. 
As the Authority had already used these 
probes extensively throughout the site 
there was a need to devise a way of 
calibrating each readout and producing 
a calibration factor for each cable 
marker. The depth and separation of 
each ring was determined by monitoring 
the control hole with three individual 
tape type readouts. After establishing 
the depth and separation of each target 
ring the cable type readouts were 
checked against the true depth and dif
ferences between these readings were 
taken as the calibration factor. 

The control hole also served as an 
excellent training tool for newly re
cruited technicians who were unfamiliar 
with the monitoring equipment and pro
cedures. 

Piezometers 
In addition to full calibrations of the 
piezometers a final function check was 
carried out on the pneumatic, vibrating 
wire and push-in piezometers prior to 
installation. This was carried out during 
installation by filling the installation 
borehole casing with water and taking 
measurements at 5 metre intervals as the 
piezometer was lowered to its installa
tion depth. The push-in piezometers re
quired continuous monitoring through
out the driving process to ensure that the 
pressure apphed to the diaphragm did 
not exceed 100% of the piezometers full 
work ing range of the pressure 
transducers. 

IVIONITORING 

Construction Phase 
During constiuction of the reclamation 
three teams of two technicians carried 
out monitoring. One team monitored 
piezometers, the second extensometers 
and the third inclinometers. During con
struction of follow on facilities only two 
teams of technicians were required. Fol
lowing opening in July 1998 this has 

been reduced to one team who are re
sponsible for monitoring the long term 
performance of the reclamation. 

The platform was divided into two 
sections, north and south, for day to day 
instrument monitoring. This allowed a 
set of equipment to be dedicated to each 
section of the site and for the third set to 
be kept as a backup and for use during 
installation checks. This also simplified 
the storage of base data for on-site 
checking without exhausting the mem
ory capacity of the loggers. 

• Extensometers - Initially die exten
someter data was hand written on 
data sheets. This procedure was time 
consuming and introduced transcrip
tion errors when keyed into the data
base files. To improve efficiency, 
palm top computers with spreadsheet 
software were purchased to which 
the data could be downloaded di
rectly on site. The palm top comput
ers also allowed the technicians to 
compare newly saved data with pre
vious data while still at the instru
ment. Generally the extensometers 
were monitored monthly, however 
the frequency was varied and in some 
cases extensometers were monitored 
daily at critical locations, for exam
ple during surcharging. 

• Inclinometers - Inclinometer data 
was recorded directly into a data log
ger and downloaded to the database 
on the same day. Monitoring sched
ules were set at monthly intervals for 
a period of six months after installa
tion and later extended to every three 
to six months depending on move
ment monitored and location on the 
site. 

• Piezometers -The piezometers were 
monitored on a weekly basis. The 
vibrating wire piezometers were read 
into portable data loggers which was 
then downloaded to the geotechnical 
data base. Data loggers were con
nected to individual piezometers for 
periods when there was a require
ment for increased frequency of 
monitoring. The pneumatic pie
zometer readings were hand written 
to a data sheet and then later keyed 
into the database. The standpipe and 
Casagrande piezometer data were 

dipped weekly. Vibrating wire pie
zometers connected to a data logger 
were lowered down the access tube 
when there was a requirement for 
increased monitoring frequency. 

Long-term monitoring 
In order to accommodate restricted ac
cess to instruments, after airport open
ing, automation of instrument clusters 
has been carried out. This has ensured 
that regular measurements of instru
ments are conducted with additional 
benefits facilitating smoothing of re
sults to reduce tidal affects. Automation 
required civil works to centraUse the in
struments and house the datalogging de
vices in addition to the installation of rod 
extensometers and conversion of 
Casagrande piezometers. A significant 
cost saving was realised by automating 
existing magnetic extensometers. Two 
data logging devices were used according 
to the type of automated extensometer. In 
addition to logging compression, the data
logger also records excess pore water 
pressure readings for up to 8 vibrating 
wire piezometers at each cluster. The two 
systems used to automate the measure
ment of compression of set layers are: 
• Rod extensometers - Automated us

ing a Multi Point Borehole Exten
someter (MPBX) head. The MPBX 
consists of 6 linear potentiometers 
that measure individual rod displace
ment. 

• Magnetic extensometers • Auto
mated using an Automated Magnetic 
Extensometer Controller unit 
(AMEC). This unit consists of a sys
tem module that instructs a transport 
assembly to raise and lower 8 reed 
switch probes that detect and record 
the change in level of magnetic targets. 

QUALITY PROCEDURES AND 
TRAINING 

At the start of the project the Authority 
produced a geotechnical instrumenta
tion manual that covered the operation, 
interpretation and day-to-day mainte
nance of the instruments used on site. A 
set of quality and standards procedures 
were produced for each instrument type. 
These procedures included the prepara
tion of monitoring equipment, monitor-
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ing and downloading procedure, battery 
recharging, cleaning and general main
tenance of the instruments. New techni
cians were required to have a full under-
standing of the procedures and 
generally worked with a senior techni
cian for the first month on site. 

The instrumentation engineers ar
ranged a series of training lectures for 
the technicians that dealt with the oper
ating principles of individual instru
ments, reporting, and interpretation and 
analysis of instrumentation data. 

THE AUTHORITY'S 
INSTRUMENTATION DATABASE 

Introduction 
The processing and dissemination of in
strumentation results has been a priority 
function of the geotechnical section of 
the Authority. Up to date resuks were 
necessary for in-house reviews of the 
platform performance, ground improve
ment works and for consultants and 
works contractors for both design and 
control of construction. 

The Authority's instrumentation da
tabase has evolved from simple inde
pendent spreadsheets for each 
instrument to a system whereby the raw 
field data is maintained on a central 
database from where it is processed, 
analysed and reported by a suite of pro
grams dedicated to each instrument 
type. Macro driven workbooks were de

veloped for this purpose using spread
sheet software. 

Database development 
Spreadsheets were originally adopted as 
the most suitable format to store the 
instrumentation results. Data loggers 
and hand held loggers used to capture 
the data in the field supported this file 
format and staff were famiUar with the 
software. Processing of the results and 
generation of graphs were originally ac
complished by individual spreadsheets 
replicated for each instrument. Updat
ing and reformatting of the charts and 
tables was required as new field results 
were added. This arrangement was in
itially easy to manage as the instruments 
were few in number and the circulation of 
results was restricted to a small group. As 
further instruments were installed and the 
requirement to provide the results to a 
growing number of consultants arose, a 
much less labour intensive system was 
required which would avoid duplication 
of analytical processes and provide: 
• standardised report quality output 
• multiple access to results in an up

dated format 
• additional plots 
• bulk processing facihties 
• quality assurance check facihties. 
This resulted in a dedicated multiple 
linked spreadsheet system being devel
oped to process the data for each instru
ment type. This arrangement is referred 
to as a workbook. 

Workbook database setup 
The basic principle of the workbook is 
that field data is temporarily copied 
from the original field data files onto a 
suitably formatted worksheet. Linked 
sheets then reference and process this 
data to generate standardised results as 
both and updated charts and tables. A 
graphic representation of a workbook 
layout is provided in Figure 3. 

Automation of the workbooks is 
achieved by a series of macros which are 
activated from tailor made pull down 
menus. The workbooks are therefore ac
cessible to engineers with Umited com
puter experience. 

Workbook database programs 
Four primary workbooks have been pro
duced to process the field data for the (I) 
Casagrande, ( i i) vibrating wire and 
pneumatic piezometers, (iii) magnetic 
and (iv) inductive extensometer and the 
automated rod extensometers. A 
number of additional or secondary 
workbooks have also been developed 
which are used in conjunction with the 
primary workbooks. The secondary 
workbooks are divided into two groups 
that either provide information to the 
primary workbooks or source informa
tion from primary workbooks in order 
to carry out additional interpretative 
analysis. Secondary workbooks have 
been setup for two reasons. Firstly as a 
base processor to link and combine data 
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Figure 3. Schematic view of the workbook instrumentation database system. 
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Figure 4. Casagrande piezometer workbook output. 

Figure 5. Piezometer workbook output summarising piezometer results for weeks 
monitoring. 

from more than one of the instrument 
types. Secondly to provide special fea
tures which, i f included in the primary 
workbook, would slow down more 
commonly used operations. 

The workbooks have been further de
veloped to include facilities for bulk 
reviews of the field data, batch process
ing and generation of factual tables and 
charts. Examples of workbook output 
are given in Figures 4, 5 and 6. 

In order to integrate survey measure
ments with as-built records, where in
struments were being extended or 
trimmed (up to eight times), workbooks 
were developed and presented to con
tractors. These workbooks fulfilled the 
database function for instrumentation as-
built data and surface marker survey re
cords and were pre-programmed with 
routines to update records, print as-built 
records and transfer data in a digital for
mat. Up to date reviews of continuous 
settlement trends for the surcharged areas 
are therefore achieved as a result of the 
compatibility of the workbooks used by 
the contractor and workbooks used by the 
Authority to interpret the results. 

INSTRUMENTATION DATABASE/ 
GROUND INVESTIGATION 
DATABASE 
The instrumentation database is not a 
stand alone system. It has been devel
oped to ensure compatibiUty with the 
Ground Investigation Database, gINT, a 
commercially available geotechnical 
database software program. External 
files are, for example, automatically 
generated in an appropriate format to be 
read by the gINT program while tem
plates have been developed in gINT to 
provide information to the workbooks 
to facilitate borehole stem plots adjacent 
to instrumentation results. Figure 6. 

CONCLUSIONS 
The following points summarise the 
more important lessons learnt and the 
conclusions drawn from the experience 
gained on the airport project. 
• The selection of instruments in

stalled on the airport reclamation 
was based on their proven perform
ance on other projects. In general this 
policy has resulted in reliable data 

being obtained throughout the pro
ject despite the difficulties associated 
with the environment on a fast track 
construction site. A good deal of ef
fort was required to protect the in
struments during construction. 
About 15% of the instruments have 
been accidentally desttoyed, an un
usually good result for such a rapidly 
developing multi-contract project. 

• A significant number of the instru
ments have been extended up 
through stockpiles of rockfill and 
subsequently cut down when the 

stockpile was removed. In one area 
extensometers installed from a 
ground level of -i-6mPD and an
chored in rock at a level of -40mPD 
were first extended tiirough rockfill 
to a level of -i-13mPD and sub
sequently cut down to a level of -
3mPD in an excavation for a cut and 
cover tunnel. It was possible to ob
tain high quality data throughout this 
whole process. The success can 
largely be attributed to the coopera
tion between the civil contractors 
and the instrumentation team. 
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Figure 6. Extensometer workbook output including geological log. 

A well-defined system for maintain
ing records of as-built instrumenta
tion has been crifical to the success 
of the instrumentation works. 
As is prudent on a project of this 
nature a certain amount of redun
dancy was included in the overall 
scheme for the instrumentation. In 
addition, the opportunity of install
ing different types of extensometers 
and piezometers and comparing the 
results from each type has given con
fidence in the reliability of the data. 
The cable type probe for the induc
tance extensometer was the only 
piece of equipment to give signifi
cant problems during the project. 
With usage the control cable con
necting the probe to the signal indi
cator stretched which resulted in the 
Im graduation marks on the cable 
moving. However, it should be noted 
that the probes were used on a daily 
basis for a number of months before 
the problem started to appear. The 
use of standard ribbon tape probes 
remedied this situation and allowed 
measurement repeatability of 2mm 
to be achieved on a routine basis. 

The control hole has been most use

ful in ensuring compatibility be
tween extensometer readouts and 
also enabled ongoing calibration as 
the graduated cables stretched with 
time. The control hole has been espe
cially important on a site of this size, 
where it is not possible to have indi
vidual readout probes dedicated to 
specific groups of instruments. 
The down the hole probes and at
tached cables operated in a harsh en
vironment and a thorough daily 
maintenance routine of cleaning was 
necessary to ensure equipment op
eration and repeatability of results 
throughout the project. 
Instrumentation integrity tests 
formed an integral part of tiie instal
lation process with recalibration 
checks carried out thereafter on a 
regular basis as required for each in
stilment type. 
Measurement systems and procedures 
that allow field checks and download
ing facihties that require no additional 
data handling of recorded data have 
proved to be invaluable. 
The option to carry out field checks 
and regular reviews of all insti-umen-
tation monitoring has meant that re

sults can be 
disseminated 
to clients and 
works contrac
tors with a high 
degree of con
fidence. 

• The workbook 
programs have 
been success
ful for factual 
processing of 
data, interpre
tation and re
view of 
performance 
against ex
pected trends, 
summarising 
platform re
sults and main
taining a 
quality assured 
data set. The 
inherent fea
tures of the 

spreadsheet software have served to 
produce report quality output while 
automation by use of macros has en
sured that users have not needed to 
be particularly computer literate. 
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