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Important message 
This document is one of a set of standards developed solely and specifically for use on 

Transport Assets (as defined in the Asset Standards Authority Charter). It is not suitable for any 

other purpose. 

The copyright and any other intellectual property in this document will at all times remain the 

property of the State of New South Wales (Transport for NSW). 

You must not use or adapt this document or rely upon it in any way unless you are providing 

products or services to a NSW Government agency and that agency has expressly authorised 

you in writing to do so. If this document forms part of a contract with, or is a condition of 

approval by a NSW Government agency, use of the document is subject to the terms of the 

contract or approval. To be clear, the content of this document is not licensed under any 

Creative Commons Licence. 

This document may contain third party material. The inclusion of third party material is for 

illustrative purposes only and does not represent an endorsement by NSW Government of any 

third party product or service. 

If you use this document or rely upon it without authorisation under these terms, the State of 

New South Wales (including Transport for NSW) and its personnel does not accept any liability 

to you or any other person for any loss, damage, costs and expenses that you or anyone else 

may suffer or incur from your use and reliance on the content contained in this document. Users 

should exercise their own skill and care in the use of the document. 

This document may not be current and is uncontrolled when printed or downloaded. Standards 

may be accessed from the Transport for NSW website at www.transport.nsw.gov.au 

For queries regarding this document, please email the ASA at 
standards@transport.nsw.gov.au or visit www.transport.nsw.gov.au 



T MU CI 12140 GU 
Geotechnical Instrumentation and Monitoring Guidelines 

Version 2.0 
Issue date: 24 March 2021 

 

 
© State of NSW through Transport for NSW 2021  Page 3 of 69 
 

Standard governance 

Owner: Director, Civil Engineering Infrastructure, Asset Management Branch 

Authoriser: Director Engineering, Asset Management Branch 

Approver: Executive Director, Asset Management Branch on behalf of the Asset Management Branch 
Configuration Control Board 

Document history 

Version Summary of changes 

1.0 First issue 20 December 2016 

2.0 The changes from the previous version include additional information on certain instruments and 
their application, inclusion of new instruments, alterations to text to improve clarity and inclusion of 
new photographs. 



T MU CI 12140 GU 
Geotechnical Instrumentation and Monitoring Guidelines 

Version 2.0 
Issue date: 24 March 2021 

 

 
© State of NSW through Transport for NSW 2021  Page 4 of 69 
 

Preface 
The Asset Management Branch, formerly known as the Asset Standards Authority (ASA), is a 

key strategic branch of Transport for NSW (TfNSW). As the network design and standards 

authority for NSW Transport Assets, as specified in the ASA Charter, the ASA identifies, 

selects, develops, publishes, maintains and controls a suite of requirements documents on 

behalf of TfNSW, the asset owner. 

The ASA deploys TfNSW requirements for asset and safety assurance by creating and 

managing TfNSW's governance models, documents and processes. To achieve this, the ASA 

focuses on four primary tasks: 

• publishing and managing TfNSW's process and requirements documents including TfNSW 

plans, standards, manuals and guides 

• deploying TfNSW's Authorised Engineering Organisation (AEO) framework 

• continuously improving TfNSW’s Asset Management Framework 

• collaborating with the Transport cluster and industry through open engagement 

The AEO framework authorises engineering organisations to supply and provide asset related 

products and services to TfNSW. It works to assure the safety, quality and fitness for purpose of 

those products and services over the asset's whole of life. AEOs are expected to demonstrate 

how they have applied the requirements of ASA documents, including TfNSW plans, standards 

and guides, when delivering assets and related services for TfNSW. 

Compliance with ASA requirements by itself is not sufficient to ensure satisfactory outcomes for 

NSW Transport Assets. The ASA expects that professional judgement be used by competent 

personnel when using ASA requirements to produce those outcomes. 

About this document 

This document provides guidance on techniques that can be applied when using geotechnical 

instruments to monitor various geotechnical problems. 

This document was prepared by the ASA in consultation with other TfNSW agencies. 

This is a second issue. The changes from the previous version include the following: 

• inclusion of new instruments  

• additional information on certain instruments and their application 

• alterations to text to improve clarity 

• new photographs 
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In recognition of continuing technological advancement in the area of monitoring and 

instrumentation the ASA welcomes feedback from users of new technologies and devices that 

perform the same functions for inclusion in future revisions of this guide. 
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1. Introduction 
Geotechnical instrumentation and monitoring can assist design, construction and operation of a 

variety of geotechnical assets. It provides observational support of engineering parameters and 

accurate real-time behaviour of assets to compare with their intended or designed performance. 

The use of geotechnical instrumentation is particularly important when a high degree of 

uncertainty is present in relation to ground conditions, expected performance and design 

assumptions of geotechnical assets. Geotechnical instrumentation can be used for operational 

risk management for potential geotechnical hazards. 

2. Purpose 
This document provides guidance on the techniques and instruments that can be used for 

various geotechnical problems. 

2.1. Scope 
This guide does not contain requirements; it is informative and should be regarded as a 

supplement to the relevant network standards that contain geotechnical requirements. 

This document sets out guidance related to the use of geotechnical instrumentation and 

monitoring in the heavy rail environment. 

The document provides guidance for effective instrumentation and monitoring in cuttings, 

embankments and other civil assets in the TfNSW heavy rail network. 

2.2. Application 
The information provided in this document is specific to the TfNSW heavy rail environment. 

However, this guide may also be useful and relevant to the light rail environment, which can be 

affected by similar geotechnical issues. 

This guide is applicable to Authorised Engineering Organisations (AEOs) carrying out civil asset 

maintenance tasks that require geotechnical instrumentation and monitoring. 

3. Reference documents 
The following documents are cited in the text. For dated references, only the cited edition 

applies. For undated references, the latest edition of the referenced document applies. 

Australian standards 

AS 7632 Standard Railway Infrastructure – Signage 
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Transport for NSW standards 

T HR CI 12105 ST Vegetation Hazard Management in Rail Corridor 

T HR CI 12135 ST Rainfall Monitors 

T HR TR 13000 ST Railway Surveying 

T MU AM 02001 ST Asset Information and Register Requirements 

T MU AM 02003 TI Register of Asset Information 

T MU AM 02006 TI Asset Register and Data Dictionary 

4. Terms and definitions 
The following terms and definitions apply in this document: 

EL electrolytic 

EWS early warning system 

LiDAR light detection and ranging 

LVDT linear variable displacement transducer 

OHWS overhead wiring structures 

5. Application of geotechnical instrumentation and 
monitoring 
In the heavy rail environment, geotechnical instrumentation and monitoring is commonly used 

as a tool for asset integrity assurance, operational risk management of potential geotechnical 

hazards and construction control. Geotechnical risk management sometimes involves the 

implementation of continuous real time monitoring with an early warning system (EWS) for 

potential hazards. Geotechnical instrumentation and monitoring is equally important as 

observational support where significant uncertainty exists on design and performance of an 

asset. 

Section 5.1 to Section 5.5 describe common usage of geotechnical instrumentation and 

monitoring at various stages of a typical geotechnical project. 

The scope and extent of monitoring program depends on risk, cost, benefit, availability of 

instruments and amount of known site information. 

Examples of various forms and types of instruments are provided throughout this guide. These 

examples are current at the time of publication of this document. 
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5.1. Site investigations 
Instruments can be used to describe and determine the initial site conditions during site 

investigations. Observation of groundwater prior to construction, measurements of pore-water 

pressure, seepage flow, permeability of soil and rock, in situ stresses in soil and rock are some 

examples to determine the initial site conditions. 

In certain circumstances it is necessary to know how physical characteristics such as strength, 

deformation and groundwater level and flow behaviour can change over time. These 

parameters are intended to answer specific engineering questions for the project needs. Some 

examples of certain circumstances are settlement mitigation through surcharging or pre-loading, 

landslide or rock movement rate monitoring, ground stability, groundwater quality and load 

tests. 

Geotechnical instruments should be capable of measuring the relevant properties or parameters 

to the accuracy appropriate for the project requirements. 

5.2. Safety assurance 
Instrumentation and monitoring can provide advanced warning of imminent failures or the 

approaching serviceability limits of an asset. This enables the necessary safety actions to be 

implemented, preventing loss of property and life. Instrumentation and monitoring can be used 

at various stages of the asset life cycle, depending on the requirement such as the following: 

• during construction phase 

• during operational phase 

• during decommissioning phase 

The use of instrumentation and monitoring is a routine safety activity during the construction 

phase, such as large excavations for structures, tunnelling and construction works over soft 

ground. 

Typical use of instrumentation and monitoring in the rail environment during the operational 

phase are as follows: 

• as an EWS for potential hazards such as ground movements, structure movements, pore 

water pressure and water level changes 

• as asset integrity assurance 

5.3. Design verification 
Instrumentation and monitoring is useful where a high degree of uncertainty exists with respect 

to geological conditions, design assumptions, design criteria and construction risks. 
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Information gathered through an appropriate instrumentation scheme during initial stages of an 

engineering project enables documenting the actual behaviour or the ground response and 

subsequently identifying any need to modify aspects of the original design in later phases. 

5.4. Construction control 
Instruments can be used to monitor and evaluate the actual behaviour of the ground or nearby 

structures during construction and the effects on construction. For example, deformation 

measurements can confirm the magnitude of actual effects as a result of construction activities 

compared to predicted effects. Pre-construction monitoring is done to establish a baseline prior 

to commencement of construction. 

Information gathered from a well-designed instrumentation scheme can assist to optimise the 

remaining construction activities or potential structure movement. For example, to determine 

how fast the construction can proceed and to modify construction techniques or sequence 

without the risk of failure and impacting structures in the proximity. 

The most common geotechnical monitoring in construction works are as follows: 

• settlement and deformation 

• groundwater level and flow rate 

• noise and vibration 

• crack widths and crack propagation 

Instrumentation can also be used as a means of quality assurance on projects. 

5.5. Performance monitoring 
Instruments are used to monitor the service performance of structures such as railway 

embankments, tunnels and retaining structures, sheet pile and soil nail walls. Measurements 

such as deformation, differential settlement, stress, strain, cracks, water level and pore water 

pressure provide an indication of the level of performance of the assets being monitored. It can 

also be used for post-construction performance, that is, immediately after construction, which 

helps in identifying any performance impacts arising from construction issues. 

Monitoring can also be used as a part of safety assurance. 

6. Measuring ground deformation 
The ground deformation can be monitored using a variety of instruments and monitoring 

methods. Survey methods, the use of inclinometers, extensometers and settlement gauges are 

typically used to monitor ground deformation. 
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6.1. Spatial survey methods  
Surveys for geotechnical monitoring (also commonly referred to as deformation surveys) are 

undertaken to determine the magnitude and direction of ground surface or structure movement 

over time and the rate of movement. 

The purpose of these types of surveys is to confirm whether or not movement is taking place, 

and subsequently whether the structure or surrounding environment is safe. Movement can be 

further analysed to determine the potential causes of movement such as shrink-swell, slope 

instability, bearing capacity, creep behaviour and so on. This understanding may help in 

predicting future movements. 

Monitoring surveys can be broadly classified into the following two types, depending on the 

frequency of measurements which relates to the potential risk: 

• Continuous monitoring – this refers to continuous measuring of the positions of targets 

around the clock. This type of monitoring system normally requires permanently-installed 

instruments with automated continuous measurements, data logging and transmission 

facilities. Installation can be in the short-term or long-term depending on the problem being 

monitored. This type of monitoring can also be used as an EWS. 

• Epoch monitoring – this refers to geodetic survey methods that are generally employed to 

determine the relative or absolute position of targets at a specific moment in time. The 

repetitive nature of these surveys provides data that can be analysed to detect and quantify 

target movement using conventional survey techniques and equipment. This type of 

monitoring is designed to detect gradual movement over time, not sudden significant or 

catastrophic movements. Generally epoch monitoring can extend to a larger survey area 

compared to the continuous methods. Movements can only be detected at the time of 

survey during epoch monitoring. 

Generally most survey monitoring of geotechnical assets is epoch monitoring. 

A monitoring network will generally consist of control stations at fixed reference positions 

external to the zone of influence of the structure being monitored, and observation targets or 

monitoring points. The control stations or ‘reference network’ may consist of permanent ground 

marks, upon which survey tripods can be erected, or observation pillars, depending on the 

structure being monitored and the design of the monitoring network. Targets can range from 

permanently-affixed monitoring prisms to vector pegs in embankments or natural slopes. 

Accuracies required for continuous and epoch types of surveys depend to a certain extent on 

the type of structure or landform being monitored, but in general terms, sub-centimetre or 

millimetre accuracy is required in three dimensions. 

Conventional surveying techniques and equipment are generally used to obtain the required 

precision. The use of single second reading total stations with electronic distance measurement 
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(EDM) accuracies in the order of 2 mm ± 5 ppm are recommended, as are digital levels with 

non-telescopic staves. Surveying techniques, including triangulation, traversing, intersection, 

radiation and resection are employed, which ensure many redundant observations, and least-

squares programs are used to calculate target coordinates. If any doubt exists, the use of global 

navigation satellite system (GNSS) equipment and observation techniques may be employed to 

determine or confirm the ‘absolute’ position of the reference network. 

For surveying requirements, refer to T HR TR 13000 ST Railway Surveying. 

Equipment frequently used for survey monitoring are shown in Figure 1 to Figure 3. 

Figure 1 – Total station 

Figure 2 – Digital level 
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Figure 3 – Permanent survey monitoring prism 

6.2. Inclinometers 
An inclinometer is one of the main instruments used to monitor subsurface lateral deformations. 

It comprises a casing pipe, control cable attached to a probe and data reader unit. 

Inclinometers can determine the magnitude, rate, direction and the zones of ground 

movements. 

Figure 4 shows the inclinometer casing pipe. It has two pairs of grooves in orthogonal directions 

for the measuring probe. Casing pipes are available in 70 mm and 85 mm outer diameters. 

Grooves for 
measuring probe

Figure 4 – Inclinometer casing pipe 

Figure 5 shows an installed inclinometer pipe in the ground with a protection cover. 
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Cap for inclinomoter pipe

Protective cover for 
inclinomoter pipe

Figure 5 – Installed inclinometer casing 

The best location and orientation of the inclinometer is determined based on the displacement 

pattern or the profile of the ground movement predicted by the geotechnical engineer. The 

inclinometer casing is installed in a bore hole. The borehole should be drilled well below the 

potential movement zone to ensure that the inclinometer is founded and embedded into stable 

ground such as rock or stiff soil beyond the displacement zone. Generally, one pair of grooves 

is oriented along the anticipated direction of movement. 

Two types of inclinometer systems are used, the portable traversing probe inclinometer and the 

in-place inclinometer. 

Figure 6 shows a typical installation of the inclinometer in the ground. For accurate results 

boring should be planned to minimise the disturbance to surrounding ground and the backfill 

should fill the annular space fully. Generally grout backfill is more effective than the sand 

backfill. 
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Figure 6 – Typical installation of the inclinometer in the ground 

Figure 7 shows an installation of an inclinometer near a railway track. The steel casing 

surrounding the inclinometer pipe secures the inclinometer against accidental damage. 

Inclinometer locations should be clear of potential disturbances or damage where possible. 

Lockable steel casing to 
protect the inclinometer 

pipe

Figure 7 – Inclinometer installation 

6.2.1. Portable traversing probe inclinometer 
The portable traversing probe inclinometer system consists of a portable wheeled probe, control 

cable and a portable read out unit. Figure 8 shows an image of a portable traversing probe and 

Figure 9 shows a read out unit and graduated cable. 
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Wheels to move along 
the grooves in the 
inclinometer pipe

Figure 8 – Portable wheeled probe 

Figure 9 – Read out unit and graduated cable 

Data is obtained manually by moving the probe from the bottom of the casing pipe upwards and 

taking measurements along the length of the casing at two-foot intervals (probe length). The 

probe is then rotated 180 degrees and a second survey obtained. The first survey, after the 

casing installation, will show the initial profile of the casing in two orthogonal directions. The 

subsequent surveys will indicate the changes in the profile if a ground movement occurs. The 

magnitude, rate, depth and the direction of the movement can be measured from the changes 

of the profile. 
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The manufacture's instrument manual provides the necessary information on taking manual 

measurements and subsequent data processing. Figure 10 is an example of a ground 

movement profile derived from a portable traversing probe inclinometer. 

Movement zone

Figure 10 – Example of a ground movement profile derived from inclinometer 
measurements 
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Figure 11 shows the fundamental principle of deriving the lateral displacement using probe 

readings. 

Figure 11 – Computation of lateral displacement using probe readings 

Portable traversing probe inclinometers are cost effective as a single probe can be used to 

monitor ground movement at a number of installations. 

Portable traversing probe inclinometers are not suitable for sites where continuous monitoring is 

required. 

6.2.2. In-place inclinometer 
In-place inclinometers are installed for automatic data collection when continuous real-time 

monitoring is required. This system consists of one or more sensors permanently installed in the 

casing pipe and connected to a data logger. Figure 12 shows the in-place inclinometer sensors. 
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Figure 12 – In-place inclinometer sensors 
(image courtesy of Durham Geo Slope Indicator) 

The sensors are permanently positioned within the inclinometer pipe to span the zones where 

deformation is likely to occur. Prior knowledge of movement zones is required to place sensors 

at appropriate depths. The inclinometer sensor measures the angular rotation from the vertical 

at any chosen location along the borehole in two directions. 

Figure 13 shows a data logger unit connected to an in-place inclinometer. 

Cables connecting to 
in-place sensor

Data logger unit

Secure box for data 
logger

Figure 13 – Data logger unit connected to an in-place inclinometer 

The main advantage of using an in-place inclinometer is that it can provide continuous real-time, 

multiple point readings remotely. However, there are practical limitations on the number of 

sensors due to cabling considerations. This system can be used to detect both progressive and 

sudden movements of critical or marginally stable slopes and landslide zones. In-place 

inclinometers are typically used for monitoring subsurface deformations around large 

excavations and within unstable slopes where rapid or automatic monitoring is required. 

Continuous real-time readings coupled with ground water levels or water pressures and rainfall 

data are advantageous because of the possibility of correlating the movements with these 

events. 
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6.2.3. Horizontal inclinometer for settlement measurement 
The horizontal inclinometer, also referred to as a horizontal profile gauge, provides a horizontal 

profile of settlement along the casing pipe. This device can be used to obtain a high resolution 

profile of settlement or heave in embankments. The inclinometer casing is installed horizontally 

and attached to a remote pulley unit. The horizontal inclinometer system consists of a traversing 

probe, a control cable, pull cable, inclinometer casing and read out unit. 

The probe is pulled along the full length of the casing. The readings are recorded at every 0.5 m 

interval. 

An initial survey is carried out to record the original position of the horizontal casing. If any 

ground movement occurs, the subsequent survey shows the displacement of the casing from 

the initial alignment. 

Figure 14 is a schematic diagram showing how the horizontal inclinometer is used when there is 

access from one end and both ends. 

Figure 14 – Horizontal inclinometer access 

The advantages of using a horizontal inclinometer are that it is a low maintenance system and 

that a full profile of differential settlement can be obtained along the horizontal alignment. 



T MU CI 12140 GU 
Geotechnical Instrumentation and Monitoring Guidelines 

Version 2.0 
Issue date: 24 March 2021 

 

 
© State of NSW through Transport for NSW 2021  Page 22 of 69 
 

6.3. Extensometers 
Extensometers are used to monitor the ground movement along a single axis. This device 

measures the change in the distance between two points. The basic principal is to measure the 

movement of a selected point with respect to an unmoving fixed point of ground. Measurements 

are generally taken using dial gauges, callipers, tapes or probes. Extensometers are commonly 

used to measure the following: 

• settlements in embankments, foundations and excavations 

• lateral displacement in embankments and foundations 

• subsidence in tunnels 

• tunnel convergence 

• movements in rock slides and walls 

• consolidation of soils under embankments 

• cracks and underground openings 

A variety of extensometers can be used for different applications. The different extensometer 

types include the following: 

• tape extensometers 

• probe extensometers 

• rod extensometers 

• settlement extensometers 

6.3.1. Tape extensometer 
Tape extensometers are used to measure the change in the distance between two points. This 

is a portable and simple device. The device is widely used for tunnel convergence monitoring, 

underground opening deformation monitoring and displacement monitoring in structures. Tape 

extensometers are available in 20 m or 30 m lengths. The measurements repeatability is 

generally in the order of ±0.10 mm. After attaching the extensometer to the anchors, a 

standardised tension is applied and a reading can then be taken. Access to measuring points is 

required as measurements are done manually. The accuracy is limited by tape sag. 

Figure 15 shows an old tape extensometer model with conventional dial gauge readout. 
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Figure 15 – Tape extensometer with conventional dial gauge read out 

Figure 16 shows a current tape extensometer model with a digital readout. 

Figure 16 – Digital tape extensometer with digital read out 
(image courtesy of itmsoil) 

6.3.2. Probe extensometer 
Probe extensometers are used for monitoring the change in distance between two or more 

points along a common axis by passing a probe through a pipe. Measuring points are identified 

and set by installing magnets or sensing rings along the pipe. The distance is then measured 

mechanically or electrically by using a probe. The probe extensometer system consists of a 

collapsible pipe which is inserted in the ground through a hook. The pipe may be vertical, 

horizontal or inclined and provides measurements of heaving or settlement, or lateral 

deformation measurements. 

Probe extensometers are typically used to monitor the following: 

• vertical compression of embankments and foundations 

• lateral deformations of embankments 

• settlement alongside of excavations 

• heave at the base of open cut excavations 

An advantage of this device is that it can monitor several measuring points at the same time, 

which can be cost effective. However, the measurements are less precise than those provided 

by a rod extensometer. 
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Probe extensometers are available as a magnetic type or as a Sondex system. 

6.3.3. Sondex system 
The Sondex system consists of a portable read out, the Sondex flexible corrugated pipe and 

sensing rings. The sensing rings are attached to the pipe at regular intervals. Figure 17 shows 

the components of the Sondex system and Figure 18 shows the Sondex system installation in 

the ground. 

Figure 17 – The Sondex system components 
(image courtesy of Durham Geo Slope Indicator) 

Figure 18 – The Sondex system installation in the ground 
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The Sondex pipe and the inclinometer casing should be installed together. The bore hole is 

back filled with soft grout for proper connection of the pipe to the surrounding ground. The pipe 

and rings move when settlement or heave occurs. The casing and the bottom sensing ring 

should be installed into the firm ground as the readings are referenced to the bottom ring. The 

heave and the settlement can be calculated by comparing the current depth of each ring to its 

initial depth. 

An advantage of using the Sondex system is that it can monitor and provide a large and 

detailed settlement profile. However, this system can be difficult to install and cannot be 

automated. 

6.3.4. Magnetic extensometer 
The magnetic extensometer consists of a probe, a steel measuring tape, a tape reel with built-in 

lights and buzzer, and number of magnets set along the length of the pipe at specified depths. 

The following three types of magnets are used: 

• datum magnet installed at the bottom of the pipe anchored to stable ground 

• spider magnet in the bore holes 

• plate magnet if the extensometer is in a fill 

The magnets move if a settlement or heave occurs in the surrounding ground and can be 

calculated by comparing the current depth of each magnet to its initial depth. This provides the 

data on incremental and total settlement when referenced against the base magnet. 

Figure 19 shows the components of the magnetic extensometer and Figure 20 shows the 

magnetic extensometer installation in the ground. 

Base plate

Tape reel

Spider magnet

Figure 19 – Magnetic extensometer components 
(image courtesy of Durham Geo Slope Indicator) 
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Figure 20 – Magnetic extensometer installation in the ground 

The advantages of using magnetic extensometers are that the installation of this device is 

simple and it supplements the inclinometer data if installed with the inclinometer casing. 

A disadvantage, however, is that remote readings are not possible. 

6.3.5. Rod extensometers 
Rod extensometers are used to monitor small displacements of soil or rock and structures such 

as retaining walls, settlement in foundations and ground subsidence due to tunnelling. 

Displacements are measured along the borehole axis. Two types of rod extensometers, single-

point rod and multi-point rods, are used. 
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6.3.6. Single-point rod extensometer 
A single-point rod extensometer consists of a rod, typically made of fibreglass or stainless steel, 

protective pipe, an anchor and a reference head. The anchor is attached to the rod and installed 

in the bottom of the hole. The reference head is installed at the top of the borehole collar. Figure 

21 shows a single-point rod extensometer installation in a horizontal borehole. 

Figure 21 – Single-point rod extensometer installation in a horizontal borehole 

The distance is measured from the anchor to the reference head. If any movement occurs, this 

indicates a change in the distance, measured at the reference head. A micrometer or electrical 

transducer is used to obtain the measurements. 

An advantage of this device is that it provides high resolution measurements. This device can 

be automated with an electric head and a data logger for taking measurements. 

The disadvantages are that the anchor depth is restricted by the rod material and the orientation 

of the rod and can only monitor the movement of a selected point along the borehole axis. 

6.3.7. Multi-point rod extensometers 
A multi-point extensometer can comprise of up to eight anchors and rods monitored at a single 

reference head. The anchors are installed at various stratigraphic boundaries within a single 

borehole where settlement monitoring is expected. Multi-point measurements can indicate the 

distribution of movement along the axis of the borehole in addition to the total movement given 

by a single-point extensometer. 

This can be used to monitor settlement in foundations, ground subsidence due to tunnelling and 

structure monitoring. Depending on the ground conditions, different types of anchors can be 

selected. For example, groutable anchors for installing in rock, hydraulic type anchors for soft 

soils and packer anchors for jointed rocks. 

Figure 22 shows a typical multi-rod installation in a borehole. It can provide distribution of 

settlements along the axis. 
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Figure 22 – Typical multi point rod extensometer installation in a borehole 

6.3.8. Settlement extensometer 
The settlement extensometer is used to monitor large settlements such as, for example, soft 

ground below fills. This system consists of an anchor, a stainless steel rod inside protective pipe 

and a potentiometer inside a waterproof head. The rod connects the anchor to the head. Figure 

23 shows a settlement extensometer. 
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Figure 23 – Settlement extensometer 

A borehole should be drilled into firm and stable ground, to which the anchor and the rod are 

installed. The borehole is back filled with soft grout. The rod connects the anchor to the head. A 

signal cable is connected to the data logger and the extensometer. 

The head moves downward when the ground settles below the fill. The potentiometer measures 

the take-up of a tensioned wire. Readings can be taken by a data logger or a portable read out 

remotely. 

The advantages of this device are that it gives high-resolution measurements and the readings 

can be obtained remotely. 

The disadvantage is that the device is expensive compared to single point rod extensometers. 
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6.4. Crack meters  
Crack meters, also known as joint meters, are mainly used to measure the displacements 

occurring across joints and cracks. Measurements can be one dimensional or multi-

dimensional. Examples of currently available crack meters include the following: 

• linear potentiometer 

• mechanical triaxial joint 

• vibrating wire 

Linear potentiometer crack meters can measure displacements across cracks and joints in 

buildings, bridges, pipelines, tunnels and structures susceptible to earthquakes. They can also 

be used to measure joint expansion in rock. The advantages are accuracy, repeatability and 

long working life. 

Mechanical triaxial joint crack meters measure movements in three axes across a joint. Typical 

applications are concrete construction joints, tunnel and shaft lining segments, bridge 

construction, structural and superficial cracks, and tension cracks in rocks. The advantages are 

the ability to measure three independent movement measurements, easy maintenance and long 

working life. 

Vibrating wire crack meters can be used for accurate measurements of crack propagation in 

structural or geotechnical applications including underwater applications. Typical applications 

are bridges and dams, construction joints, joints and bearing or support interaction, tunnels and 

lining cracks, structures susceptible to earthquake and landslide areas. 

6.5. Settlement gauges 
Settlement gauges can be used to monitor the settlement on embankments on soft ground 

during construction and operation. Settlement gauges indicate the rate of settlement with time 

and also the total settlement in embankments. Settlement gauges can also provide the 

settlement profile across the structure. Examples of settlement gauges include the following: 

• digital hydrostatic profile gauges 

• hydraulic overflow settlement cells 

• vibrating wire settlement cells 

6.5.1. Settlement plates 
Settlement plates are typically used for monitoring settlement below embankments over soft 

grounds. 

The plate is placed at the selected strata in the ground prior to embankment construction. 

Figure 24 shows a typical settlement plate installation in an embankment. 



T MU CI 12140 GU 
Geotechnical Instrumentation and Monitoring Guidelines 

Version 2.0 
Issue date: 24 March 2021 

 

 
© State of NSW through Transport for NSW 2021  Page 31 of 69 
 

Figure 24 – Settlement plate installation in an embankment 

Settlement plates have a smaller stainless steel base plate which typically measures 

100 mm × 100 mm × 6 mm. A 10 mm diameter stainless steel rod is attached perpendicular to 

the base plate. The rod length can vary depending on the depth of where the settlement is to be 

measured. 

Measurements are taken by using conventional survey techniques. Levelling measurements to 

the top of the steel rod provide a record of plate elevation variations. 

6.5.2. Borros type settlement point anchors 
The Borros type settlement anchor is a single point mechanical device used to monitor 

substructure settlement or heave of ground. The system consists of a three-pronged anchor 

mechanically set at the base of the borehole to which the riser pipe is attached with outer sleeve 

pipe and inner riser pipes. The outer pipe protects the inner riser pipe from vertical soil 

movements above the prongs. Measurements at the top of inner pipe, taken through 

conventional level survey, indicates settlements occurring at the level of the prongs. 

Typical applications include settlement monitoring under fills, preloads, bottom heave in 

excavations, heave resulting from grouting and settlement rebound resulting from tunnelling 

activities. 

The advantage of the device is the simplicity of the operation and low cost. 

6.5.3. Settlement cells 
Settlement cells can be used to monitor settlement and heave in soils. The settlement cell 

consists of a liquid reservoir, liquid filled tubing and the settlement cell which contains a 

pressure transducer. One end of the tubing is connected to the settlement cell which is 

embedded in fill or installed in a borehole and the other end is connected to the reservoir which 

is located away from the construction area. Figure 25 shows a settlement cell. 
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Figure 25 – Settlement cell 
(image courtesy of Durham Geo Slope Indicator) 

Figure 26 shows a settlement cell in an embankment. 

Figure 26 – Settlement cell in an embankment 

Settlement cells can be used to monitor the following: 

• settlement or heave in embankments and embankment foundations 

• subsidence due to tunnelling and mining 

• settlement in fills 

An advantage of using settlement cells is that the reservoir and readout station can be located 

away from the construction area with the buried cell and tubing not interfering with construction. 

A disadvantage is that temperature changes in reservoirs and above-ground tubing can affect 

the repeatability of readings. 
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6.5.4. Digital hydrostatic profile gauges 
Digital hydrostatic profile gauges can be used to monitor settlement or heave profile across 

embankments or foundations. The measuring system consists of a probe (high sensitive 

hydrostatic pressure transducer) attached to a nylon tube filled with a hydrostatic solution which 

connects to reel-hub assembly. 

Figure 27 shows a typical hydrostatic profile gauge installation under an embankment. 

Figure 27 – Hydrostatic profile gauge installation 

Pressure differential readings are taken at marked locations (generally at a one meter interval) 

along the nylon tube by pulling the probe from one end along the borehole. The hydrostatic 

pressure readings at measuring points which are directly proportional to the tube elevation, are 

then converted to elevations (with respect to fixed datum) to derive the settlement or heave 

profile along the installation. 

7. Measuring groundwater levels, pore water 
pressure and soil moisture 
Groundwater levels and pore water pressure are measured using piezometers. Soil moisture is 

measured using soil moisture sensors. 

Section 7.1 provides details of various piezometers that may be used for measuring 

groundwater pressure and Section 7.2 provides information on using soil moisture sensors to 

measure soil moisture variation over time. 
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7.1. Piezometers 
Piezometers are used to monitor pore water pressure in soils, joint water pressure in a rock 

mass and groundwater levels. Piezometers are sealed within the ground and responds only to 

the groundwater pressure that it is directly surrounded by. 

Piezometers can be used for the following applications: 

• monitor water flow patterns, for example long-term seepage patterns in embankment 

slopes 

• provide information to understand initial site conditions 

• provide information to determine safe rates for placement of fill 

• provide soil or rock mass strength index by monitoring pore or joint water pressure (for 

example, assessing the strength along a potential failure plane behind a cut slope to 

control construction over soft clay foundations by monitoring pore water pressure) 

The two basic types of piezometers are as follows: 

• Standpipe piezometers. 

• Diaphragm piezometers. This type has a diaphragm between the transducer and the pore 

or joint water. Diaphragm piezometers are available in two types – pneumatic and vibrating 

wire. 

Piezometers should be selected so that they satisfy the applicable pressure range of the ground 

location, desired accuracy limits and the desired period of monitoring. 

7.1.1. Open standpipe piezometers 
The open standpipe piezometer consists of a porous filter water intake element connected to a 

riser pipe. The porous filter element is sealed off in the borehole in such a way that the filter 

element responds only to the groundwater pressures surrounding it, not to the water pressures 

at other elevations. It is also called a Casagrande piezometer. This device is most commonly 

used in site investigations and water level monitoring applications. 

This device is simple, reliable and inexpensive and is good for long-term performance, however, 

in certain environments clogging can occur in the porous filter impeding the performance. 

Standpipe piezometers are known to have long time lag and are not suitable where artesian 

ground water conditions exist. Also the existence of a standpipe creates construction 

constraints when embankment filling is done. 

Water enters the riser pipe through the porous water intake element which is sealed in the 

borehole at a given depth. The water level inside the standpipe rises or falls as pore water 

pressure at the filter elevation increases or decreases. The water level readings are commonly 

taken by using an electrical dipmeter. 
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Piezometers may be installed in fill and sealed in boreholes or pushed or driven into place. Care 

should be taken to prevent rain water runoff from entering an open standpipe by using a 

suitable cover with a vent. 

The bentonite cement seal above the intake zone prevents water entering into the standpipe 

from other strata. The pore water pressure at the intake zone controls the water level in the 

standpipe. 

The advantages of using a standpipe piezometer are that it is easy to install and a direct 

measurement of water level can be obtained manually. In addition ground water sampling and 

slug of pumping tests can be done. 

A disadvantage is that the response time can be slow when used in soils with low permeability. 

Also, the device does not have remote access for data reading and is not suitable for locations 

where water level reading is not possible directly from above. 

7.1.2. Vibrating wire piezometers 
Vibrating wire piezometers are easy to read, can measure negative pressures, have a short 

time lag and are suitable for automated readouts. Vibrating wire piezometers measure the water 

pressure through a metallic diaphragm, a tensioned steel wire and an electronic coil. The 

piezometer is designed so that a deflection of the diaphragm will cause changes in wire tension 

which in turn changes its natural vibration frequency. The vibration of the wire in the proximity of 

the coil generates a frequency signal which is transmitted to a read out unit. A signal is then 

processed and converted into a pressure reading. 

The following are common types of vibration wire piezometers: 

• standard borehole piezometers – suitable for most applications and multiple piezometers 

can be installed in a single cased borehole 

• multi-level piezometer – a variant of the standard borehole piezometer with a special 

housing for easy installation of multiple sensors in a borehole 

• push-in piezometers – a variant of the standard borehole piezometer designed to be 

pushed a short distance in soft cohesive soils 

The advantages of using a vibrating wire piezometer include the following: 

• can be installed at greater depths 

• measurements are provided in the form of frequency, rather than magnitude of resistance 

or voltage, which eliminates undesirable effects coming through cabling, joints or leakage 

• high resolution and accuracy 

• rapid response to pore water pressure changes 

• automated readings 
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• capable of measuring negative pressures  

• pore pressure measurements in fully saturated or partially saturated soils 

• possibility for temperature measurements 

• suitable for longer term applications with remote readings 

The limitation of vibrating wire piezometers is that long horizontal cables need to be protected 

against electrical transients. 

7.1.3. Pneumatic piezometers 
Pneumatic piezometers are operated by gas pressure and consist of a transducer body, tubing 

and a portable pressure indicator. A flexible diaphragm which is sensitive to pressure changes 

is attached to the transducer body. 

The piezometer is sealed in a borehole and twin pneumatic tubes run from the piezometer 

transducer to a terminal at the surface where readings are taken with a pneumatic indicator. 

Figure 28 shows a typical pneumatic piezometer installation. 
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Figure 28 – Schematic diagram of the pneumatic piezometer installation 

A flow of gas is directed to the piezometer through the input tube to obtain a reading. The gas 

should be shut off when return flow is detected in the other tube. When the reading is stable the 

pressure is measured from the pressure gauge. 

Some pneumatic piezometers can be used for monitoring negative pore water pressure by 

applying a vacuum to the outlet tube. 

The advantages of using pneumatic piezometers are that it has remote access, has a fast 

response time in most soils and no calibration is required for the device. 

The disadvantages are that the time required to take readings can be longer than the standpipe 

piezometer and the indicator needs to be recharged regularly with dry gas. 
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7.2. Soil moisture sensors 
Soil moisture sensors can be used to monitor soil moisture variations over time in soil strata. 

Soil moisture is considered to be an important parameter for some slope monitoring and stability 

assessments. 

These sensors are originally developed for agricultural purposes. However, these can easily be 

adopted for geotechnical applications such as slope stability monitoring, shrink and swell 

characteristics monitoring. 

Figure 29 shows a soil moisture sensor which can be installed in the ground. 

Figure 29 – Soil moisture sensor 

Soil moisture sensors may be installed in a vertical cut face and in vertical boreholes. 

The sensor can measure the volumetric water content in the strata at predetermined time 

intervals. Multiple sensors are installed at various depths when moisture variation is to be 

monitored in each stratum. 

Soil moisture sensors are connected to a data logger and then to a data communication device 

for remote access and data transfer from a base station. 

These sensors are made of stainless steel, are durable and have a life span of over 10 years 

when buried in continuous monitoring applications. 

The portable soil moisture sensor enables portable, rapid and accurate sampling of volumetric 

soil water content. The time it takes for a measurement is three seconds. Data is stored on the 

hand held unit and can be downloaded into a spread sheet. 

The soil moisture measurements together with rainfall measurements and ground movement 

measurements can give more meaningful and accurate interpretations for slope stability 

assessments. 

8. Measuring tilt 
Tiltmeters can be used to monitor the tilt of retaining walls, bridge piers and overhead wiring 

structures (OHWS). 
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The following are some of the tiltmeters that are available for different applications: 

• basic tiltmeter systems for manual measurements 

• wireless tiltmeters for automated remote monitoring 

• electrolytic (EL) beam tilt sensor for differential movement and rotation of structures 

• EL tilt sensors for structure tilt monitoring 

The remainder of Section 8 describes the basic tiltmeter system that consists of a bronze tilt 

plate of 140 mm in diameter, tiltmeter and readout unit. 

The tilt plate is fixed to the surface of the structure or the component that is to be monitored. 

A horizontal orientation of a tilt plate is shown in Figure 30 and a vertical orientation is shown in 

Figure 31. 

Vertically mounted tilt plates allow tilt readings in one plane, while horizontally mounted tilt 

plates allow tilt readings in two orthogonal planes. 

Figure 30 – Horizontal orientation of tilt plate 
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Figure 31 – Vertical orientation of tilt plate 

Vertical tilt plates should be aligned so that a vertical line can be drawn through pegs 1 and 3. 

Figure 32 and Figure 33 show tilt plate installations used to monitor the tilt of a bridge pier. 

Tilt plate installation

Figure 32 – Tilt plate installation on a bridge pier 
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Vertically mounted tilt 
plate

Figure 33 – Vertically mounted tilt plate on a bridge pier 

Figure 34 shows a portable tiltmeter with a digital readout unit. 

Connecting cable

Tiltmeter

Digital readout unit

Figure 34 – Portable tiltmeter with digital readout unit 

Generally, two readings are taken for each tilt plate by using the tiltmeter. 

Figure 35 shows one orientation of tiltmeter against tilt plate for readings 

Figure 35 – One orientation of tiltmeter 
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Figure 36 shows the base plate of a tiltmeter. 

Alignment bars to align 
with pegs of tilt plate

Figure 36 – The base plate of the tiltmeter 

Digital read out units provide the tilt readings as digital units; that is, as integers that can be 

converted to degrees. The readings are assigned a positive (+) or negative (–) indication 

according to the direction of tilt. 

The manufacturer's manual provides instructions on calculating tilt from the instrument reading 

with the use of the instrument constant. 

Figure 37 shows the graphical representation of tilt monitoring of a bridge pier using a portable 

tiltmeter. 
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Figure 37 – Tilt monitoring reading of a bridge pier using portable tiltmeter 
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9. Measuring loads, stresses and strain 
Geotechnical instrumentation that may be used to measure the total stress in soils, contact 

pressures on structures, loads on structures, and stresses and strain on structures include the 

following: 

• earth pressure cells 

• load cells 

• tensiometers 

• strain gauges 

9.1. Earth pressure cells 
Earth pressure cells can be used to measure total stress in soils or pressure exerted by soil on 

structures. Pressure cells respond to both soil pressure and pore water pressure and are 

sometimes referred to as total pressure cells. A variety of pressure cell configurations are 

available for different applications. 

The two main types of earth pressure cells are embedment earth pressure cells and contact 

earth pressure cells. These can be used to measure the total stress in soils and contact 

pressures on structures. If pore water pressures are measured simultaneously (using 

piezometers) then effective stresses can be derived from the measured total stress. Typical 

applications include the measurement of traffic induced stresses on roadway subgrade, the 

ground under rail tracks, pressure on fills and embankments, retaining wall surfaces and tunnel 

linings. 

9.1.1. Contact earth pressure cells 
Contact earth pressure cells are generally installed at the interfaces between soils and the 

structures to measure the total stress against the structures and beneath shallow foundations. 

9.1.2. Embedded earth pressure cells 
Embedded earth pressure cells are typically installed in fill and within the embankment material 

to determine the magnitude, distribution and the direction of total stress. Figure 38 shows an 

embedded earth pressure cell. 
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Figure 38 – Embedded earth pressure cell 
(image courtesy of Durham Geo Slope Indicator) 

The two main types of embedded earth pressure cells are diaphragm cells and hydraulic cells. 

Diaphragm cells consist of a stiff circular membrane supported on an integral stiff edge ring. 

The active face is deflected by external soil pressure. The deflection is sensed by an electrical 

resistance strain gauge bonded directly to the interior face of the cell or by a vibrating wire 

transducer attached. 

Hydraulic cells consist of two circular or rectangular steel plates welded together with liquid 

filling the intervening cavity and the high pressure steel tubing connecting the cavity to a nearby 

pressure transducer. Total stress acting on the outside of the cell is balanced by an equal 

pressure induced in the internal liquid. The pressure readings are taken by the pressure 

transducer which converts the pressure into an electrical signal and transmitted to the data 

logger. 

Figure 39 shows a pressure cell installation within a track structure to measure the vertical 

pressure due to train loading. 
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Figure 39 – Pressure cell installation within rail track 

9.2. Load cells 
Load cells can measure the loads on structures and structural components. The application 

includes load testing of piles, rock bolts, rock anchors, tunnel supports, long-term performance 

monitoring of tiebacks and pull-out tests on anchors or rock bolts. 

Load cells are also used for monitoring temporary and permanent loads in prestressing and 

other cables in support for underground excavations. 

Load cells that are commonly used in geotechnical applications are strain gauge load cells and 

vibrating wire load cells. 

9.2.1. Strain gauge load cells 
Strain gauge load cells can measure compressive or tensile loads in rock bolts, rock anchors, 

and tendons. This load cell consists of a stainless steel cylindrical housing with resistance strain 

gauges attached to it. When the cell is subjected to a load, the strain gauges change their 

resistance. The resulting electrical signal output is directly proportional to the applied load. 

9.2.2. Vibrating wire load cells 
The vibrating wire load cells are made of multiple vibrating wire strain gauge elements in which 

the tension is dependent upon the compressive or tensile load. The tension of the wire relates 

to the natural frequency of the wire. Load cells are available for permanent attachment to rock 
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bolts, cable anchors, tendons and structural beams. Specially, fabricated vibrating wire load 

cells can be used for the measurement of load at the tips of drilled shafts. 

Figure 40 shows load cell installation for bearing pressure measurements. 

Figure 40 – Installation for bearing pressure measurements 

Figure 41 shows the pressure cell installation on a retaining wall. 

Figure 41 – Pressure cell installation on a retaining wall 
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9.3. Soil tensiometers 
Soil tensiometers are used to measure soil matric suction through a vacuum transducer 

connected to a tensiometer. Generally, the measurement ranges of vacuum transducers 

are -100 kPa to +200 kPa. 

Figure 42 shows an installation of a jet fill tensiometer for soil suction measurements in an 

embankment. 

Transducer cable to data 
logger

Plastic body tube (porous 
ceramic tip is at the 

bottom 
of the tube) 

Transducer

Jet fill reservoir

Reservoir cover

Figure 42 – Tensiometer installation for soil suction 

Soil tensiometers are useful when soil suction measurements are required for slope stability 

monitoring and assessments. 

The disadvantage of this instrument is that it can only be used for shallow depths. The 

maximum length available is 1.5 m. Soil suction values together with other soil moisture, rainfall 

and ground movement measurements can provide more meaningful interpretations for certain 

slope instability problems. 

9.4. Strain gauges 
Strain gauges are typically used to measure strains, stresses and pressures acting on 

structures or structural components such as foundations, tunnel linings, sheet pile walls, rock 

bolts, rock anchors and earth reinforcements. A variety of strain gauge configurations are 

available for different applications. 

The two main categories of strain gauges are surface mounted strain gauges and embedment 

strain gauges. 
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9.4.1. Surface mounted strain gauge 
Commonly used surface mounted strain gauges are a category of instrumentation that includes 

the following devices: 

• portable gauges with dial indicators (also known as mechanical extensometers) 

• tell-tales 

• vibrating wire strain gauges 

• electrical resistance gauges 

Tell-tales and mechanical gauges are basic inexpensive instruments which require access to 

the instrument for readings to be taken. 

Vibrating wire strain gauges and electrical resistance gauges have remote readout and 

automation functions. 

9.4.2. Embedment strain gauges 
Embedment strain gauges are used to measure strain in concrete. 

Embedment strain gauges can be a mechanical, vibrating wire or electrical resistance types. 

A variety of strain gauges are available in the market designed for different applications. 

10. Geotechnical instrumentation, monitoring plan 
and applications 
The success of field instrumentation and monitoring program is tied to well-defined needs and 

specific objectives for collecting and interpreting field instrument data. 

Advance planning should be carried out to meet specific objectives of a monitoring program. 

10.1. Geotechnical instrumentation and monitoring plan 
The following should be considered when developing an instrumentation and monitoring plan: 

• clear objective for monitoring and associated requirements 

• identification of the extent of the problem and assessed risk level 

• instrument type to be used for each parameter and trigger levels 

• location of each instrument and accessibility; potential disturbance or damage by routine 

track maintenance such as tamping and track reconditioning should be considered 

• installation procedure should not impact the subject structure or any nearby infrastructure 

• zone of influence of each instrument 
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• frequency of readings 

• competency of instrument reading personnel (special training requirements may be 

necessary) 

• instrument maintenance, replacement and calibration requirements 

• duration of the monitoring 

• security of installation 

• power requirements and cabling requirements between transducer and recorder 

• data reporting methodology; for example, near real-time, web-based, site data reporting at 

predetermined time intervals 

• clearly defined responsibilities for ownership, maintenance and instrument readings 

• action plan or response procedure during warning or alarms  

10.2. Choosing the type of instrument for monitoring 
The following should be taken into account when choosing a type of instrument for monitoring: 

• parameters to be measured – commonly measured parameters include surface movement, 

ground movement along a cross section, settlement profile along a vertical axis, surface 

heave, movement along a shear plane, rock movement, tunnel convergence, crack 

widening, pore water pressure, groundwater levels, soil moisture and soil suction 

• complementary parameters 

• accuracy of measurements and limitations – based on the type of problem and the risk 

level, the geotechnical engineer decides the range of resolution that is required for 

measured parameters. 

• ground conditions 

• reliability 

• self-verification 

• durability in the installed environment 

• security 

• regular maintenance and calibration 

Various types of sensors and monitoring methodologies are currently available on the market, 

however, there is continually new technology being developed. Use of soil’s resistivity profile 

change over time, sometimes known as geoelectric monitoring, is one of the recent 

development to monitor earth embankments. Beyond the use of conventional monitoring 

instruments, it is possible to develop customised monitoring systems and methodologies by 
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taking advantage of the rapid development of communication technology. Platform movement 

monitoring using proximity sensor, which shown in section 10.3.4 below is one such example for 

customised monitoring device. 

Figure 43 illustrates another customised rock movement detecting device. It comprises three 

ultrasound sensors, data logging unit and integrated communication interface unit. An 

ultrasound sensor is shown in Figure 44. Generally three sensors are installed in three 

directions pointing to the target to be monitored. 

Figure 43 – Customised rock movement monitoring device 

Figure 44 – Ultrasound movement sensors 
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10.3. Typical monitoring applications 
Typical monitoring applications in the all rail environments are as follows: 

• unstable embankments and natural slopes 

• ground subsidence or heaving 

• tunnel monitoring 

• structure movement monitoring 

• monitoring during adjacent excavations 

• monitoring during embankment construction over soft soil 

• load or stress on structural members 

• rock falls or rock movement monitoring 

• flood level monitoring 

• pore water pressures and groundwater monitoring 

• vibration monitoring 

• crack widths and crack propagation in structures 

10.3.1. Unstable embankment and natural slopes 
The following instruments and monitoring methods are commonly used to monitor unstable 

embankments and natural slopes: 

• inclinometers, either portable probe type or in-place inclinometer – measures lateral ground 

movement 

• conventional survey methods to measure vertical and horizontal movements – measures 

ground surface movements 

• settlement plates, rod extensometer or conventional survey methods – measures 

settlement 

• standpipe piezometer, vibrating wire piezometer – measures groundwater levels and pore 

water pressure 

• soil moisture probes – measures soil moisture 

• tipping bucket rainfall gauge – measures rainfall 

• settlement gauge – measures ground heave or settlement 

• slip detector (a type of extensometer) – may be used as an EWS 
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Figure 45 shows a typical instrumentation for a side fill embankment. 

Figure 45 – Typical instrumentation for a side fill embankment 

For large landmasses LiDAR scanning techniques can be used to monitor embankment stability 

or natural slope stability including soil or rock slopes. Airborne laser scanners are widely used 

for characterisation of 3D slope deformations and for signs of precursory activity. Topographic 

changes and landslide mapping are carried out using change detection algorithms which is very 

useful for large inaccessible land masses. Slope failures, soil erosion activity, slope movements 

and terrain deformation can easily be detected. 

10.3.2. Ground subsidence and heaving 
Ground subsidence and heaving can be monitored using the following: 

• conventional survey methods 

• rod extensometers and settlement gauges which can provide continuous near real-time 

data 

• probe extensometers, for example, magnetic or Sondex systems 

10.3.3. Tunnel monitoring 
The following instruments may be used for monitoring during tunnel construction or monitoring 

when construction occurs adjacent to existing tunnels: 

• inclinometers, either portable probe type or in-place inclinometer – measures lateral ground 

movement 

• conventional survey methods including total station survey for automated data – measures 

ground surface movements 
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• tape extensometers, tiltmeters, optical prism laser scanning – measures tunnel 

convergence 

• EL beam sensors – EL beam sensor measures differential movement, convergence and 

rotation 

• crack meters – monitors crack widths or crack lengths  

• extensometers – single point extensometer or multi point extensometer for subsurface 

settlements and bench marking movements 

• pressure cells in lining, strain gauges in lining – measures tunnel lining 

• vibration sensors – measures vibration 

• piezometers, standpipes or vibrating wire types – measures groundwater 

• endoscopes and tell-tales – to assess the rock bedding movement, impact on existing bolts 

• interferometric synthetic aperture radar (InSAR) monitoring –for monitoring large areas and 

local scale ground surface movements 

10.3.4. Structure movement monitoring 
Structure monitoring in the rail environment includes the following: 

• retaining wall movement or tilt 

• OHWS movement or tilt 

• pier movement or tilt 

• crack propagation of structural members 

The following methods and instruments may be used to monitor structure movements: 

• conventional survey methods 

• tiltmeter for tilt measurements 

• EL beam sensors – monitors differential movement and rotation 

• tape extensometers – monitors variation of distance between two points 

• proximity sensors for near real-time movement measurements of a structure or structural 

component 

• crack meters monitor changes in crack width and length 

Figure 46 shows an extensometer arrangement with a proximity sensor used for platform 

movement monitoring. 
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Figure 46 – Platform movement monitoring using proximity sensors 

Figure 47 shows a remotely operated extensometer device to monitor a bridge deck expansion 

joint. 

Extensometer housing

Figure 47 – Remotely operated extensometer device to monitor a bridge deck expansion 
joint 

Figure 48 shows the components of extensometer device used in Figure 47. 

Linear variable 
displacement transducer 

(LVDT)

Figure 48 – Components of an extensometer device used in Figure 47 
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10.3.5. Monitoring during adjacent excavations to track and structures 
Excavations adjacent to track and structures may be monitored using the following: 

• inclinometer generally portable probe type – measures lateral ground movements 

• conventional survey methods including total station survey for automated data acquisition – 

measures ground surface movements 

• standpipe piezometer, vibrating wire piezometer – measures groundwater 

• tape extensometer – to measure movements 

10.3.6. Monitoring during embankment construction over soft soils 
Some of the instruments and monitoring methods listed in Section 10.3.1 can be used for 

monitoring during embankment construction over soft soils. 

Figure 49 shows an example of instrumentation during embankment construction over soft soil. 

Figure 49 – Typical instrumentation during embankment construction over soft soils 

10.3.7. Load or stress on structural members 
Loads and stresses on structures and structural components can be measured using vibrating 

wire load cells, strain gauge load cells, earth pressure cells and strain gauges. 
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10.3.8. Rock fall and rock movement monitoring 
Rock fall and rock movement can be monitored using the following methods: 

• trip wire system – this is a type of extensometer where break or extension of a contact wire 

could trigger an alarm or warning 

• micro seismic sensors 

• fibre optic sensing devices 

• LiDAR scans 

See Section 11.3.4 for information on rock fall alarm systems. 

10.3.9. Flood levels 
Flood levels can be monitored with pressure gauges calibrated to indicate levels with reference 

to a datum. In addition a variety of sensors and systems for water level monitoring and flood 

warning are available on the market. 

10.3.10. Vibration monitoring 
Vibration monitoring is generally required in the following situations: 

• blasting activities adjacent to the rail corridor 

• piling activities near the rail corridor 

• adjacent rock excavations or drilling 

• adjacent demolition works 

Vibration of selected locations can be monitored using triaxial geophones which measure peak 

particle velocity or displacement parameters. 

11. Early warning systems 
EWSs are generally used as a part of the risk management of geotechnical assets. EWSs 

should be able to manage real-time monitoring of hazard parameters and automatically initiate 

alarms to warn the relevant parties about upcoming potential hazards. 
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11.1. EWS in the rail environment 
EWSs may be suitably adopted in the rail environment to warn of various hazards. Examples of 

EWSs include the following: 

• slip detectors – can be used to warn and alarm of excessive ground movements at 

unstable embankments and natural slopes 

• flood level monitors – can be used to warn and alarm of unsafe water levels or flash floods 

• vibration monitors – can be used to warn and alarm unacceptable vibrations during 

construction or blasting activities 

• rock fall detectors – can be used to warn and alarm of rock falls which can interfere with rail 

traffic 

• rainfall monitors (refer to T HR CI 12135 ST Rainfall Monitors for details) – can be used to 

warn and alarm of impending geotechnical hazards and operational risks 

• tiltmeters and crack meters – can be used for structure monitoring, for example structure tilt 

or movement monitoring, crack propagation 

11.2. EWS design 
EWS design in the rail environment typically involves the following key elements: 

• comprehensive assessment of the risks to be managed 

• identification of hazard parameters, for example ground movement, rock movement to 

monitor for the warning or alarm 

• consideration of the physical components of the monitoring and warning system, including 

the sensors, stations, broadcasters that detect and transmit hazard parameters to generate 

warnings or alarms 

• plan for the dissemination of warnings or alarms 

• strategies for the response to alarms – clear, unambiguous detailed response procedure 

• consideration of the reliability of the system and redundancies 

In general the EWS should have the following functional characteristics: 

• Easy implementation of the system – less complexity of the technical system and detailed 

instructions of functionality for responsible people. 

• Redundancy and reliability of the technical system – the system should not depend on a 

single sensor and communication line. It should be based on a range of sensors such that 

false alarms are minimised. 
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• Monitoring system and its interface to the signalling system (if planned to be connected to 

signalling system) needs to be failsafe in design. 

• Types of alarms and warnings generated need to be consistent with other such systems in 

the area. 

• Precision – critical parameters defining the risk level should be measured with sufficient 

precision. 

• Robustness – instruments are able to resist weather conditions. 

• Autonomy – the system should need minimal maintenance and be functional in remote 

regions. 

• Affordable cost – cost of acquisition and operation is balanced with the expected risk 

reduction. 

• Security of installation – protection against vandalism. 

11.3. EWS operation and types 
An EWS can be fully automated or semi-automated. 

A fully automated system provides real-time monitoring of hazard parameters and issues 

automated alarms to stop trains passing designated critical sections of the track. This system is 

connected to the signalling system. An example of a fully automated system is the use of slip 

detectors connected to the signalling system to stop trains in an alarm event. 

A semi-automated system provides real-time monitoring of hazard parameters and issues 

automated warnings or alarms to train control offices, such as a network control officer in a 

signal box. This system is not connected to a signalling system that would be able to stop trains 

automatically. Manual intervention is needed. For example, a network control officer in a signal 

box would issue a warning to train drivers, operational managers regarding the change in risk 

levels or stop trains under documented alarm response operating instructions. 

An example of a semi-automated system is the use of a rainfall monitor connected to a control 

panel at a signal box. 

11.3.1. Slip detectors 
A slip detector is an extensometer designed to detect ground movements at a known unstable 

location or a suspected location. Slip detectors produce alarm indications in the event of 

excessive ground movements that could affect safe rail operations. 

Figure 50 shows a typical slip detector arrangement. 
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Figure 50 – Typical slip detector arrangement 

The anchor end is generally fixed to stationary ground and the detector end is on the moving 

side of the slope or ground (the unstable part of the slope). A stainless steel cable running 

through a PVC pipe connects the two boxes. 

Slip detectors are generally connected to a signalling system such that in the case of an alarm 

event trains are stopped passing designated critical sections. 

Slip detectors also enable manual measurements of movement. 

Figure 51 to Figure 53 show examples of a slip detector and related components installed on 

the Illawarra line. 

Weatherproof slip 
detector box

Figure 51 – Slip detector installation (detector end) 
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Detector contact

LVDT

Piston moving inside the 
cylinder

Figure 52 – Slip detector components (detector end) 

Concrete block

Steel cable fixed to 
anchor block at 

non-detector end

Lockable weatherproof 
steel housing fixed to 

concrete block

Figure 53 – Slip detector components (anchor end) 

Figure 54 shows the manual reading of a slip detector. 

Protruding end of piston 
for manual 

measurements

Figure 54 – Measurements being taken manually from a slip detector 
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Slip detector locations need to be appropriately sign posted. Figure 55 shows a typical slip 

board installation which provides notification of a potential slip site to train drivers. The 

protecting signals are also required to be sign posted, for example, with wording that reads ’Slip 

site’ and ‘This signal should not be passed without authority from the signaller’. Refer to 

AS 7632 Standard Railway Infrastructure – Signage for requirements on signboard sizes and 

installation. 

Figure 55 – Slip board installation 

11.3.2. Rainfall monitors 
Automated rainfall monitors can be used to give alarm indications of change in environmental 

conditions that could alter the level of risk to rail operations. It provides real-time rainfall 

measurements that can alert of changed risk levels, which would trigger appropriate 

engineering and operating responses. 

T HR CI 12135 ST provides design and installation requirements for automated rainfall 

monitors. 

Figure 56 shows a weather station that is used to monitor, rainfall, wind speed and rail 

temperature. 
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Rail temperature 
measuring device

Figure 56 – Weather station for rainfall, wind speed and rail temperature 

Figure 57 shows a rainfall monitor and wind speed indicator. 

Wind speed detector

Rain gauge

Figure 57 – Rainfall monitor and wind speed indicator 

Figure 58 shows a rail temperature sensing device installation. 
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Temperature sensing 
device attached to rail

Connection to data 
logger

Figure 58 – Rail temperature sensing device 

11.3.3. Flood level monitors 
Flood level monitors can be used to give alarm indications of critical flood levels or water levels 

at critical locations that could affect rail operations. 

Figure 59 shows an example of a water level monitor installed at Coalcliff on the Illawarra line. 

This is a pressure gauge that measures water pressure and is calibrated to indicate water 

heights above the sensor. 

Pressure sensor

Connection to data 
logger

Figure 59 – Water level measuring device 

11.3.4. Rock fall alarm system 
Currently, a widely accepted technique or system for rock fall detection does not exist as the 

technology is still evolving. Different sensors and detection systems have been tried in the rail 

networks around the world. 
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The following are some examples of systems that have been tried: 

• Slide fence or trip wire mechanism – This involves a fence constructed with posts and 

parallel horizontal wires. Falling rocks break the wire or pull open a spring-loaded contact 

that will issue a warning or alarm for rail traffic. For localised specific hazards, track side 

video cameras can be combined to the system and be used to check false alarms. 

The detection of falling objects can damage the slide fence. The slide fence will need to be 

repaired and reset before it is able to detect another event. Wires should be placed so that 

falling rocks or objects cannot pass through the wires without triggering alarm or warning. 

• Seismic rock fall detection – Seismic sensors, such as geophones are used for rock fall 

detection. Generally these are buried along the track to sense low energy seismic waves 

produced by rock falls and rock slides. An alarm is triggered when seismic waves are 

sensed. This system requires comprehensive field verifications to filter out ambient noise 

and to set triggering parameters. 

• Fibre optic sensing devices – This methodology uses existing standard fibre optic 

communication cables in the rail network. Some proprietary products utilise existing fibre 

optic cables for rock fall detection. Fibre optic sensing devices are a relatively new and 

evolving technology. 

• Fibre optic interferometric devices – some trials have been reported that use the principles 

of optical interference to detect changes using a fibre optic component system. This is 

based on the fundamental principle of trip wire mechanism. 

• LiDAR scans – this is a very useful tool for rock fall susceptibility assessments or rock 

slope instability monitoring. LiDAR scans of the potential rock fall area are taken at pre-set 

time intervals. This is particularly useful in large, inaccessible cut faces. Using change 

detection algorithms, signs of precursory activities are detected. This is not used as an 

alarm system, but it can be used to monitor relative changes occurring on rock slopes such 

that subsequent detailed investigations, remedial works or closer monitoring can be 

initiated. 

12. Data acquisition, processing and interpretation 
A documented procedure should be available for reading instruments and subsequent data 

processing and interpretation. Generally, the instrument manufacturer will provide instruction on 

data acquisition, processing and interpretation for instruments. The frequency of instrument 

readings is determined by the geotechnical engineer based on the extent of the problem and 

assessed risk level. 
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12.1. Data acquisition 
Data can be acquired manually or through an automated system. 

Manual data acquisition generally requires access to the instrument location. Data is read using 

reading probes at a set frequency (for example, reading inclinometers using a portable probe). 

The manufacturer's instructions should be followed for the instrument reading process. It is a 

good practice to repeat the readings if suspected errors appear during readings or any 

abnormality in readings are detected. 

Automated data acquisition can be done with a data logger and electronic sensors. This does 

not require regular access to instrument locations. Data readings are obtained by the data 

logger at pre-set time intervals and saved in the logger. The logged information needs to be 

stored on non-volatile memory that does not disappear if power is lost. The logged information 

should contain time and date stamped. The data can be downloaded periodically either 

manually during site visits or by remotely accessing the data logger through a communication 

device (for example, through hard wired telephone lines or mobile phone networks). Generally 

equipment manufacturers provide the necessary software to interact with the data logger. 

Various types of web based monitoring data handling platforms are currently available from 

instrument manufactures themselves and customised platforms from independent data service 

providers as well. These web based systems have advantages of real time on-line 

visualisations, multiple authorised user access, access via mobile devices, instant alerts via 

SMS or emails. It should be noted that there is continually new technology being introduced in 

this area. 

12.2. Data processing, presentation and interpretation  
Instrument data can be presented as the following: 

• instantaneous readings 

• tabular data 

• plots 

• reports 

• alarms/warnings 

Data plots should be presented in a simple graphical manner to indicate the measuring 

parameter variations in time and space domain so that trends and correlations are identified. 

Data interpretation should consider instrument precision levels and errors, data capturing errors 

and necessary corrections in accordance with the manufacturer's instructions. 
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Complementary parameters could provide more meaningful and accurate interpretation of the 

mechanism occurring at site; for example, ground deformations together with rainfall 

measurements, groundwater levels or water pressure levels, and soil suction. 

Data interpretation should consider connections to records of activities at site such as 

excavation depths near inclinometers. 

Data processing should screen and filter problematic data and uninvited factors. 

Timely review is important to capture indications of distress development and the possible need 

for instrument maintenance and to check for proper functioning. 

It is a good practice to avoid exaggerated scale (for example, parameter axis) due to error 

magnification that could lead to misinterpretation. 

12.3. Data storage and access 
The asset maintainer should store all the monitoring data (original data and processed data) 

and interpretative reports for each asset in an appropriate repository. Modern asset 

management systems provide necessary provisions to include all asset attributes and all related 

data and reports. 

The stored data and reports should be made accessible to relevant staff involved in the asset 

maintenance and to the asset owner (TfNSW). 

Refer to T MU AM 02001 ST Asset Information and Register Requirements, T MU AM 02006 TI 

Asset Register and Data Dictionary and T MU AM 02003 TI Register of Asset Information and 

Repositories for further information and guidance. 

13. Instrument maintenance and calibration 
Proper maintenance and adequate security against accidental damage and vandalism for 

installations are important and should not be overlooked at planning and design stages. 

Some instruments require periodic maintenance including instrument calibration for proper 

functioning. For example, standpipe piezometers require cleaning and flushing to avoid clogging 

and blockages and slip detectors require frequent cleaning, lubrication and functional checks. 

Excessive moisture accumulation inside steel boxes can give rise to erroneous readings. 

Maintenance requirements and procedures should be documented for each installation that 

requires routine maintenance. Maintenance procedures should include the following: 

• instructions for maintaining the installation 

• service frequency 

• competency and training requirements of the person carrying out the maintenance 

• instrument calibration details 
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Generally instrument manufacturers provide maintenance and calibration requirements (for 

example inclinometer probes are to be calibrated every 'x' number of years). 

All ground installations should be adequately secured against accidental damages or 

vandalism. 

It is a good practice to keep instrumentation clear from vegetation. Refer to T HR CI 12105 ST 

Vegetation Hazard Management in the Rail Corridor for further information. 

Figure 60 shows an inclinometer installation secured with a lockable standard steel casing. All 

installed instruments should be encased to prevent damage. 

Figure 60 – Secured inclinometer installation with lockable steel casing 

Figure 61 to Figure 63 show installations protected against potential damage and vandalism 

using various methods. 
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Figure 61 – Earthquake monitor installation secured with fencing 

Figure 62 – Inclinometer installation surround by guard posts to protect against impact 
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Figure 63 – Rain gauge and wind speed measuring device installed on the roof of a 
building to prevent vandalism 
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