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1. PREFACE

Even with an excellent geological and geotechnical investigation the ground model developed
during design contains uncertainties. These uncertainties and the simplifications made during
design lead to a residual risk during construction. To achieve safe and economical construction
in spite of the uncertainties, specific procedures, such as the observational approach within a
geotechnical safety management plan have to be applied. Aspects of geotechnical design for
underground structures are addressed in the OeGG guideline [1]. A general overview on moni-
toring of underground structures is given in the BTS guide [2].

Successful application of the observational approach requires sound preparation in the design
phase and provisions accompanying the construction. To fully utilise the benefits of monitor-
ing, all preparatory steps, like the establishment of the monitoring plan, contractual and organ-
isational provisions, must be established prior to construction. Systematic and frequent moni-
toring, as well as observation and interpretation are important components of the observa-
tional method. The systematic monitoring of the system behaviour allows an optimisation of
the construction and support concept, thus reducing the construction costs and vastly minimis-
ing the risks. The findings of the monitoring can be used to adjust the design of both the prima-
ry and secondary supports.

A program for monitoring, observation and interpretation is developed to capture the range of
expected system behaviours. One of the main purposes of the program is revealing if the ob-
served system behaviour lies within expected limits, and to validate the appropriateness of the
excavation and support measures. Another aspect is the prediction of the system behaviour
and the updating of the geological/geotechnical model.

In all cases the primary objective of monitoring is the assessment of the system stability and
the impact on the environment. Depending on the location of the project and the possible con-
sequences of a failure, the observation and evaluation methods may vary. For example in a
tunnel with low overburden in built up areas, lining failures could lead to a collapse with seri-
ous damage to utilities and surface structures. As linings generally fail in a brittle manner with-
out significant prior increase in the displacements, the continuous evaluation of the lining utili-
sation is of great importance.

Conversely in tunnels with high overburden, failure of the lining does not necessarily jeopard-
ise the stability of the system, but may result only in additional displacements and costs. In this
case the observation of the system stability and development of displacements in this case is
the main objective of monitoring.

In addition the results of monitoring can be used for back analysing ground parameters.

Monitoring and observation rely on various sources of information, such as geological docu-
mentation and exploration, visual inspections of face and lining, as well as geotechnical meas-
urements. Combined information from various sources facilitates assessment of the ground
response, ground-support interaction (system behaviour), and three dimensional ground struc-
ture.

This handbook addresses all parties involved in the design and construction of tunnels. It is
intended to show the state of the art in tunnel monitoring, data evaluation and interpretation.
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It should assist in developing a monitoring program, execution of measurements, and enable
maximum use of the acquired data by applying appropriate data evaluation and interpretation
methods. It also contains typical monitoring layouts and requirements regarding reading accu-
racy.

The handbook presents a general concept for practical application of geotechnical monitoring
in tunnelling. The examples included are intended for illustration purposes only, as monitoring
programs and methods for evaluation and interpretation must be designed on a project specif-
ic basis.
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2. DEFINITIONS

Design update

Expected system behaviour

Geotechnical safety management plan

Ground behaviour

Ground condition

Ground displacements

Ground type

Mitigation measures

Monitoring

Monitoring data

Monitoring program

Observation

Update of the tunnel design based on additional
information regarding the ground properties and
system behaviour

Range of system behaviour identified during tunnel
design, considering the respective scatter of the
ground properties. It fulfils the requirements of ul-
timate limit state, serviceability limit state and pro-
ject specific requirements

Document containing monitoring program, defini-
tion of safety relevant issues, warning and alarm
criteria, mitigation measures and action plan, defi-
nition of responsibilities and information and re-
porting structure, as well as contact information of
all stakeholders

Reaction of the ground to the excavation of the full
profile without the consideration of sequential ex-
cavation and support

Condition of the ground in terms of composition,
stiffness, strength, structure, hydrology, etc.

Displacements of soil or rock surrounding an un-
derground structure

Ground with similar properties

Measures in order to reduce the probability of an
unfavourable event, e.g. increase of support, sup-
plementary measures, etc.

Measurement of physical parameters

Values obtained by measuring certain changes of
the system behaviour, e.g. displacements, inclina-
tions, strains, water level, pressure, etc.

Compilation of means and methods for monitoring
the system behaviour

Active acquisition of qualitative and quantitative
information
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Observational method

Observation variables

Resolution

Surface settlements

System accuracy

System behaviour

System stability

Warning and alarm criteria

Continuous review of the behaviour and update of
the design and adjustment of construction method
during construction, based on actual conditions
and observations, as required. Tender design is
based on the assessment of the most probable
conditions and likely variations

Variables with special relevance to the system be-
haviour

The fineness of detail that can be distinguished in a
measurement

Vertical displacements of the ground surface

Resulting accuracy from instrumentation and eval-
uation

Behaviour resulting from the interaction between
ground, excavation, and support

Stability of both ground and support

Criteria which trigger a certain action
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3. MONITORING PROJECT

3.1. Workflow

During a geotechnical monitoring project, all items and courses of action, as depicted in Figure
1, should be considered. A concept needs to be developed on how to measure the key obser-
vation variables of the geotechnical problem under consideration. This includes selection of
instrumentation type, monitoring layout, frequency of readings, data transmission and the
associated evaluation method. The different work stages, as presented in Figure 1, are not ex-
plicitly discussed here. The associated issues are treated in the following chapters.

Objective of monitoring project

Geotechnical problem identification

Initiation of monitoring project

v

Monitoring concept

Conceptual design

Specifications

Data collection

Evaluation, interpretation
and reporting

- >
| Key parameter identification
1
! v
I
, Monitoring program
, Monitoring plan and monitoring & evaluation system
' v
1
, Requirements on Location of Reading schedule
, instrumentation measuring points
i
1
: Sensors and Signal transmission Data acquisition
X measuring method Evaluation
1
1
| v
1
! Installation requirements and procedures
i
1 A
1
! Geotechnical safety management plan
1
: \ 4
1 .
i Installation
1
! Taking measurements
1
1
: h 4
- Evaluation and interpretation

Y

Report

Figure 1.

[3])

Basic concept of a geotechnical monitoring project (modified after preEN-ISO 18674
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3.2.

Definition of expected system behaviour

The designer defines the expected system behaviour resulting from tunnelling, and its impacts
on the surface, before construction commences. The following information must be available:

3.3.

Range of expected tunnel displacements for all construction phases

Level of loading of the shotcrete lining in all construction phases

Surface settlements and their spatial distribution

Ground deformation in the area of structures

Allowable distortion or curvature of installations and structures in the expected influ-
ence area of the underground construction, e.g. buildings, railway tracks, water pipes,
wastewater sewers, gas pipes

Monitoring concept and identification of key observation variables

The arrangement and layout of the various monitoring installations should be chosen under
consideration of the specific project requirements and boundary conditions. The type, number,
or spacing of the monitoring installations should consider the construction layout and se-
quence, the quality of the encountered ground and the surface situation in terms of sensitive
structures (e.g. buildings, infrastructural utilities, etc.).

Depending on potential hazards, corresponding observation variables shall be defined (Table

1).
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Table 1.  Typical hazards and the corresponding observation variables

Observation Variables
~
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©
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S~ ) »n
Hazard Due to 2 bt £
_& Q a (%) [J]
c IS b4 c S
[} o Y o ] -t ]
£ 8 ©f < £ =] Q
Q@ = & > @ c| =
= aJ el g 2|8
3 v | g e o iz ©
) T =] 2 o o
S151e8 5|55
B EE RN
alEas 2| &0 o
Consolidation ] [ | [ ] - -
Shear failure of the
[} O [} - - - ]
ground
Unacceptable surface settle- -
. Excessive face defor-
ments, displacements of mation ] O - - [ - -
structures and utilities
Invert failure - - [} - - - -
Support damage and/or -
failure
Discontinuity induced de- Unfavourable discontinu-
. . . - - O - - ] -
tachment of blocks ity orientation
Excessive deformations - - [} - - - [ |
. . Shear failure along dom-
Clearance violation and/or ; i g
o . inant geological struc- - - ] - - [ ] [ ]
lining failure *
tures
Swelling ground - - [ [ ] - - [ |

m very valuable

o limited value

- no value

* - is also associated with the occurrence of excessive deformations, however asymmetric
deformations along the systematic weakness planes predominantly influence the system
behaviour.
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Table 2 presents the observation variables in relation to the applicable observation methods.

Table 2.  Observation variables and applicable observation methods

Absolute 3D displacement monitoring

Face displacement monitoring
Hydrostatic levelling system
Geological compass-clinometer
Digital ground mapping

Extensometer
Load cell

Tilt meter
Piezometers
Water level gauge
Strain gauges
Invert probe
Visual inspection

Levelling
Borehole inclinometers

Surface Settlements

|
[
|
|
1
[
O
|
1
1
[
1
1
1

Structures and utili-
ties deformation

Lining displace-
ments

Lining strains m* - - - - - - - - - n - - - -

Anchor loads - - - - ™ - - - - - - - - - -

Invert integrity [ - - [ - - - - - - [ [ - - [

Water level - - - - - - - - n n - - - - -

Pore pressure - - - - - - - - ™ - - - - - -

Face displacements - ™ - - - - - - - - - - - ; -

Ground structure - - - - - - - - - - - - 2 | m | =

Ground displace-
ments

Qualitative inspec-
tion of lining integri- | - - - - - - - - - - - - - | =
ty

m very valuable

O limited value

- no value

* - possible with computer-based interpolation and evaluation methods
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3.4. Organisation and management of the monitoring project

e The execution of the monitoring, evaluation and analysis of the data should be prefera-
bly executed by the party carrying the geological risk

e Prediction and assessment of the system behaviour are essential elements of the detail
design and thus should be executed by the designer

e Development of the monitoring plan and its update is responsibility of the designer

e Evaluation and analysis of the monitoring data, as well as of all other relevant infor-
mation have to be done without delay by geotechnically qualified personnel, and the
results made available to all parties involved as soon as possible

e The processed monitoring data and other relevant information shall be stored on a
powerful IT device, and made available to all parties involved in the project

e Technical and organizational provisions should guarantee that data evaluation is rapid
enough to allow for successful implementation of mitigation measures

e All steps of the process (measurement, evaluation, interpretation, recommendation of
mitigation measures, decision, supervision of execution) shall be documented

3.5. Monitoring program

The monitoring program includes the specification of the measuring procedure, the location of
the monitoring devices and the monitoring schedule. Attention shall be paid to the fact that
the monitoring results are often affected by instrumentation, installation and environmental
effects.

The chosen type of instrumentation shall guarantee the following:

e Feasible installation procedure

e Durability over the monitoring period

e Protection against damage during construction

e Simple measurement handling (data acquisition and transmission)
e Accuracy as required

3.5.1. Typical monitoring layouts

In this section typical monitoring layouts for various ground and boundary conditions are
shown for illustration. Typically, 3D displacement measurement (in the tunnel and if required
on the surface), extensometers, inclinometers, strain gauges, piezometers, tilt meters, hose
water levels, and invert probes are used to observe the system behaviour in underground
structures. Additional instrumentation and tools, such as compass-clinometer or digital face
mapping techniques may be required.

3.5.1.1. Typical distances between monitoring sections

Monitoring sections in tunnels and shafts are typically situated at distances of 5 - 20 m depend-
ing on the boundary conditions and requirements.

Austrian Society for Geomechanics n
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3.5.1.2. Examples

Case 1: Shallow tunnel in soft ground beneath groundwater table - Figure 2

Typical hazards: surface settlements; drawdown of ground water table leading to consolida-
tion, instability of face and unsupported ground, day lighting collapse, support failure

Focus observation on:

1.
2.
3.
4.

deformation of surface, buildings, and utilities
water table drawdown
face stability

lining displacements and integrity

Instrumentation:

Ad 1:

Ad 2:
Ad 3:
Ad 4:

Absolute displacement monitoring, levelling, tilt meters, hose water level, extensome-
ters, inclinometers

Water level gauge, Piezometer
Visual inspection

Absolute displacement monitoring, face displacement monitoring, invert probe, strain
gauges (alternatively and/or supplementary evaluation of the displacement monitoring
data), extensometer

™
|
tilt meter[i :
| |
~10m ~10m ~10m _~10m .|  larget
% N e .T | | | T surface level
T T T‘ i 4 T . l T T
: I [ I :
. | 1 1, R .
' ., | 1. .
LA S (U A S
{\.\ g ey . :
I ' extensdmeters/ R water:level gauges/piezometers
+ linclinometers | ; ; '

\targets 9)

—"invert probe

KN X

Figure 2:  Surface monitoring cross section consisting of targets, extensometers, piezometers,

and tilt meters on the same station of a monitoring section in the tunnel

The limitations to the layout on the surface monitoring targets are posed by the morphological
conditions and land usage. Typically, the targets are organized in such manner that the con-
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struction of settlement profiles (in one line or regular pattern) is possible. In addition, the dis-
placements of buildings are measured with at least three monitoring points, in order to deter-
mine both translation and rotation.

Case 2: Tunnel in blocky rock mass - Figure 3
Typical hazards: Discontinuity induced detachment of blocks
Focus observation on:
1. ground structure
2. discontinuity location and orientation in relation to the tunnel alignment
Instrumentation: geological compass and/or digital ground mapping

Although this type of failure in general cannot be detected in time by displacement monitoring,
it is recommended to use supplemental absolute displacement monitoring, albeit in a reduced
extent. This guarantees the presence of a fallback monitoring system in case of encountering
adverse ground conditions.

Figure 3.  Blocky rock mass with potential for overbreak; with installed monitoring targets
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Case 3: Tunnel with moderate to high overburden in bedded or foliated rock mass

Typical hazards: violation of clearance profile, lining failure due to shearing along and dilation
perpendicular to foliation, large anisotropic deformations

Focus of observation on:
1. orientation of the bedding or foliation
2. lining displacements
3. ground displacements
4. ground structure
Instrumentation:
Ad 1 and 4: compass-clinometer or digital ground mapping
Ad 2: absolute displacement monitoring, strain gauges

Ad 3: extensometers for identification of mechanically active features

. i - ’ . |_ o . .{j-
y PE . o _?" LB~
U o ay e

AR

'.r/#_""/:'(" }J" ,-|' /hj .J-.’ "l.p{l.’r /s -1'/;/

Figure 4. Bedded/foliated rock mass with the potential to shear along
faults/slickensides/foliation/bedding and dilate perpendicular to foliation/bedding;
equipped with monitoring targets and optional extensometers; arrows indicate as-

sumed shearing along faults

-
# &
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Case 4: Tunnel in swelling ground - Figure 5

Typical hazards: clearance violation, invert failure due to long lasting increase of support load-

ing

Focus observation on:

1.

2
3.
4

presence of water
mineralogical composition (swelling clays and minerals)
lining condition, deformation and strains

ground displacements

Observation/instrumentation:

Ad 1: visual inspection

Ad 2: laboratory testing

Ad 3: absolute displacement monitoring, strain meters, invert probe, fibre optical sensors

Ad 4: absolute displacement monitoring, extensometers

Figure 5.  Rock mass with swelling potential; equipped with targets, extensometers combined

with measurement point, invert probe, and strain meters installed
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3.5.2. Reading frequency

3.5.2.1. Tunnels

In general, readings close to excavation activities are taken daily; the frequency is reduced with
distance to the face and decreasing rates of displacements. Shorter monitoring intervals can be
required due to project specific requirements.

A possible concept showing minimum reading frequencies and monitoring ranges for surface
and underground monitoring for a top heading-bench-invert sequence is illustrated in Figure 6
and summarized in Table 3 and Table 4.

obs. frequency surface

1 I . S W S W S— —

f . ; . © 4 d >
NS d ) e d ) i
ya é A/' é '/
OB s ! e d e
2 ke d
top heading! 7 ! - —p{face
face 7
|nvel ring ‘ osure | —p cg - F R I N P
S e e D :
S i :
BEE B | B | B |
obs. frequency tunnel
______________________________________________________ .
E D

Figure 6.  Sketch of areas with different reading frequencies for a shallow tunnel; longitudinal
section (top), and plan view on surface level (bottom); OB: overburden

It is distinguished between zones, directly influenced by tunnel excavation, and zones which
are outside of this range but within a fixed observation corridor (i.e. monitoring points on
buildings). The values are minimum requirements, which are increased by the parameters “Xi”
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(variable lengths) and “n” (number of monitoring sections (MS)) to consider influences of low-
ering of the ground water, building location, special ground conditions, etc. The parameters
“Xi” have to be determined on a project specific basis. For other construction sequences, like

side wall galleries, parallel headings, etc. the above recommendations also apply.

Table 3.  Spatial differentiation of monitoring ranges related to construction phases

distances monitoring range
Tunnel 3 2dia+X; and min.
(dia: (2+n)MS
tunnel b 3dia+X; and min.
diameter) (3+n)MS

c S5dia+X3 and min.

(5+n)MS

surface d dia+OB+X4

e 3dia+Xs

f 5dia+Xe

g 1,5dia+0B+X5

h 3dia+20B+Xg

Table 4.  Typical minimum reading frequencies in the respective monitoring ranges from the
geotechnical point of view

range

min. observation fre-
quency

1 per day

2 per week

1 per week

A
B
C
D

1 per month

E

as required
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3.5.2.2. Shafts

The measuring frequency is the same as for a top heading advance. Readings of the monitoring
points on the surface should be taken daily. With decreasing influence of the excavation on the
surface movements, the reading frequency can be reduced.

3.5.2.3. Buildings, utilities, traffic infrastructure

In general the reading frequency shall be according to chapter 3.5.2.1, respectively according
to intervals prescribed by the authorities. Sensitive buildings may require a higher reading fre-
quency.

3.5.2.4. Measurements during additional mining activities

When excavating niches, cross passages or galleries intersecting a tunnel or shaft, the monitor-
ing devices in the influenced zone should be monitored on a daily basis, starting prior to the
beginning of the work until stabilization has been obtained in the area of observation.

3.5.2.5. Long term monitoring

In ground with pronounced time dependent behaviour (swelling ground, ground with tendency
for creeping, consolidation, etc.) the system should be monitored also after completion of con-
struction works. It may be required to continue monitoring during operation.

Austrian Society for Geomechanics
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4. MONITORING METHODS

4.1. Absolute 3D Displacement Monitoring

Over the last two decades 3D displacement monitoring has become common practice, and due
to the high information content, has gradually replaced other techniques.

4.1.1.1. Basic principles

The measurements are executed by using a total station (tachymeter) and targets [4]. Precise
prism-targets as well as bireflex-targets (reflectors) are used and their spatial position within
the global or project coordinate system determined. Discrete three dimensional displacement
measurements are executed by repeated measurements (generally on a daily basis). As the
complete monitoring generally cannot be carried out from one position, an interlinked obser-
vation scheme is required, which is established using identical reference points (Figure 7). Sta-
ble reference points are differentiated from points which are still moving. Points with a defined
maximum displacement rate (generally < Imm/month) can be used as reference points.

4.1.2. Requirements

The principle of the “over determined free stationing” is used to obtain the instrument posi-
tion.

The absolute position of all coordinate components of marked measuring points shall be de-
termined with an accuracy of +/- 1mm (standard deviation) in relation to neighbouring meas-
uring sections over the whole observation period.

To obtain this accuracy, the following conditions should be observed:

e Distance between instrument and closest reference point: 10 - 30 m

e Minimum distance to farthest reference point: 90 m

e Maximum distance to monitoring points: 80 m

e Maximum distance between instrument positions: 110 m

e Use approximately same instrument positions for consecutive readings

e Position instrument on stable ground

e Start free stationing from closest and finish at farthest targets

e Displacement measurement starting from the farthest target

e Make connection sightings approximately symmetrical to tunnel axis

e Intermediate orientation measurements and closing check to selected reference points

e Make zero readings immediately after installation of targets (latest prior to next exca-
vation)

e Measuring of all points in one section (in case of zero readings in the bench, top head-
ing targets shall be measured as well)

e Recording of meteorological conditions for consideration in the evaluation

e Acclimatization of instrument to avoid deviations due to temperature change

Austrian Society for Geomechanics
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max. 80 m ‘10-30 m

1
Y

max. 110 m

A
A

Figure 7.  Sketch of an interlinked free station method in the tunnel

The following sources for errors should be avoided:

Sightings close to the tunnel wall (minimum distance sighting to wall 0.5 m to 1 m)
Measurement errors due to refraction (i.e. sighting through or close to heat sources)
Instrument position close to sidewall

Asymmetrical connection sightings (see Figure 8)

Measurements in very dusty environment or during strong vibrations (i.e. caused by
machinery)

Figure 8.  Sketch of asymmetrical connection sightings (to be avoided)
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The surveyor shall record and submit the following items after each measuring campaign:

e System of measuring sequence (related to measuring section or along the tunnel)
e Points not measured and indication of reason (destroyed, not visible, etc.)

e Significant displacements (measuring error, rapid increase in displacements)

e Zero readings

e Monitoring conditions (air quality, vibrations, limited visibility, heat sources, etc.)

4.1.3. Tachymeter

An electronic total station (Figure 9) with automatic recording unit should be used having fol-
lowing minimum precision:

Horizontal angle measurement: +/-1"” (0.3 mgon)
Vertical angle measurement: +/-1” (0.3 mgon)
Distance measurement: +/- (1 mm + 1.5 ppm)

Figure 9. Tachymeter, example Leica, TS 09
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4.1.4. Targets

The targets are mounted on special bolts with an adapter (see Figure 10).

Figure 10. Components of 3D displacement monitoring targets; bi-reflex (1) and prism target
(2), bolt (3) with protecting cap (4) and predetermined breaking point (5), mounting
bolts (6 + 7) with adapter (8)

The minimum manufacturing precisions required are:

e Adapter with breaking point: +/-0.1 mm
e Triple prism target: +/-0.01 mm
e Bireflex target: +/-0.1 mm

Required minimum repeatability of readings:
e Triple prism target: +/-0.1 mm
e Bireflex target: +/-0.3 mm

This precision shall apply for repeated readings when targets are changed in their orientation
or targets/ adapters are replaced.

4.1.5. Installation and measurement procedure

To achieve maximum output from the measured data and to ensure comparable measurement
results, the following should be observed during underground and surface monitoring:

e A predefined breaking point has to be provided between the bolt and the target, in or-
der to prevent bolt damage

e Solid embedment of the bolt
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e Protection against damage during shotcrete installation

e Installed utilities have to be considered when positioning the targets, to guarantee
sightings by the tachymeter

e In case of surface targets, the foundations have to be embedded below the frost or
permafrost zone

e For surface targets, the target height above ground should be between 50 and 100 cm
(influence of refraction)

4.1.5.1. Underground

e The targets of a monitoring section should be
o Installed immediately behind the face of the last round and the zero reading
taken without delay; deviations from the planned station installation of maxi-
mum +/- 1 m are acceptable
o Installed at the same position as those of previous construction phases, i.e. top-
heading, bench (tolerance +/- 1 m)
o Installed at the same station as the surface monitoring points (tolerance +/- 1
m)
e Consistent recording of construction phase (e.g. face positions) and exact assignment to
measurements
o The position of the face is determined by the mean value of at least three face
position measurements (Figure 11).
o Face position can be determined without target (precision +- 10 cm)
o The new face position is valid as soon as more than 25% of the face is excavated

&

station of face

‘é} $ top heading for construction phase
oints of )
dr} megsurement H} __ station pf face
bench/invert for construction phase

Figure 11. Determination of the face position

Figure 12 and Figure 13 show the common practice of installation and protection of a monitor-
ing bolt against damage in shotcrete linings. The monitoring bolt and protection cap is fixed to
the wire mesh. During shotcreting the bolt should be covered appropriately. The bolt head
should be recessed at a minimum 10 mm from the inner surface of the shotcrete lining.
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Figure 13. Bolt and adapter with prism target mounted in recess
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4.1.5.2. Arrangement of monitoring displacement targets

Figures 14 — 17 depict different examples for the arrangement of 3D displacement monitoring
targets in tunnels of different size, caverns and shafts. The sketches give an indication of the
minimum requirements, which can be adapted in accordance to the local conditions in terms
of underground conditions and sensitivity of adjacent infrastructures.
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Figure 14. Sketch of monitoring layout for tunnels or galleries with a top heading, bench and
invert excavation sequence

o/

Bench Top heading

Top heading

Invert
Side wall gallery

Invert

Figure 15. Sketch of monitoring layout for cavern or tunnel with sidewall galleries
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Figure 16. Arrangement of 3D displacement monitoring targets in a tunnel with side wall gal-
leries during construction as designed in Figure 15 (right)

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

) target
surface § 0 °
(@] — i / Q
[V i |
/
/
M o= e
/
4
\ /
/
targets
-He-———----—- O -Of-
—H————————— G ———m— -
-po----—-—-—-- O————————— -
-f--—-—-—-—---—- G- Of -

Figure 17. Sketch of monitoring layout for a circular shaft

4.1.5.3. Surface

Installation of the instruments and the zero readings of surface measurements shall be done
well ahead of the

e Excavation and / or
e Ground water table lowering

It is advisable to take at least two readings, which are not influenced by construction activities.
Additional measurements may be required at request of the authorities.
4.1.5.3.1. Surface target installation

The following figures depict various types of possible monitoring target installation, suitable for
application on native ground surfaces, traffic ways, objects and railways.
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Figure 18. Sketch of surface settlement points (native ground)
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Figure 19. Sketch of a surface monitoring target in public areas
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4.1.6. Online-Geomonitoring

Online geomonitoring systems feature an automated measurement data acquisition and analy-
sis system (Figure 20, Figure 21). It requires the same equipment as described above, and can
be used both for underground and surface monitoring. Automatic information can be provided
to the stakeholders if certain pre-defined trigger values are exceeded.

Figure 20. Example for an online monitoring system [5] for the continuous observation of sur-
face displacements in a critical area of a tunnel project with shallow overburden

Figure 21. Targets mounted on sleepers
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4.2. Face displacement monitoring

The face monitoring system requires an automated measurement data acquisition system
which is conducting continuous tachymeter measurements without targets [6, 7]. The meas-
urements taken on temporary obstacles should be automatically filtered (Figure 22). The max-
imum range is limited by the reflector-less distance measurement (approx. 100 m) and the
accuracy of the results is £ 1-3 mm, depending on the distance and on atmospheric conditions
in the tunnel.

(o] O (@]
- d
.
3
s —
- £

Cot

obstacles (equipment,staff) total station + PC
Figure 22. Sketch of the face monitoring system, modified after [8]

4.3. Levelling

For precise levelling, an electronic level with automatic recording unit in combination with an
invar staff and marked points is used. The installation procedures presented in section
4.1.5.3.1 can be used for levelling as well. Required accuracy for a double levelling procedure
(standard deviation) per 1 km: +/- 1 mm

4.4. Extensometers

Extensometers are used for determining ground movements by measuring the shortening or
elongation (relative displacement) between two points. They allow an assessment of the de-
velopment of strains and stabilisation of movements in the surrounding ground.

4.4.1. Types of extensometers

There are various types of extensometers; however all of them yield the same measurement
data. Typical extensometer types are:

e Single or multi point rod extensometers, consisting of mechanically anchored meas-
urement rod(s) and a protective pipe, allowing unhindered relative movement (Figure
23)
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fixing device

borehole

protective pipe

measuring rod

rod head

gauge head

Figure 23. Schematic layout and principle of a single point rod extensometer

4.4.2.

Probe extensometers, consisting of a probe guide tube, points connected to the ground
and a moveable reading element

The measurement principles vary (mechanical, non-mechanical, etc.). Typical examples
of such instruments are sliding micrometre probes and magnetostrictive probes. They
allow measuring at several depths along one probe [9].

Installation requirements

The following installation requirements should be observed:

4.4.3.

In case of rod extensometers, the head of the instrument shall be protected by a cap. A
reliable bond between the anchors and the ground shall be ensured

The extensometer head should be paired with a 3D displacement monitoring target. In
case of surface installation, levelling of the extensometer head shall be conducted con-
currently

The position of the extensometer head should be determined immediately after instal-
lation, and parallel to the zero measurement of the extensometer

The spatial orientation of the extensometer shall be measured

Accuracy

Common resolution of reading instrument: 0.01 mm
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4.5. Anchor load cells

Anchor load cells measure the loads in anchors and are installed at the anchor head (Figure
24).

Manometer

Bearing plate

Load cell
Shim

Figure 24. Schematic view of a load cell for a prestressed anchor

4.5.1. Types of load cells

Measurement of the loads is either done by a cell filled with oil, or cells equipped with strain
gauges. Values can be either read out by manometer or remotely.

4.5.2. Installation requirements

The surfaces shall be planar, and the read out device accessible.

4.5.3. Accuracy

Accuracy of hydraulic systems is +/- 1 % of the capacity of the load cell. Accuracy for electrical
load cells is in the range of +/- 0.5 %. Error due to temperature change of 20° for both systems
is in the range of 1.2 %.

4.6. Tilt meters

Tilt meters are used for measuring very small changes of the inclination, either on the ground
or in structures. Such changes may be caused by excavation, tunnelling, dewatering, or loading
of the structure.

4.6.1. Installation requirements

The following installation requirements should be observed:

e The position of the tilt meter should be determined immediately after installation and
parallel to the zero measurement of the tilt meter
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4.6.2. Types of tilt meters

There are different types of tilt meters:

e Electro level tilt meter
e Optoelectronic tilt meters

4.6.3. Accuracy

The total system accuracy of tilt meters is between 0.005 mrad and 0.050 mrad, depending on
the measuring range.

4.7. Hydrostatic levelling system

Water levels are used for the continuous monitoring of changes in height of buildings and oth-
er technical constructions (Figure 25).

liquid reservoir

Po
reference sensor n
measuring point /2
A
liquid sensor1 A,
Ah
1y A )

reference gas v

sensor 2

Figure 25. Schematic layout and principle of a hydrostatic levelling system [10]

4.7.1. Installation requirements

The following installation requirements should be observed:

e For temperatures under 1°C a special non freezable liquid shall be used

e The sensor positions should be paired with a 3D displacement monitoring target

e The zero reading of the monitoring targets should be done immediately after installa-
tion and parallel to the zero measurement of the water level

4.7.2. Types of hose water levels

The following types of water levels are used:

e Hydrostatic levelling system using manometers (Figure 25)
e Electrical water level systems
e Mechanical water levels
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4.7.3. Accuracy requirements

The total system accuracy for hydrostatic water levelling systems is 0.3 mm for the measured
height differences. The accuracy of hose water levels varies between 1 and 2 mm. The measur-

ing range for all systems is about 200 mm.

4.8. Borehole Inclinometers

Inclinometers are used for determining ground movements by measuring angular deflections
(Figure 26). They are commonly installed from the surface in the vertical and horizontal direc-
tion. Also the installation from the tunnel in +/- horizontal direction is possible. Combination

with extensometers (sliding micrometre) is possible.

single probe inclinometer chain inclinometer

phase 2 phase 3
IOOI |IK:>()U| IOOI
[ | [

guiding device phase 1
IOOI

measuring prob

measuring
point 1

point 2

measuring ‘|‘
point 3

Figure 26. Principle of single probe and chain borehole inclinometers

4.8.1. Types of inclinometers

There are two main types of inclinometers:

e Single probe inclinometers

e In-place inclinometers (chain inclinometer)

4.8.2. Installation requirements

The following installation requirements should be observed:

e The inclinometer head should be paired with a 3D displacement monitoring target

(Figure 27)
The position of the inclinometer head should be determined immediately after the in-

stallation and parallel to the zero measurement of the inclinometer
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e The casing slots should be oriented such that they are parallel and perpendicular to the
orientation of any tunnel excavation or wall to be monitored

Figure 27. Head of borehole inclinometer with 3D displacement monitoring target (Photo:
Weissnar)

4.8.3. Accuracy requirements

e Common resolution of reading instrument: £ 0,02 mm per 500 mm gauge length
e The system accuracy shall be better than 1 mm per 10 m measuring length
e Measuring range: vertical or horizontal: +/- 30° (10° for in-place inclinometers)

4.9. Water level gauges and Piezometers

Water level gauges are used to measure the water level in a borehole, by using a light plummet
or sounding device. Piezometers are used for determining ground water pressure within a
borehole (Figure 28).
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Figure 28. Schematic layout and principle of a standpipe piezometer

4.9.1. Types of piezometers

The following types are commonly used:

e Single or multiple standpipe piezometer (Casagrande type)
e Standpipe
e Vibrating wire

4.9.2. Installation requirements

The following installation requirements should be observed:
e The position of the piezometer head should be determined immediately after installa-
tion
e The depth of the probe within the borehole should be recorded

4.9.3. Accuracy requirements

The system specifications should meet following requirements:

e Common resolution of reading instrument: + 0.025 % of full scale

e The system accuracy shall be better than £ 1 % of the full scale

e The operating range of the system shall not exceed the expected maximum pressure by
more than 50 %
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4.10.  Strain gauges

The following strain gauges are commonly used:

e Strain meters
e Vibrating wires (for cured concrete structures e.g. inner lining)
e Fibre optical sensors

4.10.1. Strain meters

Strain meters are used for measuring strains in shotcrete or inner linings (see Figure 29).

transverse element

4

measuring cable

PVC pipe

strain gauges

support member
covering material

A Vi |

Figure 29. Schematic layout of a shotcrete strain meter (figure courtesy of Geodata)

4.10.1.1. Accuracy requirements

Shotcrete strain gauges should have a minimum measuring range of 1.0 % in compression and
0.2 % in tension. They should be temperature compensated to account for temperature in-
crease of the shotcrete during the hydration process.

e Resolution of reading instrument: + 0.01 % of full scale
e The system accuracy shall be better than £ 1 % of full scale

4.10.2. Vibrating wire sensors

Vibrating wire sensors are used to measure length changes along a measuring line. The layout
is the same as for strain meters.

4.10.2.1. Accuracy requirements

The system specifications should meet the following requirements:

e Resolution of reading instrument: £ 0.01 % of full scale
e The system accuracy shall be better than £ 1 % of full scale
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4.10.3. Fibre optic sensors
Fibre optical sensors are used to measure length changes along a measuring line [11, 12].

4.10.3.1. Accuracy requirements

The required accuracy strongly depends on the application and thus different levels of accura-
cy are needed. As fibre optic sensors are temperature sensitive, temperature measurements
always have to accompany strain measurements with fibre optical sensors. Alternatively, a self-
compensating configuration can be chosen.

For strain measurements in structural elements, like concrete, steel or shotcrete, the following
requirements should be met:

e System accuracy: 1 um/m
For measurements of ground movements, the following requirements should be met:

e System accuracy: better than 0.1 mm/m

Figure 30. Fibre optic sensor installed

4.10.4. Installation requirements

The following installation requirements should be observed:

e The position of the sensors should be determined and recorded
e The sensors should be fully embedded in the lining/ground
e Wires should be protected against damage
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Figure 31. Pair wise installed strain gauges in the shotcrete lining of a shaft and arrangement
of the wiring
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Figure 32. Vibrating wire sensors attached to reinforcement

4.11. Invert probe

The invert probe is used for verifying the integrity of the invert (Figure 41), which usually is
covered with roadway material and therefore cannot be inspected visually. The device consists
of a cylindrical probe which is connected to a stranded wire and inserted in a PVC-hose.
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4.11.1. Installation requirements

The following installation requirements should be observed:

e The device shall be installed together with the shotcrete lining
e Both ends of the hose shall be accessible, protected against damage and covered with a
cap

protective cap

app. 500mm

probe

..............................................................

bench/invert ,
: grommets for fixing

stranded wire

PVC-hose @ 70mm

Figure 33. Typical invert probe (details and arrangement in cross section)

4.12. Measurements of discontinuity location and orientation

An essential task to evaluate discontinuity controlled failure modes is the determination of the
spatial orientation and location of discontinuities. Conventional rock mass characterization
requires physical access to the rock surface for applying a compass-clinometer device.

4.12.1. Manual structure mapping

The acquisition of spatial orientation of discontinuities is done with the help of a compass-
clinometer device (Figure 34). The device is located on a discontinuity (Figure 35), and dip and
dip direction read from the instrument. The result usually is plotted in a face sketch.
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Figure 34. Compass-clinometer (Clar system)

Accuracy of measurement: reading accuracy is approximately 1° for the dip direction, and ap-
proximately 2°-3° for the dip angle. Deviations in the orientation measurement can be caused
by magnetic field or steel elements installed in the tunnel.

Shortcomings of this measuring technique are:

e Readings taken manually in potentially hazardous area

e Readings only possible in accessible areas

e Readings not reproducible after excavation of next round
e Location of features generally only estimated

Figure 35. Measuring of discontinuity orientation with compass-clinometer device at a tunnel
face (Photo: Geoteam Koralmtunnel, lot 3)
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4.12.2. Digital ground mapping

Two technologies are mainly used for contact free (remote) measuring of discontinuities and
other geological features: Digital photogrammetry [13, 14] and LiDAR (light detection and rang-

ing).
Major advantages of these remote techniques include:

e The ability to quickly acquire large portions of rock masses including inaccessible areas

e The possibility to zoom in and out of an outcrop, which leads to a better understanding
of large features

e Permanent documentation of the rock face condition and excavation stages for report-
ing and contractual-legal issues

The general work-flow when applying these techniques includes collecting data by taking pho-
tographs or scanning the region of interest from distant locations and processing the acquired
data to a 3D surface description (3D image) with a photo overlay (Figure 36).

4.12.2.1. Accuracy

In the context of remotely acquiring surfaces for geologic mapping, accuracy shall be seen two-
fold: (a) the accuracy of single surface point measurements (positional accuracy), and (b) the
accuracy of the entire surface description (shape accuracy) which is strongly related to the
term resolution or point density.

Both mentioned technologies have the capability to scan/acquire surfaces at different resolu-
tions and different positional accuracies. The higher the resolution, the smaller are the details
that can be mapped from the resulting 3D data. It is therefore reasonable to consider the re-
quirements of a project first and then choose the measurement/documentation tool and its
resolution accordingly.

In the case of tunnel face mapping, it is generally sufficient to map geologic structures in the
sub-centimetre range. Assuming the sectional area of a tunnel being about 60 m” and it is pho-
tographed with an 18 MPix camera, a resolution of 3-5 mm/pixel and a positional accuracy
error in the same range can be expected. With LiDAR similar resolution can be achieved.
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Figure 36. 3D image of a tunnel face and lining (Photo: 3GSM)
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5. EVALUATION, PRESENTATION AND INTERPRETATION OF
MONITORING DATA

This chapter presents the state-of-the art methods of evaluation, presentation and interpreta-
tion of monitoring data.

Additional processing and interpretation of the monitoring results assist in

e Understanding mechanical processes

e |dentifying “normal” behaviour

o Timely detection of deviations

e Assessing and predicting of displacement development and ground conditions sur-
rounding the tunnel

Continuous analysis of results and their interpretation can be used to verify the design assump-
tions and predicted system behaviour and ensure that the structural integrity fulfils safety,
serviceability and economical requirements. The methods required for achieving the goals
listed above are described and discussed in this chapter. Selected case histories illustrate the
process.

5.1. General displacement development

Figure 37 depicts a typical radial displacement development. The Z,-line represents the total
displacements caused by the excavation of a tunnel. The total displacements consist of the
displacement occurring ahead of the face (Zpy), the displacement occurring between excava-
tion and zero reading (Zp1), and the monitored displacements after zero reading (Zn=21).
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Figure 37. Typical radial displacement development
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5.2. 3D displacement monitoring

Various methods of visualisation can be used to verify the stabilization process, and their bene-
fits and shortcomings are shown and discussed.

5.2.1. Time - displacement diagram

Time - displacement diagrams are used to present vertical, horizontal and longitudinal dis-
placement components versus time. Typically, the results of the displacement measurements
of one or all targets in one monitoring cross section are plotted in a single diagram. Construc-
tion phases are also presented on the same plot allowing correlation between construction
activities and displacements. The displacement history is used to assess the stabilisation pro-
cess.

5.2.2. Distance - displacement diagram

Distance — displacement diagrams are used to assess the stabilization process in relation to the
face advance. More than one component or target can be shown on the plot of one section. In
addition, displacements of different sections can be shown on a single plot.

5.2.3. Assessment of stabilization

As a general rule, displacement increments decrease with the increasing distance between the
face and the observed section.
5.2.3.1. Continuous advance

A typical displacement development versus time and face distance show Figure 38 and Figure
39.
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Figure 38. Typical time-displacement diagram: stabilisation of the top heading advance with
continuous face advance
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Figure 39. Typical distance - displacement diagram: stabilisation of the top heading advance
with continuous face advance
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As shown in Figure 38 and 39, there is no qualitative difference between both visualisation
approaches and the interpretation of the system behaviour is straightforward. In both dia-
grams, the displacement rate continuously decreases with time and thus also with the increas-
ing face distance.

5.2.3.2. Changing advance rate and construction stops

It is generally accepted that the displacement development is influenced by the stress redistri-
bution in the ground due to the face advance, and time dependent behaviour of the ground
and the support. The effect of the face advance dominates the displacement development
[15]. Plotting the displacements against the face advance eliminates the discontinuities (kinks)
in the displacement development curve (Figure 40), caused by the different advance rates.
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Figure 40. Displacement development in case of unsteady progress [15] displayed in a time-
displacement diagram (left) and a distance-displacement diagram (right)

Analogously, a prolonged construction stop causes the displacement development to halt
(Figure 41) due to the stop of the advance-related stress redistribution. A plot of the same data
in a distance-displacement diagram is shown in Figure 42.

The significant increase of displacements after the restart in the time-displacement diagram
may lead to some misinterpretations. Analysing the displacement characteristic in the dis-
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tance-displacement diagram eliminates the ambiguity in the interpretation as the discontinuity
in the graph nearly vanishes. The main advantage of plotting displacements over face distance
is the easier assessment of the stabilization process for excavations with varying advance rate.
This kind of representation is meaningful only in case of analysing singular construction phases.
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Figure 41. Displacement development in case of a construction stop; time-displacement dia-
gram
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5.2.3.3. Construction phases

Subsequent excavation steps, like bench or invert excavation or the excavation of a parallel
heading lead to a temporary increase of displacement rates. This influence can be observed up
to several diameters ahead of the bench face. The maximum displacement gradient can be
observed at the moment of face passage. The assessment of the system behaviour’s normality
is fairly simple if the distance between the construction phases (e.g. top heading and bench) is
sufficiently high and there is no mutual interaction between the stress redistribution process-
es.
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Figure 43. Time - displacement diagram for top-heading and bench excavation

In case of mutual interaction between the construction phases, advanced interpretation meth-
ods and prediction models (as described in the following chapters) should be applied.

5.2.3.4. Influence of the support installation

Changes in the support resistance have an observable effect on the system behaviour. In par-
ticular, the effect of the ring closure on the displacement characteristic is clearly visible (Figure
44). As shown therein, the displacement rate decreases significantly, leading to a “kink” in the
time-displacement diagram after the installation of the invert.
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Figure 44. Influence of the installation of a top heading invert on the displacement develop-
ment

5.2.4. Displacement development prediction model

The work of Sulem, Barlow, Sellner et al. [16, 17, 18, 19, 20] has resulted in development of
empirical relationships allowing prediction of the displacement development based on a few
readings or previous experience under similar conditions. The effects of the face advance,
time, support stiffness and construction phases are combined in one prediction model. The
relationship always provides stabilization of the system (displacement rates eventually con-
verge to zero).

The following figures illustrate the process of displacement prediction in comparison to the
measured data.

Figure 45 shows the prediction of the displacement development (dashed blue line); based on
the zero reading, one consecutive reading, previously observed system behaviour and an as-
sumed construction advance. Displacement development ahead of the face is also displayed.
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Figure 45. Prediction of the displacement development for the top heading (dashed blue line)
based on previously observed system behaviour, zero reading and one consecutive
measurement at MS 390 [21]

Figure 46 shows the effect of the installation of a temporary top heading invert at the time of
the first consecutive measurement (green line).
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Figure 46. Prediction of the displacement development with temporary top heading invert
installation (green line) [21]
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Figure 47 shows the prediction of the displacements including bench excavation (red line).
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Figure 47. Subsequent prediction of the displacement development due to bench excavation
(red line) [21]

Figure 48 displays the comparison between predicted and measured displacements (black cir-
cles). As can be seen there is a good agreement between prediction and measured data.
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Figure 48. Comparison between the observed and predicted system behaviour [21]
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5.2.4.1. Identification of deviations from normal behaviour

Figure 49 shows the development of the measured crown settlements for a top heading exca-
vation with a temporary top heading invert in a tunnel with medium overburden in a fault
zone. The predicted displacements without (blue dotted line) and with temporary invert (green
line) are displayed to provide the basis for comparison with the actual data. A deviation of the
measured displacements to the predicted displacements (on day 40 in the graph) indicates a

failure of the temporary invert.
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Figure 49. Example of time-displacement plot with measured displacements deviating from
the predicted displacements due to a failure of the temporary top heading invert

Further development of the displacements indicates stabilization at the level of the behaviour
without temporary top heading invert.

The following example originates from a tunnel with shallow overburden in alluvial soils.
Figure 50 shows the development of the vertical displacements of the top heading foot at
monitoring section 191 [15]. The relative strong initial settlement is noticeable, indicating a
limited stress transfer in the longitudinal direction.

However, after the installation of the temporary top heading, invert settlement rates de-
creased quickly. The measured displacements after the zero-reading up to the sixth reading
corresponded quite exactly to the predicted settlement characteristics. Starting from October
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30" significant deviations from the predicted behaviour appeared, showing progressive in-
crease in the settlement rates.

Initially the first deviation indicates a failure of the temporary top heading invert. Subsequent-
ly, the observed behaviour progressively deviates from the predicted one, with high displace-
ment rate increase. The fresh shotcrete lining could not sustain the quick additional load and
failed.
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Figure 50. Deviation of system behaviour from the predicted displacement development, lead-
ing to collapse of top heading [15, 21]

5.2.5. Displacement vectors in longitudinal and cross section

The displacement development is plotted in sections perpendicular and parallel to the tunnel
axis (Figure 51). The vector plots (Figure 52, Figure 53) can show the influence of the structure
and quality of the surrounding ground, which has a significant influence on the displacement
characteristics [22, 23, 24, 25, 26]. In addition, the kinematical aspects of the interaction be-
tween the support and the ground can be observed.

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

cross section longitudinal section

/
/

Figure 51. Displacement vector plot in cross- and longitudinal section [41]
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Figure 52. Displacement vector plot for top heading excavation [41]

Figure 53 shows the influence of the temporary top heading invert installation; the displace-
ment rates generally rapidly decrease, and the sidewall points show divergence.

Figure 53. Displacement vector plot; influence of temporary top heading invert [41]
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Figure 54 shows an example of the influence of a series of steeply dipping faults, striking sub-
parallel to the tunnel axis, on the displacement characteristic.

1289

Figure 54. Displacement vector plots; influence of faults outside and inside the excavated cross

section; a) stress concentration between left sidewall and fault causes large dis-
placements of left sidewall; b) additional fault close to right sidewall leads to in-
crease of displacements on right sidewall; c) fault zone in excavation profile causes
only increased displacements in the crown [27]
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5.2.6. State line (deflection curve) diagrams and trend lines

State lines are produced by connecting the measured displacements in a line (e.g. crown,
shoulder or sidewall) of a number of monitoring points along the tunnel axis at a certain time.
A number of state lines over a large section for a specified time span can be shown on one

plot.

This allows a good overview on the displacements over a longer stretch and a longer time peri-
od. Single displacement components (like vertical, horizontal or longitudinal displacements)
are shown [28, 29].

In order to eliminate the influence of different times/distances of the zero reading to the face
position/excavation time, it is recommended to consider the displacements at the face to be
zero. This requires an estimation of the displacements between the face and the monitoring
section. This either can be done by extrapolating the spline to the face position, considering
the development of displacements of minimum three previous monitoring sections. The sec-
ond and more appropriate method is to use the prediction model [19, 21] and calculate the
displacement between monitoring section and face.

Figure 55 shows the influence of each excavation step on previously excavated and supported
tunnel sections.
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Figure 55. Deflection curve diagram for crown settlements [28, 30]

®

Deflection curves are usually combined with a trend line. Trend lines are created by connecting
values from the deflection curves at a constant distance behind the face (Figure 56).
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Figure 56. Deflection curve diagram with trend line [28, 30]

“Onion-shell-type" deflection curves and a horizontal trend line development are obtained
when tunnelling in homogeneous ground conditions and same boundary conditions.

Figure 57 shows the influence of a fault zone, crossing the tunnel axis approximately perpen-
dicularly. Displacements increase, as the tunnel approaches the fault zone. The influence on
sections further away from the fault zone can be also seen. Once the face has passed the fault
zone, the influence on sections “behind” the fault zone should be minimal.
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Figure 57. Deflection curve diagram with trend line in case of passing through a fault zone [30]
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5.2.7. Evaluation of displacement differences or ratios

Evaluating the ratio between displacement components or differences and plotting them as a
trend can help in detecting changing system behaviours or changing ground conditions outside
the excavation area. There are different possibilities to combine displacement components in
each section developing along the tunnel axis:

e Same component in different monitoring points
e Different components in one monitoring point

5.2.7.1. Same component in different monitoring points

In cases, where the absolute difference of displacements can be relevant for the system behav-
iour (for example stresses in the lining) it is recommended to evaluate displacement differ-
ences between different points (e.g. surface settlement versus crown settlement Figure 58,
crown versus sidewall Figure 59). Figure 58 shows a situation where low confinement in the
ground caused a shear failure, leading to a higher surface than crown settlement.
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~
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10+
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Figure 58. Evaluation of settlement difference between surface and crown [29]

Higher sidewall than crown settlements can indicate pronounced shear displacement between
ground and lining, or a failure of a temporary top heading invert. The change in the displace-
ment trend in Figure 59 indicates an arching over a weak zone in the ground. This results in a
higher loading of the support in the area, where the temporary invert was already installed,
while in the front section a failure in the ground leads to relatively high sidewall settlements.

During the top heading excavation the system stabilized, however during bench excavation a
daylighting collapse occurred in this section. The changing trend of the horizontal displace-
ments in this section is shown in Figure 60.
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Figure 59. Development of settlement difference between crown and left sidewall [modified
after 29]
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Figure 60. Development of horizontal displacements and trend of the left sidewall during
bench and invert excavation [29]

Ratios of displacement components can be used with single components of different monitor-
ing sections (e.g. ratio of crown settlements versus sidewall). In homogeneous material, the
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crown settlement will generally be higher than the sidewall settlement. When approaching a
steeply dipping fault, which crosses the tunnel axis in an acute angle, larger settlements of the
sidewall than of the crown will indicate an overloading of the ground between sidewall and
fault. As shown in Figure 61, the ratio of the left sidewall to crown settlement considerably
increases well before the fault is visible at the face, allowing time to take the proper action.
With further advance of the excavation face, the ratio of left sidewall to crown settlement re-
verts to "normal".
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Figure 61. Trend lines showing the ratio of the settlements left and right sidewalls to the
crown [30]

Monitoring

®

5.2.7.2. Different components in one monitoring point

The displacement vector orientation L/S is the ratio between longitudinal displacements (L)
and settlements (S) and is expressed in terms of an angular deviation of the displacement vec-
tor from vertical [31, 32, 33, 30, 34].

A rotation of this displacement vector against the direction of excavation indicates relatively
soft ground ahead of the face. In contrast, a rotation in direction of the excavation reflects rel-
atively stiff conditions ahead. Figure 62 shows the basic development of the vector orientation
trend L/S when tunnelling through a zone of relatively soft ground.

The displacement vector trend L/S (in this case for the crown point) deviates from a “normal”
orientation against the direction of excavation when approaching the zone of soft ground. The
“normal” vector orientation strongly depends on the ground structure and stress conditions
and has to be determined separately for each condition [35, 36, 37, 38].

After entering the soft zone, the vector tends to return to the “normal” orientation. When ap-
proaching the stiff ground, an inverse tendency can be observed. The displacement vector de-
viates in direction of excavation and reaches a maximum at the transition. After entering the
stiff zone, the vector returns to normal.

The L/S trend evaluation is the most appropriate method to identify changes in the ground
conditions.
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Figure 62. Example for displacement vector orientation trend L/S [39]

In order to illustrate the principles presented above, a case study with their application is brief-
ly presented (Figure 63, Figure 64). The upper diagram in Figure 63 shows the development of
crown settlements of a tunnel section of around 120 m length [15, 40]. The trend line of the
ratio of longitudinal displacements and settlements (L/S — displacement vector orientation,
evaluated as an angle) is illustrated at the bottom. The settlement curves show a nearly con-
stant development with a small variation. In contrast, the development of the displacement
vector orientation clearly shows a significant deviation from a certain “normal” range against
the direction of excavation, beginning at approximately 40 m (three tunnel diameters) before
the fault zone. This tendency indicates changing ground conditions with weaker ground ex-
pected ahead of the face. In this case, the range of normal displacement vector orientations is
between 4° to 8° against the excavation direction.
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Figure 63. Deflection curves of vertical displacements of the crown (top) and trend of ratio
between longitudinal and vertical displacements (below). Deviation of displacement
vector orientation indicating change of ground quality ahead of face [40]

Approximately half a tunnel diameter ahead of the fault zone, the L/S vector orientation
reaches its peak value (Figure 63). After entering the fault zone, it remains oriented against the
direction of the excavation and gradually decreases to the “normal range” (Figure 64).
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Figure 64. Deflection curves showing the increased displacements in the fault zone, encoun-
tered at around chainage 1160, as well as the trend of the displacement vector ori-

entation [15, 40]
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By approaching the end of the fault zone, the vector orientation changes towards the direction
of excavation, thus indicating more competent ground ahead. Having entered competent
ground and with sufficient distance between the face and the “transition zone”, the vector
orientation returns to normal again.

5.2.7.3. Combination of different trends

To determine the spatial orientation of regions with different ground quality ahead, interpreta-
tion of the combination of different displacement trends can be used [41, 42]. Depending on
the relative spatial orientation of the transition, characteristic changes in the trends of the
monitoring results of different points can be observed.

Figure 65 shows a set of trends for a tunnel excavation through a fault zone. Shown are the
characteristic developments of the crown settlements, the vector orientations L/S (ratio of
longitudinal displacements and settlements) and H/S (ratio of horizontal displacements and
settlements) for the crown as well as the vertical displacement ratio between the left and the
right sidewall, SL/SR. While the radial displacements (for example S) show a significant change
close to the transition, the displacement vector orientations change (L/S, H/S) already some
distance ahead of the transition. Also the displacement ratio of the sidewalls (SL/SR) changes
significantly when the excavation approaches the weak (soft) zone.
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Figure 65. Typical displacement trend lines when tunnelling through a fault zone [41, 42]

5.2.8. Displacement vector orientation plot in stereonet

Stereographic projection can be used to display the orientation in space of all points monitored
in one measuring section [30, 43]. This facilitates an easy recognition of zones with different
stiffness and their spatial orientation. Displayed in Figure 66 is a sequence of vector orienta-
tions over three measuring sections of a top heading excavation with three measuring points,
approaching rock mass with higher stiffness, striking in an angle of approximately 45° to the
tunnel axis. In the first measuring section, crown and sidewalls show displacement vector ori-
entations against the direction of excavation. This deformation pattern is considered to be
"normal". With decreasing distance to the relatively "stiff" zone, the orientations of all three
vectors change in a characteristic way. The displacement vector orientation of the point closest
to the transition shows a significant deviation from the normal orientation, pointing in direc-
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tion of excavation. The crown point shows a similar trend, but in a less pronounced magnitude,
while the opposite sidewall point shows this trend only to a minor extent.
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Figure 66. Display of displacement vector orientations in stereoplot (lower hemisphere, note
that the vectors of the left sidewall plot on the right side, and vice versa) [30]

5.2.9.  Stress intensity in a shotcrete lining

The measured displacements can also be used to evaluate the strains in the lining. Considering
the time dependent development of the shotcrete properties, the stresses in the lining are
calculated. Currently the stresses in the lining are evaluated either using the flow rate method
[44, 45] or the hybrid method [46, 47, 48, 49, 50, 51]. The flow-rate method uses a semi-
empirical set of relationships describing rheological behaviour of the shotcrete, while the hy-
brid approach uses a thermo-chemical-mechanical material model. Both approaches require
special tests in order to calibrate the model parameters (calorimeter tests, uniaxial compres-
sion tests with E-modulus determination, creep and shrink tests and adiabatic tests). The utili-
sation degree is defined by the distance between actual stress level and the yield surface of the
shotcrete at the relevant age [52, 53, 54]. With respect to the evaluation of lining utilisation
reference is made also to [55]. The results can be displayed in relation to time, face position or
as contour plots.

The example shown in Figure 67 is from a tunnel with shallow overburden in an urban envi-
ronment excavated with side wall galleries followed by core excavation. The evaluation pro-
vides a quick overview of the utilisation of the shotcrete lining.
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Figure 67. Example of the distribution of the level of loading in the shotcrete lining at a certain
time [40, 53, 56]; Tunnel driven with side wall galleries and core excavation (note:
red colour indicates very high load level; blue colour indicates a low load level) [57]

5.2.10. Surface displacements

Surface displacements can be displayed in various ways, for example versus time, in cross- or
longitudinal sections, as state diagrams, trends, or as contour plots. Figure 68 shows an exam-
ple of a contour plot of surface settlements in a plan view. Positions of the face of each con-
struction step are shown.

The evaluation gives a good impression of the influence of the construction progress on the
distribution and amount of displacements. The maximum of differential settlements (for build-
ings, tracks, pipe lines, etc.) corresponding to exceedance of defined target values can be di-
rectly displayed [56].

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

4280,00*/'

4270.004

- R -.\ #
’3’{7/?'\

- oL
& ‘ /’Q‘,
’ /L

95 Settiement m]
yanmw;

4260,009

.
4250,004 7

4240,004

Settlement Contours

4230,004

4220,004

4210,004

4200,004

Figure 68. Example of a contour plot of surface settlements with position of top heading,
bench and invert faces [57]

5.2.11. Value of evaluation methods

Different types of plots and evaluation methods have been presented in this chapter. Table 5
summarises the applicability of the various evaluation methods with regard to specific ques-
tions. The time-displacement and distance-displacement plots, for example, are suitable meth-
ods for the evaluation and assessment of the stabilisation process, while deflection curves and
trend lines are of limited value for this purpose. The latter methods are valuable in assessing
the spatial displacement development. Displacement vector orientations in the longitudinal
direction as well as 3D orientations are appropriate methods for predicting ground conditions
ahead of the face. Utilising this matrix guides the user in choosing the appropriate evaluation

method.
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Table 5.  Value of evaluation methods with regard to specific questions [58]
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5.3. Extensometers

Results of extensometer readings can be displayed versus time, construction progress, relative
displacements between two points, strains, or (in case of parallel installation of geotechnical
monitoring points at the extensometer head) as radial displacements of the extensometer
endpoints. The following evaluations of the measurement data, along with the respective visu-
alisations, should be performed on regular basis:

e Elongation vs. time

e Interval strain between anchoring points

e Determination of absolute displacements by combining the measurements with abso-
lute displacement data (measuring point installed at the extensometer head)

Figure 69 shows an example of a section instrumented with three six-point extensometers. The
strains in different periods in each section are displayed in different colours. The extensome-
ters show a pronounced local strain (elongation) in single measuring sections, while the re-
maining intervals show practically no displacements. The target displacements, combined with
the extensometer results indicate shearing along the faults, situated close to the tunnel perim-
eter. The interpreted shearing along the faults is shown by red arrows. The measurement re-
sults allow optimisation of bolt positions and lengths.

Figure 69. Measuring section, equipped with extensometers; coloured bars show strains per
measuring section in subsequent measuring periods
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5.4. Piezometers

Results of piezometer readings are displayed versus time or/and construction process. Figure
70 shows an example of water pressure reduction when a tunnel approaches and passes the
piezometer, installed from the surface to a depth of 42 m at chainage 1146. The ground con-
sists of siltstone/claystone. As can be seen there is a strong drop of about 2 bar (from approx-
imately 3.6 bar to 1.6 bar) within a few days as the tunnel was excavated at the level of the
piezometers monitoring section. In the following weeks and with further tunnel progress the
water pressure stabilizes at approximately 1.2 bar. Evaluation of water pressure measurements
can be helpful in assessing whether drainage measures ahead of the face are required.
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Figure 70. Piezometer evaluation — water pressure reduction in relation to a tunnel progress
and versus time
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5.5. Strain Gauges

Strains can be plotted versus time and/or construction progress. From pairs of strain meas-
urements sectional forces in the lining can be derived, using the relationships of EC 2 [59]. The
results have to be compared to the axial thrust — bending moment envelope determined for
the respective shotcrete age (not for the nominal 28-days concrete strength) in order to obtain
realistic utilisation estimates (Figure 71).
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Figure 71. Development of thrust and bending moment for six strain gauge pairs installed in
the top heading shotcrete lining during a monitoring time span of 28 days
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The back calculated section forces should be interpolated between the respective strain gauge
positions in the shotcrete shell, allowing the visualisation of their distribution in the lining and
clear interpretation of the data. The results shown in Figure 72 clearly show that no axial thrust
mobilisation is present near the base of the top heading. After the bench excavation and sup-
port are completed, the ring closure causes a stiffness increase of the entire support, leading
to mobilisation of the axial thrust.

\2 MN

11 MN
17. Nov. 2011

2 MN

[ 1 MN
22. Nov. 2011

Figure 72. Top left: the position of the strain gauges in the tunnel cross section and zero read-
ing. Top right: lining thrust three days later — bench installation pending. Lower left:
thrust distribution one day after bench installation. Lower right: thrust distribution
at the final reading, indicating shotcrete relaxation
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5.6. Borehole Inclinometers

Readings along the instrument can be displayed versus time and/or construction progress.
With inclinometers, ground movements outside the tunnel generally can be observed. An ex-
ample of an inclinometer installed above the crown of a tunnel is shown together with the
measured displacements (Figure 73). The purpose was recording displacements ahead of the
advancing face.

axis chain inclinometer
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drill hole diameter 114 mm
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Figure 73. Example of nearly horizontal inclinometer installed above the tunnel crown, and
measurement results [60]
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Figure 74 shows a cumulative evaluation of vertical borehole inclinometer measurements in
two directions under the assumption that the deepest point does not move. Alternatively, the
incremental displacements of each measuring section can be displayed.
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Figure 74. Example of cumulative evaluation of a vertical borehole inclinometer in two direc-
tions

The offsets in the lines at depths of approximately 11 m and 18 m indicate the development of
shear bands. In addition pronounced creeping of the slope can be observed.

5.7. Invert Probe

As long as the probe can be moved through the entire length of the hose, the integrity of the
invert can be interpreted.
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5.8. Discontinuity location and orientation

5.8.1. Data acquired manually

Measured data are presented in hand sketches (Figure 75) and in stereographic projection
(Figure 76).
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Figure 75. Sketch of face with discontinuity traces; discontinuity orientation shown as dip di-
rection/dip, Miiller flags indicate orientation; sf/ss: bedding, foliation; k: joint;
st/h: fault, slickenside

T %

: 5 %
< Y

3
g 3

wost

foliation - blue; joints - green; faults - red

Figure 76. Representation of discontinuity orientations in stereographic projection
(TA-tunnel axis orientation)
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5.8.2. Data from contact free measurements

In the 3D images acquired using stereo photogrammetry or LiDAR, show the visible discontinui-
ties, which are manually marked (areas or traces). The orientations are automatically dis-

played. The results are shown in (scaled) 3D images (Figure 77) and in stereographic projection
(Figure 78).
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Figure 78. Hemispherical plot of orientation measurements
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5.8.3.  Analysis

The discontinuity data can be used to analyse the stability of blocks. Figure 79 shows remova-
ble blocks obtained from the discontinuity data. Using discontinuity properties and field stress-
es, factors of safety can be calculated.

Figure 79. Example of assessment of block removability [61]
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6. GEOTECHNICAL SAFETY MANAGEMENT PLAN

Prior to construction, a geotechnical safety management plan (GSMP) shall be established. The
contents and extent of the GSMP shall be adjusted to the specific requirements of a project.
The goal is to achieve safe and economical construction, while effectively mitigating the resid-
ual risks [62, 63, 64].

6.1. Basics

The following key issues shall be addressed in accordance with Eurocode EC 7 [65]:

e Design concept for determining excavation and support

e Determination of safety relevant parameters, including definition of expected behav-
iour and criteria for the assessment of the system stability on the basis of the expected
ground conditions

e Monitoring concept, allowing a continuous comparison of expected and observed be-
haviour, including all organizational and technical requirements

e Management concept for cases where ground conditions and/or system behaviour de-
viate from that predicted, both for favourable and unfavourable deviations

During construction attention should be paid to following issues:

e Appropriate organisation of the site, and employment of qualified personnel
e Technical provisions for high quality observation of the system behaviour
e Efficient information flow and reporting

6.2. Contents

6.2.1. Contact details

Contact details and functions of all persons relevant for the geotechnical safety management
(GSM) shall be listed. For safety relevant functions it is advisable to nominate a proxy. In addi-
tion to the project team, this applies also for third parties (stakeholders), including owners or
managers of buildings, structures (e.g. rails, roads) and utilities (e.g. gas or water pipe) in the
area influenced by the site.

6.2.2. Responsibilities

The functions and responsibilities of all persons involved in the GSM shall be clearly defined.
The GSMP shall contain stipulations regarding convening of meeting, intervals of meetings and
participants.

6.2.3. Geotechnical Meetings

The purpose of geotechnical meetings is updating all stakeholders regarding:
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o Observed behaviour in previous sections in comparison to the predicted

e Applied excavation and support in the previous sections

e Predicted ground conditions and system behaviour for the sections to be excavated
e Update geotechnical model, design and prediction if required

6.2.4. Observation program

In accordance with the project specific requirements a minimum observation program shall be
specified with respect to observation method, observation intervals (distance of monitoring
sections) and monitoring frequency according to Chapter 3.

6.2.5. Definition of expected system behaviour (target behaviour)

Prior to construction, the designer defines the target behaviour and effects of tunnel construc-
tion on the surface and structures, based on empirical or analytical stability considerations [1].

The safety relevant parameters related to the target behaviour and the limits and criteria of
acceptable behaviour shall be determined on a project specific basis (see Section 3.3).

Typical parameters include:

e Tunnel displacements and their development during all construction phases

e Lining utilisation

e Face stability

e Water inflow

e Surface settlements, including spatial extent and development

e Displacements of buildings

e Allowable distortions of deflections of buildings and utilities (for example rails, water
pipes and sewers, gas pipes, etc.)

The target behaviour shall be updated during construction, as required.

6.2.6. Action levels

The GSM generally consists of the following action levels (Figure 80):

e Observed behaviour complies with the target behaviour: continuous comparison to de-
sign values

e System behaviour on longer sections is more favourable than predicted: optimization of
excavation and support

e System behaviour is less favourable than expected: immediate implementation of miti-
gation measures as specified in the GSMP, together with initiation of a crisis manage-
ment
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deviation unfavourable

deviation favourable %

\/

Warning level 1
phase for reaction

countermeasures

optimisation

Figure 80. Warning and action levels [62, 64]

6.2.7. Warning levels

The warning system shall be established to meet the project specific boundary conditions and
requirements. As more experience is gained, the warning criteria should be updated during
construction. The system consists of the warning levels listed in Table 6.

Table 6.  Warning levels

Level

Characteristic

0

System behaviour within the range of target behaviour
according to specifications of the design

Deviation from expected system behaviour; reaction
phase

Imminent danger; risk is limited to the construction site;
crisis situation

Imminent danger; risk also affects third parties; crisis
situation

Warning or alarm criteria can be fixed values, tendencies, or dangerous incidences, such as
instability of tunnel or face, etc.
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In order to obtain timely information regarding unfavourable developments, it can be advisa-
ble to define a pre-warning level.

In case of deviation from the target behaviour, the relevant warning level is declared.

The criteria for level 1 are characterized by a deviation from the target behaviour and/or high
lining utilisation, but still providing sufficient safety against failure.

The criteria for level 2 describe repeated, progressive displacements, situations with only min-
imal safety against failure or including local failure (i.e. criteria at this level are already classi-
fied as alarm values or alarm criteria). If risks are limited to the construction site, level 2a is
declared. In case third parties are affected, the measures according to level 2b are implement-
ed.

The criteria for level 1 shall be set in such a way that mitigation measures can be handled by
the means and methods available of site.

When reaching or exceeding the criteria of level 2, special procedures for the crisis manage-
ment shall be implemented. The priority of action is as follows:

1. Ensure public safety
2. Ensure safety of persons involved in the project
3. Ensure stability of structure

The warning level can be revoked in case of:

e Stability of tunnel is proven by observation, respectively no influence on surface, utili-
ties and structures (if applicable)
e Mitigation measures are implemented and their effectiveness has been proven

As an example in Table 7, typical criteria for values, tendencies and incidents as well as the
corresponding mitigation measures are listed.
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Table 7.

Example of warning, alarm criteria and measures

Criteria

Measures

Level O

Target behav-
iour

Behaviour of the structure as expected, no
warning level reached

No measures

Level 1

Warning level

Reaching a warning level

Atypical displacement behaviour of the tun-
nel or the surface, such as sudden displace-
ment increases, increasing displacement
trend, etc.

Smaller unforeseen events in the tunnel, such
as overbreak, larger water inflow, etc.

Immediate notification of all involved parties
Implementation of predefined measures
Special geotechnical meeting as required
Increase of reading frequency

Level 2a

Alarm level
without effects
on third par-
ties

Reaching an alarm level

Repeated, progressive displacement increas-
es with or without clearly allocable construc-
tion activity

Indicators for stability problem of the tunnel
(high probability of collapse)

Water ingress in the tunnel

Implementation of crisis management plan
Implementation of predefined measures
Immediate measures to be taken by the con-
tractor and the site supervision

Immediate notification of all involved parties
Call a geotechnical meeting in order to fix
further measures

Increase of reading frequency

Level 2b

Alarm level,
with effects on
third parties

As stage 2a, with effects on third parties

Implementation of crisis management
Implementation of predefined measures
Immediate measures to be taken by the con-
tractor and the site supervision

Immediate notification of all involved parties
and responsible third parties

Protection of the personnel and public (e.g.
block access to hazard area, track lock, road
block, evacuation of buildings, etc.)

Call a geotechnical meeting in order to fix
further measures

Increase of reading frequency
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6.2.8. Organisation and communication

The following organisational structure shall be provided at a tunnel site, independent of the
contractual set-up.

6.2.8.1. Information gathering

All personnel having access to relevant information from monitoring data or observations in
the tunnel shall be instructed that all such information shall be reported without delay to the
data collection unit (typically the site supervision). Such personnel are typically: surveyors, ge-
otechnical engineers, geologists, supervising personnel, miners, technical managers, etc.

6.2.8.2. Data collection, communication centre and management of integrated pro-
cess

An organisational unit for following tasks shall be established:

e Collect and consolidate observations from the tunnel, geological interpretation, moni-
toring data, etc. are. Such unit may typically be the supervising Engineer

e Distribute all relevant information to the other units involved in the process, respec-
tively stored in a data base, which is accessible by all stakeholders

e Manage the overall process of all involved parties

For efficient communication it is advisable to make joint site visits of representatives of the
contractor, the site supervision, geologist and geotechnical engineer. A short routine meeting
after the site visit allows exchange of information. If required, changes in the excavation and
support can be determined directly at this meeting.

6.2.8.3. Analysis

One organisational unit shall be defined to analyse all observations in a broad context, includ-
ing geological aspects, monitoring data, in-situ observations, etc. Such unit may typically be the
geotechnical engineer (or team). A person, competent in geotechnical and structural engineer-
ing evaluates and interprets the monitoring data under consideration of additional infor-
mation, such as geological or hydrogeological information or other relevant observations on
site.

The geotechnical engineer submits the evaluated and interpreted data in the form of a sum-
mary report to the site supervision, the contractor, and the designer not later than the speci-
fied time. In case of unusual events, the geotechnical engineer immediately reports to the
stakeholders.

The summary report usually is prepared as a table (see Table 8). The table allows an immediate
overview regarding the warning levels of each measuring sections. In case of deviations from
the normal behaviour, the results of the analysis and proposed measures are included in the
report.
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Table 8.  Example of summary report in form of a table

Warning and alarm Geotech-
. level nical ex- Required
Measuring . measures
Element . 0 1 ‘g planation
section
devia-
normal tion critical
1181 v
1191 \
1202 \
additional
I
1210 ' (1) bolting
additional
I
1220 ' (1) bolting
2
2 3 AddItIOI:Ia|
S & 1229 v 2) mea.surmg
9 e section at
c 1235
)
Geotechnical Explanation:
(1) strong asymmetric displacements (left sidewall larger), .....
(2) increase in crown settlements, ......

For complex projects with high risk potential, an independent geotechnical expert can be in-
volved, who has access to all data and information, and performs an independent stability as-
sessment. Depending on the specific conditions of the project, this can be a tunnelling or ge-
otechnical expert, or checking engineer.

6.2.8.4. Design of corrective measures

In case of deviation from the expected system behaviour, one organisational unit shall be re-
sponsible for designing corrective measures, or selecting such measures from a pre-designed
catalogue. The organisational unit typically includes the geotechnical engineer, the designer,
the client, and/or client’s (supervising) Engineer and (especially in case of emergency) the con-
tractor. This organisational unit shall provide a proposal to the decision unit.

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

6.2.8.5. Decision

It shall be made clear which unit or group of people is expected to make decisions on correc-
tive measures. The organisation shall ensure that the flow of information between these units
is well defined, and where necessary, complemented with time limits regarding dissemination
of the information. The flow of information shown in Figure 81 has proven to be efficient. Pro-
ject specific modifications may be required.

Behaviour as expected

Continue as planned

Figure 81.

Observations relevant
for safety

!

Information of
ENG

Discussion

\ 4

A

Warning
level?

ENG and GE

v

Criteria warning level 1
reached

GE: daily geotech.report
meet with ENG and CO
contact with IE, D, CHE

ENG: info CM, OT
measures acc to
recommendation of GE, D
and |IE and own
assessment;
Coordination with D, CHE

ENG: information CM, OT,
CM, GE, IE, D, CHE

ENG, CO: initiate
mitigation measures

CM: crisis management

ENG: inform and protect
third parties

Information CM, OT, CM,
GE, IE, D, CHE

ENG, CO: initiate
mitigation measures

PO: crisis management

Y

Management of crisis by
ENG until takeover by
CM, resp. Owner

optional

A 4

| CM: calls special geotechnical meeting for fixing of further actions

Example of procedure in Geotechnical Safety Management Plan; Abbreviations: GE
- Geotechnical Engineer on site, ENG — Engineer (site supervision), CO — Contractor,
IE — Independent Expert, D — Designer, CHE — Checking Engineer, CM - Construction
Management, OT — Owners technical representative, PO — Owners Project Repre-

sentative
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6.2.8.6. Leadership

The functions may be different in case of routine work and in case of emergency. In the case of
emergency it shall be clear who is in charge of coordinating all above functions.

6.3. Priorities

In the geotechnical safety management plan the site-specific priorities shall be defined for dif-
ferent possible emergency scenarios.

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

7.
(1]

(2]

3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

REFERENCES

Guideline for the geotechnical design of underground structures (2010). Salzburg: 0eGgG,
Austrian Society for Geomechanics

British Tunnelling Society (2011). Monitoring Underground Construction. A best practice
guide. ICE Publishing, London

preEN-ISO 18674 (2014). Geotechnical investigation and testing — geotechnical monitor-
ing by field instrumentation — general rules

Rabensteiner, K. (1996). Advanced tunnel surveying and monitoring. Felsbau 14, No. 2,
pp. 98-102. Essen: VGE

Geomonitoring GMS.NeVi; KOPA - Korschineck & Partner Vermessung ZT-GmbH,
http://www.kopa.at

Schukoff, B. (2008). Continuous Face Monitoring in Tunnelling. Civil Engineering Sur-
veyor, pp. 18-20

Egger, M., Schukoff, B. (2007). Kontinuierliche reflektorlose Ortsbrustdeformationsmes-
sung — Der nachste Schritt bei geotechnischen Messungen im Tunnelbau. Felsbau 25, No.
5, pp. 80-85. Essen: VGE

Moritz, B., Schukoff, B., Grafinger, H. (2009). Prediction of Tunnel Face Stability through
Continuous Monitoring of Face Deformation. EURO:TUN 2009, 2nd International Confer-
ence on Computational Methods in Tunnelling, Ruhr University Bochum, Aedificatio Pub-
lishers

Pilgerstorfer, T. (2014). Mechanical Characterization of Fault Zones. Doctoral thesis, Graz
University of Technology, Austria

Jakobs, M. (2004). Monitoring von dynamischen Bauwerksbewegungen und -
verformungen mit Druckschlauchwaagensystem zur Steuerung von Sicherungsmalnah-
men. 5. Geokinematischer Tag, Freiberg

R.M. Measures (2001). Structural Monitoring with Fiber Optic Technology. Academic
Press

uUdd, E., Spillman, W. B. (2011). Fiber Optic Sensors: An Introduction for Engineers and
Scientists. John Wiley & Sons

Gaich, A., Poetsch, M., Schubert, W. (2007). Rock mass characterisation for tunnelling
and mining using 3D images. In: Ribeiro e Sousa, L., Olalla, C. & Grossmann, N. (eds), The
Second Half Century of Rock Mechanics; Proc. 11th Congress of the Intern. Society for
Rock Mechanics, Lisbon, pp. 1019-1024. Taylor & Francis Group: London

Tonon, F., Kottenstette, J. (2006). Laser and Photogrammetric Methods for Rock Face
Characterization. Report on a workshop held in Golden, Colorado in conjunction with the
Golden Rocks 2006 Symposium

Austrian Society for Geomechanics m



Geotechnical Monitoring in Conventional Tunnelling

[15] Schubert, W., Moritz, B. (2011). State of the art in evaluation and interpretation of dis-
placement monitoring data in tunnels. Geomechanics and Tunnelling 4, No. 5, Berlin:
Ernst & Sohn

[16] Panet, M., Guenot, A. (1982). Analysis of convergence behind the face of a tunnel. Tun-
nelling 1982, The Institution of Mining and Metallurgy, pp. 197 — 204

[17] Sulem, J., Panet, M., Guenot, A. (1987). Closure analysis in deep tunnels. In Int. Journal of
Rock Mechanics and Mining Science 24, pp. 145-154. Amsterdam: Elsevier

[18] Barlow, J.P. (1986). Interpretation of Tunnel Convergence Measurements. MSc Thesis,
Dep. of Civil Engineering, University of Alberta, Canada

[19] Sellner, P. (2000). Prediction of displacements in tunnelling. In Riedmiiller, Schubert,
Semprich (eds), Schriftenreihe Gruppe Geotechnik Graz, Heft 9, Graz University of Tech-
nology, Austria

[20] Sellner, P., Grossauer, K., Schubert, W. (2002). Advanced Analysis and Prediction of Dis-
placements and System Behaviour in Tunnelling. In: Dinis da Gama, C. & Ribeiro e Sousa,
L. (eds), EUROCK 2002; ISRM Intern. Symp. on Rock Engineering for Montainous Regions,
Madeira, pp. 539-546. Sociedade Portuguesa de Geotecnia: Lisboa

[21] Geofit, http://www.geofit.3-g.at

[22] Goricki, A., Button, E. A., Schubert, W., Pétsch, M., Leitner, R. (2005). The Influence of
Discontinuity Orientation on the Behaviour of Tunnels. Felsbau 23, No 5, pp. 12-18. Es-
sen: VGE

[23] Klopcic, J. (2009). Analysis and Prediction of Displacements for Tunnels built in foliated
Rock Mass of Perm-Carboniferous Age. PhD thesis, University of Ljubljana, Slovenia

[24] Davila Mendez, J. (2013). Analysis of Displacements in Foliated Rock Masses. In: Mozafa-
ri, Hashemi (eds), Underground Spaces and Millennium Development Goals, ITC, 2013,
Tehran, CD

[25] Rupnig, M. (2008). Einfluss der Gefligeorientierung auf das raumliche Verschiebungsver-
halten im Tunnelbau. Diploma thesis, Graz University of Technology, Austria

[26] Schubert, P., Klop¢i¢, J., Stimulak, A., Ajdi¢, 1., Janko, L. (2005). Analysis of Characteristic
Deformation Patterns at the Trojane Tunnel in Slovenia. Felsbau 23, No. 5, pp. 25-30, Es-
sen: VGE

[27} Schubert, W. (2010). Lecture notes: Interpretation of displacement monitoring data.
Course NATM Engineer, unpublished

[28] Vavrovsky, G.M., Ayaydin, N. (1988). Bedeutung der vortriebsorientierten Auswertung
geotechnischer Messungen im oberflichennahen Tunnelbau. Forschung und Praxis, Band
32. Dusseldorf: Alba Fachverlag

[29] Vavrovsky, G. M. (1994). Gebirgsdruckentwicklung, Hohlraumverformung und Ausbau-
dimensionierung. Felsbau 12, Nr. 5, pp. 312-329, Essen: VGE

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

(30]

[31]

(32]

[33]

[34]

[35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

Steindorfer, A.F. (1996). Short Term Prediction of Rock Mass Behaviour in Tunnelling by
Advanced Analysis of Displacement Monitoring Data. In Riedmiuiller, Schubert & Semprich
(eds.), Schriftenreihe der Gruppe Geotechnik Graz, Heft 1, Graz University of Technolo-
gy, Austria

Schubert, W. (1993). Erfahrungen bei der Durchérterung einer GroRstérung im Inntal-
tunnel. Felsbau 11, No. 6, pp. 287-290, Essen: VGE

Schubert, W., Budil, A. (1995). The importance of longitudinal displacements in tunnel-
ling. In Fuji (ed) Proc. 8th int. Congress on Rock Mechanics, Vol. 3, Tokyo, Japan, pp.
1411-1414, Rotterdam: A.A. Balkema

Budil, A. (1996). Langsverformungen im Tunnelbau. PhD thesis, Graz University of Tech-
nology, Austria

Steindorfer, A., Schubert, W. (1997). Application of new methods of monitoring data
analysis for short term prediction in tunnelling. In Golser, J., Hinkel, W., Schubert, W.
(eds), Tunnels for People, Proc. 23rd General Assembly of the Intern. Tunnelling Associa-
tion, Vol. |, pp. 65-70, Rotterdam: A.A. Balkema

Schubert, W., Riedmdiiller, G. (1995). Geotechnische Nachlese eines Verbruches - Er-
kenntnisse und Impulse. In Semprich, S. (ed.), Innovationen in der Geotechnik, Proc. 10.
Christian-Veder-Kolloquium, pp. 59-68, Institut fir Bodenmechanik und Grundbau, Graz
University of Technology, Austria

Leber, C., Radonci¢, N., Schubert, W. (2009). Influence of the primary stress state on the
displacement characteristic. In Vrkljan (ed), Rock Engineering in difficult ground condi-
tions, soft rocks and karst, pp. 471-476. London: Taylor&Francis

Moritz, B., Grossauer, K., Schubert, W. (2004). Short Term Prediction of System Behav-
iour of Shallow Tunnels in Heterogeneous Ground. Felsbau 22, No. 5, pp. 44-52, Essen:
VGE

Jeon, J.S., Martin, C.D., Chan, D.H., Kim, J.S. (2005). Predicting ground conditions ahead
of the tunnel face by vector orientation analysis. Tunnelling and Underground Space
Technology 20, pp. 344-355, London: Elsevier

Grossauer, K. (2001). Tunnelling in Heterogeneous Ground — Numerical Investigation of
Stresses and Displacements. Diploma thesis, Graz University of Technology, Austria

OGG. NATM - The Austrian Practice of Conventional Tunnelling. (2010). Salzburg: OeGG,
Austrian Society for Geomechanics

Grossauer, K. (2009). Expert System Development for the Evaluation and Interpretation
of Displacement Monitoring Data in Tunnelling. Doctoral thesis, Graz University of Tech-
nology, Austria

Lenz, G. (2007). Displacement Monitoring in Tunnelling — Development of a semiauto-
matic evaluation system. Diploma Thesis, Institute for Rock Mechanics and Tunnelling,
Graz University of Technology, Austria

Steindorfer, A., Schubert, W., Rabensteiner, K. (1995). Problemorientierte Auswertung
geotechnischer Messungen. Felsbau 13, Nr. 6, pp. 386-390, Essen: VGE

Austrian Society for Geomechanics



Geotechnical Monitoring in Conventional Tunnelling

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

Schubert, P (1988). Beitrag zum rheologischen Verhalten vom Spritzbeton. Felsbau 6, Nr.
3, pp. 150-153, Essen: VGE

Aldrian, W. (1991). Beitrag zum Materialverhalten von friih belastetem Spritzbeton. Doc-
toral thesis, Leoben University, Austria

Hellmich, C. (1999). Shotcrete as part of the new Austrian tunnelling method: from ther-
mochemomechanical material modelling to structural analysis and safety assessment of
tunnels. Doctoral thesis, Vienna University of Technology, Austria

Hellmich, C., Macht, J., Mang, H.A. (1999). Ein hybrides Verfahren zur Bestimmung der
Auslastung von Spritzbetonschalen auf der Basis von In-situ-Verschiebungsmessungen
und thermo-chemo-mechanischer Materialmodellierung. Felsbau 17, No. 5, pp. 422-425,
Essen: VGE

Scheiner, S., Hellmich, C. (2009). Continuum Microviscoelasticity Model for Aging Basic
Creep of Early-Age Concrete. Journal of Engineering Mechanics, Vol. 135, No. 4, pp. 307—-
323, ASCE

Ullah, S., Pichler, B., Hellmich, C. (2013). Modeling Ground-Shell Contact Forces in NATM
Tunneling based on Three-Dimensional Displacement Measurements. Journal of Ge-
otechnical and Geoenvironmental Engineering, Vol. 139, No. 3, pp 444-457, ASCE

Ullah, S., Pichler, B., Scheiner, S., Hellmich, C. (2012). Influence of shotcrete composi-
tion on load-level estimation in NATM-tunnel shells: Micromechanics-based sensitivity
analyses. Int. J. Numer. Anal. Meth. Geomech., 36, pp 1151-1180, J. Wiley & Sons

Ullah, S., Pichler, B., Scheiner, S., Hellmich, C. (2010). Shell-specific Interpolation of
Measured 3D Displacements, for Micromechanics-Based Rapid Safety Assessment of
Shotcrete Tunnels. CMES, Vol.57, No.3, pp.279-314, Tech Science Press

Brandtner, M., Moritz, B., Schubert, P. (2007). On the Challenge of Evaluating Stresses in
a Shotcrete Lining. Felsbau 25, No. 5, pp. 93-98. Essen: VGE

Moritz, B., Brandtner, M. (2009). Yet Another Way of Calculating Stresses in a Shotcrete
Lining, Shotcrete for Underground Support. International Conference Shotcrete for Un-
derground Support XI, Davos

Brandtner, M., Moritz, B., Seywald, C. (2009). Insight into the Mode of Action by Evaluat-
ing Stresses in the Shotcrete Lining. EURO:TUN 2009, 2nd International Conference on
Computational Methods in Tunnelling, Ruhr University Bochum, Aedificatio Publishers

Rokahr, R., Zachow, R. (1997). Ein neues Verfahren zur taglichen Kontrolle der Auslastung
einer Spritzbetonschale. Felsbau 15, No. 6, pp. 430-434. Essen: VGE

Moritz, B., Matt, R., Graf, F., Brandtner, M. (2008). Advanced Observation Techniques for
Sophisticated Shallow Tunnel Projects — Experience Gained Using Innovative Monitoring
Methods at the Lainzer Tunnel. Geomechanik und Tunnelbau 1, No. 5, pp. 466-476, Ber-
lin: Ernst & Sohn

Tunnel:Monitor; http://www.tunnelmonitor.com

Austrian Society for Geomechanics m



Geotechnical Monitoring in Conventional Tunnelling

(58]

[59]
[60]

[61]
[62]

[63]

[64]

[65]

Schubert, W., Steindorfer, A. Button, E.A. (2002). Displacement Monitoring in Tunnels —
an Overview. Felsbau 20, No. 2, pp. 7-15. Essen: VGE

EUROCODE 2, EN 1992-1-6:1996, Design of concrete structures

Pilgerstorfer, T., Radoncic, N., Moritz, B., Goricki, A. (2011). Evaluation and interpretation
of monitoring data in the test adit EKT Paierdorf. Geomechanik und Tunnelbau 4, No 05,
pp. 423-434, Berlin: Ernst & Sohn

Unwedge 3.0 (2011). Rocscience Inc.

Vavrovsky, G. M., Ayaydin, N., Schubert, P. (2001). Geotechnisches Sicherheitsmanage-
ment im oberflaichennahen Tunnelbau. Felsbau 19, No. 5, pp. 133-139. Essen: VGE

Moritz, B., Schubert, W. (2009). Application of the Observational Method in Geotechnical
Safety Management. Geomechanik und Tunnelbau 2, No. 3, pp. 269-281. Berlin: Ernst &
Sohn

Moritz, B., Koinig, J., Vavrovsky, G.-M. (2011). Geotechnical safety management in tun-
nelling — an efficient way to prevent failure. Geomechanics und Tunnelling 4, No 05, Ber-
lin: Ernst & Sohn

CEN/TC 250 (2006): EN 1997-1, EUROCODE 7 Geotechnical design — Part 1: General rules

Austrian Society for Geomechanics






AUSTRIAN
SOCIETY FOR
GEOMECHANICS

OSTERREICHISCHE
GESELLSCHAFT FUR
GEOMECHANIK

Innsbrucker Bundesstral3e 67
5020 Salzburg, Austria

Tel.: +43 662 875519
Fax: +43 662 886748
H.: www.OEGG.at

E.: Salzburg@OEGG.at



	1. Preface
	2.  Definitions
	3. Monitoring project
	3.1. Workflow
	3.2. Definition of expected system behaviour
	3.3. Monitoring concept and identification of key observation variables
	3.4.  Organisation and management of the monitoring project
	3.5. Monitoring program
	3.5.1. Typical monitoring layouts
	3.5.1.1. Typical distances between monitoring sections
	3.5.1.2. Examples

	3.5.2. Reading frequency
	3.5.2.1. Tunnels
	3.5.2.2.  Shafts
	3.5.2.3. Buildings, utilities, traffic infrastructure
	3.5.2.4. Measurements during additional mining activities
	3.5.2.5. Long term monitoring



	4.  Monitoring methods
	4.1. Absolute 3D Displacement Monitoring
	4.1.1.1. Basic principles
	4.1.2. Requirements
	4.1.3. Tachymeter
	4.1.4.  Targets
	4.1.5. Installation and measurement procedure
	4.1.5.1. Underground
	4.1.5.2.  Arrangement of monitoring displacement targets
	4.1.5.3. Surface
	4.1.5.3.1. Surface target installation

	4.1.6. Online-Geomonitoring

	4.2. Face displacement monitoring
	4.3. Levelling
	4.4. Extensometers
	4.4.1. Types of extensometers
	4.4.2. Installation requirements
	4.4.3. Accuracy

	4.5. Anchor load cells
	4.5.1. Types of load cells
	4.5.2. Installation requirements
	4.5.3. Accuracy

	4.6. Tilt meters
	4.6.1. Installation requirements
	4.6.2.  Types of tilt meters
	4.6.3. Accuracy

	4.7. Hydrostatic levelling system
	4.7.1. Installation requirements
	4.7.2. Types of hose water levels
	4.7.3. Accuracy requirements

	4.8. Borehole Inclinometers
	4.8.1. Types of inclinometers
	4.8.2. Installation requirements
	4.8.3. Accuracy requirements

	4.9. Water level gauges and Piezometers
	4.9.1. Types of piezometers
	4.9.2. Installation requirements
	4.9.3. Accuracy requirements

	4.10.  Strain gauges
	4.10.1. Strain meters
	4.10.1.1. Accuracy requirements

	4.10.2. Vibrating wire sensors
	4.10.2.1. Accuracy requirements

	4.10.3. Fibre optic sensors
	4.10.3.1. Accuracy requirements

	4.10.4. Installation requirements

	4.11. Invert probe
	4.11.1. Installation requirements

	4.12. Measurements of discontinuity location and orientation
	4.12.1. Manual structure mapping
	4.12.2. Digital ground mapping
	4.12.2.1. Accuracy



	5.  Evaluation, presentation and interpretation of  monitoring data
	5.1. General displacement development
	5.2. 3D displacement monitoring
	5.2.1. Time - displacement diagram
	5.2.2. Distance - displacement diagram
	5.2.3. Assessment of stabilization
	5.2.3.1. Continuous advance
	5.2.3.2. Changing advance rate and construction stops
	5.2.3.3. Construction phases
	5.2.3.4. Influence of the support installation

	5.2.4. Displacement development prediction model
	5.2.4.1. Identification of deviations from normal behaviour

	5.2.5. Displacement vectors in longitudinal and cross section
	5.2.6.  State line (deflection curve) diagrams and trend lines
	5.2.7. Evaluation of displacement differences or ratios
	5.2.7.1. Same component in different monitoring points
	5.2.7.2. Different components in one monitoring point
	5.2.7.3. Combination of different trends

	5.2.8. Displacement vector orientation plot in stereonet
	5.2.9. Stress intensity in a shotcrete lining
	5.2.10. Surface displacements
	5.2.11. Value of evaluation methods

	5.3.  Extensometers
	5.4. Piezometers
	5.5.  Strain Gauges
	5.6.  Borehole Inclinometers
	5.7. Invert Probe
	5.8.  Discontinuity location and orientation
	5.8.1. Data acquired manually
	5.8.2. Data from contact free measurements
	5.8.3. Analysis


	6.  Geotechnical safety management plan
	6.1. Basics
	6.2. Contents
	6.2.1. Contact details
	6.2.2. Responsibilities
	6.2.3. Geotechnical Meetings
	6.2.4. Observation program
	6.2.5. Definition of expected system behaviour (target behaviour)
	6.2.6. Action levels
	6.2.7. Warning levels
	6.2.8.  Organisation and communication
	6.2.8.1. Information gathering
	6.2.8.2. Data collection, communication centre and management of integrated process
	6.2.8.3. Analysis
	6.2.8.4. Design of corrective measures
	6.2.8.5. Decision
	6.2.8.6. Leadership


	6.3. Priorities

	7. References



