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CHAPTER 1
INTRODUCTION

In 1991 the International Tunnelling Association Working Group No. 6 on Maintenance and Repair of
Underground Structures published a report on the damaging effects of water on tunnels during their
working life, in the journal Tunnelling and Underground Space Technology !. Case histories, gathered
for that report from various nations, illustrated the wide range of problems, which result from water
inflows, and demonstrated the need for reliable methods of intervention to reduce or eliminate these
problems.

The Working Group has accordingly followed up this earlier work by undertaking a study of methods
of repair of water leakage. This work has involved collecting, classifying and reviewing case histories
of leak sealing operations, and this present report incorporates the results of that work. Although water
leakage represents the major problem with respect to repair and maintenance of underground structures
and is the principal subject of this Study, the scope of the Study and this report was extended to cover
methods of dealing with other types of problems such as inferior construction, ageing, humid
environments, frost damage, operational damage, etc in order to present an overview of all types of
repairs.

The causes of damage to tunnel linings may represent a failure in tunnel design or construction, or
possibly a failure or degradation of the waterproofing arrangements as designed, or the incorrect
specification of construction materials. However, it is not the main purpose of this Study to suggest
ways to improve the design, but rather to consider the remedial measures, which have to be undertaken
during the service life of a tunnel. It should be noted that, here and throughout the rest of this report,
any reference to tunnels should be interpreted as including all types of man-made underground
structures or facilities.

[n Chapter 2, the objectives of the repair works are discussed bearing in mind that the repairs must be
technically adequate and cost effective. This is particularly important with respect to the sealing of
leaks; requirements for watertightness will vary depending upon tunnel use and the nature of the
surrounding ground and groundwater. Total elimination of water flows can prove costly in some
circumstances, and it is wise to undertake a careful assessment of requirements in terms of
watertightness, so that a cost-effective remedial programme can be selected. This chapter also contains
notes on the inspection of tunnels and the investigations required to assess damage and select
appropriate remedial measures.

In Chapter 3, categories of leak sealing processes and repair methods are defined, depending upon their
relationship to the tunnel structure and its surroundings. This chapter is intended only to facilitate
classification and discussion of the various repair methods applicable.

Chapters 4, 5, 6 and 7 describe the processes and materials, which are appropriate to the categories
defined in Chapter 3. These chapters include valuable additional remarks based on the individual and
collective experience of Group members. The experience of the tunnel operators in the repair and
strengthening of the tunnel linings are also noted and discussed.

Concluding remarks are made in Chapter 8, which is followed by a summary of all of the case histories,
which have been reviewed by the Group and form the basis of the Study.
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CHAPTER 2

OBJECTIVES OF REPAIR WORKS

There are two principal objectives of any repair process:

(1)
(if)

To re-create an environment within the tunnel appropriate to the use of the tunnel; and
To preserve the structural competence of the tunnel and to safeguard the external
environment.

These objectives are considered in turn in the following sections.

2.1

Environment Inside the Tunnel ;

Changes in the tunnel environment are principally related to water leakage. There are two
main factors:

® The overall permeability of the tunnel lining, as measured by the total amount of water
which enters or exits the structure; and

® The nature, magnitude and position of individual sources of leakage.

Overall permeability is usually expressed as the flow through the lining per day per unit
area, measured over stated reference lengths; for instance 0.2 litres per day per square metre
(0.2 //day/sq.m) measured over any 10 metres of tunnel. Frequently the allowable maximum
permeability is reduced as the reference length increases; for example, corresponding to the
above, the maximum flow might be set at 0.1 //day/sq.m over a reference length of 100
metres.

The permeability requirements will vary from tunnel to tunnel depending upon operational
criteria and the options of the individual owners. This is exemplified by Table 2-1, which
lists permissible leakage rates for various metro railway systems. As can be seen, the
specified acceptable leakage standards vary significantly and a number of factors require to
be considered in establishing these standards.

Short Section Long Section
Underground Reference Reference
Railway Systems I}ﬁgkaﬁe Rate Length L;:kaée Rate Length
[//day / sq.m] (m] [l/day / sq.m] [m]
Washington (USA) : 10.7

San Francisco (USA) 0.9 80
Atlanta (USA) 0.9 80
Boston (USA) 1.8 35
Baltimore (USA) 53 3.3 0.7 35
Buffalo (USA) 0.4 10 0.2 1000
Melbourne (Australia) 0.25 10 0.1 1100
Antwerp (Belgium) 0.25 10 - 0.1 100

Table 2-1 : Examples of permissible daily leakage rates'

2.1




For example, individual sources of leakage may not cause a breach of the overall leakage
requirements but may, because of their nature or position, result in damage to the internal structures
or fittings, to the tunnel structure itself, or to the surrounding environment. The presence of water,
albeit only drops, can cause unsightly staining and, because of their persistence, can result in
erosion or corrosion, and in some circumstances the formation of icicles, ice and ponding of water,
which interfere with the use or with the safety of users or the personnel in the tunnel. Drops may
also be completely unacceptable, if they can fall on members of the public or their vehicles, thereby
causing an unnecessarily high level of concern on the part of the public with regard to personal
safety. Furthermore, leakage cannot be tolerated in any form in areas where there is water sensitive
electrical, electronic, or special operational equipment.

The nature and composition of the flow are also important, and chemical or biological
contamination can create a need for remedial work even though flow levels are otherwise
acceptable. '

It is useful for reference purposes to be able to specify different classes of watertightness for
different operating conditions, particularly in cases where the owner is responsible for the operation
of an extensive network of tunnels. An example of this is the German Railway Company, Deutsche
Bahn AG, the operating company for 746 tunnels in their network. Included in this number are 491
“old-constructed” tunnels built in the years between 1840 and 1940. The classes of water-tightness
and respective acceptable water leakage rates are shown on Table 2-2.

Acceptable leakage
Tight- Moisture rate (//day/sq.m) at
ness Characteristics | Use of Tunnel Definition the reference length
Class 10m 100m
1 Completely dry | Stores, The wall of the lining must be tight | Nil Nil
workrooms, so that no moist patches are
rest rooms detected on the intrados
2 Substantially Frost- The wall of the lining must be tight | 0.2 0.05
dry endangered so that only slight, isolated patches
underground of moisture can be detected on the
sections intrados, e.g. result of
discolouration. After touching such
slight moist patches with a dry
hand, no traces of water should be
detected. A sheet of blotting paper
placed on a patch, should not
discolour as a result of absorbed
moisture.
3 Capillary Underground | The wall of the lining must be tight | 0.4 0.1
moisture sections and | so that only isolated, locally
penetration rooms which | restricted patches of moisture are to
do not require | be seen. Restricted patches of
class 1 or class | moisture are areas at which a
2. penetration of moisture could be
registered. A sheet of blotting
paper will discolour as it is soaked
with water, but no trickling water is
to penetrate the intrados.

Table 2-2 : Classification of watertightness by

underground facilities®.

DEUTSCHE BAHN AG for

their
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It is not the purpose of this Study to define or recommend acceptable standards of water-tightness.
It must be pointed out, however, that elimination of all leakages during the operating phase of a
tunnel can be a lengthy and expensive process, and before proceeding with this work, the detailed
requirements should be reviewed in relation to the needs of the tunnel environment, so that a
reasonable objective can be defined. This may not be the same as the water-tightness criterion set at
the design stage.

It is important in referring to leakage, to standardise on terminology to avoid misunderstanding. In
this report, we have used the recommended definition of descriptive terms proposed by the UK
Construction Industry Research and Information Association (CIRIA), in their 1979 Report on
Tunnel Waterproofing with one additional term, “Past Moisture”. These terms are listed and
defined in Table 2-3. The term, “Past Moisture”, was considered appropriate for inclusion to
describe the circumstances where previous leakage is evident by staining of the tunnel lining or
fittings. The stopping of the leakage may be the result of only a temporary change in the external
environment of the tunnel and in such circumstances, it would be important to monitor the situation
to ensure that the leakage does not recur. In some circumstances, the classification may need further
expanding to accommodate for example, water entering under high pressure.

Leakage Description Term Definition

Past Moisture (additional term

; aining arising from former moisture
— see Section 2.1) Staining g oistur

Damp Patch Discolouration of part of the surface of a lining, moist to touch

Seep Visible movement of a film of water across the surface

A drop of water, which does not fall within a period of one

Standing Drop minute

Drops of water which fall at a rate of at least one drop per
Drip minute. (Note: one litre per day is three to four drops per
minute)

A trickle or a jet of water. (Note: drops become a continuos

Continuous Leak trickle when they fall at a rate of about 300 drops per minute.)

Table 2-3 : Recommended definition of descriptive terms from CIRIA, London®.

2.2 Structural Competence of the Tunnel and the External Environment

Water inflow can affect the tunnel structure and the surrounding environment in a number of
ways. For example:

e By transportation of fine solids from the ground into the tunnel, causing blocked drains
and, more importantly, voids around the tunnel and in the ground which could develop
into serious lining support problems;

e By introducing chemical contaminants into the tunnel lining (sodium chloride is a
common example), causing corrosion and degradation of the lining material; and

e By lowering the ground water table around the tunnel, resulting in consolidation of soils
and settlement, affecting structures and utility services above and close to the tunnel.

23
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The competence of the tunnel lining can also be affected or compromised by factors other
than water leakage including:

e  Sub-standard workmanship resulting in voids or laminations in the lining material or
reduced cover to the steel reinforcement;
Ageing and overall deterioration of the tunnel lining;
Deterioration of the lining surface due to operating environments such as humidity and
high traffic volumes and related exhaust fumes;

e  Changes in stress in the tunnel lining due to changes in loadings; and

e Damage to the lining during erection causing cracking or spalling, which may lead to
accelerated deterioration and potential failure.

If any of the above conditions exist, the objective of remedial work must be to eliminate
them or to reduce their impact to safe and acceptable limits, but not before inspection,
investigation and definition of the problem. It is clear that, in order to ensure that the
structural integrity of the tunnel and the safety of the tunnel users are not compromised in
anyway, a thorough definition of the problem, its causes and effects, must be established
before a course of remedial action is decided upon.

This will require a careful inspection to be carried out by engineers who are familiar with
the type of lining and usage of the tunnel in question and the possible effects of the leakages
and/or degradation of the lining. Experienced personnel are required, so that the urgency of
action can be properly assessed, the severity and consequences of a leak or lining damage
can be evaluated, and proper action is implemented in a timely manner. The magnitude of
the leakage may not always be indicative of the degree of damage to the liner, which can
occur. For instance, a small continuous leak in a crack penetrating a concrete reinforced
liner will cause extensive damage to the reinforcing over time. The deterioration of the
lining formed by such a leak can be accelerated by the presence of stray electrical currents or
salts in the groundwater. It should be noted that leakage into the liner may not be clearly
visible from the interior of the lining. Therefore, linings should be inspected routinely as
part of a well-planned inspection and preventive maintenance programme to detect any need
for lining repairs.

This routine inspection may indicate the need for additional investigation and non-
destructive testing. In this respect, the Report by the Working Group on Non-Destructive
Testing Methods * will provide useful information.

A report on the inspection, investigation and testing should include the following
information under the respective headings:

General location of problems

Plans and sections of the tunnel showing locations relative to topography, geological
features, tunnel portals, and access shafts.

Tunnel construction data

Geology, groundwater, construction methods, problems experienced and any other pertinent
construction related information.
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2.2.5

2.2.6

2.2.7

Details of tunnel lining

Type of lining, dimensions, materials and specification, and waterproofing measures
incorporated in the construction works (waterproof membranes, grouting etc.).

Location and classification of damage.

Record of visual surveys presented in a standardised format indicating position, nature and
severity of damage, and if appropriate, a suggested method of repair. A useful standardised
classification of leakage has been developed by CIRIA of the UK. This is referred to and
expanded upon in Section 2.1 and Table 2-3. Depending upon the type of lining, leaks may
occur at joints, cracks, honeycombing, spalling and in the case of unlined tunnels, at rock
fissures etc., or by percolation through the mass of the lining. Such information should be
carefully recorded. If joints or cracks are involved, widths and affected lengths should be
recorded in each case. In the same way, boundaries of areas of percolation should be noted.

Analysis of Damage

In the case of leakage, chemical and biological analyses of the water or fluid by a laboratory
should be undertaken. In some cases, including those not associated with leakage, it may be
necessary to assess the overall competency of the lining by taking samples of the lining
material and/or the application of non-destructive testing methods®. Damage to the lining
caused by the development of uneven or excessive ground pressures will require reference to
the original design and/or a structural analysis of the capacity of the in-situ lining; in some
cases, both references are useful.

Origin of Leakage

This may seem obvious (e.g. ground water), but a leaking sewer, water main or underground
storage tank may be responsible. This can usually be established from the chemical and
biological analysis of the fluid.

Effects of Leakage and Degradation
The following may be involved:

Staining, build-up of salts;

Corrosion of fittings, including electrical and mechanical equipment;

Erosion of internal structures;

Degradation of tunnel lining due to erosion and corrosion of metallic elements,

crystallisation of salts in lining mass, deterioration of the cementitious mortar in

concrete and stone masonry or brick linings, and reduction in the strength or integrity of

the lining;

e Transportation of solids (blocking of drains, forming of voids behind the lining);

e Lowering of the groundwater table (consolidation of ground, settlement of adjacent
structures); and

e  Frost damage arising from leakage.

The investigation report will typically consider all possible causes of the damage or defect

with the overall objective being to assist in the choice of remedial methods and materials.

2.5
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3.2

CHAPTER 3
CATEGORIES OF REPAIR METHODS

Introduction

The purpose of categorising repair methods for treating leakage or damage not related to
leakage is to provide an easy point of reference for analysing the various case histories of
repairs and/or prescribing appropriate methods of repair. In the case of leakage, the categories
refer directly to the type of repair method adopted, while in the case of damage other than
leakage, the categories refer to the use of the tunnel. The reason for the different approaches in
categorisation is due to the different primary factors involved.

In the case of leakage a primary differentiating factor in treating the leakage is the method of
repair rather than the intensity of the leakage. For example a standing drop in a tunnel
containing sensitive electrical/electronic equipment may require to be treated in the same way
as a continuous leak in a railway tunnel; both may require lining reinstatement. The type of
repair may therefore not be related to the intensity or type of leakage.

In the case of defects other than leakage, the cause of the damage and the type of repair
appropriate is to a large extent related to the use of the tunnel, which becomes the primary
differentiating factor.

This is further elaborated upon in the following sections.

Leak Sealing Methods

Leakage into a tunnel is the principal cause for the deterioration of tunnel liners and its proper
control is paramount in the protection of the tunnel structure. The following four categories of
the methods of repairs required to control or eliminate the leakage are presented:

Surface Sealing Methods:  Applied to the inner surface of the tunnel lining, becoming a part
of the lining surface.

Conduction Methods: Applied at the intrados of the tunnel lining, where it is acceptable
to allow controlled drainage or channelling of the water towards
the tunnel invert and along the tunnel towards a sump for disposal.

Lining reinstatement: Measures taken to establish or re-establish the impermeability of
the tunnel lining.

Elimination at Source: Measures undertaken outside the tunnel lining, within the
surrounding ground mass. - '

It 1s recognised that the categories of methods defined above may sometimes be used in

conjunction with one another and additional methods, developed for specific conditions, may
not be fully identified with one category or another. Leak sealing methods will also vary

3.1




3.3

dependmg upon the type of immg The categorisation, however w111 fa01htate the process of

selectlon of appmpnate remedial measures by providing a pomt of reference.

An addltlona] category relatmg more to the prevention rather than the repair of damage caused

by water intrusion comprises the use of heat to reduce thermal activity and thereby reduce or

eliminate frost damage.

Surface sealing methods are only appropriate to the sealing of very low rates of leakage. They
typically involve the simple application of proprietary products, albeit in strict accordance with
the manufacturer’s specifications. The other three categories of repair methods are more
intricate in their application, requiring significant skill and expertise; these are considered in
some detail in later sections of the report. -

Repair Methods for Damage Other Than Leakage

In analysing the case histories provided by the Member Nations of ITA, it was apparent that
there were typical types of damage related to the various operatlonal uses of the tunnel. For

“example, in road tunnels and in newly built concrete hned rail tunnels, carbonation of the
‘concrete lining is a major source of damage; in older rail tunnels ageing is a major
'cons1derat10n while in water tunnels, scouring and corrosion of the lining is prevalent.

’I‘herefore in consideration of damage caused other than by leakage rather than categorising the
repair methods, the case histories were categorised in terms of operational use of the tunnel and

‘type of lining. From this it is possible to draw conclusions on the effectiveness of various

repan‘ methods.

Notwithstanding, it is obvious that damage to the structures of tunnels and similar underground

facilities are aggravated by the presence of water of any kind in the surrounding ground mass of
the structure under mvestlgatlon In cases where leakage becomes the predominant concern, the

categorisation of the repair method would be in terms of the leak sealing method selected and as
d_escnbed in Section 3.2.
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CHAPTER 4

CONDUCTION OF WATER LEAKAGE ON LINING SURFACE AND DISPOSAL

Introduction

This method of repair involves the treatment of leakage through a tunnel lining by channelling,
drainage and disposal of the water. It can be used where the overall integrity of the lining is not
compromised by the leakage and the operational effectiveness of the tunnel is not unduly
affected by the installation and maintenance of the waterproofing system.

In the consideration of this repair method, by which water leakage is conducted in a controlled
manner towards the invert, where it is channelled to a sump for disposal, twenty-four case
histories have been taken into account. The case histories have been divided into three
homogenous types: '

Type A Channelling of Leakage Water
9 Cases : CU1, F5,14,18,1J1,J2, 13, J4, 122

Type B Inner Shell
10 Cases : F1, F4, F6, F7, F11, F12,19, J18,J27, US12

Type C Sprayed Membrane or Inner Lining
5 Cases : 13, 16, J20, US3, US 7

Each of these types of treatment are described and analysed in the following sections and are
illustrated in diagrams at the end of each of the respective sections. The Study assesses the
general and specific characteristics, qualities, cost and precautions that must be taken into
account for each type to determine the most appropriate repair measure.

In all of these types of surface treatment, attention should be given to the following:-

e Protection of the waterproofing system against damage caused by vehicle impact and/or
vandalism;

e Protection in case of fire such that at least those systems, which cannot be easily accessed
for repair, remain efficient;

e The avoidance of fire spread and production of noxious gases in cases of combustion of
unsuitable waterproofing materials (e.g. PVC) is provided for; and

e Insulation against cold of those installations subject to freezing temperature, which may
cause the drained water to freeze, giving rise to unacceptable pressure and weight build-up
in the system, and ultimate collapse.

Each of the types of treatment requires the use of techniques, machinery or materials not
generally used on civil engineering construction sites. It is therefore recommended that trained
and experienced personnel are used, perhaps utilising a specialist company. Effective good
quality control procedures should also be enforced. Experience has shown that in
circumstances where these criteria are adequately provided for and where the installations are
well maintained, the waterproofing systems are efficient and long-lasting.

4.1
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Type A : Channelling of Drainage Water Leakage
General Characteristics

The technique involves the installation of strips of drains and gutters of various materials (steel,
fibreglass, flexible or rigid PVC) at leaking cracks or joints in the tunnel, to create a channel to
collect the water and conduct it to the drains at the tunnel invert. The sealing of the edges of the
waterproofing drains and gutters is achieved either by mechanical compression and caulking
compounds or by the use of adhesives. The joints in the channel are sealed by resin or welding
as appropriate. It should be noted that PVC and similar materials give off toxic gases when
burned and cannot be recommended; their use in a number of countries is prohibited. In those
countries, where their use is permitted, it is highly recommended that the approval of local fire
protection and safety authorities is obtained prior to their installation underground.

Special Characteristics

Cases I4 and J22 incorporate radial drainage pipes drilled through the lining into the
surrounding ground and provided with strainers to filter the water and prevent blockage of the
drain. The collected water is conducted into the tunnel through the lining. This method is
applicable only to tunnel structures where the primary waterproofing is provided by the
concrete lining itself and a waterproofing membrane has not been installed.

Construction

These techniques can be installed without major difficulty, providing the areas to be treated are
localised. The selection of which system is to be used is site specific and depends on the
availability of suitable materials and acquired experience and expertise. These installations can
be performed usually without interfering significantly with the tunnel use; often the work is
performed during night-time hours, when the highway or transit system can be shut down with
minimal interference to the public.

Effectiveness

The effectiveness of the system is primarily dependent upon the competency of the sealing of
the gutter and drain joints and edges. The difficulty is to quantify the extent of the water
inflows, which may not be seen in their entirety at any time due to seasonal variations. It is
generally necessary to carry out numerous inspections over a period of one to three years and
adding additional gutter and drain installations as required. These channels are well suited for
the treatment of radial cracks and joints, but are not suitable for horizontal or acutely inclined
cracks,and which should be grouted. The channels may become blocked as noted in Section
4.2.5.

Durability

The materials used are non-oxidising, corrosion-free and are stable, and therefore are durable
and long lasting. Dependent upon the quality and sediment content of the drained water, the
channels may become obstructed by fines or calcitic deposits. In these cases, provisions must be
made for larger channels with a larger flowing cross section. At the base of the sidewalls, the
gutters and drains are often unprotected and may be subject to impact damage from vehicles in
road tunnels.

4.2



4.2.6

4.2.7

4.2.8

This method of drainage is particularly susceptible to damage from cold weather and fire. In
the case of installations exposed to freezing temperatures, the water in the drains and gutters
may freeze, causing uplift or bursting; insulation of the installation will be necessary. In a
severe fire, it can be expected that the installation will be destroyed and require to be replaced.
Careful consideration should be given to the use of materials, which produce noxious gases in
cases of fire. Such materials should be avoided in underground installations open to the public
and wherever personnel admittance is possible.

Adhesives used for securing the edges of the drainage channels can be subject to water vapour
uplift (seasonal breathing through brickwork and pores in concrete), which may cause the
channels to come adrift. In these circumstances supplementary or alternative attachment by
mechanical means, along with caulking and sealing, is recommended.

Inspection and Maintenance

Generally these gutters and drains cannot be removed for inspection and maintenance unless the
installation comprises a mechanical assembly designed for this purpose. It should be noted that
Case J22 uses drains provided with an inner permeable geotextile (inner sock) as a strainer or
filter, on which concretions crystallise; this sock can be removed and replaced easily. Case J4
provides for a channel with a cleaning hole equipped with a sealing plug for inspection and
cleaning purposes.

It is recommended that the channels and their access ports should be of sufficient diameter to
facilitate maintenance operations. The German Railway Company, Deutsche Bahn AG.,
specifies that the channels or ducts should have a diameter of 100mm or more and, at a height
of 1.5m, a T-piece with a plug of a minimum diameter of 100mm should be installed for
inspection and maintenance of the system'.

Aesthetics

The gutters and drains protrude from the inner tunnel shell. They are generally highly visible
and spoil the overall appearance of the tunnel structure, particularly in public areas. In addition,
they impede sidewall cleaning operations in transport tunnels. The only exception to this is
Case 14, where the drain is installed in a channel formed in the surface of the lining.

Cost

The cost effectiveness of waterproofing a tunnel with this system increases as the ratio of the
length of cracks to be treated compared to the total surface of the liner decreases. In France, the
average cost is about USS$ 150 to 200 per linear metre, while in the United States typical costs
vary from $75 to $250 per linear metre (based on 1990 costs). It should be noted that the unit
cost per metre is dependent on the site access, type of materials, work schedule restraints and
the local labour market. Therefore, cost comparisons of alternative repair methods should be
made for each project and evaluated on an individual basis.




429 Conct’usions

In general the application of these techniques is szmpie and without any major difficulty,
“provided that the gutter and drain specifications are observed. The efficiency of the system can
be improved by:

. Proper sizing of channel cross sections to provide for the buildup of concretions (calcitic
. deposits) and the sedimentation of solids in the drain water;
° Suitable selection of materials and location of the gutter and drains for the conditions
: encountered;
Providing for easy maintenance of the drain for loﬁg'--_tenn.effectiveness;

e  Limiting the use of gutters and drains in horizontal locations; and

Consideration of the use of radial drains through the tunnel liner where leakage through

the liner walls is encountered.

For further 1n.format10n on this method of water proofing, please refer to the following diagrams
showing examples of installations for Type A, Channellmg of Leakage Water.
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Type B : Inner Shells
General Characteristics

This technique uses a waterproof sheet membrane fixed to the existing intrados (rough rock.,
shotcrete, masonry or in-situ concrete), which is subject to leakage through a network of
dripping cracks or joints; the waterproof membrane drains the water towards the tunnel invert
and the collecting system. The synthetic membrane made of PVC, HDPE or latticed foam (the
lattice foam additionally provides thermal insulation to prevent ice from forming behind the
waterproofing) is somewhat fragile and must be protected against mechanical damage (e.g.
vehicle collision and vandalism) and thermal effects (fire -—frost). The protection is provided
by means of an interior shell, comprising in-situ cast concrete, shotcrete or a prefabricated shell.
In cases of exposure to severe frost, an insulation sheet should also be incorporated into or fixed
to the waterproof membrane system.

Special Characteristics

The USI12 case utilises a corrugated synthetic or sheet metal material placed around the
excavation in elements similarly to tiles on a roof, in order to guide water towards the base of
the sidewall. This technique raises difficult maintenance problems (brittleness — corrosion) and
has poor aesthetics; its use should be reserved for small rural tunnels with light traffic.

Construction

PVC or HDPE waterproofing membrane should be fixed onto the intrados without perforating,
which may otherwise give rise to subsequent leakage. This can be achieved (as for the
construction of new tunnels) by heat-welding the sheet onto synthetic washers, the latter being
fixed onto the tunnel intrados by mechanical nailing prior to installing the membrane.

If latticed or semi-rigid foams are used, they may be fixed by anchors passing through the
membrane, provided the waterproofing is maintained at each perforation by a mechanical
device or sealing of attached clements. These operations are complex and require skilled
workers and a high standard of workmanship.

The material for construction of the inner protective shell must address the following issues:-

o Shotcrete : It is difficult to achieve good bond between the shotcrete and the synthetic sheet
forming the shell. The shotcrete must be rapid setting using accelerators and/or special
rapid hardening cements and must be applied with a high degree of expertise.

e  Frame Structures : The minimum thickness of concrete frames are about 40cm, which may
lead to an unacceptable loss of tunnel clearances in existing tunnels. In addition, the high
cost of a temporary heavy steel framework is not cost effective for tunnels less than 300 to
400m in length. Lastly, the installation of this framework requires the closing of at least
one lane of traffic, which is often not possible in urban environments where diversion of
traffic cannot be provided for in the tunnel. Frame structures are usually unacceptable for
rail tunnels due to the strict requirements for operating clearances for the rolling stock, and
the general lack of alternative routes for the rail traffic.

4.7
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e  Prefabricated Concrete Elements : Prefabricated or precast concrete elements provide
excellent quality control during fabrication and provide very high strength permanent
liners. These elements require heavy construction equipment to handle and are difficult to
install in the typically restricted construction window provided by most tunnel operators,
during which time total closure of the tunnel is required. This system is best performed
with total tunnel closure for the entire construction period, with no returning of the tunnel
to service until the project is complete. The cost of this method is very high due to the
requirements for setting up of a prefabricating plant, tunnel closure, heavy construction
equipment, and extensive measures for diversion of traffic.

Effectiveness

These systems are very efficient for the whole drained surface, provided that the waterproofing
membrane is not perforated accidentally during installation and provided that adequate quality
control measures are implemented, particularly with respect to the sealing and heat-welding of
the elements of the membrane. These systems must be protected from fire, depending on the
flammability of the membrane materials used. The best method of protecting the membrane
from fire is to use a cementitious material to provide an acceptable fire rating, as determined by
the appropriate authorities.

Dependent upon the quality of the drained water, settlements and solutes could block the
drainage collector system. Refer to Sections 4.3.5 and 4.3.6 in this regard.

Durability

When materials are used, which are able to withstand the operating environment in road
tunnels, this technique offers a good guarantee of long time durability. Efficiency will be
enhanced by placing a porous material (e.g. alveolar geotextile) between the membrane and the
existing intrados, which provides an ample cross-sectional area for water drainage. The same
effect can be achieved by using a membrane fitted with studs, which act as spacers and form
channels for the water to flow through. Various heights of the studs can be specified to
accommodate different water inflow conditions.

The drains, collecting the water from the water proofing membrane, may become obstructed by
a build-up of calcitic deposits and sediment. The cross-section of the drains should make
allowance for this and provision should be made for cleaning and maintenance.

The waterproof membranes are susceptible to damage from fire and protection must be
provided. Refer to Section 4.3.4 in this regard.

Inspection and Maintenance

These systems, with the exception of the water collecting and disposal system (refer to 4.3.5),
cannot be Inspected and require minimal maintenance. The drainage collector system is
generally placed under the sidewalk at the footwall, or in an equally accessible location which,
can be inspected and maintained without difficulty, if they are designed and installed properly.
However, it should be noted that in many cases in the past the collector design has not provided
for maintenance and the drainage system has become blocked and ineffective.
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4.3.7

4.3.8

4.3.9

4.3.10

Aesthetics

These techniques generally provide an aesthetically pleasing geometrical and smooth internal
lining. Furthermore, the complete waterproofing system avoids staining and deposits associated
with drips and general water ingress.

Cost

The cost varies significantly dependent upon the particular site conditions, the measures to be
implemented to maintain traffic flow during installation, the importance of providing a surface
with a good aesthetic appearance, operating conditions to be catered for, etc. The cost for
France can range from US$ 250 to US$ 500 per sq.m (1998 prices). Consequently, the
installation conditions must be carefully assessed before deciding to use these techniques. The
technique is generally cost effective for tunnels with heavy traffic and with widespread cracking
and water ingress.

Conclusions

For these techniques to be effective, they must be meticulously applied with appropriate
specifications and proper supervision and inspection during the installation. The selection of
the proper system is site dependent and must satisfy the requirements of the operator and the
physical environment of the tunnel. In addition to the treatment of water inflows, this technique
improves the tunnel appearance and the comfort of the users.

Innovative Experiences

These are the new F11 and F12 cases. After experimentation on prototypes, strength test and
various research works, CETu, in co-operation with manufacturers and contractors, has
developed a concept of a thin, waterproof, free-standing and independent shell, which provides:

e A total waterproofing system (with or without reinforced thermal insulation) protected by a
heat-welded sheet protected by shotcrete;

e A fotal shotcrete or sprayed concrete thickness of the shell of between 10 and 30cm,
depending on the application. This allows, in lined tunnels, a limited reduction in the
cross-section of the tunnel. In unlined tunnels with significant overbreak, the shotcrete or
concrete quantities can be limited to an absolute minimum requirement, while retaining
joints and voids that will improve thermal insulation and provide passage for inspection of
the extrados of the shell through access hatches;

e A lining with a controlled geometry which will improves the tunnel appearance; and

e  Minimal tunnel closure and maintenance of traffic flow to one lane, when it is impossible to
close the tunnel during the installation.

The basic principle is the construction of a shotcrete or sprayed concrete shell, which is

adequately reinforced and supported, so that it is free standing-and able to support the dead load
of the uncured shotcrete without deformation.
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This shell provides primary support to the waterproofing system, comprising an outer layer
made up of an impermeable membrane sheet or latticed foam reinforced on both sides by plant-
thermosealed synthetic felt, which serves as a surface on which the shotcrete is sprayed. These
structures, which are easily damaged by collision from vehicles, are placed on reinforced
concrete, shock-resistant substructures of about 2m in height, which have on their outer side,
waterproofing and drainage facilities to collect and transport water to a drain collector system
under the sidewalk.

Two different methods for controlling leakage have been applied in French tunnels since 1994,
viz:

1) Case F11: the structure is made of lattice girders and conventional steel reinforcement,
assembled outside the tunnel in 8 to 10m long modules. These modules support the
waterproofing system fixed on the extrados. The modules are transported inside the
tunnel, attached to the concrete substructures and to each other and shotcrete is then
sprayed onto the inside surface.

This method allowed for a relatively unrestricted traffic flow during the work. The
tunnel was closed for only a part of the night for transporting and placing the modules.

i1) Case F12: the structures is made of three dimensional latticed reinforcing panels
reinforced by pre-compressed micro-girders, which are either supported on the existing
tunnel intrados or on specially designed concrete abutments in areas of significant
overbreak.

The waterproofing system is placed on the outside of these structures. The low weight
of the various elements, manufactured to the required thickness and curved according to
the required intrados profile, allows them to be placed in the tunnel on a formed concrete
substructure by means of a travelling gantry which makes it possible to maintain traffic
flow in one lane. Once erected the structure is shotcreted.

This method allowed a tunnel to. be waterproofed with minimal traffic diversion,
allowing the passage of lorries (width for traffic passage was 4.30m), where closure of
the tunnel was not possible.

In both these cases, the thin shells were quite effective. The cost for lengths under 150m is
about US$200 per sq. m, which is up to 50% of the cost for the reinforced concrete shell (refer
to Section 4.3.8).

For further information on these repair systems, including both the application to the tunnel
intrados and the free standing shell, please refer to the following diagrams for Type B — Inner
Shell.
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Type C : Sprayed Membrane or Inner Protective Lining
General Characteristics

These techniques comprise the spraying of special mortars, reinforced by fibres or welded mesh
fixed to the existing liner. The degree of waterproofing results from the properties of the mortar
itself. This is achieved by the use of polymers and crystalline compounds that react with the
free lime in the mortar to produce a reduced pore size in the shotcrete or sprayed concrete,
which inhibits the passage of water. The reinforcement and the mortar itself are designed to
limit cracking during curing and to provide some flexibility to accommodate active crack
movements. Sealing capability of the liner is often supplemented by injections of particle and
chemical grouts into the interface between the existing liner and the shotcrete; the shotcrete
surface can also be coated with a mineralizer to reduce porosity.

Construction

The application of these methods is not particularly difficult .It can be undertaken with minimal
diversion of traffic and without closing the tunnel. The major difficulty lies in the formulation
of the mortar mixture, which must be sufficiently dense to reduce the migration of water and to
control shrinkage cracking. Leaking cracks or joints are sealed, as a separate operation, by the
injection of particle or chemical grouts into the liner at controlled injection pressures to prevent
spalling or damage to the existing liner (refer to Chapter 6 for further information on grouting
procedures). In all instances the application of the mortar must be performed on dry surfaces,
after the sealing-off of all water inflow from the leaking cracks or joints has been completed.
Failure to control the leakage prior to the spraying of the mortar will result in loss of bond and
extreme difficulty in achieving adhesion and build-up of an adequate thickness of the mortar.
In cases of significant local water inflows, which cannot be sealed by injection, the inflows
must be diverted away from the work to prevent the washing out or dilution of the mortar.

Any supplementary sealing work involving injections of grouts into the interface between the
mortar and the existing tunnel lining must be carefully controlled in terms of injection pressure
to prevent loss of adherence of the membrane.

Effectiveness

These systems are efficient only on structures where the water inflow is either very low (seep or
standing drop) and, in the case of active leaks, where these can be sealed by injection of grouts.
In the latter circumstances, the proper application of the grouting programme in conjunction
with the application of the special mortars can provide a long term satisfactory repair of the
structure. A complete sealing of the structure is difficult to achieve, particularly where
localised water inflows can occur. If leakage cannot be tolerated in any form, an alternative
method of repair would be recommended.

Durability

The inner lining must be shrinkage controlled during application to reduce micro-cracking.
Failure to limit the micro-cracking due to shrinkage will result in damage to the liner over the
long term in areas where the tunnel is exposed to frost-thaw cycles. Such cracking can lead to
the deterioration and loss of the waterproofing function in the medium to long term.
Furthermore, these inner linings can be sensitive to external water pressure arising outside the
liner during periods of exceptional flow due to seasonal changes. As stated above, it is critical
to eliminate water inflow through the liner.

4.14




4.45

4.4.6

4.4.7

4438

Inspection and Maintenance

Periodic inspections can be made to detect damaged areas, and repairs are possible. Repairs are
easily performed using similar materials and equipment to that used for the original work.

Aesthetics

The untreated shotcrete provides an acceptable rough gun finish for standard tunnel line
sections. In public areas such as stations and in some highway tunnels a steel trowel or wood
float may be applied to give a more desirable finish. The coating minimally protrudes into the
interior space of the tunnel and can follow the contour of the original tunnel profile. If the
waterproofing function is compromised and leakage reoccurs, water staining and deposits will
appear.

Cost

The cost can vary considerably according to the formulation of mortar, which can incorporate
expensive components or additives to improve the membrane performances. The cost per
square metre ranges from US$ 200 to US$ 400, according to the mortar formula and application
conditions.

Conclusions

This technique requires detailed inspection of the existing conditions, the selection of a suitable
mortar, and the use of qualified specialist applicators to achieve acceptable results. In order to
be effective, all leaks must be sealed prior to the application of the shotcrete with a suitable
chemical or particle grout. Proper selection and application of the materials will provide a
suitable medium to long-term repair.

For further information on this method of water proofing, please refer to the following diagrams
showing typical examples for Type C-Sprayed Membrane or Inner Lining.

References:

' DS 853, 1993. Eisenbahntunnel planen, bauen und instandhalten [Planning, building, and
maintenance of Railway Tunnels], Anhang 16 [supplement 16], Paragraph 10 [paragraph 10],
Karlsruhe: Deutsche Bahn AG.
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CHAPTER §

TUNNEL LINER REINSTATEMENT (EXCLUDING THE TREATMENT OF LEAKAGE)

5.1

5.2

Introduction

The reinstatement of tunnel liners, as considered in this chapter, is the undertaking of repairs
to restore the structural integrity of a liner, which has deteriorated as a result of factors such
as environmental effects, operational condition, poor construction techniques and ageing.
The reinstatement of tunnel liners affected by water leakage is described in Chapter 6.
However, it is recognised that liner reinstatement often involves the sealing of water leakage
before proceeding with the repair in accordance with the guidelines described in this chapter.
The two types of tunnel liners reinstatement (one excluding dealing with water leakage and
the other including leakage) cannot therefore be considered totally exclusive of each other.
There is therefore some inevitable overlap between Chapters 5 and 6, although this has been
purposefully kept to a minimum.

The deterioration of the lining often manifests itself in the form of concrete spalling,
delamination, loss of strength, and in the case of steel liners loss of cross section,
enbrittlement, and corrosion. These defects in the liner can affect the service or use of the
tunnel, and if left unchecked, can result in total loss of use of the tunnel and severe
economic consequences for the area served by the tunnel system. The inspection of the
tunnel liner must be comprehensive, fully identifying the nature of the defects, determining
the causes and recommending a suitable method of repair. Ideally, the repair should be
durable, easy to perform and be rapidly implemented during non-revenue or low usage
periods. In addition, it must not pose a safety hazard to the users of the tunnel.

The Study addresses typical repairs for the most common types of tunnel liners and
describes repair procedures for concrete restoration, repair to structural steel elements,
segmental liners, brick liners and stone and ashlar masonry liners. The repairs are typical of
those commonly implemented in most highway and rail tunnels, and which are generally
appropriate to other types of service tunnels. However, it is important to note that no two
sites are exactly the same and specific site requirements and conditions may render a repair
technique unsuitable.

The smaller more cosmetic type surface repairs, which do not affect the structural integrity
of the tunnel liner, are not covered in this study. The recommended repair methods take into
account the case histories collected from ITA Member Countries and summarised in
Appendix B by category.

The procedures for controlling and sealing of ground water infiltration into tunnels, which
may form part of the repair process, are described in Chapters 6 and 7.

Concrete Repair

Concrete deterioration is often the result of poor workmanship, groundwater infiltration
through cracks and construction joints, insufficient concrete cover over the reinforcement,
electrolytic corrosion, or chemical reaction in the concrete.

Concrete repairs to existing tunnels are dependent on the type of construction, tunnel
operations, and the severity of the defects. The elements which most directly affect the
selection of the repair technique are:
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e The required strength of the repair material;

e  The required durability of the repair material;

e  The environmental setting of the repair location including type of useage of the tunnel;
and

e  The time frame for the construction of the repair.

The strength of the type of repair is generally dictated by the strength of the original
construction material. The durability of the repair is a function of the strength and the long-
term suitability of the repair, taking into account the environment setting and tunnel usage.

The environmental setting is of prime importance due to the varied environments that exist
within the tunnel setting. The presence of water; the occurrence of atmospheric and
temperature changes (freeze and thaw cycles) within the tunnel; locations of ventilation
ducts, ventilation shafts and portals; exposure to exhaust fumes from road vehicles or rail
locomotives; and the chemical composition of the groundwater and the soil or rock that
surround the tunnel have a strong influence on the selection of the proper repair product.

The allowable time frame for the implementation of the repair is probably the most unique
element in the repair selection process. This time frame is dependent on the owner’s
operations, which include the hours of shutdown for repair construction and the maintenance
of clearance envelopes for rail or vehicular traffic during the construction period.

Concrete Restoration Methods

Based on the aforementioned elements and recent relevant experience in tunnel projects,
concrete repair methods may be divided into the following categories:

e Concrete restoration by patching;

e Concrete restoration by the application of cast-in-place concrete with or without
reinforcement;

¢ Concrete restoration by the application of shotcrete; and

e Sealing of concrete cracks by grouting.

This section deals with the first three categories of concrete restoration, while grouting of
cracks is considered in Section 5.3 of this chapter.

Concrete restoration is a process of replacing loose, spalled, or crumbling concrete with new
material. Appropriate restoration will restore the structural integrity, be compatible with the
surrounding concrete, and last as long as the original structure. Suitable materials for the
restoration of concrete by the aforementioned processes are:

Portland Cement mortar/concrete (PCC)
Polymer modified PCC;

Epoxy modified PCC;

Polymer mortar;

Epoxy mortar; and

Special cements.

The selection of the product and method used for restoration depends on such criteria as
breathability, shrinkage, thermal coefficient of expansion of the product and the tunnel liner,
thickness of the repairs, chemical resistance, application and cost. Limited site access within
the tunnel creates additional problems in delivery and installation of the repair.
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'- andfor repa:rs to the relnforcmg stcel

Suiface Preparanon

Common - to the application of any of the repair products and methods is the surface
preparation prior to the apphcatlon of the appropriate material Surface preparation consists
of the following:

Removal of all loose unsound concrete;
Cleanmg of all corrosion from reinforcing steel (as appllcable) and
CIf reqmred replacement of relnforcmg steel.

| -.-'_-The removal of all loose unsound concrete is best perfonned by the use of air powered
o jf-'.ch,tppmg hammers. These hammers should be sized so as to not remove excessive quantities

- of sound concrete. ‘The best method for sizing chlppmg hammers is to specify the total

- we1 ght of the hammer The acceptable size for concrete removal in tunnels is a hammer of a

_ :-_-_'3-;-made of alummum wﬂl be too large and will tend to over-excavate the concrete by providing
L excess energy '

| "-.'The’tin'sdund:-:cioncreie must .'be}emoved by a chipping process starting at the middle of the
- identified defect and moving horizontally to the edges of the defect. The hammers will seek

~ their own depth of penetration and be refused when the hammer’s force is repelled by sound

 concrete. The ‘edges of the area to be patched must not have featheredges, but rather a

- shoulder. In the case of repairs using cast-in-place concrete or shotcrete a shoulder of 20mm
- depth or 1,5 times the size of the largest aggregate of the repair material is appropriate.
~ (Refer Fig 5.2.2). '

. Flgure 522 Ty.pical Concrete Spall Repair ~ showing surface preparation
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If milling machine and robots are used to remove sizeable sections from the liner, careful
analysis must be performed to evaluate the effect on the overall structural integrity of the
tunnel liner before proceeding.

Cleaning of Reinforcing Steel

After the removal of all loose and unsound concrete, and prior to the placement of any
cementitious product, the reinforcing steel must be cleaned of all surface corrosion.
Cleaning of large repairs is sometimes best performed by sandblasting with sharp sand or
synthetic grit; the most common material used being a synthetic carbide grit. The grit size is
dependent on the type of equipment used in the application. In other cases, the steel is
cleaned by the use of wire brushes, chipping hammers and/or pneumatic scalers.

The steel must be cleaned to a “white metal” condition. Once cleaned, the reinforcing steel
should be coated with a zinc or epoxy coating material (of these, a zinc rich coating is the
most commonly used) to prevent the potential for corrosion due to electrolysis.

After the steel within the repair area is cleaned, the entire patch area must be cleaned of all
dust, rust scale and other debris. Note: if the repair area is to be left for long periods of time
prior to the completion of the repair, the area must be cleaned again with compressed air or
high pressure water immediately prior to the placement of the repair product.

However, high-pressure waterblasting for cleaning is not recommended for rail transit
tunnels due to the presence of numerous electrical cables and contact wires or rails.
Although high-pressure waterblasting is generally acceptable for use in highway tunnels, a
thorough check of the equipment and fittings in the vicinity of the work area should be made
to ensure that these are not affected.

Reinforcing Steel Repairs

Treatment of reinforcing steel is generally limited to cleaning as described above.
Reinforcing steel that is out of plane, bent, or buckled is restored to its original configuration
by cold bending. However, reinforcing steel that has had a loss of section greater than 25 %
must be analysed and replaced, if necessary. The replacement of reinforcing steel must be
performed in accordance with the applicable current codes and standards (refer Fig 5.2.4). In
some cases, if only an occasional bar requires replacement and the structural analysis
indicates that the bar is not critical to the structural design, the bar need not be replaced.
The new bars should be treated with zinc rich coatings in a similar manner to that described
above.

-fﬂsifné Reinf. K:
WiLoss of Sectior

Figure 5.2.4 Typical Reinforcing Steel Repair
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5.2.6

Cast-In-Place Concrete

The use of cast-in-place concrete for the repair of the tunnel structure in rail and highway
tunnels is restricted to locations where good site access is available in terms of time and
clearances for construction. Cast-in-place concrete requires formwork, which can only be
constructed in areas where sufficient space prevents encroachment into the operating
envelope of the tunnel. The use of formwork for cast-in-place concrete poses additional
problems in the actual placing of the concrete to achieve a complete filling of the repair area
at both wall and roof locations, requiring special forms and construction procedures.

The installation of cast-in-place concrete requires the use of a bonding agent to provide a
strong bond between the existing sound concrete and the new concrete. The bonding agent
is usually a latex or epoxy compound, which is applied to the existing concrete surface
strictly as directed by the manufacturer. In certain circumstances, the use of dowel bars
inserted in the existing sound concrete in predrilled holes and fixed in position with cement
or polymer grouts, can be recommended to enhance the bond with new concrete. Once the
bonding agent has been placed, the forms are sealed up and the concrete is cast within the
forms.

In actuality the proper application of the bonding agent and the timely placement of the
concrete is seldom done properly and the integrity of the concrete bond is questionable. In
response to this problem, special polymer modified Portland Cement concrete mixes were
developed which incorporate the bonding agent in the concrete mix as a substitution for 30-
50% of the water in the mix. This mix has provided a positive method of ensuring a good
bond to the existing concrete surface, while increasing the compressive strength of the
design mix. Cast-in-place polymer modified Portland Cement concrete is particularly
advantageous in areas where a smooth or a special architectural finish is required.

Concrete for this type of application is generally transported into the tunnel by either rail
mounted or truck mounted equipment. In some instance the use of a “slick line” to pump the
concrete into the work area is feasible. It is important that the concrete supply is continuous
and is able to accommodate limited construction windows applicable in certain cases.

After curing the forms are removed. The removal of the forms is generally between one and
seven days, depending on the design criteria in terms of the compressive or tension bending
strength of the new concrete and the actual corresponding strength of the site test samples.

Cast-in-place concrete has been widely and successfully used for the strengthening or
rehabilitation of tunnel structures to new clearance envelopes. In general, cast-in-place
concrete has been most successfully used in rehabilitation projects where the tunnel has been
totally closed to traffic for a period of weeks or months for the construction of the repairs.

Polymer Modified Cementitious Mortars

Portland cementitious mortars with the addition of polymers create a high strength two-
component, rapid curing material for the restoration of structural concrete. Polymers are
used in concrete to fulfil the following requirements:

Improvement of water resistance;
Improvement of freeze/thaw resistance;
Improvement of bond/adhesion;

Reduction /elimination of shrinkage; and/or
Improvement of setting time

5.5
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The polymers that best fulfill the aforementioned criteria are the acrylic copolymers. These
acrylic copolymers are incorporated in numerous premixed products, and are best suited for
concrete restoration due to their “breathability”. This unique characteristic, which allows
the passage of water vapor through the repair, prevents the build up of moisture at the
interface between the repair and the existing concrete surface; thereby eliminating
freeze/thaw problems and corrosion to the reinforcing steel within the repair area. These
products are supplied in both wet and dry polymer configurations. They can be applied by
hand in layers similar to the European practice of “plastering” or by low pressure wet
shotcrete application.

In three road tunnels in Italy, Polymer Modified Cementitious Mortars were successfully
used for the repair of the concrete surface which had deteriorated because of carbonation. In
one case microfissures were observed in the mortar, but it was unclear as to the cause of
this; this can be avoided because of the low shrinkage potential of the product.

Shoterete

Shotcrete is a pneumatically placed Portland Cement concrete mixture. This mixture is
projected by compressed air against the area to be repaired using a dry or wet process.

In the dry process, the dry concrete mixture of sand and cement is pumped through hoses
and the water is added at the nozzle. With respect to additives: if these are dry compounds,
they are added to the dry mixture of sand and cement; if the additive is a liquid, this is added
at the nozzle with the water.

In the wet process, the sand and cement are premixed and pumped wet to the nozzle and
applied by the use of compressed air, which is added at the nozzle.

The use of polymers in the shotcrete is well suited for the repair of tunnel structures. The
repair is monolithic and bonds well to the existing concrete. The pneumatic application
“wets” the surface of the concrete and provides a strong bond.

The selection of which process to use is dependent on the limitation of the area to be
repaired and availability of equipment and expertise. Wet process is a lower pressure
application and is well suited for work in areas where rebound of the material and the
creation of dust are unacceptable. However, for extensive repairs the use of dry process
higher pressure shotcrete may be more appropriate due to the fact that the storage of the dry
mixture is easier and can be for extended periods, and more rapid placement of large
quantities of material is achievable.

The surface preparation for the application of shotcrete is identical to that described earlier
in this chapter in Sections 5.2.2 and 5.2.3. However, in addition to cleaning the
reinforcement bars, wire is added over the surface of the reinforcement and is attached to the
reinforcement. This wire mesh enhances the strength of the repair and assists in rapid
buildup of material in the area to be repaired. Wet process shotcrete requires a large open
weave mesh of not less than 8 cm by 8 cm. Dry process shotcrete requires a smaller open
weave of not less than 4 cm by 4 cm. The different size wire mesh is due to the tendency
of the wet process to build up the repair product at the surface of the wire mesh and cause
voids behind the mesh. This build up is not such a problem with dry process shotcreteing.




‘Figure 527 Typical Shatcret'e'-ﬁépair

Th' " yp1cal ﬁm_sh of shotcrete as placed by the equipment in the tunnel is a “gun” finish,
Wh1ch.-1s_a reasonabiy smooth ﬁmsh ‘However, if a specifically smooth finish is required, it
‘may be appropriate o'apply a steel trowel or wood float to the shotcrete surface. The

. 3-_‘5-"tr0wellmg of the repa.lr should be performed after the initial set to prevent “tearing” of the
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o surface.

B .It 1s‘l" oted from the ¢ case hlstones that, in a road runnel where shotcrete repairs were carried
- out,
__3.-an0ther road tunnel, the uneven surface of the shotcrete gave an unsatisfactory appearance.

he shotcrete repa.n‘ detenorated due to carbonation because of exhaust fumes. In

he ffects of carbonahon can be reduced to acceptabl ""_Inmts by the use of a dense

'.S'tf?ﬁ'cfli'l‘el-:'.Cfa'ckizR'ep'air Wifh:f."Epoxy Resins

 The sealmg/’bondmg of structural cracks in tunnels is performed to restore the monolithic
co' dmon of-.the stmcture. Crackmg is the result of concrete s}mnkage and movements of

__.'.system as ongina]ly desagned ngld epoxy 111_}6Ct1011 systems have been developed to
N successfully repalr these defects. _

' '-__Howl_ver, 1t should be noted that epoxy grouts are generally 1n01sture sensitive and can only
~ be us
. -'.'-oonstruetmn }om’ss are descnbed in Chapter 6.

in cracks, which are ‘dry or just damp. The injection of leaking cracks and

The repa1r of structural cracks m concrete tunnel lmers, Wthh are not actively leakmg, is
. '_'_perfonned ina number of steps g -




e The surface of the crack to be injected is sealed with a paste gel;

e Injection ports are installed in the crack, where the space between injection ports is equal
to the thickness of the concrete liner to be injected up to a maximum spacing of 600 mm
(refer Fig. 5.3);

e After the initial set of the gel surface coating a two component, moisture insensitive,

epoxy resin is injected into the crack; and

e The injection of the resin into the joint is performed using a special high-pressure rotary
mixing pump. The injection starts at the lowest point on the vertical surfaces. When the
resin is observed flowing from the next port up the crack, the injection nozzle is moved
up to the next port, and the lower port is plugged. This process is continued until all of
the ports have been injected and filled with resin. Injection pressures must not exceed
0.70 Mpa and a working pressure of 275Kpa. Polyester resin and Amine resin epoxies
are the best suited for this application. Vinyl ester resins should be avoided, since they
do not bond to saturated concrete surfaces.
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Section A-4

Figure 5.3 Typical Injection Ports for Epoxy Resin

Metal repairs

The restoration of structural metal elements in tunnels other than segmental liners includes
the repair of cast iron elements in the case of older tunnels. These mental elements are
generally incorporated into the tunnel system as framing steel, structural columns or
construction items such as arches or ribs. The use of cast iron for structural elements is
generally confined to tunnels where the segmental liner is of cast iron and the repairs will be
as described for cast iron liners in Section 5.7.3.

The repair of structural steel is performed in the same manner as steel repairs for bridges and
other above ground structures. Steel elements which have a loss of section in excess of 20%
must be analysed and, if required, repaired by accepted practices and local codes.

The steel unit to be repaired is either built up by the addition of steel plates, which are either
bolted or welded to sound existing steel, or the unit is completely replaced by a new
structural element. The bolting of replacement steel elements is to be performed with the
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use of high strength bolts in accordance with ASTM Standard A325 or other applicable
codes.

The painting of steel elements is the best protection against future corrosion caused by
moisture. An effective painting program requires the thorough cleaning (sandblasting) of
the steel element. Epoxy paints can be particularly effective but as with all types of paints,
the surface preparation and application should be strictly in accordance with the
manufacturer’s instructions or specifications.

Brick Masonry Repair

The restoration of masonry structures comprised of clay brick, generally consists of
repointing of mortar joints and replacement of defective brickwork. The repointing of
masonry joints requires cleaning of the joints to be repaired to a minimum depth of
approximately 3 cms and where appropriate, wedges are installed. Once the joints have
been raked clean of old mortar they are repointed by cementitious mortar fortified with
polymer bonding agents.

Construction of brick lined tunnels involved the erection of a timber framework to provide
initial support, inside of which the brickwork was placed. At times, the voids between the
ground and the lining were filled with tunnel muck. Subsequent decay of the supports and
inadequate backfilling with tunnel muck has led in some cases to the creation of voids,
causing uneven ground pressure and water leakage, which in turn has led to the deterioration
and cracking of the lining. Other causes of damage are exhaust fumes from rail locomotives
and or ageing.

The repair or filling of voids is described in more detail in Section 5.6 for Stone and Ashlar
Masonry linings.

Replacement of broken, slaked, or crushed brick requires detailed analysis to determine the
cause and extent of the problem. Once the cause and extent of the defective masonry is
identified, repairs may be performed. The removal of more than the occasional brick in the
structure requires detailed procedures. The design of repairs must be performed by
specialists who are familiar with brick masonry construction.

In severe cases, repairs may include the partial or total removal of the brickwork and
replacement with a reinforced concrete or shoterete lining. Alternatively the lining may be
reinforced and strengthened with shotcrete, steel plates and/or bolting.

Brickwork linings are most commonly encountered in rail and canal tunnels. The case
histories would indicate that the most popular method of repair incorporates the application
of reinforced shotcrete, which reduces the construction periods and the obstruction of the
tunnel, as well as providing for the maintenance of the clearance envelope for the traffic.

Stone and Ashlar Masonry Repair

Linings made from stone and ashlars are found in tunnels built before 1940. These tunnels
often are lined with a composite lining to suit the site conditions: the abutments are made
from stone, and the crown is lined with bricks. All of these tunnels were built in ground
with unstable conditions. The traffic technology prevailing in that era did not require a
tunnel lining for safe operation of steam powered locomotives and trains, both cruising with
only moderate velocity. An inner lining was only constructed, if rock falls occurred, or
circumferential stresses — not compensated by the behaviour of the ground surrounding the
tunnel under construction — were expected.



Commonly found types of damage of the masonry are:

e Decay of the mortar filling of joints;

e Displacement of stones or ashlars as a consequence of the failure of the mortar;
and sometimes jointly caused by impacts from outside the tunnel; and

e Chipping of the surfaces of the ashlars on the intrados.

As in the case of brick lined tunnels, voids and cavities are often found behind the lining,
giving rise to ground settlement, uneven ground pressures water leakage and/or damage to
the lining. The situation and the dimensions of these voids must be included in the
investigation and planning of the repair. Other causes of damage are exhaust fume and
ageing. The engineer in charge must be familiar with the use of natural stone, the old
technology of stone masonry, and the construction of vaults and arches, even those of large
spans.

Principal objectives of the investigation are the safety of the crew working near damaged
parts of the lining and the safety of the operation of the tunnel. Without an expert’s
guidance, disturbance to parts of the lining can result in the collapse of parts of the vault or
the entire lining of the tunnel. Commonly, no warning precedes the collapse. Adequate
shoring and bracing must be installed prior to carrying out any repair work on the liner.
Especially in the case of rail tunnels, there are generally set procedures and arrangements for
the repair of damaged masonry tunnels while operating the tunnel. Depending on the
operating clearance, different arrangements are defined by the railway companies to provide
for the operation of at least one track and diversion of the trains. The same considerations
are equally appropriate for road tunnels lined by masonry.

Shoring and bracing must be installed prior to carrying out any repair. Once the vault and
the abutment are in stable condition, all loose stones and ashlars must be fixed by driving
wedges into the joints.

There are two basic philosophies regarding the rehabilitation of masonry, taking into
account the place where the defective parts are situated. The heritage of the tunnel portals
built in the nineteenth century require the reconstruction of the masonry according to the
methods used in the era of their construction. In most other situations, tunnels are restored
using modern technology to obtain a more inexpensive repair. As the vast quantity of repair
work is done using modern technologies, the study confines itself to a consideration of these
modern procedures.

In cases of loose mortar in the masonry, the mortar is removed up to a minimum depth of
80mm. All debris should be removed by flushing and the repointing work is done by the
application of one layer of shotcrete. Where there is low water ingress, a waterproofing
agent could be added to the shotcrete mortar. Larger quantities of water should be
conducted and drained to the catwalk using drainage systems similar to those described in
Chapter 4 as Type A. The dewatering system may be placed inside the body of masonry by
cutting chases.

The rehabilitation of partially displaced linings can only be performed after a detailed study
to establish the reasons for the displacement. If the analysis determines that the original
liner is not able to counteract the stresses and strains from the surrounding ground, the liner
must be strengthened with additional support.
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0@ In cases of displaced linings occurring over small sections of the tunnel, the strengthening

o can be done by guarded removal of the ashlars followed by an excavation of a laminar of the
ground outside the lining to allow the application of an adequately dimensioned layer of

i shotcrete. This layer is fixed to the rock by rock bolts. Afterwards, the ashlars are reset in

) the desired position. Preferably the shotcrete layer should be applied around the entire
intrados enhancing the support.

w Rehabilitation of larger sections of masonry lining failure usually involves complete
modification of the lining by shotcrete shells or by applying the well-known rib-cutting
method. The latter method comprises the cutting of slots in the masonry lining and the
Lo installation of steel ribs or reinforcement bent to shape. The slots are then filled with either
concrete or shotcrete. The ribs are installed in a careful sequence to preserve as much as
I possible the strength of the lining. Rockbolts may also be used to secure the ribs to provide
U additional strength. When the ribs have been completed, the damaged parts of the lining are
removed and replaced by shotcrete, incorporating a waterproofing membrane and drainage
as necessary.
If the thickness of the original masonry lining is 0,5m (20 ins) or more, it is preferable to
L replace only a certain part of the liner cross-section. This avoids total loss of strength and
— support incumbent in the existing lining. The new inner shell enhancing the vault and the
abutment can be made from stone, ashlar, or sprayed concrete. The choice depends on
i conditions found at the site and project requirements. The contact joint between the existing
- masonry and the repair can be closed by grouting of a suspension of plain cement or
Portland cement mortar.

In cases of surface damage to the masonry lining, the faces of the chipped ashlars are
removed by milling or chiseling. After flushing of the debris from the surface and the joints,
a protective layer of sprayed concrete is applied to restore the entire thickness of the lining.

A commonly found problem of older built rail tunnels are the voids and cavities behind the
masonry. If the lining is found to be stable, access to the voids may be gained by small
drives, starting from niches in the tunnel, at the level of the invert or the crown. The
8 extrados of the liner is cleaned of debris and smoothed by the application of sprayed
{ concrete or lean concrete. Since most cavities are caused by the presence of water, a sealing
h layer or water proof membrane is spread on the outside of the masonry. At the springline or
at the invert level, a drainage system is built with conducting pipes to the main drainage of
L., the tunnel. The voids are backpacked using stone or concrete for proper filling. Sometimes,

the space is permeated with mortar grout, preceded by an appropriate protection of the
draining system.

A complete renewal or replacement of a masonry lining is appropriate, if there is also a need
to modify the tunnel, regarding height, and width, and may also be necessary, if the
operating system is changed from steam powered to electrical traction.

5.7  Segmental Liners

The repairs to segmental liners are a combination of the processes discussed in earlier
sections of this chapter. These repair processes are adaptable to the repair of segmental
liners, but using repair materials which exhibit the same construction composition as the
segments to restore the structural integrity of the liners. Segmental tunnel liners consist of
three basic types:




5.7.1

5.7.2

e  Precast concrete segmental liners;
e  Steel segmental liners; and
e  (Cast iron segmental liners

Common defects in segmental liners are:

Cracking of segmental liner plates or precast elements;

Leakage through joints and bolt holes at the interface between the segments;
Corrosion caused by leakage or electrical currents; and

Distortion of liner segments due to impact or changes in stress.

Precast Concrete Segmental Liners

The structural bonding of cracks in precast liners is performed by the injection of epoxy
resins as described in Section 5.3. The control of water seepage through precast liners is
controlled by the following:

e Injection of chemical grout in the segmental joints (see Chapter 6 for further
information);

e Restoration of the original seal or gasket in the segmental joint; and

e Sealing of the bolt hole leakage by installation of new gaskets or chemical grouting.

Impact damage to precast segmental liners typically cause the liner segments to crack or
spall. Repairs can be carried out by injection of resins or by one of the concrete restoration
methods previously described in this chapter.

Steel Segmental Liners

Damage to liners is invariably related to corrosion of the liner plate and subsequent loss of
section. This is repaired by the addition of steel plates to the affected area. These plates are
attached to the liner by either bolting or welding. Electrolytic corrosion in segmental steel
liners is primarily in areas of dissimilar metals such as bolt connections. The preferred
method for the control of this type of corrosion is to isolate the bolts from the liner section
by the use of an insulating sleeve or jacket. The treating of the water infiltration, which
gives cause to corrosion, is dealt with in Chapter 6.

J_—-—_ Repair area (loss of section)

Figure 5.7.1 Typical Repair to Segmental Steel Liner
5.12
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Coest Do Sesmental Liners

Similar 1o the steel segments, damage to cast iron liners is generally due to corrosion,
However, the loss of seetion andfor replacement of a defective structeral element is more
difficult than steel since cast iron liners cannet be welded. Therefore the replacement’ repair
of defective cast iron panels requires extensive site specific information and analysis which
must be tailored to the repair. These segmental liners are offen repaired by infilling of the
panel with cast-in-place concrete. Electrolylic corresion, as in steel liners, attacks the
connection bolts and this corrosion can be eliminated by the use of insulating sleeves or
Jackets

Conclusions

The repair of tunnel liner systems must be a long lasting repair, designed 1o restore the
structural ntegrity of the tunnel liner. All repair metheds require detailed investization and a
thorough understanding of the original design. The use of new repair products will allow for
older tunnel systems 1o be repaired effectively, ensuring many vears of continued service.
The new technologics should also be cost effective, allowing repairs to be performed in g
shorl work: window and be sufficiently durable to allow the tumnel to be placed hack in
service at the end of the work shift. It is important to note thal the most optimum repair
method 15 site specific and no two sites are alike. Therefore careful consideration to the
selection of the repair produet and method is crucial to a suceessful project.

References:
" white metal condition: Reinheitsgrad 54 2% [Degree of cleanliness 54 2'4] nach DIN 55928 Teil
4 [acconding to DIN Standard 35928 Section 4.
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6.3

CHAPTER 6
REINSTATEMENT OF TUNNEL LINER DAMAGED BY WATER LEAKAGE

Introduction

The reinstatement of liners damaged by causes other than water leakage was considered in
Chapter 5, The state of the art of reinstating linings of the tunnels affected by water ingress
15 now considered.  Infiltration of water into tunnels is the primary cause of damase to
tunnel liners and therefore, the effective treatment and elimination of this problem is of
primary importance in prolonging the useful life of a tunnel.

Dramage, which requires the cutting out and replacement of part or whele of the tunne] liner,
can only be properly effected when the water infiltration has been contralled or eliminated.
After sealing, the repairs can be undertaken in the same manner as described in Chapter 5.

This chapter accordingly deals only with the sealing of cracks and joints in the tunnel liner,
through which infiltration is occurring, as well as the sealing of permeahle lnings.

The selection of the proper equipment and materials, as well as the use of construction crews
experienced in this tvpe of work s eritical to the successful sealing of the tunnel. These
aspects are accordingly considered in some detail. Recommendations and precautions are
noted and references are made 1o the case histories of repair work provided by various 1TA
member countries and summarized in Appendix A,

Selection of Equipment

The selection of the equipment must be included in planning of injection or grouting work,
This equipment includes pumps, drills and batching plants. For small quantitics s hand-
operated pump is best suited, while for dealing with major quantitics a purmp actuated by
compressed air or ¢lectric power is required.  Suitable ranges of working pressure of the
pumps arc from 0.5 bar (8 psi) (o 20 bar (300 psi) for grouting of cementitious materials and
minerals. Injection of other media requires high-pressure svstems up to 150 bar (2200 pai).
Sometimes a secondary injection requires working pressures up to 250 har (3600 psi), A
high-pressure water pump is also necessary for flushing out and cleaning the cracks and
arcas to be grouted, The holes for the insertion of the fittings may be drilled by an electric
powered drill with high torque. The selection of batching and mixing plants depends on the
materials to be used,

Selection of Materials

Repair materials should be selected based on the material components and dimensions of the
lining to be repaired, the structural design of the lining, and the physical characleristics of
the cracks, joints, and wet areas. Other considerations are the volume of the repair, the
availability of the materials, and the cost. Numeraus products for repairing and sealing of
leakages and repairs to the wnnel lining are available. Detailed specifications of these
products (mostly proprietary) cannot feasibly be addressed in these recommendations
concerning all the tunnels in the member nations of AITES/AITA, Table 6-1 shows the use of
the: tvpical and commonly used materials for the repair of leakages.,
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Types of Repair Materials for specifie rates of leakage
Frocedure - Muoisture Leakage af EHMFH ces of Cracks
to apply T Steady Flow
dry damp ]
| Free Flow Pressure Flow
close EP-perm. ;: EP-perm !
| EP-inj EP-in !
PUR-inj PUR-inj | PUR-inj PUR-inj * o
. CCPeng | CP-inj CPeni | CPeinj”
CS-inj CS-inj e C5- inj |
seal EP-inj | EPein
PUR-inj FUR-inj | PUR-inj PUR<inj® |
CP-inj CP-inj CP-inj [ CPen
CS-inj i | CS-inj CS-in®
rigid bond EP-inj | EP-in’
CP-inj Cl-inj | P CPeng o
n CS-inj CS-inj C8-inf CSeing
clastichond  PUR-nj PUR-inj PUR-inj PUR-inj °

Table 6-1 : Application of materials, according to ZTV-Riss 88 °

Legenel: EP-perm
EP-inj
PLR-inj
CP-inj
C5-1m)

superseripts:

Permeation with epoxy resin

Injection with epoxy resin

Injection with polyurcthane

Injection with cement paste

Injection with microfine cement suspension

anly waler tolerant materials
previously inject rapid acting foam
previously reduce water flow

All materials used to stop water leakage into a tunnel will naturally come into contact with
the groundwater and grouting/injecting may cause unacceptshle contamination. They
should be tested and approved by the appropriate awthoritics, e Authorities of Water
and/or Public Health, andfor Environmental Protection Agencies. 1t is noted that the use of
all noxious and toxic injection materials and agents containing such materials are prohibited
within the borders of the European Union and other jurisdictions and should be avoided.

High-alumina cement used for the tempaorary sealing of tunnel leaks should not be used as a
permanent repair for tunnel liners. These high alumina cements degrade over time and do
not provide a suitable long-term repair,

SHAREDVAR 20 TTAZONEW G, Mo, 6/ PARTS G2
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It is essential that the grouting materials are compatible with the material of the lining of the
tunnel and all of its ancillary components such as waterstops, waterproofing membranes and
Joint fillers. In summary, the lollowing considerations of compatibility and suitability of
erouting materials are important:

(i} The environmental compatibility of the ground materials,

(i) Thewidth of the cracks or joints and/or the volume of the repair,

(iii} The compatibility of the material properties of the grouting or injection material with
the properties of the tunnel lining;

{iv) Resistance to washout by infiltrating ground water and resistance to mechanical and
chemical attack;

{vi Injectability of the selected material into the area of leakage:

{vi) Setting and rheological characteristics of the mix;

{vii) The particle size distribution (cementitions materials enly);

(viit) The volume stability of the grout at various temperatures humidities, and pressures;

{ix) The long-terms durability and strength; and

(x} The viscosity of the groul st given conditions at the site ¢z the temperature, the
burmidity of the air.

ixi) The availzbility and cost of the grout materials.

The dypamic and the kinematic viscosity of the materials must be tested in advance in the
laboratory and routinely at the site in accordance with appropriate standards. A very simple
test can be made in accordance with to DIN 53211 or similar.

Selection of Construction Crews

In order to ensure good results, it is essential that the rehabilitation work is undertaken by a
crew of appropriately skilled workers, under the overall supervision of an experienced
engineer and his field staff.

Grouting of Cracks
General

For best results, the injection or grouting should fill the full depth of the crack as completely
as possible, thereby providing the best seal 1o water infiltration, as well as restoring the
structural mtegrity of the liner,

Investigations are carried out to measere the depth of the cracks in relation to the intrinsic
thickness of the lining before grouting the cracks. This information will enable the grout
injection ports {nipples) to be placed correctly and at the proper angle to the surface of the
lining, and will assist in the selection of the appropriate type of fitting or packer. 1{ the crack
eatends the full thickness of the lining (totally cracked structure), further investigations of
the ground around the tunnel will be necessary to establish the optimum growting method.

The surfaces of the erack are cleaned, generally by high-pressure water before installing the
packers. The types of fittings or packers used are dependent on the method and the
equipment used for injection. [n certain types of cracks {mostly wide open cracks), glueing
of grouting ports just to the surface of the lining may be possible; a test will be helpful to
assess the suilability of this system. The spacing of the grouting porls is determined by the
viscosity of the grout used, the poresity of the lining, and the dimensions of the lining 1o be
injected. 11 there are reinforcement bars intersecting the area of the crack, the location of the
drill holes or ports for grout injection should be checked to ensure that they do not intersect
with the reinforcement.
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The diameter of the drill holes is sized to accormmodate the injection ports to be inserted.
Secaling of the ports in the drilled heles is done with rapid hardening cement. One port mere
than the number of the ports to inject the crack is needed; the last or highest one is for
venting. The surface of the crack is sealed with pateh mortar or a special sealing material
mix. Before grouting, the crack is flushed with water to clean and wet the surlaces to be
grouted, removing any excess water by compressed air,

Grouting of vertical cracks is commenced from the bottom port, working sequentially
upwards to the top. When grouting horizontal cracks, grouting is starled at one end of the
crack and proceeds progressively to the other end, As soom as grout emerges from the next
part, imjection is stopped and the injection port sealed. The injection point is then moved to
the next port and recommenced. The grout pressure is maintained for a period at the last
port to ensure complete filling before injection is stopped and the port sealed,

Al the completion of grouting and after the grout has set, the ports are removed by breaking
them out and sealing the drill holes using rapid hardening Portland Cement mortar,  1f
necessary, the sealing morar on the surface of the lining can be removed using a grinding
machine and a specific patch mortar may be applied to improve the appearance of the
conerete surface,

special information relating 1o the vse of different types of materials is described in the
following sections,

In the UK, a small gauge railway tunnel suffered from dripping in various locations ahove
the axis level. The leakages were stopped by injection of special grouts between the lining
semnents and into the cracks of the concrele,

Repair of cracks using a coment paste (moriar) grout

Cracks ranging from 0,5 mm (2/100 in.) up to 3mm (178 in.) in width, which can be tvpical
of shrinkage cracks, can be grouted using a Portland cement suspension or paste.  Plain
Portland cement paste or paste with stabilisers can be used, the stabilisers comprising
bentonite, Pozzolanic filler or pulverised fuel ash. Special admixtures may also be added 1o
swell the grout andfor to improve the workability of the grout. A scries of tests are normally
carried out to optimise the grout mixture. Fine grained sand is only added to stzbilise the
grout when injecting into large voids,

The paste is mixed by a turbo or high-speed colloidal mixer, which serves 1o break up the
grains of the cement.  [njection of the paste is commenced wsing a medium water/cement
raticr (W/C ratio) and low pressure. When this has been completed and has been checked, it
may be necessary to do a further round of grouting. In the second round, a reduced W/iC
ratio and higher grouting pressure may be recommended. The spacing of the injection holes
for Portland cement paste or suspension grouts at temperatures of about 20°C (70"} are
typically 0,Im {4ins.) in concrete with a high porosity, 0,15m (& ins.) in shoterete and
concrete of medium porosity, and 0,3m (12 ins.} in top quality concrete of low porasity,

Repair of cracks using micre fine coment grous

Microfine ground Portland cements were developed in the early 80°s, with a controlled
particle size distribution (maximum grain size das< 16 pm), which can be used o grout
narrow cracks or fissures smaller than 0,25 mm (17100 in.). The grouts themselves are also
less permeable than normal cement pastes or suspensions, have inproved durabilicy and a
strength similar to chemical grouts, have zero toxicity and can be applied using standard
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cement grouting equipment and technology. The hardened grout is however rigid and brittle
and cannot tolerate any movement.

s

Narrow cracks of less than (,.3mm (2/100 in.) are typical of structural cracks caused by
overstressing of the tunmel liner by static or dynamic overloading. The investigation of the
failure should therefore include an analysis of the loads on the liner and the case history.
Movements, displacements, impacts, ground settlement, thermal loading, ete., can be the
cause of the cracking, which needs 1o be cstablished and dealt with before grouting
commences. Otherwise further cracking of the liner should be expected.

=

Apart from sealing seepage through the cracks, the injection of the grout serves 1o restore
the structural integrity of the lining by bonding the sides of the crack, Different types of
micrefine cements are available; in cases where the conerete aggresates are susceplible o
alkali reaction, low alkali cements should be used.
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The preparation of the crack surfaces and the setting out of the injection ports would be the
same a5 described in Section 65,1, The stabilisation of the suspension, the equipment 1o he
used, and the general procedures for growting are as deseribed in Section 6.5.2. Grouting
should not take place al temperatures lower that 10°C (50°F) and the WO ratio should be
kept as low as feasibly possible to reduce shrinkage and to provide for a high strength grout.
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In cases of very high water inflow, pretreatment of the crack is necessary to prevent washing
out of the grout. In Japan, a lined tunnel with varving degrees of leakase was suceesslully
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treated by a pre-injection of a sealant material to reduce the water flow and installing i
Q drainage plugs along the cracks before grouting, % i
G4 Repair of Cracks wsing Epoxy Growts ;I

P

Epoxy grouts are generally moisture sensitive and cannot be used in eracks, which are
actively leaking (ranging from seeping to continuous leaks) and cannot be substantially

[EI dried oul.  Water or contamination such as silt or dust in the bottom of o crack will ':t:‘.*
sigmificantly reduce the effectiveness of the grout. d %.‘:F
[Tk

The use of epoxy arouts can only be recommended for filling of dry or damp cracks.
Further information on the use of epoxy grouts for repair of cracks is given in Section 5.3,
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&35 Repair of Cracks wsing Chemical Grouts

Chemical grouts are nommally composed of two or more components (urethane, sodium
silicates and acrylomides) which combine to form a gel, a solid precipitate or a foam,
Chemical grouts are particularly appropriate for scaling of cracks as narrow as 005 mm
(0,002 10 and are suitable for vse in wet conditions.
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Polyurethane grouts incorporating special catalyst elements can be used as one component
systemns, which react rapidly with water, forming a foam which increases in volume four
times over. These are particularly useful for the initial sealing off of 2 steady flonw of water
through a crack, For best results, a wide range of trials are necessary to optimise the
grouting procedures, including the selection of injection pressures, temperatares, and setling
times. The foam grout is not totally rigid and can accommodate small movements during
subsequent grout injections to fil] the crack completely.
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Mixing of chemical growts can be done with wse of a paddle or paint mixer for small
applications, The injection pump shoull have a capacity of up 1o 300 bars (4350 psi) and be
capable of maintaining the pressure in narrow ranges, in compliance with the tdal tests

e

e

fas

SHARED AR 2 TAZODG- WG, Mo, 6 TARTS L




R

| ERETTI T R

B E S = OBE OE B OERE &

|

carried out before commencement of grouting, A spectally adapted stainless steel pump
with simultaneous feeding of the two components is useful for large repairs.

The preparation of the cracks, the insertion of injection ports and sealing of the cracked
surface prior to commencing the grouting operation is lareely as deseribed in Section 6.5.1.
The spacing of the ports typically varies from 0.1 m {4 in.) for injecting in good dense
conerete up to 0.30 m {12 in) for masenry. In cases of steady water flow through cracks,
the grouting procedure would typically follow the [ollowing steps:

® Inject the crack with a one component urethane growt to form an instant foam, which
will reduce the velocity and guantity of seeping water; and

® Inject a second round of prout comprising a urethane consisting of two ar more
components to form a soft elastic resin, which fills the erack. The foam placed in the
first round of grouting will be compressed.  The new grout will hind bath faces of the
crack and form 2 seal.

In some cases it may be necessary 1o inject a third round of grout,  This may happen when
water confined in the pores of the concrete reacts with the resin injected in the second stage
to form a foam which causes a loss of binding between the resin and the lining material.
This reduction of the bond may allow water to start seeping through the crack again, The
third round of grouting, involving a Polyurethane grout of two or more components will
generally require inereased injection pressures of up 1o 250 bars (3600 psi). While these
pressures are not hanmful to good conerete, care must be taken to ensure that the lining is not
damaged, particularly in the case of old stone masonry or brick linings.

The advantage of Polyorethane grouts is the wide range of applications, which can be
catered for, In the case of polyester materials, the chemistry of the resin system can bhe
designed by varying the ratio of the proportions of resin to catalvst to provide a material
with a particularly casy and reliable mixing and cure performance. Viscosity of the urethane
resing can be varied, dependent on the speed of pumping and the injection pressure: low
speed lowers the viscosity and vice versa. On the other hand, high pumping speed combined
with larger quantities of material being injected, reduces the penetration of the resin as it
cormes into contact with the seeping water.

The disadvantage of using urethane grout is the necessity 1o camy out a comprehensive
testing programme al the laboratory and at the sile to optimise the mix of materials and the
procedures for grouting.  Furthermore it is necessary to use a skilled and experienced team
to complete the sealing successfully. It should also be noted that some of the grouting
components currently used are toxic, caustic or combustible (see Chapter 7). 1t is therefore
important to ensure that the cnvironmental conditions of the tnnel are not negatively
impacted by the use of chemical grouts, Tt is also not possible 1o define the compressive and
tensile swrengths of hardened grout, which may be important in the confirmation of the
structural integrity of the repaired liner,

There have been several examples of successful application of chemical Erouts:

*  Australia has reported successfully stopping leakages in g tunnel using a combined
injection of Polyurethane and epoxy resin.

*  Two subway tuonels in Belgium were sealed by the use of a one-component water
reactive Polyurethanc.
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*  The construction joint between the slab and walls in a German motorway tunnel was
sealed using injection pipes to insert a one-component waler reactive Polyurethane in
grout, The material was modified to provide for a low viscosity, deep penetration and
high strength propertics.

® Japan has used two-stage injection of Polyurcthane and epoxy resins 1o seal tunnel
linings.

. Many tunnels in the USA were successfully treated by drilling 5/8-in. holes, equipped
with rubber packers and one-way valves and injecting water reactive Polyurethane
foam, applied two or three times until clear Polyurethane came out of the cracks.

Repair of Leaking Joints
Cemslruction Joints

Construetion joints in cast-in-situ concrete linings vary in design from a simple unkeyed
joint through 2 key unbonded joint to a keved, bonded and sealed joint. The sealed joint
may imcarporate one or more waterstops. Repairs 1o construction joints should therefore be
preceded by a study of the construction drawings of the lining o confirm the joint
configuration and Jocation of waterstops and reinforcement, if any.

In cases of leaking construction joints, which incorporate a water stop, the problem is maostly
associated with poor compaction of the conerete around the water stop, The location of the
specific point of water ingress is difficult hecause the water tends to run alonz the water
stop. In most cases the whole length of the joint has to be treated.

Repair of rigid bonded and unbonded construction joints can be carmied out by grovting with
Portland ¢ement paste or microfine cement suspension (refer to Section 6.5.2 and 6.5.3
respectively), or in the case of damp joints, by cutting a oroove extending cither =ide of the
juint and for the full length of the joint, which is then filled 2nd sealed using the materials
and repair methods as deseribed in Section 3.2 of Chapter 3.

Water proofing of all other types of construction joints, particularly those with waterstops, is
preferably done using chemical grouts as described Section 6.5.5. Injection of the srout is
through drilled holes spaced at about 0.1m (4 in.) along the length of the joint, adjusting the
hole locations locally to avoid any steel reinforcement, In a joint with an internal water
stop, the depth of the holes should be alternated, so each second hole ends ahove the water
stop, while the other hole penetrates the water stop. In this way the grout is enabled 1o seal
around both sides of the water stop completely. In some cases construction joints are fitted
wilh waterstops on the outside surface of the tunnel lining. 1o this sitwation the injection
holes are drilled 1o within (.1 m (4 in) of the water stop, noting anyv variations in the
thickness of the lining, o avoid penetration of the water stop.  1n all cases the adopted
spacing of the injection ports, the viscosity of the grout and the grouting pressures should be
confirmed by tests and field trials to ensure complete filling and sealing of the joint.

Compensation or Expansion Joinls

Compensation joints allow for movements in the tunnel lining, caused by shrinkage or
temperature changes. The design of the joints is similar to that of the constrection joins,
howewver they often incorporate a joint filler, which zcts as a bond breaker., which iz then
covered by a sealing material placed along the surface of the joint. The method of sealing as
deseribed n this section is not appropriate for construction joints in linings having a
thickness greater than 0,30m (L), Such joints are more ellectively sealed using permeation
grouting technigues as described in Seetion 6.8,
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In arder to seal leaking compensation joints, it will be necessary to remove the filler and the
sealing material, Before commencement of grouting, a special adhesive sealing is spplied
around the surface of the joint to contain the grout. The spacing of the grout injection holes,
the inclination of the holes to the lining surface, the type and viscosity of grout, and the
imjection pressures are all best determined by a comprehensive serics of tests.

It 1 generally good practice 1o grout the whole of the joint, although the extent of the
grouting can be varied dependent on the pressure and extent of the water inflow, the
presence of voids and pores in the concrete, ete.  The procedures for grouting are as
described in Section 6.5,

In situations where the accommodation of movement in the joints is of particular
importance, the excess grout should be cleaned out of the joint after completion of grouting,
and the fller together with a bond breaker and the surface sealing should be replaced.

There are two reports from Germany relerring to the application of Polyurethane foam and
epoxy grouts in two tunnels. In the first, a rail tansit tunnel with seepages of waler throwgh
the joints, a major proportion of the joints were successfully sealed. Some points of water
inflow could not be sealed to the standards sel by the owner, Deutsche Bahn AG. which
were lightness Class 1 (completely dry — refer Table 2-2, Chapter 23, In the second tunnel
system comprising two motorway tunnels, the construction and expansion joints could not
be satistactorily sealed, even after three treatments: some of the joints are still seeping. In
the latter case, the water head above the tunnel crown s up to 30 meters and this, together
with sgueering ground conditions around the tunnel, is probably the principal reason for
failing to seal the tunnel satisfactorily,

Sealing of Fissures in Rock Tunnels by Grouting

The procedure used to seal seeping fissures in rock tunnels, which have been excavated and
left untreated, is similar to that used to seal cracks by grout injection in concrele lined
tunnels. There are two principal types of materials currently in use: Palyurethane-based sels
and resins; and Portland and micrefine cements and materials, Before the development of
micrefine  suspensions, only Porfland  coment  suspensions  including  additives  for
workability, such as Bentonite, were used. Some aspects of particular note in comparing the
injection in concrete and in rock are considered.

For suceessful sealing of rock fissures, the bond of the injected materials and the surface of
the fissures of the rock is important. Each site is unigue and 2 thorough testing program
must be considered. These tests should take into account the water inflow pressures within
the fissures. The widlh of the fissures dictates the material properties of the constituent parts
of the grout, To insure a successful grout application and avoid early blockage of the fissure
before it is complete, the maximum particle size of the grout should be no more than one
third 1o one fifth of the width of the fissure,

In order 1o accomplish the desired distribution of the particle grout or the resin within the
rock fissure and o delermine the required imjection pressure, special tests should he
performed to analyze the rheological properties of the suspension of micro fine cements, or
the properties of resin, In extremely tight fissures. the selection of grouts is limited o
microfine cement suspensions or chemical grouts.
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Testing the permeability of the rock would be useful 1o obtain an appropriate standard of
walerproofing, The arrangement of the packers and the sealing of the apex of the fissure
during the injection is dependent on the aforementioned tests and investigations, Once the
results of the investigations are sccepted, the procedure for injection should follow that
described in Section 6.5.3 for the injection of microfine cement suspension, or in Section
£.5.5 for the injection of chemical grouts, as applicable,

Rehabilitation of moist areas in conerete linings by permeation grouting

Moist arcas in concrete linings of tunnels generally arise from adverse properties of the
lining such as lack of compaction, poor selection of aggrezates, or cold joinls inside the
Iming, all of which increase the porosity of the lining. Depending on the hydrostatic
pressure in the granular skeleton of the conerete, there are different methods of treatment.
At low ranges of pressure, the sealing of the surface may be done by patching with mortar,
If the hydrostatic pressure is medium o high, a permeating injection of grout may
successfully seal the leakage, Two types of grout materials are available for this pumose,
comprising either water tolerant epoxy resing or urcthanc-based materials,

The first step of the grouting process is the confinement of the maist arcas within the
surrounding impermeable sound concrete. The design of the confining waterproof barder is
dependent on the thickness of the lining and the viscosity of the grout. The barrier is
constructed by the injection of grout through tweo rows of perts installed around the modst
areas.  The spacing between each porl and cach row of ports encircling the moist area is
approximately the same.  Within these rows, a simple arrangement of equally spaced
grouting ports throughout the moist area would be installed. The depth of the drilled holes
for grouting, which form the barrier, would tvpically alternate between 40% and 0% of the
mtrinsic thickness of the lining. The permeation grout injection holes, within the confines of
the barrier, may be drilled at depths alternating between 60% and 75% of the intrinsic
thickness of the lining. When reinforced linings are being treated, it is obviously important
to adjust the pattern of drillholes to aveid intersection of the rebars. Following the insertion
of the injection ports, the surface area of the lining including an overlap of 0.50 m (20in.)
outside the barrier is sealed using 4 special water tolerant adhesive and sealing mixture. The
groutmg 15 started at one port of the outer row of the barrier procesding progressively

around the outer row of ports, follewed by the inner row of ports forming the barder, If

there 15 seeping or ranning water in the moist area, injection should be undertaken in the wet
area itselt, probably using a water reactive one-component Urcthane grout to reduce the
waler inflow, Following this, the progressive grouting of the moist area is carried out 1o
complete the sealing, With the exception of the case of sealing active water scepage or
inflows, the appropriate chemical grout comprises a multi-component Urcthane based
material. The procedures for injection of the grouts are as described in Section 6.5.5,

On completion of the grouting, the surface seal treatment can be removed by erinding and
the surface restored by the application of a suitable patching mortar, if surface Appearances
are important,

Conclusions

The treatment of water leakages through tunnel linings by the wse of different tvpes of grout
and grouting techniques has been considered. There are & number of factors relating to the
selection of grouting procedures and materials, which must be taken into account to achieve
success and avoid abortive werk, There is a wide range of materials and il is important to
establish their performance criteria and sppropriateness for specific applications.
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With regard to the performance of repairs by grouting, the rate of success of the case
histories considered varies between 40% and 60%. Some of these failures can be attributed
to difficult working conditions.  Temperature changes, varying quantities of Jeakage water
and water vapour are some of the influences, which can determine the degree of success.

Motwithstanding this, the correct selection of equipment and materials, the emplayment of
cxperienced construction crews, and the implementation of correct procedures with respect
1o preparation and grouting will play a major role in guaranteeing a high desree of success,

:_ References:

;] DIN 53211, issue 04,1974, test of paint materials, delermination of the time of effusion with DIN-
cup No. 4
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Section Road construction|: ZTV-RISS 88 980,
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7.2

CHAPTER 7

ELIMINATION OF LEAKAGE AT SOURCE

Introduction

Leakage in tunnels may result either from infiltration of groundwater or the exfiltration of any
fluid transported in the tunnel. The most common type of leakage encountered is groundwater
infiltration, occurring in rail, highway or pedesirian tunncls, Exfiltration leaks tvpically oceur in

high pressure penstocks in hydroclectric schemes. water supply aqueducts and sewer systems,

In general and particularly with regard to exfiltration, the leakage is controlled by the use of
liner repair lechnigues as described in Chapter 6.

However, in extreme cases or in cases where the water leakage has created an svenue for the
transport of the soil or rock surrounding the tunnel, the use of ground modification systems is
required either to restore the siructural integrity of the soil and rock mass or to create an
impermeable zone around the tunnel, This is a specialist and extensive subject, which is

generally very site specific.

This chapter considers only infiltration of water into the tunnel and the mest common methods
for the modification of the soil or rock around the tnnels, ientifying the typical prouting
procedures for the elimination of the groundwater inflow at the source,

Soil Grouting

The method of grouting soils is dependent on the type and permeability of the soils. Prior to the
selection of the grouting method and the type of grout to be used, an extensive exploration
programme must be undertaken to determine the soil properties. This exploration prograrmme is
similar to that used for the design of tunnels, with the exception that more atfention is given fo
the determination of the grain size distribution and the permeability of the soils,
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The influence of grain size distribution on the groutability of the soil mass is illustrated by
Baker (1992)" and shown in Figure 7-1. This programme should include the use of trace dves 1o
determine the connectivity of the arca to be grouted and that of the structure which is to be
protected. Onee the grain size distribution and permeability data is known, the appropriate site
specific method and grout material for the reduction of permeability of the ground mass can be
selected.

Crrentting Methods
The methods for grouting soil for groundwater contral fall into three basic catesories:

* Permeation groufing;
- Disp]acmant_gmulhg; andl
* Replacement grouting,

Permeation grouting is the maost common method used today. This is 2 system where grout is
pumped under pressure and is used 1o 111 the voids and interstices in the existing soil.

Displacement grouting {compaction grouting) is a process in which the grout is injected under
great pressure Lo displace the existing soil and thereby "tighten up" the soil mass and fill the
area crealed by the injection with a cementitious grout.

Replacement grouting (jet grouting) is a process thit uses high pressure jets to remove the soil
in a speeific locale and replace the soil with a cementitious grout.

The selection of which process to be used must be made in conjunction with the selection of the
grout type. In general the groutability of soils is determined by the percentage of lines (percent
passing a 200 sicve). Gularte (1989)° has applied the aforementioned methods in relation to the
erain size distribution of the soils to determine which method is generally used for the reduction
of groundwater transmissibility. Figure 7-2 illustrates the relationship between injection
method and grain size distribution, The horizontal lines (armows) illustrate the range of
successtul grouting in relation 1o grain size,
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Hock Girouting

The grouting of rock lined tunnels o seal all types of Gssures and voids in rock masses has been
commen practice in the United States and Europe for over a century. The process during ths
time has changed little, however the use of new chemical and particle grouts has advanced the
practice of rock grouting and made the sealing of the voids in rock masses more effective and
efficicnt.

Crrouting Methods

The injection of grout inte rock masses requires more sophisticated drilling methods than that
tor grouting concrete lined tunnels. The equipment used for the drilling of the injection holes
(ports) is divided into three basic types:

« Low Speed Rotary/High Torque Rotary: o rotary drilling rig with very high torgue, which
uses the thrust of the bit w advance the hole, This system uses a variety of drase, roller, and
finger bits suited to the rock type to drill to the desired depth for groot injection. This
system is used for boreholes of large diameter, usually greater than 100 mm.

* High Speed/Low Torque Rotary: small drill rigs using small diameter diamond rock-coring
hits. This system is often used o recover rock samples lor inspection and 15 used Tor holes
up o 100 .

s Rotary Percussion: the advancement of a borchole by the use of a percussion hammer. This
system uses either a top drive with the hammer mounted at the drill rig or a down-the-hole
hammer, which 15 mounted at the bottom of the drill string and is operated by the use of
compressed air.  Button or cross bits are used and the hole is advanced by the impact of the
hit against the rock.

The selection of the proper methed of advancing the borchole to the sone 1o be injected 15
dependent on the reology of the bedrock, the sevenity of the leak accessibility, availability of
cquipment and the cost of the drilling eperation. There are three basic metheds (Bruee, 99977,
which are the most commeonly used:

»  Downstage (descending stage) with top hole packer
Downstage with downhole packer
Upstage{ ascending Stage)

Descending stage orouting is used where the rock is weak or highly fractured and needs to be
consolidated at the surface, before grouting the deeper zones al high pressures. This entails
drilling the grout hole to a specified limited depth, placing o packer at the 1op of the hole and
grouting, prior 1o drilling the hole to g greater depth and repeating the process, The groul 15
psually washed out of the hole after imitial set o minimizse re-drilling for the lower staoes,
Some practitioners grout 2]l successive stapes with the packer at the top of the hole, However,
it 18 considered preferable that the packer for each successive stage is set at the bottom of the
preceding stage.

With ascending stage grouting, the hole is drilled continuously to the full planned depth, prior 1o
commencement of grouting,  Growting 15 then cmmicd owt in a number of stapes, commencing
with the packer placed at the top of the lowest grouting stage. When that stage bas been grouted

Erpir.
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to refusal and the backpressure has dissipated, the packer is raised 1o the top of the next stage up
and the process is repeated.

T4  Grout Selection

The grouts available for injection to stop water infiltration and seal conerete, masonry and rock
lined tunnels are of two basic types;

s Particle grouts
o  Chemical grouts

741 Particle Grouts

Parlicle srouts consist of cementitions materials, often modified with flyash and other chemical
additives, All particle prouts have low toxicity and are non-flexible after curing. The lack of
flexibility creates the potential for reinjection, if any movement of the structure occurs. The
propertics of the common types of particle grouts are presented in Table 7-1, Particle grouls are
used for displacement grouting and replacement grouting of the surrounding soil and rock miass,

They arc also used to seal off open fissures in bedrock and to stabilise the rock mass,

Particle grouts are tvpically injected with a piston or worm type pump. The grout mix depends
on the permeability of the rock mass, water flow, desired cure time and the environmental
conditions of the rock to be injected.  The spacing of the injection tubes must be designed 1o
ensure a full permeation of the grout zone. The injection is often performed in numerous passes
in order to allow for an initial set of the grout, while controlling the guantity of mrowt wsed.
Injection pressures <depend on the depth below the watertable for the injm;tinn and the
permeability of the rock 1o be injected, However, caution must be exercized in the injection of
grout 1o prevent hydro-fracturing of the tunnel liner by the i injection process.

' Description Viseosity Toxicity | Strength | Remarks
Particle Grout
Flyash Type F;C High (50 cps- 2:1} Lowr Egh Nonflexible
Type I Cement High (30 cps-2:1) Low High Monflexible

E Type I Cement Med (15 eps-2:1) Low "High Nonflexible o
Microline Low (8 gps-2:1) Low High Monflexible
Cement

m Microfine Lo (10} cprs-2:1) Low High Monflexible
Cement/silicate
Bentonite High (50 cps-2:1) Lo Low semi-flexible

E Chemical Grout
Acrylamides Low (2:1) High Laow Flexible

i Acrylates Lo Low H: gh F]Exi;m.,f;ﬂ@i success record
silicates Low {6 cps) Low High Monflexible, high shiinkage
Lignosul fates Med (8 cps) . High Low Flexible, high cost

! “f’.T:nlll].-rng:ﬂmnE High (10K cps) Med Low Flexihle, low  shrinkage,
(MDI} waler reaclive

E Polyurethane(TD1) | High (300 eps) Med Low Flexible

“ T4
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Tahle 7-1 Comparison of Propertics of Grout Materials
Chemical Grouis

Chemvical grouts are the most successful grouts in the sealing of groundwater infiltration in the
sealing of leaks in the tunnel liners. These grouts have various degrees of flexibility after
curing. The viscosilies of the grous ranee from | ops to over 300 cps. The use of a particular
grout 15 site and apphication specihic, In gencral the use of a speeific chemical grout is based on
its ability 1o suitably penetrate the specihic soil/rock that is to be injected. Table 7-1 compares
the various commeoen chemical grout types and their ability to penetrate soils and bedrock in
terms of viscosity, as well as presenting other characteristics such as toxicity, strength, and
Hexibility.

The use of toxic grout materials cannot be recommended because of the danger of serously
contaminating the groundwater with which they come into contact.

Chemical grouts are commonly injected by the use of a piston pump and, in the case of multl
components grouts, the two stage mixing piston or worm type pump is used. The tvpe of pump
15 dependent on the grout manufacturer's requirements and the depths to which the grout i3 to he
placed. Chemical grouts must be easily mixable, have a controlled '
nentoxic, non-corrosive, nonexplosive, catalysed with common chemicals and he insensitive 1o
compounds normally found in groundwater.

'ael" or sel ime. he

Chemmical srouts are used for soif and for inreck grouting at locations where the vae of particle
grouts 15 not effective due to the low permeability of the material to be njected. They are most
commonly used in fine sands, silts and clayey soils, and in some instances for fractured rock. In
general the cost of chemical grouts s greater than that of particle grouts and therefore is not
commonly used except in instances where the particle grouts are not effective.  Chemical
(polvurethang) grows have been wsed extensively lor the application of penmestion grouting
repairs in rail tunnels in the United States and Burope, at locations with seismic activity, and a
flexible repair is required,

Conclusions

The contral of groundwater infiltration in nnels and onderground  structures 15 2 complex
progess,  Many clements come intoe play (o successfully control the leakape from the
surrounding soil and reck., The intention of the Study 15 10 create awareness that there 15 not one
universal solution to the contol of the leakase. The selection of the approprizte method to
control the infiltration 1% site and operationally specific.
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CIHAPTER 8

CONCLUSIONS

Ceneral

As tunnels internationally and particularly in Europe become older, the matter of maintenance

“and repair adopts an every increasing degree nfimpmt'am:e. Furthermore as population densities

and mobility grow, as industry develops, requiring ingreased and faster movement of goods and
raw materials, and as modes of transport increase in efficiency in terms of size, frequency and

speed. the clder tingels sie being called upon to perform a service lor which they were nol

originally designed. This leads to increased wear and rate of detertoration of the tunnel
struciure:,

Tunnels and underground structures are constructed at high cost and provide a high value
service to the regional or national ecanomy, as either a transport link (rail or vehicular) or
carrier of essential services.

Taking all of these factors into account, the effective repair of tunnels as part of a siructured
maintenance programme o ensure that they perform safely and efficiently is ecritically
important,

This report provides guidelines on the aspects to be considered, the investigations and 1esis 1o
be undertaken, the selection of materials 10 be made, and the procedures to be adepted to

successfully repair a tunnel using the most appropriate technigues. The guidelines are hased on
“an analysis of case history data provided by the member nations of ITA and the expericnce and

expertise of the contributing members of ITA Working Group No 6.

As such, the report pmwdes- a useful tool in the hands (:-f' tunnel owners, consulting engineers
and construction companies 1o extend the useful 1ife of their valuable tunnel asset for as long s
possible.

Analysis of Case History Data

The data forming the basis of this report was splil into two components, one considering

damage resulting from leakage and the repair thereof, and the other considering all other types

of damage, with the exception of fire. A summary of the data collected iz presented in
Appendices A and B respectively,

The number of case histories of repairs dealing with leakage was 106, while those related 1o
repair of damage excluding leakage numbered 51, Of the latter 51 cases, leakage into the tunnel
had some affect on the extent of the damage in 17 cases. Therefore only 34 cases out of 2 1o1al
af 157 (20%) considered in the study were not related to water leakage in anvway,

From this it is clear that water leakage is the principal cause of damage to and degradation of
tunnel linings, 1t has accordingly received more attention in the report; Chapters 4, 6 and 7

‘consider the repair of leakage exclusively, while Chapter 5 deals with the other causes of

damage and their treatment.

L




821 Case Historles of Treatment of Water Leakage

A sumimary of the case story data 15 given in Appendix A of the report. From these data,
Figure | analyses the types of leakage treated (the terminology used to describe the leakage s
defined in Table 2-3 in Chapler 2),

The more significant leaks in terms of flow, comprising continuous leaks and drips, formed the
major percentage of leaks reported in the case histories; 33% and 30% respectively, However,
it would be unwise (o draw the conelusion that this is the major form of leakage, because it can
be expected that the more severe cases of damage involving major repair works would be
recorded o more detail than the less entical cases.

However, more importantly, Figure 2 shows that only 37% of the repairs were successful
Taking into account the 7% of cases where the effectiveness of the repairs was not reported on,
this percentage could grow to 64%. This indicates that in at least 36% and up 10 43% of the
cases, successful and permanent repairs were not accomplished, A further 28% of the repairs
were only reasonably successiul,

Figure 3 shows the effectivencss of the repairs related to the tvpe of Teakage encountered. Table
8-1 mives an analysis of these data. For reasons siven before, no firm conclusion can be made
with regard 1o the cases of low leakage (seep and damp patch), and the reported 100% success
of all repairs in these categories can be regarded as misleading. The percentage of successtul
repairs for the larger leaks (standing drop to continuous) varied from 47% 1o 60%

Type of leak No, of Cases %o Degree of Suecess
Successful Feasonably FPoor Success
Yo Successful Y
_ %o
Continuons 35 i 23 | H
Dirip 32 a3 31 ' 3
Standing drop 15 i 33 7
Seep : 4 i TR - -
‘Damp patch ] [0 :
Others 15 50 g | f

Table 8-1: Degree of Success in Treating Different Types of leaks

Adthough it is recognised that in a number of these cases of unsucesssful treatment, the tunnel
gontinues to operate efficiently and that an effective repair was not achieved because of
limitations on access imposed by the lunnel operations, the number of unsuccessful repairs sl
represents an alarmingly high percentage of the number of cases considered.

Figure 4 shows the degree of success of the different overall types of repair methods. Of the
two which are considered i the report, “Conduction of Water Leakaze on the Surface and
Disposal™ and “Sealing of Leakage™ referred to in the figure as Conduction and Stoppage
respectively, there were similar degrees of success : 54% and 59% successful; 3% and 4% poor
suceess; and 32% and 29%, reasonahly successful respectively.



- =

Othersa
17%

Continuouns
leak

Damp patch 2% P

Seep 4%

BContinuous leak
Standing drop
14%

=

BCrip
Bstanding drop
BSeap

Bramp patch

brip BOthers
A0

Fig.l Type of Leakage as Reported
(Total no. of Cases: 106}

= EE .

Mot reported
Temporary 73

measure 2% .

Resonably
aucoeszsful
28% Successful

275

Bsuccesstial
OPoor Success

Poor suscess BEeasonatbly Eudces&ful|
a%

| OTemporary measurs

OHot reported

Fig.2 Leakage Repair Effectiveness
{Total no. of Caszes: 81)




Mumber of Sas=s

Conoingeus Sranding Damp patch| BEuccesaful

leak drop
ElPocor Huccess

. ) ) OrReazanably Suc ful
Fig.3 Degree of leakage wversus d Sy
repalir effectivenass

{Total Ho. of Cases: 10&) Oothers

BTemporary measure

(] M2 L
o < o

3
i

Nurbar: o Cases

10

o Bouccesslful
L EFoor Success
, o OReasonably Succesaful
Fig.4 Methods of water handling
classification versus repair BTemporary measure
effectiveness ONot rceported
{Total No. of Cases: 91}

HE B i D GG = B O E B E O B E O S OB B EE |
i
o




8.2.2

In all of the above, the importance of using appropriate repair methods and materials is clear.
Tunnels represent a high capital investment and make an often vital contribution to the region’s
cconomy. It is important to maintain them properly by undertaking appropriate and effective

repairs, as and when required. The case histories would indicate the need for considerable
improvement in this regard.

Figures 5, 6 and 7 indicate the broad range of tunnels and types of excavation and lining which
were covered by the case histories, thereby confirming the integrity of the report findings.

Case Histories of Repairs Excluding Water Leakage

A summary of the data collected from the case histories reported is presented in Appendix B.
Although the study covered all types of tunnels in terms of their usage, the large majority of
case histories related to road and rail tunnels, with the greatest number being rail tunnels. This
is understandable for a number of reasons: the majority of existing tunnels comprise transport
tunnels; many of the railway tunnels in particular are old and require more maintenance; access
for repair and maintenance is generally easier; and the operators place a natural emphasis on the
safety of the members of the public using the tunnels. Table 8-2 gives a breakdown of the
numbers of case histories in terms of type of usage and types of liner.

No. of Case Histories for Different Linings
Tunnel Usage | Total | Precast Cast-in- Steel Cast Iron | Brick /
No. | Concrete Situ Segments' | Segments | Masonry
Seements | Concrete |
Road 14 2 12 |
Rail 19 2 2 1 |14
Water 6 5 | 1
Sewer 2 1 (1) ' ]
Pedestrian 1 1
Power 1 1 ()
Substation
Telecommunic 2 2 (1
ation
TOTAL NO. 45 5 23 (3) 1 16
Table 8-2: Analysis of Case Histories — Tunnel Usage and Types of Liner
(Note 1:  Steel segments were always used in conjunction with a cast-in-place concrete lining. )

The case histories indicate commonality in the tvpe of damage related to the operational uses of
the tunnel. This can be expected for two principal reasons:

e (Common operating environment, e.g. exhaust gases
tunnels:

and frost damage in road and rail

e Common types of lining material because common sizes and configurations of tunnel are
determined by the use and operating conditions of the tunnel.

Of the 52 cases of repair (45 tunnels). 14 cases of repairs (i.e. 27%) could be attributed to
damage caused during construction: poor workmanship and/or the use of inferior construction
materials. Other common causes of damage requiring repair were ageing (8 cases) and
operating environment (§ cases).
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This highlights the importance of using good construction techniques and materials. This
applies to the avoidance of damage caused not only by factors other than leakage, but also
bv leakage.

8.3  Methods of Repair

From the case histories, the more common causes of damage have been identified and the most
appropriate measures of repair have been selected, based on the experience shown in these case
histories and the latest technology in terms of materials and techniques. These are described in
Chapters 5 to 7 of this report.

The six common rules for success for each of these methods are the giving of adequate attention
by experts to the following;

Comprehensive investigation of the damage;

Analysis of the impact of the damage on the tunnel structure taking into account the
external and internal environments, the lining materials, and the structural integrity of the
lining;

® Selection of appropriate and cost effective repair procedures and materials taking into
account the results of the above investigations and analysis, as well as the available skills
and access conditions for carrying out the repair;

¢ Carrying out of tests and field trials to confirm the above selection and to refine and
optimise the procedures and materials;

e Utlisation of experienced repair crews and well maintained equipment; and
e  (ood standards of workmanship and quality control.

The above rules may appear obvious, but the relatively high rate of failure or incomplete
effectiveness of repair works, as indicated by the case histories studied, would indicate that these
rules are not sufficiently adhered to. It is important to note that all repairs are site specific and
must be performed utilizing the aforementioned rules to ensure success. This report provides
guidelines and recommendations to assist in achieving that success in a wide range of
rehabilitation and repair works.
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APPENDIX A

'CASE HISTORIES OF
WATER LEAKAGE
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APPENDIX B

SUMMARY OF CASE HISTORIES
OF REPAIRS OF DAMAGE IN TUNNELS
EXCLUDING LEAKAGE
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